
438 IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, VOL. 8, NO. 2, APRIL 2011

Optimal Paint Gun Orientation in Spray Paint
Applications—Experimental Results

Pål Johan From, Member, IEEE, Johan Gunnar, and
Jan Tommy Gravdahl, Senior Member, IEEE

Abstract—In this paper, we present the experimental results of a new
spray paint algorithm presented in previous publications. Both theory
and simulations indicate that the proposed method allows a robotic ma-
nipulator to paint a given surface using substantially lower joint torques
than with conventional approaches. In this paper, we confirm this by
implementing the algorithm on an ABB robot and we find that the joint
torques needed to follow the trajectory are substantially lower than for the
conventional approach.

The approach presented is based on the observation that a small error
in the orientation of the end effector does not affect the quality of the paint
job. It is far more important to maintain constant velocity for the entire
trajectory. We thus propose to allow a small error in the specification of
the end-effector orientation, and we show how this allows us to obtain a
higher constant speed throughout the trajectory. In addition, to improve
the uniformity of the paint coating we are also able perform the paint job
in less time.

Note to Practitioners—This paper presents several experiments that
verify previously obtained theoretical results. For a large class of tasks
where the robot is to hold a pointing device, such as a painting gun or a
heating device, we show through experiments on a real robot, that we can
increase the speed at which the robot tool traverses the surface. In spray
painting it is for example far more important to keep a constant speed than
to hold the paint gun orthogonal to the surface. The method proposed is to
implement a slightly different planning algorithm in turns by allowing a
small orientation error. The trajectory planner will then use the freedom
obtained by allowing this orientation error to follow the trajectory with
a higher constant velocity. The experiments presented in this paper show
that we are able to reduce the energy needed to paint a surface with about
50% or increase the speed at which the paint gun traverses the surface
with more than 50%.

Index Terms—Spray painting, assembly-line manufacturing, modeling,
empirical studies.

I. INTRODUCTION

I N ROBOTICS research, empirical studies are extremely impor-
tant in order to validate algorithms and simulation results. Even

though simulation tools are becoming increasingly accurate, they can
never compare to real-world experiments. In this paper, we present the
empirical data obtained by implementing three different spray paint
algorithms and running these on a robot manipulator in our lab. The al-
gorithms compute a trajectory in joint space for which the end-effector
follows a predefined path. The joint torques are then measured for the
different approaches and compared to the conventional approach. The
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details of the proposed approach and the expressions to be implemented
are found in [1].

In [2], the idea of introducing the paint quality as a constraint and
minimize some additional cost function was presented. This opens for
the possibility of allowing a small error in the orientation of the end ef-
fector in order to increase the velocity of the paint gun, reduce torques,
and so on. In [3], the problem of friction force limit constraints was
transformed into a problem of testing for positive definiteness of a cer-
tain matrix and in [4] the same ideas were used to convert the problem
of orientation error constraints into a test of positive definiteness of
a matrix. For different types of orientation errors, a suitable matrix
was found and it was shown that positive definiteness of this matrix is
equivalent to an orientation satisfying the given restrictions. By trans-
forming the nonlinear orientation constraints into positive definiteness
constraints imposed on certain matrices we transformed the problem
of finding the optimal orientation into an optimization problem on the
smooth manifold of linearly constrained positive definite matrices [1].

In [1], From and Gravdahl showed that by allowing an orientation
error of 20� we are able to: 1) reduce the torques required to follow
a path by about 50% and 2) increase the speed at which the end
effector can follow a trajectory with about 50%. These results were
found through simulations. It is important to confirm these results
also through empirical studies in the lab. In this paper, we have
implemented the same algorithms on a robot and measured the torques
needed to follow a typical path for painting a flat and curved surface.

II. PROBLEM STATEMENT

There are two main factors that play important roles in obtaining
uniform paint coating in automotive manufacturing. The first is to move
the paint gun with constant velocity throughout the trajectory. This is
in general an easy task in following straight lines but can be a challenge
in turns where high accelerations are required. The second factor is the
orientation of the paint gun with respect to the surface, which should
be orthogonal.

It can be shown that the velocity of the paint gun is far more im-
portant than the orientation when it comes to uniform paint coating.
A small error �� ���� in the paint gun orientation does not affect the
quality of the coating to the same extent as changes in the velocity.
Based on these observations, we represent the orientation not as one
frame, but as a constrained continuous set of frames. The problem
treated in [1] is then formulated as follows.

Given a maximum allowed orientation error of the paint gun and a
trajectory on the surface that the paint gun is to follow with constant
velocity and with a fixed distance from the paint gun to the surface.
Then, the problem is to find the orientation of the paint gun at every
point on the trajectory that allows it to follow the trajectory with the
highest possible constant velocity.

We consider a standard industrial manipulator. The first three joints
are referred to as the main axes, or the main joints. These are the
strongest joints and also the ones that require the most torque. While
the main axes are mainly used for positioning the paint gun, the last
three joints, referred to as the wrist joints, determine the orientation of
the paint gun. We fix the inertial reference frame to the base of the ma-
nipulator. We also attach a frame to the end effector of the manipulator,
in our case the paint gun. This is attached so that the end-effector � axis
is aligned with the direction of the paint flow. This axis is referred to
as the central axis.

We thus follow the standard approach for defining the reference
frames of the manipulator but instead of specifying only one frame,
we can define a continuous set of frames that lie close to the original
frame by some metric. The algorithm is then free to choose any frame
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Fig. 1. The path of the tool center point (TCP) for the flat and the curved sur-
face. Note the difference in scaling for the different axes.

that lies sufficiently close to the original frame. At each point in the
path, the proposed algorithm then chooses the frame that results in the
highest possible constant speed of the end effector.

For a spray paint robot following a path as the ones illustrated in
Fig. 1, the main work load is on the main axes of the robot, i.e., joints
1, 2, and 3. We observe that the work load on the wrist axes is very
small compared to the main axes. The proposed algorithm will thus
endeavour to move some of the work load from the main axes to the
wrist axes. Because the joint torques of the main axes are very close
to the torque limits, this should allow us to follow the trajectory with
a higher velocity. Increasing the torques of the wrist axes should not
pose any problems as these are very small for this type of trajectory.

III. EXPERIMENTAL SET-UP

All the experiments were performed in ABB’s robot lab in Oslo,
Norway on the ABB IRB-4400 industrial robot. The robot was
equipped with an end effector of approximately the same weight as
a spray paint gun. The optimal trajectories were computed offline to
allow for analysis, but as far as the computation time is concerned,
the computations could have been performed online. The resulting
optimal trajectories were implemented in joint space feeding the joint
positions for each joint at constant time intervals.

During the experiments, the positions, velocities, and torques of
each joint were saved. All signals are scaled so that the maximum
value equals 1. The measurements for the three different approaches
are scaled by the same factor, so the plots presented in the next section
are comparable and illustrate well the difference between the different
approaches.

The robot was set to follow a path which consists of four straight line
segments and three turns. This path is defined by a series of points on
the surface, denoted ����. At every time � the spray gun must point in
the direction of �������, i.e., at every time instance we specify a point at
the surface which the central axis is to point in the direction of. This is
the path of the tool center point (TCP). We perform the experiments for
two different surfaces: 1) a flat surface in the ��-plane and 2) a curved
surface. The surfaces are illustrated in Fig. 1. All the experiments are
performed with a constant TCP velocity of 0.9 m/s. Note that the TCP
velocity is the velocity of the trajectory at the surface and not of the
point gun itself.

IV. EXPERIMENTAL RESULTS

In this section, we present the experimental results when the trajec-
tory is computed using the following algorithms.

1) Conventional—the orientation error is zero and the optimal ori-
entation around the central axis is not utilized to improve perfor-
mance.

Fig. 2. Positions for the main axes. All positions are scaled.

2) Pointing Task—the orientation error is zero and the optimal ori-
entation around the central axis is found. The rotation about the
central axis can be chosen freely.

3) Quaternion Volume—an orientation error of 20� is allowed and
the optimal orientation is found. We also optimize around the cen-
tral axis, as in 2).

A. Flat Surface

The joint positions for the main and wrist axes are found in Figs. 2
and 3, respectively. We can see that the joint trajectories found by the
three algorithms are quite different even though the end-effector posi-
tion is basically the same and the orientation differs only slightly for
the different approaches. The trajectories in joint space are quite similar
for joints 2 and 3, which is due to the kinematic coupling between these
joints in the IRB-4400. The corresponding joint velocities are found in
Figs. 4 and 5. Figs. 6 and 7 show the power for all the joints. We see
clearly that the energy used is reduced for the main axes and that the
wrist axes take more of the work load. The largest reduction is found
in the first joint, which corresponds well with the position and velocity
plots. We also note that for the wrist axes we use considerably more
energy when an orientation error is allowed.

We use the square of the torque over the trajectory as a metric to com-
pare the amount of torque needed to follow the three paths. This is given
for each joint in Table I. We see that the square of the torques needed
to follow the trajectory for the main axes decrease for the pointing task
and even further for the quaternion volume. To show this more clearly,
Table II shows the average of the square of the torques for the main
and wrist axes. We see that for the main axes the square of the torques
needed to follow the trajectory are reduced by 18% for the pointing task
and 55% for the quaternion volume. This shows that the proposed al-
gorithms work well and, as anticipated, the work load on the main axes
is reduced substantially. For the wrist axes, however, the square of the
torques increase. This is as expected, since the main objective was to
move the work load from the main axes to the wrist axes. However, as
the wrist torques needed to follow the trajectory for the conventional
approach were so small, these are still well inside the torque limits and
can still be considered very small, even though they increase by 117%
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Fig. 3. Positions for the wrist axes. All positions are scaled.

Fig. 4. Velocities for the main axes. All velocities are scaled.

and 83% for the pointing task and the quaternion volume, respectively.
The average joint torque is shown in Table III.

The maximum and minimum torques are shown in Table IV. We
see that for the main axes also the maximum values decrease for the
pointing task and quaternion volume. As for the integral of the square
of the torques, the maximum torques increase for the wrist axes. Again,
these results are as expected and the work load is moved from the main
axes to the wrist.

The maximum velocities for which we can follow the trajectory in
Fig. 1 are shown in Table VII. We see that by optimizing the orienta-
tion around the central axis (the pointing task) at every time step, we

Fig. 5. Velocities for the wrist axes. All velocities are scaled.

Fig. 6. The power of the main axes. All plots are scaled.

can increase the maximum speed slightly without allowing an orienta-
tion error. Any planning algorithm should thus include an optimization
around the central axis to be able to increase the maximum speed or
simply reduce the joint torques. However, if we allow an orientation
error of about 20� we see that we can increase the maximum speed
with 50% compared to the conventional approach. Although the num-
bers are slightly different from the simulation results, the ratio between
the numbers are approximately the same and the experimental results
thus confirm the simulations presented by From and Gravdahl [1].
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Fig. 7. The power of the wrist axes. All plots are scaled.

TABLE I
THE SQUARE OF THE TORQUES. ALL VALUES ARE SCALED

TABLE II
THE AVERAGE OF THE SQUARE OF THE TORQUES FOR THE MAIN AND WRIST

AXES

TABLE III
THE AVERAGE OF THE SQUARE OF THE TORQUES FOR ALL THE JOINTS

B. Curved Surface

The approach presented is not limited to planar surfaces. For curved
surfaces such as the hood of a car, we can use the same approach. The
path of the tool center point is a path on the curved surface and the
direction of the end effector, assuming no orientation error, is set or-
thogonal to the surface at each point in the TCP path.

We see from Tables VIII and IX that for the curved surfaces we can
reduce the square of the torque needed to follow the path even more
than for flat surfaces. The square of the torques needed to follow a
curved path are somewhat larger than for flat surfaces using the conven-
tional approach, but at the same time the gain that we get from allowing

TABLE IV
THE MAXIMUM AND MINIMUM JOINT TORQUES OF ALL THE JOINTS FOR THE

DIFFERENT APPROACHES. ALL VALUES ARE NORMALIZED

TABLE V
THE AVERAGE OF THE MAXIMUM AND MINIMUM OF THE MAIN AND WRIST

AXES

TABLE VI
THE AVERAGE OF THE MAXIMUM AND MINIMUM TORQUES

TABLE VII
THE MAXIMUM SPEED THE MANIPULATOR CAN FOLLOW THE PATH AND THE

CORRESPONDING ORIENTATION ERRORS

TABLE VIII
THE AVERAGE OF THE SQUARE OF THE TORQUES FOR THE MAIN JOINTS AND

THE WRIST JOINTS WHEN APPLIED TO A CURVED SURFACE

TABLE IX
THE AVERAGE OF THE MAXIMUM AND MINIMUM OF THE MAIN AND WRIST

AXES WHEN APPLIED TO A CURVED SURFACE

an orientation error is larger and the torques needed to follow the tra-
jectory on a flat and curved surface are more or less the same when an
orientation error of 20� is allowed.

As expected the performance of the algorithm improves for a curved
surface. This is mainly because for the curved surface the orientation
of the paint gun changes over the path. Allowing a freedom in the
specifications of the end-effector orientation allows us to “even out”
these changes in the orientation and thus sweep over the surface more
smoothly.
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V. CONCLUSION

Previous publications have suggested that a small error in the end-ef-
fector orientation does not decrease the quality of the paint job to a large
extent. To guarantee uniform paint coating, it is far more important to
maintain constant velocity throughout the trajectory. It is thus proposed
to use the freedom that arises when we allow a small orientation error
to increase the velocity of the end effector.

The preliminary work showed that one should be able to reduce the
maximum torques and the energy needed to follow a specific path by
about 50% by allowing a small orientation error in the specification of
the end effector. The need to confirm these promising simulation results
through experiments is thus apparent. In this paper, we have validated
the theory and simulations presented previously and shown that we can
substantially reduce the joint torques needed for a spray paint robot
to follow a specific end-effector trajectory. We have shown that both
the energy used and the maximum torques are reduced. This allows us
to paint the surface considerably quicker than with the conventional
approach.

In this paper, we have also investigated how the algorithm performs
on curved surfaces. We are able to reduce the torques even more than
for flat surfaces which shows that the approach is versatile and can be
applied to a wide variety of problems.
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A Framework to Model the Topological Structure of
Supply Networks
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Abstract—Topological structure is considered more and more important
in managing a supply network or predicting its development. In this paper,
a new framework is proposed to model the topological structure of supply
networks, where different types of supply networks can be created just by
introducing different supplier-customer connecting rules. Generally, the
networks created in the framework are much different from the random
networks with the same degree sequences. The revealed phenomenon sug-
gests that real-world supply networks may benefit from its intrinsic mech-
anism on flexibility, efficiency, and robustness to target attacks.

Note to Practitioners—The topological structure of supply networks
is considered more and more important in managing a supply network
or predicting its development. In this paper, we introduce a framework
to model and analyze the topological structure of supply networks. This
work aims to characterize supply networks by statistical methods and
can help researchers better understand the material dynamics on supply
networks and further conveniently create their own supply networks by
summarizing practical supplier-customer connecting rules or analyzing
real-world supply network data. The work should be further expanded in
other aspects, such as simulating material dynamics on supply networks,
designing optimal structure by introducing proper supplier-customer
connecting rules, rearranging local connections to enhance the competi-
tiveness and further ensure the long-term benefit of a target firm, and so
on, all of which are of much interest for governors, investors, and managers
and can be studied in the present framework in the future.

Index Terms—Complex network, logistics, modeling, self-organized
system, supply network.

I. INTRODUCTION

P AST research on supply chains generally focused on opti-
mizing the physical flow of materials [1]. However, nowadays,

increasing product/service complexity, customer expectation, out-
sourcing and globalization lead to increasingly complex and dynamic
supply networks. In such a situation, those exactly analytical ap-
proaches are losing their effects. Recently, several modern simulating
methods, such as multiagent system (MAS) [2] and complex adaptive
system (CAS) [3], [4] were introduced to model such increasingly
complex supply networks. Provided with a set of proper rules, an
artificial supply network can be dynamically created, then the coming
state of real supply networks can be somewhat predicted and controlled
by the model.
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