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A Stable Transition Controller for Constrained Robots
Prabhakar R. Pagilla, Member, IEEE,and Biao Yu

Abstract—This paper addresses the problem of contact transi-
tion from free motion to constrained motion for robots. Stability
of transition from free motion to constrained motion is essential
for successful operation of a robot performing general tasks such
as surface following and surface finishing. Uncertainty in the loca-
tion of the constraint can cause the robot to impact the constraint
surface with a nonzero velocity, which may lead to bouncing of
the robot end-effector on the surface. A new stable discontinuous
transition controller is proposed to deal with contact transition
problem. This discontinuous transition control algorithm is used
when switching from free motion to constrained motion. Control
algorithm for a complete robot task is developed. Extensive exper-
iments with the proposed control strategy were conducted with dif-
ferent levels of constraint uncertainty and impact velocities. Exper-
imental results show much improved transition performance and
force regulation with the proposed controller. Details of the exper-
imental platform and typical experimental results are given.

Index Terms—Discontinuous control, force control, impact, Lya-
punov stability, robot control, unilateral constraint.

I. INTRODUCTION

T HE contact transition control problem from free motion
to constrained motion for geometrically constrained

robots is the main focus of this paper. Many industrial appli-
cations of robots involve interaction between the robot and an
environment, which is generally a workpiece or an external
object. Robotic surface finishing is one such application where
the robot makes and breaks contact with the workpiece in
the process of surface finishing. For such applications, the
complete task of the robot typically involves motion in its
workspace before making contact with the surface. After stable
contact with the surface, the goal is to follow the surface while
performing the required surface finishing task, which is the
constrained motion phase. This requires trajectory tracking
tangential to the constraint surface while regulating a desired
force normal to the surface.

Switching from free motion to constrained motion of the
robot leads to stability problems, which is reported extensively
in the robotics literature. The contact transition problem is of
more severe nature if the robot makes contact with the surface
with a nonzero velocity normal to the constraint surface. In
this case, the robot experiences large impact forces and the
end-effector has a tendency to bounce on the surface. The
severity of these bounces mostly depend on the magnitude
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of the impact velocity and the rigidity of the surface and
end-effector assembly. Switching directly from free motion
control to simultaneous motion and force control upon making
contact with the surface leads to stability problems. Since a
large impact force is experienced at impact, force feedback
just after contact with the surface may aggravate the tendency
of the end-effector to bounce on the surface. It is necessary to
regulate the velocity normal to the constraint surface to zero
before simultaneous motion and force control strategy is used.
Hence, the primary control goal during transition from free
motion to constrained motion is to regulate the velocity normal
to the surface to zero after the the end-effector makes contact
with the constraint surface.

Extensive research has been done in free motion control of
robots and constrained motion and force control assuming that
the robot is on the surface. A large body of research in free
motion control and constrained motion and force control has
been reported in [1] and [2] and the references therein. Most of
the research in constrained motion and force control has been
based on the assumption that the robot is already in contact with
the constraint surface [3]–[7].

Early work on mathematical modeling of a robot colliding
with a surface can be found in [8]. The external environment
is treated as a mechanical impedance, and impedance control is
used in contact transition experiments in [9] and [10]. Stability
and control of task transition for robots for a compliant environ-
ment are considered in [12]. Force regulation and contact transi-
tion control using positive acceleration feedback together with
a switching control strategy were developed in [15]. A contact
transition control algorithm for nonlinear mechanical systems
subject to a unilateral constraint was developed in [14]. A di-
mensionless representation of impact behavior was developed in
[16]. The contact problem for linear continuous-time dynamical
systems with inequality constraints is considered in [17]. A defi-
nition of contact and release sets from a system theoretic frame-
work is considered in this paper. Control of finite-dimensional
mechanical systems with unilateral constraints is discussed in
[18]. The closed-loop control problem for such systems is ana-
lyzed with various switching control strategies. Control laws for
the regulation problem of mechanical systems with inequality
constraints are proposed in [19]. Formulation of mechanical sys-
tems with geometric inequality constraints as complementarity
systems can be found in [27].

Since the contact problem involves collision of the robot with
a surface, knowledge of the impact phenomena is required to
describe the behavior of the robot after impact with the sur-
face. Impact models are necessary for determining the post-im-
pact velocities based on aspects such as the impact phenomena,
pre-impact velocity, stiffness and compliance of the surface, and
configuration of the system at impact. Extensive research in the
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area of impact behavior and modeling can be found in the me-
chanics literature [20]–[22]. Recent results and an extensive bib-
liography in nonsmooth impact mechanics can be found in [23].

Most of the contact transition algorithms that have been pro-
posed assume that the environment is compliant and/or an im-
pact model exists for the surface that can be used in the con-
trol algorithm. Further, most control algorithms dealing with the
contact transition problem are analytical results and have not
been experimentally verified for a complete task. In this paper,
we design a new stable contact transition controller for contact
transition from free motion to constrained motion. The transi-
tion control algorithm does not require explicit knowledge of
the impact model. But existence of an impact model is assumed
for stability analysis. Most of the studies in contact transition
problem are based on transformation of the joint space coordi-
nates to a set of coordinates that represent normal and tangen-
tial directions of the surface. This is not convenient from an im-
plementation perspective, as controllers are designed based on
the transformed coordinates. Moreover, the control algorithm
designed in the transformed coordinates can cause implemen-
tation problems if the constraint surface location is not known
exactly. In this paper, we use the orthogonalization principle and
the projection matrices given in [1]. The basic control algorithm
on which we build the proposed control algorithm for a complete
task is the model-based control algorithm given in [1] and [2].

Extensive robotic surface following experiments were con-
ducted using the proposed control design methodology. The
constraint surface is assumed to be frictionless. Uncertainty in
the location of the constraint is considered as the main cause
for impact of the robot with the constraint surface. Different
levels of constraint uncertainty and travel speeds of the robot
end-effector are considered in the experiments. It is shown that
the performance of the proposed control strategy with a new
transition controller is much improved when compared with
directly switching from free motion to constrained motion and
force control.

The rest of this paper is organized as follows. In Section II, a
dynamic model for constrained robots that can be used in control
design is developed. Impact models and their use in contact tran-
sition problem is also discussed in Section II. A control design
for a complete task that includes free motion, transition phase,
and constrained motion is given in Section III. Experimental
platform and experimental results are given in Section IV. Con-
clusions and future research are given in Section V.

II. DYNAMIC MODEL FORCONSTRAINED ROBOTS

Let the kinetic and potential energy functions of the-link
robot be given by and , where

are the generalized position and velocity, respec-
tively, and is the symmetric positive definite
mass matrix. Let the geometric constraint on the robot be mod-
eled by the following unilateral constraint [14]:

(1)

where is the Cartesian position andis a constant that gives
the location of the constraint surface. It is assumed that the con-
straint uncertainty is due to its location, i.e., in (1), is

exactly known but may not be accurately known. Define the
following orthogonal projection matrix [7] whose image repre-
sents the normal direction of the constraint:

and the kernel of gives the tangential direction of the
constraint and is given by

where denotes the identity matrix. Notice that both the
normal and tangential projection matrices depend on ,
and hence they are exactly known. The dynamics of the geomet-
rically constrained robot is

(2)

where is the matrix composed of Coriolis and
centripetal terms; is the gravity vector; is
the generalized force applied by the motors at each joint of the
robot; is the magnitude of the normal contact force; and

maps the normal force magnitude into corresponding
joint forces, and is given by

where is the unit surface
normal vector in Cartesian coordinates and is the Jacobian
of the manipulator. Notice that the dynamics given by (2) does
not contain the tangential component of the contact force be-
cause the surface is assumed to be frictionless. The magnitude
of the normal force depends on the activation/deactivation
of the constraint. That is, if , then , and if

, then .
A complete task of the robot in the presence of the unilateral

constraint can be divided into the following three phases:

1) when , then , and the robot is said to be
in the free motion phase;

2) when and , then the robot is said to be
in the constrained motion phase;

3) transition from the free motion phase to the constrained
motion phase is termed as the transition phase.

The presence of the unilateral constraint in the robot workspace
divides the state space into the following sets:

(3)

(4)

(5)

where
state space when the robot lies on the constraint sur-
face;
state space in which the robot can freely move;
state space that violates the constraint.

The space can be further subdivided into sets and ,
i.e., , given by

(6)

(7)
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where indicates joint velocity component that is normal
to the constraint surface. The motivation for this subdivision is
that the system can impact the constraint surface with a nonzero
normal velocity, and there is a jump condition in velocity. The
post-impact velocity of the robot is generally determined based
on an impact model and pre-impact velocity. Depending on the
velocity of impact and the rigidity of the constraint surface,
the robot end-effector may bounce on the surface. The transi-
tion phase starts when the the robot makes the first impact with
the surface and lasts until stable contact is made with the sur-
face with zero normal velocity. With the subdivision of the state
space, the dynamics in each phase can be written as follows.

If , then the dynamic equations are

(8)

If , then the jump condition for (8) is given by

(9)

and represent the post- and pre-impact velocities, respec-
tively, and represents an operator that maps pre-impact ve-
locity into post-impact velocity. This operator can take several
forms depending on the choice of the impact model for the con-
straint surface. When the robot configuration lies in , then
the jump discontinuity for the differential equation (8) is given
by (9).

If , then the dynamic equations are

(10)

A. Impact Models

Impacts are generally treated as very large forces acting over
a short duration of time. If we assume that the impact occurs
over an infinitesimally small period of time, then 1) all velocities
remain finite and 2) there is no change in position of the system.
If is the duration of collision and is impact force during
collision, then the force impulse due to the impact at time
is given by

(11)

At impact points, the dynamics become

(12)

where . Since the surface is assumed
to be frictionless, the force impulse lies in the direction that
is normal to the surface, i.e.,

and (13)

We make two assumptions on the impact model: 1) there is ki-
netic energy reduction at every impact and 2) the impact map
given by (9) has a dead zone with respect to the pre-impact and
post-impact velocities, i.e., when the impact velocity becomes
very small the robot end-effector sticks to the surface. The first
assumption about kinetic energy reduction at impact is given by

(14)

Fig. 1. Post-impact normal velocity versus pre-impact normal velocity.

where and
denote the pre-impact and post-impact kinetic en-

ergy, respectively, and is a positive quantity. The second
assumption can be illustrated as shown in Fig. 1, where

denotes the joint velocity component normal to the sur-
face. From Fig. 1, the post-impact velocity is zero when the
pre-impact velocity is below a certain value, which is denoted
by .

III. CONTROL DESIGN FOR ACOMPLETE TASK

The control goal is to track a desired trajectory, a part of which
lies on the constraint surface. A typical complete task that is re-
flected in the desired trajectory is as follows: approach the sur-
face, make contact with the surface, follow the surface while
regulating the desired normal force, leave the surface, and re-
turn to the starting point. Therefore, the control objective in free
motion phase is to track the desired motion trajectory. During
constrained motion phase, the control objective is to simultane-
ously track the desired motion in the tangential direction and
regulate the desired force in the normal direction of the con-
straint surface. Switching directly from free motion to simulta-
neous motion and force control in the constrained motion phase
could lead to severe repeated impacts of the robot end-effector
on the surface if there is an uncertainty in the constraint loca-
tion. A transition control algorithm is required to stabilize the
robot end-effector onto the surface. Therefore, in the transition
phase, the control objective is to regulate the velocity normal to
the surface to zero. In the following, we design a stable control
algorithm for each phase.

A. Model-Based Control During Free Motion Phase

During this phase, the robot is away from the constraint
surface and is in free motion. A number of control designs
exist in literature that have been shown to work quite well for
trajectory tracking. In this paper, an experimentally well tested
passivity-type model-based controller is chosen for this phase.
If the robot inertial parameters are not known exactly, then
a model-based adaptive controller can be considered for this
phase. We briefly give such a controller and its closed-loop
error dynamics in this section. The model-based adaptive
control law and parameter estimation laws are

(15)

(16)
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where are positive definite gain matrices, and are
the estimate and initial known value of, respectively, and

where is a positive definite gain matrix. Substituting the con-
trol law (15) into the robot dynamics (8) and rearranging terms
results in the following error dynamics

(17)

where is the parameter estimation error. Sta-
bility of the closed-loop system can be shown using standard
Lyapunov techniques.

B. Discontinuous Control During Transition Phase

The transition phase starts when the robot makes its first im-
pact with the surface and lasts until the robot makes a stable
contact with the surface. The first impact gives the actual loca-
tion of the constraint surface. The desired motion trajectory of
the robot is developed based ona priori knowledge of the loca-
tion of the constraint. The desired trajectory should be modified
based on the actual location of the constraint, which is given
by the first impact. After the first impact, the desired trajectory
is modified using the projection matrices. The modified trajec-
tory represents motion of the end-effector along the tangential
direction of the constraint and regulation in the normal direc-
tion to the actual location of the constraint. Now, the control
goal becomes regulation of the end-effector onto the surface and
tracking of the modified desired trajectory in the tangential di-
rection. Notice that the projection matrices do not depend on the
uncertainty in the location of the constraint, which is the uncer-
tainty in the constant given in (1). From now on, we assume
without loss of generality that the robot inertial parameters are
known. The controller for the transition phase is chosen to be

(18)

where represents the component-wise sign of the
vector , and

where is a positive gain. Substituting the control law into the
dynamic equations, we obtain the error dynamics

(19)

1) Stability: Consider the following Lyapunov function can-
didate:

(20)

Taking the derivative of the Lyapunov function candidate along
the trajectories of (19), using the skew-symmetry of the matrix

, and simplifying, we obtain

(21)

Since and , the derivative of the Lya-
punov function candidate can be bounded as follows:

(22)

Therefore, (20) and (22) mean that is, indeed, a Lyapunov
function, i.e., is positive definite and its time derivative along
the trajectories of (19) is negative definite. Hence,converges
to zero asymptotically. Further, since , pro-
jection of in both tangential and normal directions is zero.
Thus, converges to zero asymptotically.

In the preceding, we have shown that the Lyapunov function
decreases between impacts. If a series of impacts are involved
during the transition phase, decrease of the Lyapunov function
after every impact needs to be shown. The impact model given
by (9) describes the behavior of the robot at the moment of im-
pact with the constraint surface. Let and represent a
variable or function before and after an impact. Assume that the
robot end-effector impacts the constraint surface at time instants

, where is the number of impact points. Let
and , where . The Lya-

punov function change during theth impact can be simplified
as follows:

Using (12) and noting that , we obtain

Since , we obtain

(23)

Therefore, the Lyapunov function is decreasing during impact.

C. Motion and Force Control During Constrained Motion
Phase

The constrained motion phase starts when the robot end-ef-
fector is in stable contact with the constraint surface. During this
phase, manipulator dynamics are

(24)
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For this phase, we choose the following control law given in [1]:

(25)

where is the desired normal force,is a positive gain, and

Substituting the control law (25) into the dynamic equation (24),
we obtain

(26)

Stability analysis of the closed-loop dynamics can be found in
[1].

D. Controller for a Complete Task

The controller for a complete task is composed of controllers
from each phase based on a control-switching stategy. An event-
based control switching strategy is developed for the complete
task. In the free motion phase, a model-based adaptive control
law is applied for trajectory tracking considering robot model
uncertainties. Upon contact with the surface, control is switched
to the one given by (18). In the transition phase, the primary
goal is to stabilize the robot end-effector onto the surface. When
the end-effector is on the surface, we switch to the constrained
motion control law given by (25). Event-based online trajectory
planning is utilized along with the control switch strategy. The
desired trajectory is precomputed based on the initial knowledge
of the location of the constraint surface. Immediately after the
first impact, precomputed trajectories are modified such that the
desired velocity normal to the constraint surface is zero. After
the completion of the transition phase, the trajectory planner
prescribes a desired force in the direction normal to the con-
straint surface and a desired joint space trajectory projected into
the tangential direction of the constraint surface. Notice that
the reference velocity in each phase is different even though
we use the same notation. So, comparison of Lyapunov func-
tion between phases is not practical. The closed-loop system is
shown to be stable in each phase, and the robot system states are
bounded when switching from one phase to the another. Hence,
a stability concept similar to the one given by [23, Lemma 8.3]
can be used for the proposed framework.

IV. EXPERIMENTS

A. Experimental Platform

The platform for robotic surface following experiments con-
sists of a two-link robot system, a computer for real-time con-
trol, and a constraint fixture, as shown in Fig. 1. The main part
of the robot system is a two-axis direct drive manipulator, as

shown in Fig. 1. Each axis is driven by an NSK-Megatorque
direct drive servo-motor, which is capable of up to three revolu-
tions per second maximum velocity and position feedback res-
olution of up to 156 400 counts per revolution. The base motor
delivers up to 245 Nm of torque output, and the elbow motor de-
livers up to 40 Nm of torque output. The length of manipulator
link 1 and link 2 are 0.36 and 0.24 m, respectively.

The dynamics of the two-link manipulator are given by

(27)

where is the mass matrix and is the matrix com-
posed of Coriolis and centrifugal terms. These two matrices are
linear in terms of the coupled manipulator inertial parameters.
Hence, the left-hand side of (27) can be written as

where is the manipulator parameter vector
and is the regressor matrix given by

where and .
A six-axes force sensor is mounted on the end of the

second-link of the robot manipulator. The force sensor has
an on-board digital signal processor (DSP), which can pro-
vide force sensor data up to a sampling frequency of 3 kHz.
Provision is also available for tool weight offset, filtering,
temperature compensation, and coordinate frame rotation. The
computer system consists of a computer workstation, the direct
drive manipulator controller, and I/O cards associated with
the sensors. The direct drive manipulator controller is used
for real-time control and data acquisition. The controller is a
three-processor system consisting of a host Pentium processor,
a servo DSP, and a force sensor DSP. The end-effector, which
is a circular metal disk holding a cylindrical metal tip via a
smooth ball bearing, is attached to the force sensor. The metal
tip follows the constraint surface along a desired trajectory
while applying a desired normal force.

B. Constraint Surface and Desired Trajectory

The constraint surface is chosen as a rigid straight wall, which
is a thick aluminum sheet firmly held by a vice as shown in
Fig. 2. Fig. 3 illustrates the two-link robot (top view) and the
constraint surface in the Cartesian space. In Fig. 3, the desired
trajectory of the robot isCDABC (bold line). The uncertainty in
the constraint location is represented by. Therefore, depending
on the uncertainty there are the following three possibilities:

1) : there is no normal velocity at contact, i.e., the
robot lands on the surface smoothly;

2) : the robot end-effector will impact the surface with
nonzero normal velocity anywhere along the pathDA;

3) : the robot will not make contact with the surface.
When case 3) is encountered, the proposed control algorithm
simply performs motion control along the desired trajectory. We
show experimental results of cases 1) and 2) with the proposed
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Fig. 2. Schematic of the robot surface following system.

Fig. 3. Desired trajectory and constraint uncertainty.

control strategy. The angle of the constraint surface with the
-axis, in Fig. 3, is 0.0460 rad and is assumed to be known.

Notice that the uncertainty of the orientation of the constraint
surface would mean uncertainty in given in (1). The known
location of the constraint used to construct the desired trajectory
is m.

We distinguish the experiments with two different desired tra-
jectories in terms of the desired travel speed tangential to the
surface. The desired travel speed during the constrained motion
phase is denoted byand is equal to 0.068 and 0.14 m/s for low-
and high-speed trajectories, respectively. The duration of each
cycle of the desired trajectoryCDABC (see Fig. 3) is equal to
12 and 6 s for low and high speed, respectively.

C. Experimental Results

Extensive experiments were conducted with the proposed
control methodology with different levels of constraint un-
certainty and different desired travel speeds. In this paper, we
present experimental results for different levels of uncertainty
( mm and mm) and two different veloc-
ities of travel ( and m/s) on the surface during
the constrained motion phase. Also, for all the experiments,
the proposed control scheme is compared with an algorithm
that directly switches from free motion control to constrained
motion control, without considering transition.

The experimental procedure is to follow the desired trajectory
CDABC as shown in Fig. 3. Free motion control is applied in the
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Fig. 4. Normal position error, low speed.

Fig. 5. Normal position error, high speed.

trajectory sectionsCD, DA, andBC. Constrained motion and
force control is applied along the surfaceAB. Transition control
is activated at the first impact. In the direct switch algorithm,
constrained motion and force control is activated according to
the design of the precomputed desired trajectory, i.e., at point
A, ignoring transition. In all the experiments, a servo sampling
rate of 250 Hz is employed. Since force measurements are very
noisy, a fixed-length moving average filter is used to filter noisy
force measurements. Also, since the force data can be collected
at higher sampling rates, a force sensor sampling rate of 2 kHz is
used. The higher force sampling rate reduces delay introduced
due to filtering.

The results for each experiment, shown in Figs. 4–15, corre-
spond to consecutive implementation of three cycles of the de-
sired trajectory. Fig. 4 shows the normal position error for low
speed ( m/s) for three cases: 1) smooth landing (no
uncertainty, mm), 2) direct switch ( mm), and 3)
transition control ( mm). Fig. 5 gives experimental re-
sults for high speed ( m/s). The desired normal force

Fig. 6. Normal force, low speed.

Fig. 7. Normal force, high speed.

is 45 N. Notice that if we do not apply any transition control
at impact, the robot bounces severely on the constraint surface.
When we apply the transition controller, the robot settles on
the surface after the first bounce. For the direct switch case, it
should be observed that the end-effector tip seems to go into the
surface, which is due to the compliance of the end-effector as-
sembly and/or surface. Figs. 6 and 7 give the normal force for
low and high speeds, respectively, for the three cases. The re-
sults show that directly switching from free motion control to
constrained motion and force control results in severe bounces
of the robot on the surface. This effect is magnified for the high
speed case. Figs. 8 and 9 give the tangential force for low and
high speeds, respectively. The tangential force data shows that
the surface has some friction. To better illustrate the bounces on
the surface, Cartesian trajectories are plotted in Figs. 10 and 11.
In these figures, the dashed line represents the actual location
of the constraint surface. The dotted line represents the precom-
puted desired trajectory of the robot tip, which is based on the
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Fig. 8. Tangential force, low speed.

Fig. 9. Tangential force, high speed.

Fig. 10. Cartesian trajectory, low speed.

Fig. 11. Cartesian trajectory, high speed.

Fig. 12. Normal force errorL norm, low speed.

a priori knowledge of the location of the constraint. The solid
line is the actual path followed by the robot tip.

Figs. 12 and 13 give the norm of the normal force error
for direct switch and transition control. With no constraint un-
certainty, mm, both direct switch and transition control
give similar performance, as expected. With constraint uncer-
tainties and mm, the performance is much better
with the transition controller.

Further, to illustrate the performance of the proposed control
algorithm, we show experimental results when the uncertainty
is 7.5 mm in Figs. 14–16. To focus on the behavior of the robot
tip in the transition phase, Fig. 16 shows the Cartesian trajec-
tory and the normal force for a short duration of time around
the transition phase. The first impact with the constraint sur-
face is denoted by “” in Fig. 16. Notice that the normal force
becomes zero after a short duration of time after the first im-
pact, which means that at point 1, the robot leaves the constraint
surface. Also, from the Cartesian trajectory, it appears that at
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Fig. 13. Normal force errorL norm, high speed.

Fig. 14. Normal error and normal force using transition control,� = 7:5mm.

Fig. 15. Cartesian trajectory using transition control,� = 7:5 mm.

Fig. 16. Motion and force near impact, transition control,� = 7:5 mm.

TABLE I
SUMMARY : PEAK NORMAL FORCE(N)

TABLE II
SUMMARY : NUMBER OF REBOUNDS

points 2 and 3 the robot tip leaves the surface. But this is not
the case, since the normal force magnitude at points 2 and 3 is
nonzero. Although the surface is rigidly fixed to the vice, there
is some compliance in the surface and the end-effector assembly
that causes small vibrations after the impact. Therefore, with the
proposed transition controller, even for a constraint uncertainty
of 7.5 mm we can observe stable landing of the robot tip on the
surface with just one bounce. For this level of uncertainty, the
direct switch algorithm renders the system unstable.

In addition to the given figures, we summarize the results of
numerous experiments in Tables I and II. Table I gives a sum-
mary of the peak normal force and Table II gives the number
of bounces of the robot tip on the constraint surface. The nota-
tion used in the tables are as follows.CU: constraint uncertainty;
DS:direct switch; andTC: transition control. Experimental data
summarized in Tables I and II show that the impact force peaks
and the number of bounces are reduced when we apply transi-
tion control. The effectiveness of the transition controller and
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the entire control strategy is confirmed by these experimental
results.

V. CONCLUSION

In this paper, we proposed a new stable control algorithm for
transition from free motion to constrained motion for robots.
Uncertainty in the location of the constraint surface will cause
impact of the robot with the surface. Control of transition from
free motion to constrained motion is essential to maintain sta-
bility of the system when the constraint location is uncertain.
A stable discontinuous controller is proposed for the transition
phase. Extensive experiments were conducted for a complete
robot task with different levels of constraint uncertainty and
travel velocities on the surface. Experimental results validate the
effectiveness of the proposed control strategy. Future research
will focus on actual robotic surface finishing experiments using
the proposed control strategy. Also, the proposed control design
does not consider any uncertainty in the orientation of the con-
straint. An uncertainty in the orientation would mean that the
gradient of the constraint surface is uncertain, and thus the pro-
jection matrices will be uncertain. This will be a topic of future
research. In the future, we also plan to investigate the effects of
surface compliance and friction.
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