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In this work, a robot-assisted laser cleaning system is presented that allows the automatic processing of 3D objects
with arbitrary geometry. The system is based on the integration of a femtosecond pulse laser with a 6-degree-of-
freedom (6 DOF) robotic arm and a laser profilometer to capture the geometry of the workpiece. An automatic
procedure is performed to generate cleaning paths over the geometry, which is finally targeted by a laser source by
means of the prescribed robot motion; thus, both the working distance and the normal incidence of the laser beam
are kept fixed for each point on the surface. The manipulator allows displacements and changes of orientation

of the object to be processed following the programmed paths in a full 3D solution. The system was tested by
performing the cleaning over different curved painted metal surfaces. Experimental results show the effectiveness
of the proposed method that improves the efficiency of the automatic laser cleaning of 3D objects and further
promotes its application to other ablation processes.

1. Introduction

Laser cleaning is a well-known method to remove particles or con-
taminants from a solid surface [1]. This ablative technique has attracted
the efforts of multiple researchers and has been applied in different sec-
tors - from heavy industrial environments such as the automotive and
aerospace industries, to areas such as medicine or electronics [2-5], the
removal of radioactive pollution from nuclear power facilities [6,7], or
the conservation of cultural heritage [8-11], among others. Laser clean-
ing is a versatile technique, which allows greater precision and control
than conventional techniques, and replaces conventional chemical and
abrasive processes for the removal of coatings, oxides, paints, and, in
general, unwanted layers from a solid substrate by favouring compli-
ance with the environmental, efficiency and quality requirements of the
process.

Conventional nanosecond-duration laser pulses are widely used for
paint cleaning, however femtosecond-duration pulse lasers have the ca-
pability to ablate material from the surface without heat propagation
into the bulk; thus heat sensitive materials such as glass or polymer com-
posites can be processed by femtosecond lasers with high precision and
minimal thermal and thermomechanical damage [12]. Initial research
using femtosecond laser pulses to remove biological crusts from orna-
mental granitic stone demonstrated that femtosecond lasers generated
less heat in the stone substrate than longer pulse durations, and showed
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high cleaning efficiency [13]. In any case, regardless of the type of laser,
the successful outcome of the laser cleaning depends on the material
properties of the contaminant and the substrate and also of the laser
parameters, such as angle of incidence, laser fluence, or the number of
pulses used. These parameters have a great impact on the effectiveness
of cleaning and the prevention of unwanted damage to the underlying
surface.

In this sense, it has been previously reported [14] that for the uni-
form cleaning of planar surfaces, laser fluence, and scanning speed must
remain constant over the whole surface. These requirements are also
common in other laser processes in which a great deal of precision is
needed, as for example in laser machining, laser texturing, or laser pol-
ishing [15-19]. For this, the distance from the focus to the surface have
to be kept constant, but also the laser beam must hit perpendicularly
the surface. In oblique incidence, the laser spot becomes elliptical and
the energy deposited at the surface is different according to the main
directions of the ellipse; consequently, the laser processing is not uni-
form [20]. Lack of control of the laser conditions at the target surface
can cause poor removal of the contaminating layer in some areas due to
insufficient energy applied and possible substrate damage in other areas
due to laser overexposure [17]. In the case of curved surfaces, meeting
these conditions is still a challenge.

Recently, various approaches to the laser processing of 3D surfaces
have been published; a common strategy is to divide the surface into
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multiple sub-regions that are processed as flat surfaces. Galvanometer
scanner systems are typically used to quickly guide the laser over these
areas [21,22]. This method, however, is viable only for surfaces of low
curvature, in which the errors caused by the approximation by planes
are small. In addition, since the regions are processed individually, the
surface finish can present discontinuities in the overlapping areas of
the subregions. In most studies, a 2.5D/quasi-3D approach is used and
either the object to be processed or the laser source is moved using
positioners with less than 6 degrees of freedom to make it possible to
maintain the laser focus at a specific distance of the surface but not
the angle of incidence [23]. This simplification does not allow surfaces
with high curvature to be optimally processed since the laser beam can
be greatly distorted [24]. Moreover, most of the studies assume that the
geometry of the object to be processed is known a priori. This approach
is acceptable when the target workpieces are mass-produced following a
standardized process, with minimum changes in geometry involved and
digital models of the surface available. However, when dealing with
custom objects or when their location in the workspace is unknown,
their geometry must be retrieved to generate the correct tool paths.

Multiple techniques exist to obtain the geometry of an object [25].
The use of one or the other depends on multiple factors, such as the
size of the object to be measured, the desired spatial resolution, or the
characteristics of the analysed material. For the 3D scanning of macro-
scopic objects, the most popular methods are optical, among which laser
triangulation and structured light techniques stand out [26]. With cur-
rent acquisition technology, usually the digitized models of the objects
cannot be used directly due to the presence of scanning artefacts, such
as noise, outliers, or holes in the geometry [27]. In most cases it is,
therefore, necessary to post-process the geometry, which is usually a
semi-manual and laborious process. The development and application
of modern techniques for point cloud processing and surface reconstruc-
tion is a key point for 3D scanning technologies to become mainstream
[28]. The number of studies in which laser cleaning has been applied
altogether with digital geometry acquisition is scarce. Our group used
a laser triangulation profilometer to scan and subsequently clean un-
even stone surfaces [29]. The results showed an improvement in results
when using the 3D processing system with respect to 2D trajectories.
Studies can also be found in other fields of application of laser technol-
ogy, such as repair [30,31] and manufacturing [32-34], laser machining
and marking [35,36], and laser cutting [37].

On the other hand, industrial robot manipulators are highly ver-
satile compared to traditional CNC machines when it is necessary to
work with objects with complex surfaces, since, in general, they have
a greater range of movements. In addition, modern controllers allow
the user to integrate different sensors and actuators into the movement
system according to process requirements. One of the main disadvan-
tages of robot manipulators compared to traditional CNC machines is
that its programming is generally more involved. In the vast majority of
industrial applications, this drawback is mitigated since the robot on as-
sembly lines typically executes the same repetitive movements over and
over. However, to process objects on demand, the user has to calculate
the movement of the manipulator for each case or develop a code that
does it automatically for each case. This is a great barrier to entry for
many potential users and limits the popularization of these types of sys-
tems outside of their well-established fields. It is, therefore, important
to move towards the development of automatic integrated systems that
allow complex processing tasks to be performed as easily as possible.

In this work, a solution for the controlled laser ablation process of ar-
bitrary 3D objects has been developed, which consists of the integration
of a 6 DOF robotic arm, an ultrashort pulse laser, and a vision system
to obtain a digital model of the object to be processed. Once the model
of the surface was retrieved and processed, three-dimensional tool tra-
jectories were calculated over the geometry. The robot manipulator was
used to move the object relative to the laser beam along the prescribed
trajectories in order to process the surface. The use of a manipulator
robot allowed precise control of the position, orientation, and relative

Optics and Lasers in Engineering 160 (2023) 107284

D i

ovgens I
-
B e

Focusing lens

Fig. 1. Experimental setup. The main components of the laser cleaning system
are shown in the image.

speed between the beam and the target surface. This setup was applied
to laser paint stripping of samples with different geometries. To eval-
uate the performance of the system, different cleaning strategies were
tested; the results obtained regarding the degree of paint removal con-
firmed the improvement in the quality of the laser processing that is
achieved with the developed system.

2. Materials and methods
2.1. Experimental setup

The experimental setup is shown in Fig. 1. A six-axis robot ABB IRB
120 was used as the manipulator. The object to be processed was fixed
to a plate attached to the end effector of the robot arm. The robot had a
horizontal reach of 0.58 m and its repetition in position is 0.01 mm. A
Leuze Electronic LPS 36 laser scanner was used to acquire the geometry
of the object. The scanner projects a laser line onto the surface, and a
profile with the coordinates of the line can be obtained by triangulation
of the reflected light. The resolution of the scanner is between 0.5 mm
and 1.5 mm for the X-axis (longitudinal direction of the projected line)
and between 0.5 mm and 3 mm for the Z-axis (height value). The profiles
were acquired at a frequency of 100 Hz.

The laser cleaning system consists of a femtosecond pulsed near-
infrared laser, and specifically the Spirit system by Spectra-Physics, with
an emission wavelength of 1040 nm and pulse width of 396 fs. The in-
tensity profile at the laser output was near-Gaussian (M2 < 1.2) and the
diameter of the beam was 1.5 mm with horizontal polarisation (>100:1).
The pulse rate can be set from a single shot to 1 MHz, with a maximum
pulse energy of 40 xJ at 100 kHz. The maximum mean power output is
> 4 W. The laser beam is focused on the surface of the workpiece using
a lens, 150 mm focal length, to a minimum spot diameter of roughly
40 pm when the focus is located right on the surface.

All devices are interconnected with each other to allow communi-
cation during operation. A computer runs a custom-developed applica-
tion that sends execution orders to the robot controller and to the laser
scanner and receives information from them via TCP/IP and UDP pro-
tocols. The power regulation and activation of the femtosecond laser
is controlled by an analog and a digital input, respectively. These sig-
nals are generated from the robot controller and a programmable con-
troller is used to adjust their levels to the values required by the laser
system.
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Fig. 2. Cleaning procedure. The geometry of
the workpiece is scanned and a point cloud is
obtained. A surface is generated from the point
cloud and cleaning paths are calculated over it.
The paths are transformed into robot trajecto-
ries and the workpiece is cleaned.

Calculation of
robot trajectories

2.2. Experimental procedure

A digitizing procedure was developed and integrated with the laser
cleaning system. Starting from an object with unknown geometry, the
objective was to clean a specific region of its surface.

The procedure carried out to clean the surface of the object is divided
into multiple stages. A simplified diagram of the procedure is shown
in Fig. 2. First, the geometry of the object is acquired and digitized in
the form of a point cloud. This is followed by a pre-processing step to
filter the data and reduce noise. Next, the geometry of the workpiece is
isolated in the point cloud and used to generate a smooth surface. Then,
the curves corresponding to the laser cleaning paths are calculated over
this surface. Finally, the robot tool trajectories corresponding to the laser
paths are calculated and the cleaning is performed. Each of these steps
will be explained in detail in the following sections.

2.2.1. Obtaining the geometry of the workpiece

A laser scanner is used to obtain the geometry of the object. The scan-
ner is placed in a fixed position and the object is held onto the end ef-
fector of the robot (Fig. 3). The laser profilometer works by projecting a
laser line onto the surface to be measured and obtaining the coordinates
of the points on the line by triangulation. Each measurement consists of
a list of X-coordinates that correspond to the distance in the direction of
the laser line and a list of Z-coordinates that correspond to the vertical
distance between the scanner and the surface in the scanner coordinate
system. According to the experimental setup used in this work, the robot
is programmed to execute a horizontal rectilinear path on the XY plane
of the world coordinate system, and following the Y direction of the
scanner. While the robot moves the object through the laser beam, the
scanner takes profile measurements at a constant acquisition frequency.
The Y-coordinate of each profile is obtained by dividing the speed of
the object by the acquisition frequency of the scanner. The origin of the
Y-coordinate is arbitrary and depends on the instant in time when the
acquisition of profiles begins.

The acquisition of the profiles is synchronized with the movement
of the robot. The robot controller runs a TCP server that waits for
movement orders from the control computer. The control computer
sends the order to the robot to start the movement, and when it re-
ceives confirmation, it sends a command to the scanner to start tak-
ing profiles. When the movement is finished, the computer receives a
signal from the robot and sends a stop command to the scanner. This
procedure allows to easily perform scanning following custom trajec-
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Fig. 3. Scanning setup. Coordinate systems involved are indicated (World cs,
Scanner cs and Tool cs). The robot moves the workpiece following a horizontal
rectilinear path at constant speed. The scanner is located below and projects
a vertical beam on the workpiece, perpendicular to the movement direction.
The coordinates of the surface are acquired line by line as the workpiece passes
through the beam. A simulation of the acquisition process is shown in VIDEO 1
https://doi.org/10.5281/zenodo.6628148.

tories. A simulation of the acquisition process is shown in VIDEO 1
https://doi.org/10.5281/zenodo.6628148.

Once the measurement process is finished, the individual profiles,
each one consisting of a set of X and Z coordinates and a single Y coor-
dinate, are joined and a point cloud is obtained. If the point cloud can be
considered as a range image, as is the case of a lot of common surfaces,
the coordinates of the points are interpolated to a heightfield defined
over a regular mesh in order to facilitate and accelerate the subsequent
algorithms.

2.2.2. Point cloud pre-processing and registration

The point cloud obtained in the previous step is referenced to the co-
ordinate system of the scanner (Scanner cs in Fig. 3). Since the position
and orientation of the scanner is known in the world coordinate system
(World cs), the coordinates of the point cloud could be obtained in this
last frame of reference simply by using the coordinate transformation
between both coordinate frames. However, communication delays dur-
ing the scanning procedure can cause errors on the assignment of the
origin of Y-coordinates of the profiles, and, therefore, it is not practical
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Fig. 4. Surface generation. a) The starting data is a point cloud; b) the raw point cloud is filtered using vertex clustering and the number of points is reduced; c). A
surface is reconstructed from the points; d) cleaning paths are calculated on the surface.

to make the transformation directly. Since cleaning paths are defined in
terms of tool coordinates relative to the world frame, to clean the object
is enough to know its coordinates with respect to the robot end effector
(Tool cs in Fig. 3).

To relate the coordinates of the point cloud to end effector of the
robot, three spherical markers of known radius are placed on the plate
that is attached to the end effector. The markers are arranged in a right
triangle on the plane of the plate and the positions of their centers are
known with respect to the tool frame. The advantage of using spheri-
cal markers over other types is that they can be detected and measured
from different angles. When the surface is scanned and the point cloud
is obtained, the coordinates of the centers of the spheres are found on
the point cloud and their coordinates are related to their known coordi-
nates in the tool frame. By knowing the coordinates of the three spheres
in both reference frames, the transformation matrix between them can
be calculated. To find the centers of the spheres in the point cloud, the
following procedure is performed. First, a normal vector is estimated
for every point of the cloud. In order to do this, a plane is fit to the
neighborhood of each point using principal component analysis [38].
The normal of the point is approximated as the normal of this plane.
Then, from each point of the point cloud, a vector is subtracted with the
direction of the normal at each point and with length equal to the known
radius of the spheres. The resultant point is the center of the hypothet-
ical sphere of said radius that passes through each point. These points
are aggregated in cells in a regular mesh. The cells with the highest den-
sity of points will correspond to the centers of the real spheres, since the
points belonging to a valid sphere all generate the same center, while in
an arbitrary region the resulting centers obtained are scattered. There-
fore, the centers are located by looking for the local maxima in the grid.
Once located, their positions are refined by means of a least-squares fit
of the points in each region to a sphere.

2.2.3. Surface generation

The point cloud cannot be used directly as a basis for generating
the cleaning paths due to the presence of noise. The noise present in
the coordinates acquired by the scanner would be transformed into os-
cillations in the position and orientation of the robot tool. This would

produce incorrect trajectories and in the case of large errors, trajectories
that the robot could not execute. Therefore, it is necessary to transform
the point cloud into a smooth surface from which curves can be drawn
with continuity in both position and speed. The procedure for generating
the surface from the point cloud is shown in Fig. 4. So that, before per-
forming the surface reconstruction algorithm, vertex clustering (Fig. 4
b) is used on the point cloud to reduce the noise and thus improve the
result of the reconstruction process to follow. At the same time, this step
reduces the computational load during the reconstruction [39]. By this
procedure, the points to be approximated are grouped into cells of a
size determined by the user. The resulting points are the centroids of
the points in each cell (for cells where there is any point). This method
allows to mitigate noise at the expense of reducing spatial resolution. If
the initial spatial resolution is greater than the resolution attainable by
the robot and greater than the characteristic size of the details of inter-
est on the surface, it is generally beneficial to perform this procedure.
The resolution of the cells used in this step will be given by the desired
minimum size of the details on the surface to be reconstructed.

Once the point cloud is pre-processed, the surface is reconstructed
(Fig. 4c). In this work, two techniques are used to reconstruct surfaces
from a point cloud. The method used depends on the characteristics of
the surfaces of interest present in the point cloud. The techniques used
were reconstruction with primitives using RANSAC and the APSS variant
of moving least squares.

The RANSAC technique allows to extract simple primitive models
present in the point cloud by means of a voting procedure [40]. The
method starts from the hypothesis that a series of simple primitives ex-
ist inside the point set and it tries to find the best matches. In the case
of this work, planes, spheres, cylinders, and cones were used. Through
an iterative process, sets of random points are sampled from the point
cloud and used to calculate the parameters of test models. These mod-
els are then tested against the entire dataset to know how many points
are consistent with each model. The model with the highest number of
points is accepted as valid. The points contained in the best model are
extracted from the point cloud, and the search is repeated until the sub-
set of points not explained by any model reaches a minimum. The main
advantage of this reconstruction method is that the resulting surfaces do
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Lasercs

Fig. 5. Coordinate frames used in the cleaning system: World cs, Tool cs, Curve
cs and Laser cs.

not contain any noise. This is very advantageous when generating robot
paths on the surface. Therefore, this will be the preferred method if the
workpiece, or at least the region subject to cleaning, is explained as the
union of simple primitives.

If the surface to be reconstructed is complex and cannot be explained
as a set of simple primitives, the method used is a variant of the mov-
ing least squares method, called Algebraic Point Set Surfaces (APSS)
[41,42]. Moving least squares (MLS) is a family of methods in which the
surface is reconstructed using local low-degree polynomials [43]. The
neighborhood of each point of the point cloud is approximated by the
best plane or polynomial in a weighted least-squares sense. These func-
tions are weighted and therefore they are non-zero only in the vicinity of
the point at which they are defined. The global surface is then recovered
by evaluating the local functions in their influence domains. The local
surfaces behave like a low pass filter, which makes them robust in the
presence of noise. In the case of algebraic point surfaces, the approxima-
tion is carried out by algebraic spheres. The use of spheres improves the
robustness of the method over planar approaches when dealing with ar-
eas of high curvature. For planar areas, the method simply degenerates
to using planes as the approximating function.

It is important to note that both methods use least squares in one
way or another to generate the resulting surfaces, either to approximate
the primitives in the case of the RANSAC method or to approximate the
local surfaces in the case of APSS. It is not feasible to apply methods that
interpolate the points directly due to the experimental error present in
the coordinates’ values. The error also carries over to the calculation of
normal, which will generally cause inadmissible errors in the position
and orientation of the robotic tool.

2.2.4. Generation of robot trajectories

The area of the surface to be cleaned is filled with parallel curves
that correspond to the paths that the laser follows on the surface (Fig. 4
d). To carry out the cleaning procedure, it is necessary to convert the
laser paths on the surface to robot tool paths in the world frame. The
tangent, normal, and binormal vectors of the surface curves define their
characteristic frames. The frames of the curves can be related to the
positions and orientations of the robot tool by solving the kinematic
chain between their coordinate systems.

In Fig. 5, the world, tool, curve, and laser frames of references on
the workspace are indicated. The world reference frame is located at
the base of the robot. The object to be processed is anchored to a plate
attached to the end effector of the robot. The tool of the robot is defined
at the center of the plate and is referenced to the base of the robot. The
curves defined on the surface of the object are referenced to the tool
frame.

Let T}, be the homogeneous transformation matrix that expresses the
position and orientation of the frame 2 in the coordinates of frame 1.
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Then the pose of the robot tool in the world system are expressed as:
—1 -1
T =T T3 T, )

where T, represents the transformation from the laser to the world
frame and is defined by the position of the lens and the orientation of
the beam, both known data. T,, are the surface curve frames expressed
on the tool frame. The transformation matrix between the laser and the
curve T, is defined by the laser-surface incidence angle and the distance
between the focus of the laser beam and the surface, both process pa-
rameters. Since the laser beam has radial symmetry, the rotation around
the beam axis is used as an additional degree of freedom to increase the
number of inverse kinematic solutions available for the robot motion.

The transformation (1) is applied to each of the T,, frames defined
on the surface cleaning paths and the union of the resultant frames T,
defines the paths of the robot tool.

The robot used in this work, as well as most common manipulators,
only executes moves along rectilinear and circular paths. Therefore, the
tool paths are approximated using polylines, biarcs or a combination of
both. Biarc interpolation is performed following the algorithms detailed
in [44,45].

Finally, the joint angles of the robot for each of the poses T, of the
paths are obtained by solving the inverse kinematics of the manipulator.
Since the robot is a six-axis serial manipulator with a spherical wrist, the
resolution is carried out analytically [46,47]. For each pose, there exists
multiple sets of solution angles that correspond to the different robot
configurations. The only acceptable configurations are those that have
a valid solution (angles within the mechanical limits of the robot) for
all the poses of the path. In addition, it is necessary to check that, at no
point, there are collisions between the object held in the end effector
with the links of the robot.

In order to clean the curved surfaces used in this work, three different
families of trajectories were used, from now on referred to as cases A,
B, and C. Fig. 6 shows the diagram of the types of trajectories used for
the case in which the object to be processed is a cylinder. In case A,
the surface to be cleaned is considered to be flat. The robot moves the
object following rectilinear paths with constant speed without change
of orientation. Since the object is curved, neither the distance nor the
angle of incidence laser-surface remains constant. This case represents
the only methodology that would be possible if the object could only
be moved in one plane. In case B, the distance between the laser focus
and the surface is kept constant, but the angle of incidence is not. The
piece describes curvilinear trajectories with constant orientation. This
case would correspond to the positioner having three degrees of freedom
of position, such as a coordinate table in XYZ or a three-axis Cartesian
robot. In case C, both the distance and the angle of incidence laser-
surface are kept constant. The piece describes curvilinear trajectories
with variable orientation. This methodology can only be carried out with
a positioner that has six degrees of freedom, such as the one used in this
work. In cases B and C, the relative velocity between the laser beam and
the surface must be kept constant to ensure that the energy deposited
per unit area is uniform across the entire surface.

2.2.5. Laser cleaning

The process parameters for laser cleaning are laser power and fre-
quency, scanning speed, hatching distance, diameter of the beam at the
surface, and the angle of incidence between the laser beam and the sur-
face. These parameters determine the density of energy that is deposited
per unit area on the surface and the way in which the energy is dis-
tributed depending on whether the incidence is normal or oblique.

When the laser moves across the surface, the number of resulting
spots per unit length is equal to the scanning speed multiplied by the
frequency of the pulses. Although multiple combinations of speed and
frequency result in the same number of pulses, the number of pulses per
unit time will generally not be the same. This factor might be taken into
account in long processes when using high fluence, since a heat affected
zone may be developed on the surface of the material.
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Fig. 6. Types of cleaning trajectories. A) 2D rectilinear
path, neither distance to laser focus nor the angle of in-
cidence with the beam are kept constant; B) 2.5D curvilin-
ear path with constant orientation, distance to laser focus
is maintained but not the angle of incidence; C) 3D curvi-
linear path with variable orientation, both the distance to
the laser focus and the angle of incidence are kept constant.

Table 1

List of parameters used for the laser cleaning of the flat surface.

Number of Frequency f Distance focus-surface Incidence angle
repetitions N, (kHz) dfs (mm) 9()
1 20 0 0
2 10 3 15
3 5 4 30
4 2.5 5 45
5 1.25 6 50
6 0.625 55
7 0.3125 - -
Constant values f=20 kHz N,=1 N,=1 f=20 kHz 6=0° N,=1 f=20 kHz
d fs=3 mm 6=0° d fs=3 mm 6=0° d fs=3 mm

For practical purposes in the case of cleaning, scanning speed and
laser frequency can be taken as independent parameters within reason-
able windows. Thus, the frequency is fixed within the nominal limits
of the laser system so that the scanning speed falls within the robot
speed limits. It is convenient to adjust the frequency in such a way that
the resultant scanning speed is not too high, since this could generate
high accelerations that could produce vibrations in the system, thus po-
tentially reducing the precision in the positioning of the laser on the
surface. With the setup used in this work, using very high speeds pro-
duced vibrations in the table on which the lens is placed, which reduced
the precision of the marking. Therefore, the scanning speeds used were
selected within a range that avoided this problem.

2.3. Experimental case

2.3.1. Characterization of cleaning of flat surfaces

A preliminary parametric study was carried out by cleaning flat
pieces. The characterization of paint removal is easier in flat surfaces
than in curved ones, so this experiment was used to find a set of suit-
able processing parameters for cleaning the material and paint under
consideration. In addition, the effect of the laser-surface incidence an-
gle and the focus-surface distance on the cleaning results were studied.
The object to be cleaned was a 316L stainless steel plate of dimensions
100 mm x 50 mm x 5mm. The paint was removed on square areas
of 5 mm X 5 mm, with the laser beam following parallel rectilinear
trajectories at constant speed. Lines were overlapped in the direction
perpendicular to the scanning direction until the area to be cleaned was
completely covered. The distance between parallel lines was 30 pm. The
parameters studied were: the number of irradiations over the area, the
laser repetition rate or frequency, the laser-surface incidence angle, and
the distance between the focus of the beam and the surface. The rest of
the parameters were kept constant for all the areas: laser power 100%
(4 W), scanning speed 20 mm-s~!. The sets of parameters used are col-
lected on Table 1. Once processed, the areas were visually inspected
using a SMZ800 NIKON optical microscope and NIS-Elements software.

2.3.2. Laser marking on curved surfaces

Laser marking tests were performed on a cylindrical surface
(r=27 mm, /=150 mm) to analyze the dimensional accuracy of the sys-
tem. The cylinder was covered with acetate paper and laser marking
was conducted using the trajectories for cases A, B, and C indicated

above. Characterization of curved surfaces in the microscope is not
straightforward, but using the paper sheet that can be flattened, the
position, size, and shape of the laser spots on the surface can be mea-
sured. The processing parameters used were 100% of nominal power,
frequency f=200 Hz, scanning speed v=20 mm/s, and the laser focused
at the surface. This results in a distance between consecutive spots of
100 pm in the scan direction. The lower laser frequency used with re-
spect to the case of cleaning is intended to increase the distance be-
tween spots in order to facilitate their measurement. Since the speed
of the robot is the same as in the case of cleaning, only the frequency
is changed, the dimensional accuracy attained by the robot will be
the same in both cases. For all cases, 10 parallel marking lines were
made in a radial direction, with a separation between lines of 0.5 mm.
The trajectories began at the top of the cylinder (0°) and ended at the
base (90°).

2.3.3. Cleaning of curved surfaces

Three types of metal objects were used to test the cleaning procedure:
a cylinder, a sphere, and a tube clamp connector. They were painted
with spray paint and left to dry for several days. The samples are shown
in Fig. 7. The geometry of the samples was acquired following the pro-
cedure detailed in the previous sections. Then, regions were cleaned on
each sample using the tool trajectory paths A, B, and C previously de-
scribed.

The half-cylinder has a length of 150 mm and a diameter of 50 mm.
The cleaning was performed on rectangular bands corresponding to ra-
dial sections of the cylinder. These areas were filled using parallel paths
following the radial direction of the cylinder. The half-sphere has a di-
ameter of 43 mm. For the cylinder, rectangular bands were processed.
The tube clamp connector was selected to show the case of a more com-
plex geometry. Rectangular bands were cleaned following two perpen-
dicular directions, one along the long side of the object and another
along the short side.

The process parameters used were the same for all the surfaces.
The power was set to P=100% (E,=49.7 pJ), the repetition rate to
f=20 kHz, and the scanning speed to v=20 mm/s. The laser beam fo-
cus was set at a distance of 3 mm over the surface and the distance
between cleaning paths was 30 um. Videos of the cleaning processes
(cases A, B, and C) of the cylindrical sample and of the tube clamp can be
seen in VIDEO 2 https://doi.org/10.5281/zenodo.6628177 and VIDEO
3 https://doi.org/10.5281/zenodo.6628206, respectively.
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Fig.7. Curved samples. a) Cylinder; b) sphere; c) tube
clamp connector.

Constants:

f =20 kHz
dfs = + 3mm
0=0°

Frequency 20 kHz 10 kHz 5 kHz

2.5kHz 1.25 kHz 0.625 kHz 0.3125 kHz

Constants:
Nr=1

dfs = + 3mm
6=0°

Distance
focus-surface +0mm +3mm +4mm

+5mm +6mm

Constants:
Nr=1
f=20kHz
8=0°

Angle of incidence 0° 15° 30°

45° 50° 55°

Constants:
Nr=1

f =20 kHz
dfs =+ 3mm

Fig. 8. Cleaned squares on the 316L flat plate. Each row shows the variation of a parameter.

3. Results and discussion
3.1. Characterization of paint removal on the flat surface

Images obtained by optical microscopy of the cleaned square areas
on the flat plate are shown in Fig. 8. The upper object shows the ap-

pearance of the stainless-steel plate before and after painting. In the fig-
ure, each row represents the variation of one of the processing parame-
ters, keeping the rest constant. The constant values used as the basis are
N,=1, f=20 kHz, d fs=+3 mm. The values chosen for the constant pa-
rameters represents a combination of parameters that result in adequate
cleaning of the surface. The optimal value of repetitions seems to be 1 or
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5° 30° 45° 60° 85°

Fig. 9. Laser marking on the acetate paper placed on the cylinder for cases A,
B, and C. From left to right, the images follow the trajectories from the top of
the cylinder (0°) to the base (90°).

2. With 1 repetition, some small areas with white paint residues are no-
ticed. As the number of repetitions increases, the surface is thermally af-
fected and oxide begins to appear on multiple regions. Frequency has the
effect of increasing (higher frequency) or decreasing (lower frequency)
the number of spots per unit length in the scan direction. Therefore, the
higher the frequency, the greater the energy deposited on the surface
and, therefore, also the amount of material ablated. Of the values con-
sidered, the only frequency with satisfactory results is f=20 kHz. The
areas for the remaining range of frequencies present a range of colors
from greyish to whitish (from higher to lower frequency, respectively),
which indicates that there is still a layer of paint on the surface. Regard-
ing the distance from the focus of the beam to the surface, the cleaning
is correct only for values of 0 mm and 3 mm above the surface. As the
distance increases, the fluence decreases rapidly following the Gaussian
divergence of the beam. This implies that with the optical system used,
the cleaning of a curved surface will not be homogeneous when the dis-
tance between the lowest and the highest areas is greater than that range
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of distances. Regarding the angle of incidence, the cleaning is correct for
angles of 0° and 15°. In the case of 30°, the cleaning is only objectual
and for larger angles, most of the paint remains on the surface.

3.2. Evaluation and measurement of laser marking on the curved surfaces

Fig. 9 shows microscope images of the results of the laser marking
on the cylinder covered by acetate paper for trajectories A, B, and C.

In case A, the marking was only carried out correctly in the range
from 0° to 40°. In this case, the robot describes a rectilinear movement
while the profile of the surface is an arc of circumference. Therefore, as
the radial angle increases, the laser focus moves away from the surface,
causing the absorbed energy to decrease and the spot marks to disap-
pear quickly. Furthermore, since the scanning speed is constant, but the
arc length of the path followed does not coincide with that of the sur-
face profile, the distance between spots does not remain constant and
increases as the radial angle increases. This phenomenon is not desir-
able in a cleaning process since the cleaning of paint or dirt would not
be carried out homogeneously over the entire surface.

In case B, the trajectory of the robot followed an arc of circumference
in order to maintain focus on the surface all the way. The result was a
greater effective tagging region than in the previous case; however, as
the radial angle increases, the incidence becomes more oblique, which
causes a decrease in the energy absorbed at the surface and the disap-
pearance of the spots. In this case, the distance between spots remained
constant and equal to 100 um. Towards the final range of angles (from
60°), the distance between spots seems to decrease. This is because, as
the incidence of the laser becomes more oblique, the spots go from be-
ing perfect circles to ellipses, with their radius greater in the scanning
direction. As the spots are more elongated in the direction of movement,
the distance between the ends of the spots is smaller, but the distance
between their centers remains the same.

In case C, the trajectory of the robot followed an arc such that the
focus remained on the surface and the laser incidence was normal all
the way. In this way, a correct marking was obtained for all angles.

20
10
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Fig. 10. Geometry reconstruction and calculation of cleaning paths for the 3D curved samples: a) cylinder, b) sphere and c) tube clamp connector.
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Fig. 11. Results of laser cleaning on the a) cylinder and b) sphere; ¢) tube clamp.

The distance was constant and equal to 100 um as in the previous case.
The spots maintained a circular shape with constant size throughout the
entire route, which indicates that the distance and incidence remained
constant as intended.

In all cases, the distances between the points obtained were kept ac-
cording to the expected values for each trajectory, which indicates that
the positioner speed behavior was correct. In the direction perpendic-
ular to the movement, no large positional errors are observed and the
spots appear to be correctly aligned. In case C, a small oscillation can be
observed in the direction perpendicular to that of the movement. The
fact that this is the only case in which the robot changes the orienta-
tion of the object seems to indicate that the precision of the robot in the
position decreases slightly when it has to constantly change orientation
and/or move more axes simultaneously.

3.3. Paint removal on curved surfaces

In Fig. 10, the reconstructed surfaces of the pieces studied are shown.
The point clouds obtained do not show appreciable errors and the noise
level is low. The spherical markers were correctly detected in all cases.
In the cases of the cylinder and the sphere, RANSAC was used to per-
form the reconstruction since these geometries can be approximated by
simple primitives. The tube clamp presents more difficulties, as it con-
tains almost vertical walls and unlike in the previous cases, its geome-
try cannot be treated as a simple primitive. Therefore, the surface was
reconstructed using moving least squares. The algorithm smooths the
sharp edges between the lateral walls and the top surface, which allowed
transversal paths without discontinuities to be obtained. As an example,
to give an idea of the duration of the process, in the case of the cylin-
drical piece (150 mm long and 50 mm in diameter), the time required
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to capture the surface was about 3 s (the profiles were taken at a scan
speed of 30 mm/s and the acquisition length was about 90 mm, which
corresponds to the width of the support and about 10 mm allowance).
Regarding the processing time of the point cloud and generation of tra-
jectories, it is about 10 s; that is, the duration of the processing prior to
laser cleaning is less than 15 s.

The selected cleaning areas are shown over the surfaces. The areas
were cleaned using the types of trajectories A, B, and C in blue, orange,
and green respectively. The width of the grooves is magnified in the
figures relative to the actual width so that they can be seen more clearly
in the images. As it was intended to compare the cleaning result for the
three cases, the cleaning bands were placed as close as possible to each
other.

Fig. 11 shows the cleaning results for the different surfaces and types
of trajectories. The discontinuities that can be observed within the clean-
ing grooves are the result of an imperfect alignment in the process of
acquisition and assembly of the images and do not represent real dis-
continuities. For the sphere (Fig. 11b), in case A, a certain degree of
cleaning is observed up to an angle of 20°. However, the paint layer
was not completely removed since the surface has a whitish-gray tone.
Between 20 and 30°, although the effect of the laser can still be appreci-
ated, it worsens as the angle of incidence and the distance between the
surface and the beam focus increase. For angles greater than 30°, there
is no appreciable removal of paint. In case B, cleaning is satisfactory up
to an angle of 50°. Unlike in case A, the paint is completely removed
and the surface has a dark gray tone. From an angle of 50°, the effect
of the laser began to attenuate and from 70° no change was seen in the
paint layer. In case C, the paint layer was completely removed for the
full range of angles. As the irradiation conditions are the same through-
out the entire trajectory, the resultant paint removal was homogeneous
throughout the entire range of angles. In case C, an oscillatory pattern
was observed in the contour of the grooves. This phenomenon was al-
ready observed in the laser marking section, attributed to a decrease in
the precision of the robot when it has to make changes in the orientation
of the tool.

4. Conclusion

This research has developed a 6 DOF robot-assisted system for
the automation of laser ablation processes in pieces with arbitrary
geometry. The system incorporates an ultrashort pulse laser for pro-
cessing, a robot that manipulates the piece, and a capturing system
consisting of a laser profilometer that scans the object to generate a
point cloud that determines the surface model. Laser paths are con-
figured according to this model, and also include irradiation parame-
ters for each point of the surface; scan speed, orientation, and focal-
ization of the laser beam, in order to obtain a homogeneous process-
ing throughout the entire surface. This is a full 3D solution that uses
customized software which has been internally developed at our lab-
oratory. The system has been applied for the elimination of painting
coats on pieces with different geometry, whose results show that, for
a working distance of 0 mm (that is, the laser focused at the object
surface)) to 3 mm or for deviations of the normal incidence angle of
the laser beam less than 15°, the effects in the paint removal cannot
be appreciated; however, higher variations of both parameters have an
outstanding effect, demonstrating the importance of a precise control
over them.

It is important to point out that the results from this experiment can
be extended to other processes, such as laser surface texturing, laser
welding, or additive manufacturing, among others. Furthermore, the
system configuration can be modified without changing this procedure
so that the object stands in a static position while the robot manipulates
the laser; in this sense, our group is working on the use of fiber lasers
that can be easily guided by the robot, which improves the system’s ver-
satility and facilitates both the processing of big and fragile objects and
the portability of the equipment
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