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Robotic Surface Finishing
Processes: Modeling, Control,
and Experiments
Control of robotic surface finishing processes such as deburring, grinding, chamfe
and polishing is considered in this paper. A complete dynamic model that describe
dynamic behavior of the robot for surface finishing tasks is developed. A complete su
finishing task is divided into three phases (free motion phase, transition phase, and
strained motion phase) depending on the location of the robot end-effector with resp
the constraint surface. Stable control algorithms are developed for each phase. Emp
is given to the transition phase and constrained motion phase, where surface fini
takes place. An experimental platform for performing robotic surface finishing operat
is developed. The robotic surface finishing system consists of a planar robot with a
sensor and a deburring tool on its end-effector, and a fixture to hold the const
surface. Extensive experiments based on the proposed control design were conduc
both surface following and surface finishing. Results of surface following and sur
finishing experiments are shown and discussed.@DOI: 10.1115/1.1344881#
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1 Introduction
Conventional machine tools, such as CNC operated, are us

general to remove a large amount of material to shape a part t
desired geometry. Finishing of the machined part is required
remove material in small amounts to bring the part to the requ
tolerance. In addition to small material removal, localized b
formations have to be removed. Examples of these surface fin
ing operations are grinding, deburring, and chamfering. These
erations constitute a significant portion of effort and money in
manufacturing industry. Automation of such processes is stil
its rudimentary stages.

It is known that material finishing operations such as deburri
grinding, chamfering and other edge finishing operations can
responsible for 10–30 percent of all manufacturing costs@1–3#. A
burr is formally defined as an ‘‘undesirable projection of mater
formed as a result of plastic flow from a cutting, forming, blan
ing or shearing operation’’@1#. Even with the present state o
technology in manufacturing, problems of burr removal are s
encountered by manufacturers. This is mainly due to the fact
in most manufacturing plants deburring is performed by hum
labor, which is highly labor intensive@1#. Annual deburring costs
alone are currently estimated at $3.9 billion nationwide@4#. These
costs include time required to finish a part at the bench, the co
thorough inspection, possible subsequent rework, and somet
rejection of the component. In a recent assessment of critical P
& Whitney needs in technology development, it was revealed
the problem of deburring and finishing ranked second in a lis
46 manufacturing problems.

Automation of surface finishing operations is an active area
investigation in the manufacturing industry and also in seve
national laboratories, including the National Institute of Standa
and Technology and Sandia National Laboratories@5,6,4#. Re-
search toward automation has focused in many directions f
prediction and modeling of burr formation@7# to creating intelli-
gent machines@8,9# for such operations. Several important r
search problem areas have been pointed out in@1,2,6,8#. Accurate
position and force control of the robot in the presence of unc
tainties and stable transition between free motion and contact
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tion were reported to be some of the major factors that need t
addressed to create an advanced deburring system. The dev
ment of a passive one-degree-of-freedom end-effector force
trol system for efficient deburring was demonstrated in@7#. In @8#
experimental results for robotic deburring of two-dimension
parts using an impedance control method have been shown.
burring using force control and active end-effector system
been presented in@9#.

An essential component for successful automation of surf
finishing process is appropriate control of the mechanical sys
to achieve required performance, such as specified surface fi
to hold tolerances, precision contours, and tool-workpiece int
rity. Effective controller design requires knowledge of seve
items: ~i! accurate modeling of the mechanical system to mo
the behavior of the system interacting with the external envir
ment during the process,~ii ! knowledge of the process mode
such as cutting force models and burr models. Also, contro
design should be robust to uncertainties in both the system
process models.

Considerable research in the theory of constrained mechan
systems has been reported in the last decade. Some of the
work on simultaneous position and force control of robot manip
lators was done in@10–12#. The motivation for some of this early
work was to make progress towards automation of manually p
formed manufacturing operations. Precise positioning of the ro
relative to the workpiece is required for efficiently performin
these operations. Force feedback is often used to compensa
positioning inaccuracies. Control algorithms that emerged in
area during the 80’s and 90’s can be broadly classified into th
categories: hybrid position/force control@12,13#; impedance con-
trol @14,15#; and constrained mechanical systems modeled
differential-algebraic equations@16–19#. Much of the research
conducted using the three approaches has been based on th
sumption that the robot is already in contact with the exter
environment. This is truly not the case in many industrial app
cations, as the robot moves in free space before making con
with the workpiece. In most machining applications the surface
rigid. Consequently switching from free motion to constrain
motion on the workpiece surface can cause significant stab
problems due to non-zero velocity of impact. The transition fro
free motion to constrained motion leads to impact forces on
system and results in discontinuities in system equations.

Some recent research in the constrained mechanical sys
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area has focused on several solutions to deal with contact tra
tions. Stability of task transition for robots has been considere
@20#, where the transitions are assumed to take place smoo
and the surface is modeled as a compliant environment. A dim
sionless representation of the impact behavior was develope
@21#, and an integral force feedback was used to improve
transient impact response. A discontinuous contact transition
trol algorithm for mechanical systems subject to a unilateral c
straint was developed in@22#. Force regulation and contact tran
sition control of robots has been considered in@23#, where
measurement of acceleration is assumed in the controller de
Recent results in modeling and control of mechanical syste
subject to unilateral constraints can be found in@24#. Control laws
for the regulation case in the presence of contacts and imp
among parts of mechanical systems is considered in@25#. The
effect of the presence of inequality constraints on the behavio
a linear continuous-time dynamical system is investigated fro
system theoretic point of view in@26#. Mechanical systems with
geometric inequality constraints are complimentarity syste
@27,28#. A critical study of the applicability of rigid-body collision
theory was done in@29#. Impact phenomena is discussed via e
perimental analysis using a dropped bar onto an external sur

A typical automated surface finishing process involves the
lowing sequence: the robot starts from the home position
moves freely for some time, makes contact with the workpie
follows the workpiece contour while removing material and bu
from the surface, and leaves the surface returning to home p
tion. For complex contours with disconnected segments on
same workpiece to be machined, the robot has to leave and m
contact with the workpiece several times. It is typical in the s
face finishing operation that the part to be machined has very
stiffness. If the robot impacts the part with a non-zero veloc
there is a possibility of bouncing behavior. It is essential to mi
mize these bounces during transition and to maintain stability
the robot for the entire operation.

In this paper a model for the dynamics of a robot performin
complete surface finishing task is developed. The dynamic mo
includes three phases of motion: free motion phase, trans
phase, and constrained motion phase. A new stable discontin
transition control algorithm is proposed for the transition pha
The constrained motion phase involves motion control along
tangential directions of the surface that is to be machined
force control in the normal directions. Further, the dynamics
volves tangential forces due to the material removal. At ste
feed-rate~velocity tangential to the surface! the normal force
magnitude and tangential force magnitude are related by co
cient of grinding friction@30#. Since the coefficient of grinding
friction is not known exactly, an estimation algorithm is design
to estimate it. Experiments using the proposed controller w
conducted for both surface following and surface finishing.

The rest of the paper is organized as follows. In Section 2,
describe the dynamic model of a robot for surface finishing
erations. Control algorithms for each phase of the complete ta
developed in Section 3. Section 4 gives a description of the
perimental platform. Experimental results of surface followi
and surface finishing are discussed in Section 5. Conclusions
future research are given in Section 6.

2 Robot Dynamic Model for Surface Finishing Opera-
tions

Let the kinetic and potential energy functions of ann-link robot
be given byK(q,q̇)51/2q̇TM (q)q̇ and P(q), where (q,q̇) are
the generalized position and velocity, respectively, andM (q)
PRn3n is the symmetric positive definite mass matrix. The d
namics of the robot is given by

M ~q!q̈1C~q,q̇!q̇1g~q!5t1JT~q! f (1)

whereC(q,q̇) is the matrix composed of Coriolis and centripe
terms,g(q) is the gravity vector,t is the vector of generalized
94 Õ Vol. 123, MARCH 2001
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forces applied by the motors at each joint of the robot,f represents
the vector of external forces, andJ(q) is the Jacobian of the
manipulator. Let the geometric constraint on the robot be mode
by the following unilateral constraint,

f~x~q!!<0, (2)

wherex(q) is the Cartesian position. The constraint is assumed
be smooth. Define the following orthogonal projection mat
whose image represents the normal direction of the constrain

Pf~q!5S ]f

]q D S ]f

]q D TY I S ]f

aqD I 2

and the kernel ofPf(q) gives the tangential direction of the con
straint, and is given by

Qf~q!5I 2Pf~q!

whereixi denotes the 2-norm ofx. The external force,f, given in
~1! is the contact force due to the constraint, and can be writte

f 5n~x! f n1t~x! f t (3)

where n(x) and t(x) represent the unit normal and tangent
directions of the constraint surface, respectively, in the Carte
space, andf n and f t represent the normal force and tangent
force magnitudes, respectively. The value of the contact fo
i f i , depends on the activation/deactivation of the constraint,

f~q!,0⇒i f i50 (4)

f~q!50⇒i f i>0 (5)

A complete task of the robot in the presence of the unilate
constraint can be divided into three phases:~a! when f(q),0,
then the robot is said to be in free motion phase,~b! whenf(q)
50 and the velocity normal to the surface is zero, then the ro
is said to be in the constrained motion phase, and~c! transition
from free motion phase to constrained motion phase is terme
the transition phase. The presence of the unilateral constrain
the robot workspace divides the state space into the follow
sets:

Xcª$q,q̇PRn:f~q!50% (6)

Xuª$q,q̇PRn:f~q!,0% (7)

Xfª$q,q̇PRn:f~q!.0% (8)

whereXc represents the configurations wherein the robot lies
the constraint surface,Xu represents configurations that the rob
can freely move, andXf represents the configurations that viola
the constraint. The spaceXc can be subdivided into the setsXct
andXca , i.e., Xc5XctøXca , where

Xctª$q,q̇PRn:f~q!50,Pf~q!q̇Þ0% (9)

Xcaª$q,q̇PRn:f~q!50,Pf~q!q̇50% (10)

wherePf(q)q̇ indicates the velocity normal to constraint surfac
The motivation for this subdivision is that the system can imp
the constraint surface with a nonzero normal velocity, and ther
a jump condition in velocity. Notice thatXct is the set of all
impact points. The transition phase takes place when the ro
jumps betweenXct andXu . With the division of the robot work-
space, the dynamics in each phase can be written as follows
If qPXu then the dynamic equations are

M ~q!q̈1C~q,q̇!q̇1g~q!5t (11)

If qPXc, then the dynamic equations are

M ~q!q̈1C~q,q̇!q̇1g~q!5t1JT~q! f (12)

If qPXct then the jump condition for Eq.~12! is given by

q̇15D~q,q̇2! (13)
Transactions of the ASME
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In Eq. ~13!, q̇1 and q̇2 represent the impact velocity and th
rebound velocity, respectively.D(•) represents an operator whic
maps the impact velocity to the rebound velocity. This opera
can take several forms depending on the choice of the im
model for the constraint surface. We assume that the magnitud
the preimpact normal velocity versus the postimpact normal
locity is related as shown in Fig. 1. In Fig. 1,q̇n

2(t* )
5Pfq̇2(t*), q̇n

1(t* )5Pfq̇1(t* ), and dnv represents a threshol
normal impact velocity, below which the magnitude of th
postimpact normal velocity is zero. For a mechanical linkage@31#,
it can be assumed that there is a finite amount of kinetic ene
reduction of the system due to impact. The kinetic energy red
tion during impact is given by

KE12KE252DK,0 (14)

where KE251/2@ q̇2#TM (q)@ q̇2# and KE151/
2@ q̇1#TM (q)@ q̇1# are preimpact kinetic energy and postimpa
kinetic energy, respectively. Impacts are generally treated as
large forces acting over a short duration of time. If impact occ
over an infinitesimally small period of time, then~i! all velocities
remain finite and~ii ! there is no change in position of the syste
@32,31#. If Dt is the duration of collision andf (v) is impact force
during collision, then the generalized force impulseFI due to the
impact at timet* is given by

FI5 lim
Dt→0

E
t
*

t
*

1Dt

JT~q! f ~v!dv. (15)

Integrating~1!, at the moment of impact we obtain

M ~q!Dq̇~ t* !5FI (16)

whereDq̇(t* )5q̇(t
*
1)2q̇(t

*
2). The magnitude of the force im

pulse,FI , depends on the preimpact velocity. Further, when th
is tangential friction, the force impulse has components in
normal and tangential directions@3#, i.e., FI5PfFI1QfFI . If
frictionless impact is assumed then the force impulse lies in
normal direction only, i.e.,FI5PfFI .

It is known that when steady contact and feedrate~velocity
along the constraint surface! is reached,f n and f t are related by
the coefficient of grinding friction@30#, which is,

f t5j f n (17)

wherej is the coefficient of grinding friction. Define

v(q)5JT(q)n(x): maps normal surface force magnitud
into corresponding joint forces

v̄(q)5v(q)/@v(q)Tv(q)#
v8(q)5JT(q)t(x): maps tangential surface force

magnitude into corresponding
joint forces

The robot dynamics during surface finishing process becom

M ~q!q̈1C~q,q̇!q̇1g~q!5t1v~q! f n1v8~q!j f n (18)

Fig. 1 Postimpact versus preimpact normal velocity
Journal of Dynamic Systems, Measurement, and Control
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The dynamics for a complete surface finishing task is summ
rized as follows.

• Free motion phase:
M~q!q̈1C~q,q̇!q̇1g~q!5t (19)

• Transition phase:
M~q!q̈1C~q,q̇!q̇1g~q!5t and q̇15D~q,q̇2! (20)

• Constrained motion phase:
M~q!q̈1C~q,q̇!q̇1g~q!5t1v~q!fn1v8~q!jfn (21)

3 Control Design
For surface finishing operations, the control goal is to move

robot toward the surface, make contact with the surface, perf
the designed operation, i.e., chamfering, deburring, polishing, e
and leave the surface to return to the initial point. The desired p
of the robot end-effector for this operation is shown as DABCD
Fig. 3. The paths DA, BC, and CD are pure motion trajectori
Along DA the normal velocity component decreases and beco
zero at point A. During path AB the robot end-effector follows th
surface while applying a desired force normal to the surface.

The control goal in free motion phase is to track the desi
motion trajectory considering manipulator model uncertainti
During constrained motion phase, the control goal is to simu
neously track the desired motion in tangential direction, regu
the desired force normal to the constraint surface. Switching
rectly to simultaneous motion and force control in the constrain
motion could lead to severe repeated impact of the robot on
surface. A stable transition controller assures that repeated
pacts do not occur. In the following control law for each phase
proposed.

3.1 Model-Based Adaptive Control for Free Motion.
During this phase the robot is in free motion. An experimenta
well tested model based adaptive controller considering robot
rameter uncertainties is chosen. The adaptive model-based co
law and parameter adaptation law are

t5Y~q,q̇,q̇r ,q̈r !b̂~ t !2Fvev~ t ! (22)

b̂~ t !5b02E
0

t

G2TYT~q,q̇,q̇r ,q̈r !ev~v!dv (23)

whereFv , G are the positive definite gain matrices,b̂(t) andb0
are the estimate and initial known value ofb, respectively, and

q̇r5q̇d2Lpe

q̈r5q̈d2Lpė

ev5q̇2q̇r

Y~q,q̇,q̇r ,q̈r !b̂~ t !5M̂ ~q!q̈r1Ĉ~q,q̇!q̇r1ĝ~q!

whereLp is a positive definite gain matrix. Substituting the co
trol law ~22! into the free robot dynamics~11! and rearranging
terms results in the following error dynamics

M ~q!ėv1C~q,q̇!ev1Fvev5Y~q,q̇,q̇r ,q̈r !b̃~ t ! (24)

whereb̃(t)5b̂(t)2b is the parameter estimation error. Stabili
of this phase can be shown using Lyapunov’s second method
can be found in@18#.

3.2 Control During Transition Phase. Transition phase
starts when the robot makes its first impact with the surface. Th
we project the desired trajectory into tangential direction of
surface using the tangential projection matrixQf . The desired
motion trajectory of the robot is developed based on a pr
knowledge of the location of the constraint. The first impact giv
the actual location of the constraint surface. After the first impa
the desired trajectory is modified such that the desired velo
MARCH 2001, Vol. 123 Õ 95
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and acceleration in normal direction are zero, i.e.,Pfq̇d50. The
control law for the transition phase is chosen as follows:

t5Y~q,q̇,q̇r ,q̈r !b2Fvev2l tnPf sgn~evn! (25)

where

q̇r5q̇d2lpe5Qfq̇d2lpe

q̈r5q̈d2lpė

ev5q̇2q̇r

evn5Pfev

wherel tn andlp are positive gains. Substituting the control la
into the dynamic equations we obtain the error dynamics

M ~q!ėv1C~q,q̇!ev1Fvev52l tnPf sgn~evn! (26)

3.3 Stability of Transition Phase. To show stability of the
closed-loop system in the transition phase, choose the follow
Lyapunov function candidate:

V~ev!5
1

2
ev

TM ~q!ev (27)

Taking the derivative of the Lyapunov function candidate alo
the trajectories of~26! and simplifying we obtain

V̇~ev!52ev
TFvev2l tnev

TPf sgn~evn!

52ev
TFvev2l tnievni1 (28)

Therefore, from~27! and~28!, V(ev) is indeed a Lyapunov func
tion, i.e., V is positive definite and its time-derivative along th
trajectories of~26! is negative definite. Using Lyapunov theore
@33#, ev is bounded. Further sinceev appears explicitly inV̇, ev
converges to zero asymptotically. Notice that from the stabi
analysis above it is shown that the Lyapunov function decrea
between impacts. If a series of impacts is involved during
transition phase, we have to show that the Lyapunov function
decreases after each impact. In the transition phase, assum
robot impacts the constraint surface at time instantstk , wherek
5(1,2 . . . ). Let evk

1 5ev(tk1d) and evk
2 5ev(tk2d), where d

→0 under the assumption that the impact duration is infinite
mally small. The difference in Lyapunov function before and af
kth impact is evaluated in the following.

DVk5Vk
12Vk

2

5
1

2
~evk

1 !TM ~q!~evk
1 !2

1

2
~evk

2 !TM ~q!~evk
2 !

5
1

2
~ q̇k

12q̇kr!
TM ~q!~ q̇k

12q̇kr!

2
1

2
~ q̇k

22q̇kr!
TM ~q!~ q̇k

22q̇kr!

5
1

2
~ q̇k

1!TM ~q!~ q̇k
1!2

1

2
~ q̇k

2!TM ~q!~ q̇k
2!

2@~ q̇kr!
TM ~q!~ q̇k

1!2~ q̇kr!
TM ~q!~ q̇k

2!#

Notice that the first term and second term represent the kin
energy after and before thekth impact, respectively. Using~16!
and ~14!, we obtain

DVk5~KE!k
12~KE!k

22~ q̇kr!
TM ~q!~ q̇k

12q̇k
2!

52~DK !k2~ q̇kr!
TM ~q!Dq̇k

52~DK !k2~ q̇kd2lpek!
Tf I

During the transition phase, we havePfq̇kd50 andPfek50, and
thus we obtain
96 Õ Vol. 123, MARCH 2001
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DVk52~DK !k2@Qf~ q̇kd2lpek!#
TFI

52~DK !k2~ q̇kd2lpek!
TQf

TFI (29)

The first term in~29! is the kinetic energy reduction at thekth
impact. Notice thatQf

TFI is the tangential force impulse cause
by friction. For frictionless impact,DVk,0 is immediate because
FI lies in the normal direction, i.e.,FI5PfFI , and henceQf

TFI is
a null vector. In the case of impact with friction, assuming that
position error in the tangential direction is very small, the seco
term in ~29! is approximately the work done by the friction force
which is

q̇kd
T Qf

TFI5 lim
Dt→0

E
t
*

t
*

1Dt

q̇kd
T Qf

TJT~q! f ~v!dv (30)

In the above integral,Qf
TJT(q) f (v) is the generalized friction

force at impact. The work done by the friction force is smal
than the kinetic energy reduction due to impact. It is reasonabl
assume that the approximation given by~30! is smaller than the
kinetic energy reduction, (DK)k . Thus, giving the resultDVk
,0. Notice that the result is true for the regulation case, i
regulating the robot end-effector on the surface, because the
no desired tangential motion, and hence the second term in~29! is
zero.

3.4 Motion and Force Control During Surface Finishing.
When the transition phase dies down, i.e., the velocity norma
the surface becomes zero (Pfq̇→0), then the robot is in stable
contact with the surface. At this time we switch to constrain
motion control, i.e., motion control in the tangential direction a
force control in the normal direction. In this phase it is assum
that the inertial parameters of the robot are estimated during
free motion phase and hence known. During this phase, man
lator dynamics is

M ~q!q̈1C~q,q̇!q̇5t1v~q! f n1v8~q!j f n (31)

We choose the following control law

t5M ~q!q̈r1C~q,q̇!q̇r2Fvev2v~q! f nd2v8~q!ĵ f n (32)

and the adaptation law for the grinding coefficient as

j̇̂52G f
2Tv8T~q!ev f n (33)

where f nd is the desired normal force, and

q̇r5Qf@ q̇d2Lpe#1b f v̄~q!ev f n

q̈r5Qf@ q̈d2Lpė#1Q̇f@ q̇d2Lpe#1b f v̄~q!ef n1b fvG ~q!ev f n

ev5q̇2q̇r

v̄~q!5v~q!/iv~q!i2

ef n5 f n2 f nd

ev f n5E
0

t

ef n~v!dv

Substituting the control law~32! into the dynamic equation~31!
we obtain

M ~q!ėv1C~q,q̇!ev1Fvev5v~q!ef n1v8~q!j̃ f n (34)

wherej̃5 ĵ2j is the estimation error of the grinding coefficien

3.5 Stability of Constrained Motion Phase. Closed-loop
stability during this phase can be shown using the followi
Lyapunov function candidate becomes:

V~ev ,ef n!5
1

2
ev

TM ~q!ev1
1

2
b fev f n

2 1
1

2
j̃TG f j̃ (35)
Transactions of the ASME
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Taking the time derivative of the Lyapunov function candida
along the trajectories of~34!, we obtain

V̇~ev ,ef n!5ev
TM ~q!ėv1

1

2
ev

TṀ ~q!ev1b fef nev f n11j8 TG f j̃

52ev
TFvev1ev

Tv~q!ef n1ev
Tv8~q!j̃ f n

1b fef nev f n1j8 TG f j̃ (36)

where we have used the skew-symmetry property of the ro
i.e., (1/2Ṁ (q)2C(q,q̇)) is skew-symmetric. We can simplify th
term ev

Tv(q)ef n as follows:

ev
Tv~q!ef n5@ q̇2q̇r #v~q!ef n

5@~Pf1Qf!q̇2Qf~ q̇d2Lpe!2b f v̄~q!ev f n#Tv~q!ef n

5@Qfq̇2Qf~ q̇d2Lpe!2b f v̄~q!ev f n#Tv~q!ef n

5@Qf~ ė2Lpe!2b f v̄~q!ev f n#Tv~q!ef n

5~ ė2Lpe!TQf
Tv~q!ef n2b fev f nv̄T~q!v~q!ef n

52b fev f n

vT~q!

iv~q!i2 v~q!ef n

52b fev f nef n (37)

Notice that we have usedPf(q)q̇50, this is true when the robo
end-effector is on the surface. Substituting~37! into the derivative
of the Lyapunov function candidate~36!, we get

V̇~ev ,ef n!52ev
TFvev1ev

Tv8~q!j̃ f n1j8 TG f j̃ (38)

Using the adaptation law given by~33! we obtain

V̇~ev!52ev
TFvev,0 (39)

Therefore, sinceV is a positive definite function andV̇ is negative
definite,V given by~35! is a Lyapunov function. Hence the erro
signalsev , ev f n , and j̃ are bounded. Further, sinceev appears
explicitly in V̇, ev converges to zero asymptotically.

3.6 Overall Stability. Stability of the closed-loop system
with the proposed controllers within each phase is shown in
preceding sections. To show that the robot system is stable fo
complete task, we consider the complete task as a time conca
tion of the three phases. The desired motion trajectory~path
DABCD in Fig. 3! is generated based on a priori knowledge of t
location of the constraint. In the event of impact, this desi
trajectory is projected into the tangential directions of the c
Journal of Dynamic Systems, Measurement, and Control
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straint surface. The actual location of the constraint surface
known after the first impact. Regulation problem is considered
the normal direction, i.e., regulation of the tool onto the surfa
with zero normal velocity. Since the desired trajectory is differe
in each phase, comparison of the Lyapunov function of one ph
from the other is not practical. Notice that the reference veloc
error,ev , in each phase is different, even though we use the s
notation for it in each phase. The closed-loop system is show
be stable within each phase and the robot system states
bounded when switching from one phase to another. Hence,
bility concept similar to the one given by lemma 8.3 of@24# can
be used for the proposed framework.

4 Experimental Platform
The robotic surface finishing system consists of a two-link

bot system, computer for real-time control, force sensor, surf
finishing tool, and a constraint fixture. Figure 2 illustrates t
complete hardware platform of the robotic surface finishing s
tem. The main part of the system is a two-axis direct drive m
nipulator, which is shown in Fig. 2. Each axis is driven by
NSK Megatorque direct drive servo-motor which is capable of
to 3 revolutions per second maximum velocity and position fe
back resolution of up to 156,400 counts per revolution. The b
motor delivers up to 245 N-m of torque output, and the elb
motor produces up to 40 N-m torque output. The NSK Meg
torque motor consists of a high torque direct drive brushless
tuator, a high-resolution brushless resolver, and a heavy duty
cision bearing. The Megatorque motor is capable of produc
extremely high torque at low speeds suitable for direct drive
plications. The heavy-duty bearing eliminates the need for se
rate mechanical support since the motor case can often suppo
load directly. The direct drive actuator eliminates the need
gear reduction, so repeatability is limited only by the resolution
the position feedback. Also, direct coupling of the motor and lo
in comparison to flexible couplings permits tighter and more
rect control of the load.

The dynamic model of the manipulator in joint space is giv
by

M ~q!q̈1C~q,q̇!q̇5t1JTf (40)

whereM (q) is the inertia matrix given by

M ~q!5Fp112p3c2 p21p3c2

p21p3C2 p2
G (41)

andC(q,q̇) is the Coriolis matrix given by
Fig. 2 Schematic of robotic surface finishing system
MARCH 2001, Vol. 123 Õ 97
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C~q,q̇!5F22q̇2p3s2 2q̇2p3s2

q̇1p3s2 0 G (42)

wherec25cos(q2), s25sin(q2) andp1 ,p2 ,p3 are the coupled ma
nipulator inertial parameters, whose true values are 3.25, 0
0.20, respectively. The mass matrix,M (q), and Coriolis matrix,
C(q,q̇), are linear in terms of the coupled manipulator inert
parameters. Hence the left-hand side of~40! can be written as

M ~q!q̈1C~q,q̇!q̇5Y~q,q̇,q̇!b

whereb5@p1 ,p2 ,p3#T, andY(q,q̇,q̈) is given by

Y~q,q̇,q̈!5F q̈1 q̈2 c2~2q̈11q̈2!2q̇2~2q̇11q̇2!s2

0 q̈11q̈2 q̈1c21q̇1
2s2

G
The computer system consists of the direct drive manipula

controller ~host computer!, servo DSP and I/O cards associat
with the sensors. The overall system consists of three proces
host Pentium processor, servo DSP~TMS320C30!, force sensor
DSP. The host processor is used for reference generation,
interface, and coordination of other processors. Real-time con
is performed using servo DSP. Force sensor DSP is used fo
tering of raw force data, tool offset calculation, and force d
processing. The three processor architecture provides flexibilit
terms of collecting force data from the force sensor and posit
velocity data from the motor resolvers at different sampling ra

The real-time computation load is distributed to three CP
Force signal processing modules runs on force sensor DSP.
CPU acts as a user interface, coordinates data flow among
ware modules, handles real-time data communication, perfo
safety checks and ‘‘housekeeping functions.’’ Servo DSP is
served only for servo control modules. The force sensor syste
capable of sampling frequency of up to 4 kHz. The servo D
~TMS320C30! is capable of finishing 33.3 million floating-poin
computations per second. The minimum sampling time which
be implemented is determined by the amount of time required
the host computer to perform interprocessor communicat
which is approximately 500 micro-seconds. Since a maximum
60 nano-seconds is required for a single TMS320C30 mac
instruction, complex control algorithms which are hundreds
lines long can be executed. A servo sampling frequency of 250
is used in all the experiments.

5 Experimental Results
Experiments using the proposed controller were conducted

both surface following and surface finishing. In the surface f
lowing experiments, a smooth cylindrical metal tip/probe is us
as an end-effector. The desired trajectory is a complete task
taining both free motion and constrained motion. Stability pro
lems are encountered when switching from free motion to c
strained motion in the presence of constraint uncertainty. Sur
following experiments were conducted with different levels
constraint uncertainty and different speeds of travel on the
face. Experiments were also conducted to test the effects of
straint rigidity on tracking performance. Robotic surface finishi
experiments consist of chamfering of the straight edge of a
face. In these experiments a cutting tool is used instead o
smooth metal tip/probe for material removal. Similar to up a
down milling in machining, robotic surface finishing operatio
can be categorized into two types depending on the tool rota
and direction of travel of the tool on the surface. Chamfer
experiments were conducted to study the effect of these two ty

The constraint surfacef(q) is a thick straight aluminum shee
firmly held by a vice. The desired complete task for the robot is
move towards the constraint surface, make contact with the
face, follow the surface while maintaining a desired normal c
tact force, and leave the surface to return to the starting poin

Figure 3 shows the desired trajectory of the robotCDABC and
98 Õ Vol. 123, MARCH 2001
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also the different phases of motion along the desired traject
Notice that atA the robot may impact the constraint due to co
straint uncertainty. Desired trajectory is designed such that w
out any uncertainty in the location of the constraint, the rob
lands on the surface smoothly, i.e., there is no normal velocit
contact. The desired velocity of the robot end-effector in Cartes
coordinates during constrained motion, i.e., alongAB, is chosen
to be a constant to obtain steady feedrate during surface finish
Also, the desired trajectory is such that the entire taskCDABC is
completed in 12 seconds. Control sampling period of 4 mi
seconds and force data sampling period of 0.5 milli-seconds.
periments are categorized into the following two groups:~1! Sur-
face following experiments and~2! Surface finishing experiments

5.1 Surface Following Experiments. In this set of experi-
ments, surface following is conducted during constrained mot
phase to test the control strategy without material removal. T
main focus is on transition control. Three factors affecting tran
tion phase were considered:~i! constraint uncertainty;~ii ! desired
velocity; ~iii ! rigidity of the surface. For all the surface followin
experiments, the feedback gains are kept the same. The de
normal force value is taken to be 45 N. Fig. 3 shows the nonz
normal velocity due to constraint uncertainty. In the experimen
when the robot makes its first impact, the desired trajectory
modified such that the desired velocity and acceleration norma
the surface are zero.

In the first group of experiments, we implement direct switc
ing from free motion phase to constrained motion phase with
any transition control. Experimental results of three typical ca
are shown in Fig. 4:~1! z55.0 mm, v50.07 m/s, and normal
constraint rigidity;~2! z55.0 mm,v50.14 m/s, and normal con
straint rigidity; ~3! z55.0 mm, v50.07 m/s, and high constrain
rigidity. Normal position error and normal force of three cycl
are given in Fig. 4. In the first case, the tool tip bounces on
surface and large impact forces occur immediately after con
due to non-zero normal velocity. It is observed that the boun
become more significant when the velocity or constraint rigidity
increased. In the case of higher speed, the velocity of impac
also larger and hence the bounces occur over a longer perio
time when compared to the lower speed case. Also, notice tha
peak of the impact force has not changed significantly due

Fig. 3 Transition due to constraint uncertainty
Transactions of the ASME
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Fig. 4 Surface following results using direct switch

Fig. 5 Surface following results using transition control

ing
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change in speeds, this may be due to constraint compliance.
rigid constraint case, the peak impact force is larger but few
bounces are observed.

Extensive experiments with various constraint uncertaint
feedrate, and rigidity of constraint have been conducted using
proposed transition controller. Figure 5 shows that the results
ing the transition controller are much improved when compa
with experimental results without transition control~Fig. 4!.
Tables 1 and 2 give a comparison summary of the surface foll
ing experiments. These tables show that the peak impact force
the number of bounces are reduced with transition control. T
effectiveness of the transition controller and control switchi
strategy is validated by the experimental results.

Same set of control and estimation gains are used in each
periment. The gains are given below.

Fv5F10 0

0 10G Lp5F20 0

0 15G G5F 2.0 0 0

0 0.2 0

0 0 0.2
G

The initial values of manipulator inertial parameters were cho
as: p1051.0; p2050.1; p3050.1. The estimated values after th
free motion phase are:p̂152.8; p̂250.15; p̂350.19, which are
close to the true values. For the transition phase,l tn50.6 and
lp515. The normal force feedback gain isb f50.01 during the
constrained motion phase.

5.2 Surface Finishing Experiments. In this section, experi-
mental results of surface finishing experiments are given. For
the experiments in this section the desired force isf nd515 N.
Similar to up and down milling in machining, a robotic surfac
finishing operation can be categorized into two modes depen
on the tool rotation and the direction of travel of the tool mount
on the robot end-effector. The two modes are illustrated in Fig
and Fig. 7. For mode 1, the normal forcef n caused by surface
finishing process pushes the tool away from the surface, in c
trast, the normal force holds the tool on the surface in mode
Hence, more stable contact can be achieved in mode 2. In mo
the tangential force,f t , is in the same direction as the tangent
motion along the surface. In mode 2,f t is in the opposite direction
of motion. Hence, the magnitude and sign of the coefficient
grinding friction,j in cutting force model are different for mode
and 2. For the experimental results in this paper, the grind
a

Table 1 Summary of transition control experiments †normal force peak ‡ „N…

v50.14 m/s
Normal rigidity

v50.07 m/s
Normal rigidity

v50.07 m/s
High rigidity

Constraint
uncertainty

Direct
switch

Transition
control

Direct
switch

Transition
control

Direct
switch

Transition
control

0.0 mm 62.3 56.1 73.73 56.4 67.1 62.5
2.5 mm 101.5 63.5 136.9 52.4 270.6 81.5
5.0 mm 293.8 101.3 282.8 67.9 639.5 105.7
7.5 mm no data 104.0 no data 65.5 no data no dat

Table 2 Summary of transition control experiments †number of bounces ‡

v50.14 m/s
Normal rigidity

v50.07 m/s
Normal rigidity

v50.07 m/s
High rigidity

Constraint
uncertainty

Direct
switch

Transition
control

Direct
switch

Transition
control

Direct
switch

Transition
control

0.0 mm 0 0 0 0 0 0
2.5 mm 2 0 2–3 0 5 or more 1
5.0 mm 4–15 1 4 0 5 or more 1
7.5 mm no data 1 no data 0 no data no data
MARCH 2001, Vol. 123 Õ 99
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coefficient is20.8 when robot works in mode 1 and 1.5 whe
it is in mode 2. All other gains are same as surface follow
experiments.

Surface finishing experiments were conducted in both mod
and mode 2 with different work piece location uncertainty. E
perimental results of mode 1 are shown in Fig. 8 and Fig.

Fig. 6 Surface finishing mode 1

Fig. 7 Surface finishing mode 2

Fig. 8 Tracking errors during surface finishing, mode 1
100 Õ Vol. 123, MARCH 2001
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Figure 8 contains normal and tangential position tracking err
with constraint uncertaintyz50 andz51 mm. During the sur-
face finishing process, given by time interval between 6 and
seconds on the plots, the compliance of the tool contributes to
normal tracking error. Stable contact is achieved. Figure 9 sh
that normal force is regulated at the desired level 15 N dur
surface finishing. Constraint uncertainty causes a larger peak f
and oscillations when the tool makes contact with the surface

Experimental results of mode 2 are shown in Fig. 10 and F
11. Figure 10 indicates that the normal position tracking error
mode 2 is similar to that of mode 1. However, the tangen
tracking error is different from that of mode 1. This is due
different tangential force direction of mode 1 and mode 2. Fig
11 shows that normal forces are regulated at the desired lev
15 N during surface finishing with and without constraint unc
tainty. It should be observed that peak normal force and fo
oscillation when contact is made are not significant in mode 2

Stable contact and normal force regulation is achieved in b
surface finishing modes using the proposed control strategy. C
paring experimental results of mode 1 and mode 2 indicates
better surface finish can be obtained in mode 2. Figure 12 and
13 give the discrete FFT of normal and tangential force sign

Fig. 9 Forces regulation during surface finishing, mode 1

Fig. 10 Tracking errors during surface finishing, mode 2
Transactions of the ASME
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Fig. 11 Forces regulation during surface finishing, mode 2

Fig. 12 FFT of force data, mode 1

Fig. 13 FFT of force data, mode 2
Journal of Dynamic Systems, Measurement, and Control
Normal forces of mode 1 and mode 2 all contain DC compon
whose magnitude is 15 N.~This implies that force normal to the
surface is regulated at desired level for all cases. Also, the tan
tial forces are kept at a constant level determined by the valu
j.! Since the magnitude off t may be larger than that off n , tan-
gential force compensation becomes critical in obtaining the n
essary material removal and surface finish. For mode 1, n
components around 1.5 Hz are observed. In contrast, no sig
cant noise component inf n and f t signals are observed in mode 2

6 Conclusions
In this paper, we have developed a dynamic model for rob

performing a surface finishing operation. The dynamic model c
sists of three phases of motion: free motion phase, transi
phase, and constrained phase. Control algorithm for each pha
designed. In the transition phase, a discontinuous control a
rithm is proposed, which is shown to be asymptotically stable
the constrained motion phase, the robot model includes both
tangential force that is due to material removal and normal fo
to keep the robot end-effector on the surface. Assuming ste
feed-rate during the constrained motion, the magnitude of the
gential force and the normal force are related by the coefficien
grinding friction. Hence, the dynamic model in the constrain
phase includes both the tangential forces and normal forces
gradient-type adaptation algorithm is proposed to estimate the
efficient of grinding friction. Extensive experiments were co
ducted to verify the performance of the proposed control strat
for both surface following and surface finishing operations. E
perimental results show much improved performance of the p
posed control strategy when compared with the results avail
in literature. Our future work will focus on more experiments
robotic polishing. In this work, grinding model that relates norm
and tangential force by constant coefficient of grinding fricti
has been used. A constant coefficient of grinding friction has b
used in the experiments to compensate for tangential forces
arise due to material removal. In the future, we will focus on oth
models and also on-line estimation of the coefficient of grind
friction.
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