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Abstract: The purpose of this paper is to solve a series of problems, such as the difficulty in accurately
controlling the specific surfaces, and the interference between the laser beam and the parts, when the laser is
used to clean mechanical parts with complex surfaces by using robots. Firstly, a region segmentation algorithm
of the stereo lithography (STL) model was designed, and the feature surfaces of the model were obtained by
using the dihedral angle as the criterion. Then the path points which could easily cause interference between
the laser beam and the part to be cleaned were detected by the method of ray intersection, and the pose of the
robot was modified according to the normal vector of two non-interference points that were adjacent to the
continuous interference points respectively. Finally, the proposed method was validated by scanning path
visualization and robot laser cleaning process experiments. The results showed that the robot can successfully
clean the specific surface of the test workpiece without interference by following the laser cleaning path
generated by the proposed algorithm, and the transition of the robot pose is smooth, which proves the
effectiveness of this study. The method is also useful for the path planning of robots in other processing fields.
Keywords: Complex surface, Laser cleaning, Stereo lithography model, Region segmentation, Path planning,

Robot pose

1 Introduction

Laser cleaning is a rapidly developing cleaning technology in recent years. Its working mechanism is that
a series of changes in light, heat and force occur in a very short time by laser beam, and the contaminants can
be removed under the coupling effect of these changes [1-5]. At present, portable hand-held laser cleaning
equipment and three-dimensional (3D) mobile platform laser cleaning equipment are mainly used for cleaning

operations in the laser cleaning industry, both of which have their own advantages and disadvantages. Portable



hand-held laser cleaning equipment is flexible and convenient. However, when the surface to be cleaned is
constantly changing, stable scanning speed, defocus distance and angle of incidence cannot be guaranteed, so
stable and controllable surface cleaning quality cannot be ensured [6]. At the same time, the portable laser
cleaning equipment is difficult to be applied to large workpiece cleaning because of low cleaning efficiency
[7]. 3D mobile platform laser cleaning equipment can ensure the stable speed, constant defocus distance and
angle of incidence, but it is difficult to complete the free cleaning for the parts with complex curved surfaces|8].
With the rapid development of robotics and computer numerical control (CNC) technology, multi-joint robots
are widely used in the laser processing fields such as laser cladding, laser deposition and laser welding due to
their high degrees of freedom, strong flexibility and easy programming control and other characteristics [9-
11].

Path planning for robot machining is the primary requirement to realize the robot automatic machining.
The traditional manual teaching programming relies on the experience and operation of technicians to write
processing programs, which is time-consuming, inefficient, and difficult to complete complex path
programming[ 12, 13]. Therefore, scholars proposed corresponding robot path planning methods based on the
characteristics of different processing methods. Zhang et al. [14] proposed an adaptive slicing algorithm to
generate a variable layer thickness based on the local surface geometry and a pre-specific smoothness
requirement, which better solved the problem of feature loss caused by the abrupt variety of curvature in the
layering direction for parts with complex surfaces. Zheng et al. [15] proposed an interpolation-based cladding
path generation method for the intersection points generated by each slice plane, that is, the interpolation
operation was determined based on the pose change between two adjacent points, and the obtained path points
not only ensured the cladding layer shape but also reduced the scale of processing point. Hu et al. [16] divided
the NURBS surface into several simple sub-regions, and then offset the center-of-mass contour line of each
sub-region to obtain the processing path covering this region, which alleviated the staircase effect in the laser
deposition process. Yang et al. [17] fitted the point cloud data based on the cubic spline function and generated
the laser welding seam path with good consistency and smoothness with the actual seam trace. The machining
path points of robots are generated by the above path planning methods through the layered slicing of the STL
model, the offset of the NURBS surface center-of-mass contour line, and the point cloud data fitting, etc.
Among them, the STL model has the characteristics of simple format, easy to read and display, and can
exchange data with most computer-aided design (CAD) systems in engineering applications such as

SolidWorks, Pro/E, CATIA, etc., which enhances the universality of the algorithm and reduces the constraints
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of CAD system categories, so it is widely used as a source file for path planning[18-20].

In the field of laser cleaning, some scholars have also researched the automatic cleaning of parts by
combining it with offline programming techniques. Ma et al. [21] used line structured light and camera to
obtain 3D point cloud data of the workpiece surface and converted them into the STL model, and then achieved
automatic generation of cleaning paths by combining with slicing technology. Jin et al. [22] indirectly obtained
the STL model of the workpiece with the help of 3D scanning equipment, and used commercial offline
programming software to carry out the laser cleaning path planning, which verified the effectiveness of robot
laser cleaning. For simple parts, the conventional robot path planning methods can be used in the path planning
of robot laser cleaning, however, in some cases, existing robot path planning techniques cannot meet the
demand for precision laser cleaning operations, for the following reasons:

(1) In actual industrial applications, only one or a few specific surfaces of the parts may need to be cleaned,
and the contaminants on different surfaces may also require different process parameters to be set. However,
it is difficult to accurately obtain the specific surface of the part by 3D scanner, and there are few reports on
the method that extracting the specific surface from the STL model for path planning. Therefore, it is of great
significance to study the path planning method for specific surfaces of the STL model to improve the flexibility
of laser cleaning and increase the universality of its application.

(2) Generally, the center line of the laser beam coincides with the normal vector of the processing point
when the robot performs surface laser processing [23, 24], which can not only ensure processing quality but
also facilitates control. However, this vertical processing method can easily lead to interference between the
workpiece and the laser beam, or the laser is blocked. When studying the damaged area of parts repaired by
robot laser cladding, Liu et al. [25] proposed a method of creating a collision region along the beam direction,
performing a Boolean operation with the original model for interference detection, and considering the beam
radius compensation error for pose correction, but this method was only applicable to regular paths. For laser
cleaning, the literature [26, 27] pointed out that the laser slanting on the surface of a part may not degrade the
cleaning quality and can even improve the cleaning efficiency. Therefore, it is necessary to propose a more
applicable path interference detection and correction method to ensure the safety of the robot laser cleaning
process.

In this paper, based on the above two problems, a novel region segmentation method of the STL model is
designed to divide the part surface into a series of feature surfaces. A WinForm form application based on .net

framework and C# is developed to freely control the feature surfaces of the STL model, and the robot cleaning
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path is generated by the slicing algorithm. Then, the ray detection method is used to detect the interference of
the cleaning path, and the robot pose is modified to avoid interference. Finally, the laser cleaning of the test
workpiece is completed according to the robot program, which proves the proposed laser cleaning path

planning method for specific surfaces is reliable and effective.

2 Region segmentation of STL model
2.1 Definition of feature surface

The STL model generated by the CAD system is composed of many discrete and segmented triangular
facets [28-30]. To accurately obtain the surface information of the STL model and ensure the accuracy of
subsequent path planning, the topology of the STL model should be reconstructed according to the rules given
by Yang et al. [31]. These rules are:

(1) Given a triangular facet F, its three edges E\, E», E3 and three vertices can be obtained.

(2) Given any edge F of a triangular facet, two of its vertices and two adjacent triangular facets F and

F can be obtained.

(3) Given a vertex, all the triangular facets in which the vertex is located can be obtained.

All the vertices, edges and facets of the STL model are stored in lists ListV, ListE and ListF, respectively.
The indexes of vertices, edges and facets in their respective list are their corresponding VertexIndex, Edgelndex
and Facelndex. For example, the Facelndex of the first element in the ListF is 0 (the subscript starts from 0).

However, the STL model obtained thus only connects all triangular facets but does not establish the
relationship between triangular facets and feature surfaces. To perform path planning for a specific surface, it
is necessary to first define the feature surface and then add the triangular facets to the different feature surfaces.

The feature surface is a set of connected triangular facets with similar characteristics according to some
rules. In this paper, the dihedral angle is used as the basis for classifying the feature surface. The dihedral angle
is the complement of the angle between the two triangular facets adjacent to the common edge, as shown in
Fig. 1, which reflects the smoothness between the two triangular facets of the STL model: the smaller the
dihedral angle, the smoother the transition between the two triangular facets; on the contrary, the more abrupt

the transition between the two triangular facets. The dihedral angle 6 of E; can be calculated as shown in Eq.

(1):

0= cos‘1< il ) (1)

|”1 ||”2|

where n; and n; are normal vectors corresponding to the two triangular facets F; and F» adjacent to £).



The dihedral angle formed between two adjacent triangular facets within the feature surface is less than
the threshold a, while the dihedral angle formed between two triangular facets adjacent to the common edge
of the adjacent feature surface is greater than or equal to the threshold a. Yuan et al. [32] conducted a statistical
analysis of the dihedral angle of the STL model and found that the corresponding edges of the triangular facet
could reflect the characteristics of the model when the dihedral angle was greater than 20°. Therefore, a=20°

is used as the threshold value for feature surface classification in this paper.

Fig. 1. Schematic diagram of dihedral angle 6.

2.2 Region segmentation algorithm

Since the topological relationship of the STL model is established in advance, all information about the
model can be obtained by gradually expanding from a vertex or an edge of any triangular facet. Therefore, the
idea of the STL model region segmentation algorithm designed in this paper is to start from an edge of a
triangular facet, calculate its dihedral angle, and continuously add adjacent triangular facet with similar
characteristics to the feature surface list ListF'F according to the feature surface partition conditions. Based on
the above idea, the edge attributes E. IsCaculate and E. IsFeatureEdge are declared, and the facet attribute F.
IsCaculate is declared, all of which have the initial value of false. The relationships between these attributes

are shown in Eq. (2-4):

E.0>a— E. IsFeatureEdge = true, E. IsCaculate = true 2)
E 0 < a— E.lsCaculate = true 3)

Eq. IsCaculate = true
E,. IsCaculate = true — F. IsCaculate = true “4)

E3. IsCaculate = true

The triangular facets belonging to the current feature surface are stored in ListF'F according to their
calculating order. When all the triangular facets of the feature surface are added, the face separator SignF is
inserted, and then the triangular facets belonging to the next feature surface are added subsequently. It is
important to note that the variables store vertices, edges, and facets are all reference types, which store

references to their data (objects), and two variables can refer to the same object [33]. Therefore, an operation



performed on one variable is equally mapped to another variable. To better illustrate the region segmentation

algorithm, the pseudocode of this algorithm is given as Algorithm 1.

Algorithm 1

1 initial @ < 0, b < 0, num «— 0, F « ListF 0], ListFF «— { }, ListTempF «— { }

2 function SEGMENTATION (a, b, num « 0, F, ListT, ListFF, ListFF, ListTempF’) // Main fuction
3 foreach Edge £ in F/

4 if E. IsCaculate = false

5 a=F\. Facelndex, b = F,. Facelndex

6

7

8

break
end if
end foreach

E.0 = cos™! (M)

[ngllnz|
10if E.0>a
11 E. IsCaculate = true E. IsFeatureE = true
12 if ListFF D F
13 ListFF < F U ListFF, ListTempF < F U ListTempF
14  endif
15 JUDGE(m, a, b, num, ListF, ListFF, ListTemp[F)
16else//E.O0<a
17 E.IsCaculate = true
18 if ListFF 2 ListF [a]

o

19 ListFF « ListF [a] U ListFF, ListTempF < ListF [a] U ListTempF, m «<— a
20 end if

21 if ListFF 2 ListF [b]

22 ListFF « ListF [b] U ListFF, ListlempF « ListF [b] U ListTempF

23 end if

24 JUDGE (m, a, b, num, ListF, ListFF, ListTemp[F)
25 end function

Regardless of whether the dihedral angle 4 is greater or less than the threshold ¢, it is needed to determine
whether the IsCaculate of all the three edges of the current triangular facet in ListF is true. If all of them are
true, the IsCaculate of the facet is marked as true and the current facet is removed from ListF, and then the
subsequent operations are performed; otherwise, the uncomputed edge of the current triangular facet is
obtained to calculate the dihedral angle, and then the subsequent operations are performed. Therefore, the same
processing is encapsulated into a calling function to avoid code redundancy and enhance code readability, the

relevant related pseudocode is given as Algorithm 2.

Algorithm 2

1 function JUDGE (m, a, b, num, ListF, ListFF, ListTempF)

2 if IsCaculate of the three edges of ListF [m] is true

3 ListF [m]. IsCaculate = true, ListF < ListF - ListF [m], num < num + 1.

4  foreach F in ListlempF

5 if IsCaculate of the three edges of F is true /\ F.IsCaculate = false
6 F.IsCaculate = true, ListTempF « ListTempF - F

7 num «— num + 1

8 end if

9  end foreach

10 if ListF. Count=0 return ListF'F

11 if ListFF. Count = num

12 ListFF « ListFF U SignF, num «<— num + 1.
13 foreach Facet F'in ListF

14 if F. IsCaculate = false




15 SEGMENTATION (a, b, F, ListF, ListFF, ListTempF)
16 end if

17 end foreach

18 else // if ListFF. Count #+ num

19 foreach Facet F in ListFTempT

20 if F. IsCaculate = false
21 SEGMENTATION (a, b, F, ListF, ListFF, ListlempF)
22 end if

23 end foreach

24 else //if IsCaculate is not true for all three edges

25 SEGMENTATION (a, b, F, ListF, ListF'’F, ListTemp[F)
26 end function

Based on the self-developed region segmentation algorithm, the STL models of several typical parts are
divided into some regions, different feature surfaces on the parts are labeled with different colors, and the
unsegmented original part models with dark gray color are given as a comparison. The segmentation results
are shown in Fig. 2. For example, the end face, the shaft hole surface, and the pin hole surface of the worm
gear are divided into different feature surfaces, as shown in Fig. 2(a); The journal surface, shaft tube surface
and shaft hole surface connected with the universal joint of the automobile transmission front shaft are also
divided into different feature surfaces, as shown in Fig. 2(b). This shows that the STL region segmentation
algorithm designed in this paper can correctly divide the part surface into different feature surfaces, and each
feature surface corresponds to the surface with different functions on the part. The fundamental reason is that

two surfaces with different functions on a mechanical part usually have clear boundaries in shape as well.

Fig. 2. Example of STL model region segmentation: (a) worm gear, (b) automobile transmission front shaft, (c)
engine connecting rod, (d) test workpiece to be cleaned by laser.
7



2.3 Free control of feature surface

To achieve free control of the feature surfaces to be cleaned by laser, the ListView control of the C# WinForm
form is used to manage the feature surfaces. The currently uncleaned surfaces correspond to the items in the list of
feature surfaces will be loaded into the list of surfaces to be cleaned when selected, and the corresponding items
and feature surfaces are removed automatically from the list of feature surfaces and the STL model. The test
workpiece shown in Fig. 2(d) is operated with free control of the feature surface, the operation steps are shown in

Fig. 3(a), and the results corresponding to each step are shown in Fig. 3b.

12 Machining surface free contral — [m] %
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Fill .
eien | surfaces to be cleaned

Machining surface operation

Fig. 3. Example of feature surface manipulation: (a) Feature surface control form, (b) Result of operation.
3 Interference detection and correction of robot laser cleaning path

In this paper, the slicing algorithm based on the topological relation proposed by Li et al. [34] is used to
obtain the original points of the robot laser cleaning path, that is, the edges intersect with the current section
plane are continuously found among the edges of the triangular facets on the feature surfaces according to the
edge topological relation after the section plane is determined, and the intersection points are calculated. After
all the intersections are obtained, the transversal lines are obtained by connecting them in series. The
transversal line is offset from the original surface by a distance to obtain the robot laser cleaning path. This
offset direction is usually related to the robot pose, and the offset distance is defined as the defocus distance.
The original robot pose determined by the normal vector of the intersection point may cause interference

between the robot laser cleaning path and workpiece, therefore, it is necessary to correct the robot pose to



make the cleaning process safe and effective.

3.1 Interference detection

When the robot is cleaning the surfaces with small curvature variation, the laser beam centerline / can
directly coincide with the normal vector y of the cleaning point (pose 1), as shown in Fig. 4. However, when
cleaning some areas, such as the "canyon" surface shown in Fig. 4, the coincidence of the laser beam centerline
I' with the normal vector p’ (pose 2) will lead to interference between the laser cleaning path and the workpiece,

resulting in damage of the laser head and even serious safety accidents.

Fig. 4. Two positions of the laser beam on the workpiece.

ListSect {vo, v1, ..., Vi ..., v} 1s a transversal line located in the range of possible interference range;
ListInterf is the list of interference points, and a; is the normal vector of the point v;. Therefore, whether the
robot interferes at the processing point v; is essentially that whether the ray » with the v; as the endpoint and a;
as the direction vector intersects with the triangular facet F (po, p1, p2). The expression of ray » is shown in Eq.
4:

r(t)=v; +ta;, 0 <1<+ 4)
where ¢ is the distance that v; travels along the unit normal vector direction.

According to the Moller-Trumbore algorithm [35], when the ray intersects with a triangular facet, the

following equation can be obtained as Eq. (5):
vi +ta;=(1-by-by) py+bip, +bop, (5)

where b, and b, are the coefficients that make this equation valid when the ray intersects with the triangular

facet, and the constraint conditions of b; and b, are shown in Eq. (6):

0<bh, <1
0<b,<1 (6)
0<b +by<1

According to Cramer's law, the following equations can be gotten as Eq. (7):
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where Pi = p1 - po, P> = p2 - po, S = vi - po, S1 = a; X P>, S = § x Pi. By solving Eq. (7) and determining
whether the coefficients are within the range of values, it can be determined whether the laser cleaning path

will interfere with the workpiece.
3.2 Robot pose correction

It is challenging to correct the robot pose of the interference points. Firstly, due to the complexity of the
part surface, it is difficult to directly establish the rules of the incident direction of the laser; secondly, if the
robot pose changes greatly between adjacent interference points after correction, not only will the robot joints
rotate rapidly, but also the laser scanning path and the planned path will not coincide when the robot moves
between two points. Therefore, the idea of the robot pose correction algorithm in this paper is to perform
interference detection on each transversal line by point to generate a list of interference points List/nterf, and
obtain two non-interference points adjacent to the first and last interference points, then the robot pose of the
interference point is corrected according to the robot pose of the two non-interference points.

As shown in Fig. 5, the points in ListInterf are all interference points except po and p, so it is necessary
to correct the robot pose of p1, p.1 and the points between them. First, calculate the intersection point O of the

rays of po and p, along the normal vector direction, so when the two rays intersect, Eq. (8) is satisfied:
Py + kOaO =p, + knan (8)

where ko and £, are respectively the moving distances of po and p, along the normal direction when the two

rays intersect. The result of ko is shown in Eq. (9):

_ [(pn 'p()) X an] : (aO X an)

ki
° llag x a,|I?

©)

The intersection point O can be obtained by substituting ko into Eq. (8). The vector of O point pointing to
the point p; (1 <i<n - 1) in ListInterf is taken as the direction vector of the incident laser light at p;. Therefore,

any point between p; and p, must not cause interference.
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Section plane 0

Fig. 5. Robot pose correction.

The two rays of po and p, along the normal vector direction may not intersect. Therefore, before judging
whether the intersection point will cause interference between the cleaning path and the workpiece, the normal
vector a; of the intersection points within ListSect is projected onto the section plane, as shown in Fig. 6. Let

the normal vector of the section plane be n. Then the projection of the normal vector a; is shown in Eq. (10):

a; = 10
=TT (10)
In this way, the robot pose correction problem in three dimensions is transformed into the two-

dimensional plane, which greatly reduces the complexity of the problem.

1 Section plane \
! |

I
i
Fig. 6. Projection of the intersection normal vector into the intercepted plane

To further illustrate the robot pose correction algorithm, the pseudocode of this algorithm is given in
Algorithm 3. The Boolean variable IsLastInterfis used to record whether the previous intersection point is an
interference point. The Boolean variable IsCurlnterf indicates whether the current intersection point is an

interference point. The initial values are all false, indicating that the intersection point is a non-interference

point.

Algorithm 3
1 function ADJUST (ListSect {vo, Vi, ... Vi ... , Vu} )

2 initial ListInterf < { }, IsLastInsec = false, IsCurlnsec = false
3 forj <« Otondo

4 Project the normal vector of v; onto the section plane

5 Interference detection for v;

6  if v;is the interference point then

7 IsCurlnsec = true.
8
9

if IsLastinsec = false then ListInterf «— ListInterfU v;_, k — 1 end if
ListInterf — ListInterf U v;, k < 1
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10 elseif IsCurinsec = false N\ IsLastInsec = true then

11 ListInterf < ListInter fU v;, k<0

12 Robot pose correction for points in ListInterf
13 Clear the Listinterf

14 end for

15 end function

The STL models shown in Fig. 2(a) and (d) are corrected for robot pose respectively. The model shown
in Fig. 7 is a worm gear, and after intersecting the intercepted plane with the worm gear teeth, the normal
vectors of the intersection points of the gear teeth root points to the opposite gear teeth root, shown in Fig. 7(a).
If the laser incident direction and the normal vector remain coincident at this point, the laser beam will be
blocked by the gear teeth or the laser head will interfere with the gear teeth. Fig. 7(b) shows the interference
between the laser scanning path and the worm gear teeth at a defocus distance of 3 mm. After the robot pose
is corrected, the laser cleaning path no longer interferes with the worm gear teeth, as shown in Fig. 7(c). Fig.
8 directly shows the change of the laser cleaning path before and after the robot pose correction on the worm

gear surface from the perspective of the cross-sectional plane.

——> Coincidence vector of laser beam

Cleaning path (Defocus distance

Cleaning path (Defocus distance

|
|
|
L}
L}
}
|
is 0 mm) |
|
}
is greater than 0 mm) :

|

L}

:Interference Areas I

|
1
: 3 mm ,
|

Fig. 7. Laser cleaning path on the worm gear surface, robot pose: (a) before correction(Defocus distance is 0 mm), (b)

before correction (Defocus distance is 3 mm), (c) after correction.
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Fig. 8. Laser cleaning path of worm gear surface from cross-plane view, robot pose: (a) before correction, (b) after

correction.

Fig. 9 shows the comparison of the laser cleaning path for the test workpiece before and after the
correction of the robot pose. The laser scanning path in the crater area interferes with the square convex plate
when the defocus distance is 20 mm before the pose correction. So, the smaller defocus distance will lead to
the collision between the laser head and the workpiece; while the larger defocus distance will cause the laser
to be blocked by the test workpiece. After pose correction, the cleaning path no longer interferes with the

workpiece.

Fig. 9. Surface laser cleaning path of the test workpiece, robot pose: (a) before correction, (b) after correction.

4 Experimental validation

To verify the validity of the proposed robot laser cleaning path planning and pose correction algorithm
for the specific surface of the part, the robot laser cleaning experiments were conducted on the test workpiece.
The robot laser cleaning system adopted is shown in Fig. 10, which is mainly composed of four parts: laser

system, control system, robot motion system and auxiliary system. The laser system (Jiangsu Zhongke Sixiang
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Laser Technology Co., Ltd. Jiangsu, China) includes an RFL-C500 fiber laser and ZF-CHO002A laser cleaning
head; the control system is a computer equipped with robot laser cleaning path planning and off-line
programming software developed by ourselves; the robot motion system (NACHI-FUJIKOSHI(CHINA)CO.,
LTD.) contains NACHI MZ04 robot and control cabinet; the auxiliary system includes argon gas protection
device and water-cooling device. Among them, the robot processing mode adopts the mode that the laser head
is fixed and the robot clamps the workpiece to move relative to the laser head. This mode maximizes the
processing range and improves the processing efficiency while avoiding the installation of a seventh axis; the

direction of laser emission is always vertical and downward to ensure the safety of the cleaning process.

Fiber laser

____________________________________

@_l U | <._-I_’j:'destal

Fig. 10. Robotic laser cleaning system.

The cleaning parameters shown in Table 1 were used in the robot laser cleaning validation experiments.
The material of the test workpiece was 45 steel, and the surface of the test workpiece had a bright metallic
luster before the application of paint, as shown in Fig. 11(a) and (b). Before the laser cleaning experiment, a
layer of black alkyd paint was applied to the surface of the test workpiece and left to dry at room temperature

for 12 hours. Fig. 11(c) and (d) show the front and back of the painted test workpiece, respectively.

Table 1. Laser cleaning process parameters

Laser power Defocus distance Scanning speed Scanning spacing Spot diameter
500 W 20 mm 3 mm/s 0.5 mm 1 mm

14



Fig. 11. Before applying paint to the test workpiece: (a) front view; (b) rear view; (c) painted test workpiece (front

view); (d) painted test workpiece (back view).
4.1 Path planning and cleaning of global surface on a test workpiece
Firstly, the whole surface of the painted test workpiece was cleaned to verify the rationality of the global
path planning. Fig. 12(a) shows the global path planning result on the surface of the test workpiece, and the
layered direction is the Z direction. It can be seen that the generated paths cover the surface of the test
workpiece evenly. As can be seen in Fig. 12(b) and (c), the paint on the surface of the test workpiece was

removed by laser cleaning process according to the planned path, exposing the original metallic luster.
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Fig. 12. Laser cleaning of global surface on the test workpiece: (a) global path planning result of the test workpiece;

(b) test workpiece after cleaning (front view); (c) test workpiece after cleaning (back view).
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4.2 Path planning and cleaning of specific surface on a test workpiece

Firstly, the path planning and cleaning verification of a specific single surface are carried out by cleaning
the top surface on the lug boss marked by the red box in Fig. 13(a). After selecting the feature surface
corresponding to the lug boss in the feature surface control form, a series of cross-sectional planes are used to
find the intersection points with the edges of the triangular facets of the surface to be cleaned, and the
intersection points are the original points of cleaning path points on the specific surface. According to the set
of the corresponding layered parameters, the path planning results are shown in Fig. 13(b). The right side of
Fig. 13b shows the planned cleaning path of the surface to be cleaned, and the cleaning path is uniformly
covered above the lug boss; the left side is the local amplification of the cleaning path, and a target coordinate
system is fixed on each path point, Where x (red) is the normal vector at the surface of the part corresponding
to the path point, y (green) is the tangent vector of the path point located in the section plane, and y=x x n, z
(blue) is obtained by x and y according to the right-handed rule. The robot pose is determined by x, y and z. A
blue line is used to connect the path points in the series. The top surface of the lug boss was cleaned by the
robot according to the planned cleaning path. As shown in Fig. 13(c), the paint on the lug boss surface has

been accurately removed, while the paint on the non-cleaned surface is still intact.

Specific surface Cleaned surface

to be cleaned

NN NN

T~

Local enlarged drawing

Fig. 13. Local surface laser cleaning of the test workpiece: (a) painted test workpiece (front view); (b) local enlargement
of the machining path; (c) the result of path planning for the specific surface; (d) the specific surface after cleaning

(front view).

To further verify the effectiveness of cleaning path planning on the specific surfaces, laser cleaning was
performed on the surface marked by the red box in Fig. 14(a), including crater, lug boss, and planes with holes.
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The planning paths of the specific surfaces to be cleaned are shown in Fig. 14(b). The robot completed the
laser cleaning of the specific surfaces according to the planned path, as shown in Fig. 14(c,) and the robot did
not touch the rest of the surfaces when cleaning the specific surfaces , as sown in Fig. 14(d), which proves that

path planning for multiple specific surfaces is still effective.
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Fig. 14. Laser cleaning of specific surfaces on the test workpiece: (a) painted test workpiece (front view); (b) painted
test workpiece (back view); (c) path planning result of the specific surfaces; (d) specific surfaces after cleaning (front

view); (e) specific surfaces after cleaning (back view).

Due to the interference points detection and robot pose correction, theoretically, the generated robot
cleaning path does not lead to interference with the test workpiece. As shown in Fig. 15(a), the cleaning path
of the crater area surface is smooth and no abrupt change occurred. In the laser cleaning process of the robot,
the robot can safely pass through the crater where interference is easy to occur, and the laser is also successfully
irradiated to the surface of the test workpiece. The robot pose is stable, and there is no rapid swing or rotation.
Fig. 15(b), (c) and (d) show the cleaning effectiveness of the crater area surface from various views respectively.
It can be seen that the crater has been cleaned. Although there are some small paint spots, the problem can be
solved through subsequent adjustment of process parameters. Therefore, the robot pose correction method is

still effective.

Fig. 15. Laser cleaning of crater area: (a) crater area path planning; (b) right 45° view; (c) front view; (d) left 45° view.
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5 Conclusions

This paper mainly studied the path planning strategy of robot laser cleaning for specific surfaces and the

easy interference area of the part. To solve the shortcomings of the application of robots in the field of laser

cleaning, the region segmentation technology of the STL model was introduced into the field of robot path

planning, and a robot pose correction method was proposed for the interference phenomenon in the robot

cleaning process, so the free cleaning control of the part surface was realized by combining the path planning

algorithm self-developed. The main conclusions are as follows:

6]

2

3)

The region segmentation algorithm of the STL model based on topological relationship is designed, and
it is organically combined with the WinForm form application developed based on C # and .net framework
so that users can freely set the surfaces to be cleaned.

The interference points are searched by the ray method, and the robot pose of two non-interference points
adjacent to the first and the last interference points in the interference point list is used as the basis for
correcting the robot pose of the interference points, which means the interference detection and pose
correction of the robot laser cleaning path are realized.

Laser cleaning experiments are carried out on test workpieces with multi-feature surfaces based on the
robot laser cleaning system. The robot drives the test workpiece to complete the laser cleaning of the
global surface and the specific surfaces safely and accurately according to the planned path with no rapid
swing or sudden change in a pose during the cleaning process. It is proved that the method proposed in
this paper can effectively realize the robot path planning of the specific surfaces and the robot pose

correction of the interference points.
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