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Abstract 
This article introduces a novel algorithm for automatic trajectory generation in surface cladding, based on triangulation of the 
working area and a specially designed red black graph structure. The proposed method enables the computation of a maximal 
alternating path, providing continuous and technologically optimized tool motion that avoids repeated arc extinguishing. This 
approach is innovative within the domain of welding-path planning, combining computational geometry with graph-based 
analysis. The algorithm was implemented and experimentally validated using a Hanhwa HCR5 collaborative robot. The 
resulting trajectories demonstrated high motion stability and favourable clad properties, including reduced residual stresses 
compared to conventional unidirectional cladding strategies. The findings confirm that the proposed algorithm is a promising 
tool for the automation and optimization of cladding processes, with strong potential for integration with vision systems and 
advanced robotic control frameworks. 
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Streszczenie 

W artykule przedstawiono nowatorski algorytm automatycznego generowania trajektorii dla procesu napawania, oparty na 

 

i 
a 

 
  

z systemami wizyjnymi i zaawansowanymi metodami sterowania robotami. 

 

 

1. Introduction 

Modern industrial systems are required to ensure 
high durability and reliability of components. In the 
design of steel structures, optimal geometry is selected 
to increase load-carrying capacity while structural 

integrity is maintained (Bulakh, 2025). In machine 
component regeneration, composite layers are applied 
on cooperating surfaces, and the service life of these 
elements is extended (Baranovskyi et al., 2022). In 
multi-track cladding processes, the influence of 
process parameters on layer geometry is analysed, 
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which enables the development of mathematical 
models (Ratkus & Torims, 2014). The corrosion 
behaviour of MIG/MAG claddings is also examined, 
as cladding properties strongly depend on process 
parameters (Souza et al., 2021). In industrial 
environments, robotized arc cladding is increasingly 
adopted to reduce costs and improve process reliability 
(Steckowicz et al., 2024). 

Automatic path planning is gaining importance as 
cladding tasks become more complex. New methods 
are proposed in which trajectories are generated 
directly from CAD models and optimized using 
intelligent algorithms (H. Zheng et al., 2017; Liu et al., 
2024). In 3D cladding, geometry reconstruction is 
performed using surface scanning, and continuous tool 
paths are derived from these measurements (Vanicek 
et al., 2020; Al-Musaibeli & Ahmad, 2022).  

In welding robotics, intelligent optimization 
methods are widely investigated. Trajectory length and 
energy consumption are minimized in many proposed 
strategies (Wang et al., 2019). It is emphasized in 
reviews that welding robots are used on a wide scale 
and that optimization algorithms support automatic 
trajectory planning (Wang et al., 2021). In advanced 
systems, adaptive planning combines 3D scanning, 
genetic algorithms and probabilistic methods (Wang et 
al., 2022). 

Research on collaborative robots increasingly 
focuses on direct human robot interaction (Chandra- 
sekaran & Conrad, 2015). In manufacturing, colla- 
borative robots are used in shared workspaces, 
provided that safety standards are ensured (Matheson 
et al., 2019). Velocity and separation distance are 
adjusted dynamically to maintain safe operation 
(Byner et al., 2019). In quality inspection, robot 
trajectories are modified through reinforcement 
learning to adapt to changing conditions (Brito et al., 
2020). Under the Industry 5.0 perspective, task 
allocation models are developed to balance producti- 
vity and operator workload (Calzavara et al., 2023).  

In regeneration and remanufacturing, automation 
increases as methods for damage inspection, geometry 
reconstruction and process planning are introduced. 
Damage regions are segmented using depth images 
and point clouds, and the damaged volume is 
reconstructed for repair planning (Y. Zheng, 2021). In 
tool mould repair, automatic finishing-path planning is 
performed using optical measurements and cutting-
force simulations (Denkena et al., 2019). 

Studies on cladding properties complement these 
developments. The influence of process parameters on 
the structure and corrosion resistance of clad layers is 
examined (Souza et al., 2021). In industrial repair 
processes, the efficiency of advanced arc cladding 
procedures is demonstrated (Steckowicz et al., 2024). 

At the same time, specialized CAM processors for 
collaborative robots and automatic detection of 
cladding regions using neural networks are being 
developed (Chmielowiec et al., 2024; Chmielowiec, 
2025). 

Despite progress in cladding trajectory planning, 
cladding regions are usually treated as surfaces 
covered with standard path strategies. In the present 
work, a different method is proposed. The cladding 
area is represented as a triangulated polygon, which is 
transformed into a graph with alternating vertex types. 
A maximal alternating path is then determined and 
used to construct a continuous cladding trajectory for 
a collaborative robot. 

In this context, the objective of the present work is 
to develop and validate a graph-based algorithm for 
automatic trajectory generation in surface cladding. 
The cladding area is represented as a triangulated 
polygon, on which a red black graph is constructed 
and a maximal alternating path is determined to obtain 
a continuous tool trajectory. The algorithm is 
implemented on a Hanhwa HCR5 collaborative robot 
and evaluated on a set of concave polygonal domains 
with different numbers of vertices. Its performance is 
compared with two baseline path-planning strategies, 
namely parallel scan paths and concentric contour 
paths, in terms of total path length and the number of 
required arc interruptions. 

2. Materials and Methods 

The research work focused on developing an 
efficient method for automatic weld-path generation 
for the surface cladding process. Its primary objective 
was to create an innovative path-generation algorithm 
that could be easily integrated with vision-based 
systems for detecting areas intended for cladding 
(Chmielowiec, 2025). 

The starting point for the proposed algorithm was 
polygon triangulation. This approach was chosen due 
to the high computational efficiency of triangulation 
and the possibility of implementing it both through 
classical methods and through meshing techniques 
commonly used in Finite Element Analysis (FEA). 

At first glance, triangulation may appear to solve 
most challenges associated with path generation, since 
for any given triangle the path inside its interior can be 
defined in a straightforward manner. However, such 
an approach would lead to frequent interruptions in the 
cladding process and require the welding torch to be 
repeatedly lifted from the workpiece. Consequently, 
this would cause periodic cooling of the base material 
and repeated re-ignition of the arc, preventing conti- 
nuous operation. From a technological standpoint, 
both phenomena are undesirable, as they reduce 
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process stability and may impair the quality of the 
bond between the clad layer and the base material. 

Moreover, thermal instability and significant 
temperature variations may induce additional residual 
stresses and, in extreme cases, lead to cracking of the 
deposited layer. All these factors had to be taken into 
consideration during the development of the weld-path 
generation method. 

Examples of triangulations are presented in Fig. 1. 
They illustrate how polygons are divided into triangles 
by clipping a vertex along the line connecting its 
neighboring vertices. It is worth noting that such 
triangulation is always feasible and computationally 
efficient. However, it may lead to the formation of 
triangles whose shapes make it difficult to generate  
a path within their interior. A typical case involves 
triangles with a very small height, where correctly 
guiding even a single welding pass becomes 
challenging. 

 

a)  

b)  

Fig. 1. Triangulation with labelled polygon vertices and centroids 
of the triangles forming the triangulation 

An alternative in such situations is to use the 
triangulation methods applied in Finite Element 
Analysis (FEA), which take into account and optimize 
the lengths of triangle edges, resulting in elements with 
more favorable proportions. 

Considering the technological constraints, it was 
decided that the path-generation algorithm should 
maximize the number of triangles that can be clad 
without lifting the welding arc. A natural represen- 
tation of the data in this type of problem is a graph, 

since it allows the use of well-studied methods such as 
algorithms for finding the longest path. 

The simplest transformation of a triangulation into 
a graph is to replace triangles with graph vertices and 
define the set of edges as 

  (1) 

However, such an approach leads to a structure 
that is too rigid and, in many cases, makes it 
impossible to visit all triangles. 

For this reason, an alternative construction was 
adopted. The set of graph vertices  is extended by 
adding red vertices corresponding to the centroids of 
triangles  and black vertices corresponding to the 
polygon vertices . The edges are defined as all 
pairs  for which the segment  lies entirely 
within a single triangle. Examples of graphs obtained 
from triangulations are shown in Fig. 2. 

 

a)  

b)  

Fig. 2. Red black graph defined on the basis of the polygon 
triangulation 

A graph constructed according to the criteria 
described above has the property that any of its paths 
consists of alternating black and red vertices. Since the 
aim of the algorithm is to cover the entire polygonal 
surface with the deposited material, selecting the 
optimal path can be reduced to the problem of finding 
the longest path in the graph. It is sufficient to consider 
the longest path that begins at a black vertex, i.e., at 
one of the polygon vertices. 
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It should be noted that a maximal path is one that 
includes all red vertices. In such a case, the algorithm 
returns an optimal solution that produces a path 
passing through all triangles resulting from the 
triangulation. 

However, despite the relatively flexible structure 
of the graph, there exist triangulations whose 
corresponding graphs do not contain a path passing 
through all red vertices. An example of such a graph is 
shown in Fig. 2 b). 

Fig. 3 presents the maximal paths in the graphs 
previously shown in Fig. 2. Fig. 3 a) illustrates  
a maximal path that passes through all red vertices, 
which is the most desirable situation from a techno- 
logical point of view, as it enables covering the entire 
polygon with the deposited material without lifting the 
welding arc. 

 

a)  

b)  

Fig. 3. Maximum-length paths in example graphs: a) a path that 
includes all red vertices, b) a path that omits one of the red 

vertices 

The complete algorithm for determining the 
maximal alternating path, which forms the basis for 
generating the trajectory of the welding robot, is 
presented below. 

 

Algorithm for Cladding-Path Generation 
Input: Polygon . 

Output: Maximal alternating path defining the 
welding trajectory. 

Algorithm:

1. Triangulation: Compute a triangulation of : 
. For each , compute its 

centroid . 

2. Graph construction: Define the vertex set  
. Define edges 

as . Black vertices 
correspond to , red vertices to . 

3. Path constraints: Any valid path alternates 
between polygon vertices  and centroids . 
Restrict the search to paths starting at . 

4. Maximal-path search: For each , compute  
the longest alternating path reachable from . 
Select the globally longest path: 

. 
5. Optimality condition: A path is optimal if it 

contains all centroids . If such a path exists, the 
entire triangulated domain can be clad in one 
continuous pass. Otherwise, geometric constraints 
prevent a complete alternating traversal, but the 
algorithm returns the longest alternating path 
possible. 
A Hanhwa HCR5 collaborative robot equipped 

with a custom-designed holder for the Lincoln Electric 
PF46 manual MIG/MAG welding torch was used for 
the experiments. The welding source was controlled 
through a specially configured relay system that 
integrated the robot controller signals with the welding 
device. This setup enabled full control over the 
smoothness of the welding tool motion and ensured 
precise regulation of the cladding process.The robot 
arm with the installed welding tool is shown in Fig. 4. 

 

 
Fig. 4. The Hanhwa HCR5 collaborative robot arm equipped  

with a MIG/MAG cladding welding torch 

The base material used in the cladding experiments 
was S355 structural steel, whose properties are listed 
in Table 1. The surfacing material was the Carbofil 1 
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welding wire, and its characteristics are presented in 
Table 2. 

Table 1. Base material properties (S355) 

Property Value Unit / Notes 

Material S355 EN 10025-2 

Density 7850 kg m 3 

Yield strength  355 MPa 

Tensile strength  470 630 MPa 

Elongation  22 % 

 210 GPa 

 0.3  

Table 2. Surfacing material properties (Carbofil 1) 

Property Value Unit / Notes 

Material Carbofil 1  

Classification (EN ISO) G 42 3 C1 3Si1 EN ISO 
14341-A 

Typical chemical composition of wire (wt.%) 

C 0.08 % 

Mn 1.40 % 

Si 0.90 % 

P  % 

S  % 

Mechanical and technological properties 

Shielding gas C1 (100% CO2) ISO 14175 

Yield strength 420 MPa 

Tensile strength 500 640 MPa 

Elongation 22 % 

 
The choice of these materials was intentional. Both 

S355 steel and Carbofil 1 belong to a group of 
materials widely used in welding and cladding 
processes due to their good weldability, stable 
mechanical properties, and predictable behaviour 
under thermal loads. They are not technologically 
demanding, which makes them well suited for 
preliminary validation of the proposed method. 

Using such a material set enables a reliable 
assessment of the correctness of the developed 
algorithm and provides a solid foundation for future 
studies involving more advanced or demanding 
materials with higher strength requirements or 
specialised process constraints. 

3. Results 

For the numerical experiments, a flat surface 
intended for cladding was selected, bounded by  
a polygon  defined by the sequence of points  

, , , 
, , ,  

, and , with all coordi-
nates expressed in millimetres. The selection of this 
particular geometry enables an evaluation of the 

the 
domain and in areas of increased geometric com- 
plexity, such as narrow passages and sharp corners. 

The polygon was triangulated using the triangle 
library available in Python, employing the call 

 
, where data is a dictionary 

containing the coordinates of the polygon vertices 
along with the list of segments defining the edges of  
in their actual order. The triangulation obtained with 
this method is computationally efficient and ensures 
geometric consistency of the domain, providing  
a reliable basis for subsequent graph construction. 

The resulting triangulation was then processed 
using the developed alternating-path search algorithm. 
The algorithm determined a maximal alternating path 
that traverses the largest possible number of triangle 
centroids, thereby enabling the cladding process to be 
carried out with minimal interruptions and without 
unnecessary lifting of the welding arc. The final form 
of the path computed for the considered polygon is 
presented in Fig. 5. 

 

 
Fig. 5. Path for the polygon obtained using the alternating-path 

search algorithm applied to the triangulation graph 

The path obtained as a result of the algorithm 
consists of alternating polygon vertices and triangle 
centroids. Since it always begins and ends at polygon 
vertices, the path can be viewed as composed of  
a sequence of subsequences of the form , 
where each subsequent subsequence starts at the vertex 

. The elements of such a subsequence play the 
following roles:  is the entry point into the triangle 
to be clad;  is the exit point; and  corresponds to 
the centroid of the triangle , representing its interior. 
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With this structure, the only remaining task is to 
determine the tool trajectory covering the triangle , 
starting at  and ending at . It should be noted that 
the end point  will also serve as the starting point of 
the tool trajectory for the next triangle (provided such 
a triangle exists). 

The internal trajectory within the triangle is 
constructed as a sequence of segments parallel to the 
edge , where  is the third vertex of triangle  
(distinct from  and ). The spacing between 
consecutive parallel segments is  mm, and the 
offset from the boundary of the triangle  is  

 mm. This ensures uniform deposition of 
material across the entire polygon. An example of the 
resulting tool trajectory is shown in Fig. 6. 

 

 
Fig. 6. Tool motion trajectory for the path obtained  

from the algorithm 

The cladding process was carried out at an arc 
voltage of 22 V and with a constant tool travel velo- 
city of 10 mm s . A uniform motion velocity was 
achieved by executing a smoothed trajectory with 
rounded transitions at direction changes. The 
smoothing radii were determined automatically based 
on the lengths of the connected segments and the angle 
between them, and in the analysed case ranged from 
0.63 mm to 2.68 mm. This approach minimized abrupt 
variations in velocity and acceleration, contributing to 
the stability of the cladding process and reducing the 
likelihood of irregularities in the deposited layer. 

The Hanhwa HCR5 robot uses JavaScript as its 
primary programming language for defining motion 
trajectories. The following code snippet presents an 
example program written in this language, responsible 
for executing a smoothed linear trajectory while 
maintaining the prescribed velocity and smoothing 
radii. It illustrates how consecutive linear segments are 

specified, together with their kinematic parameters and 
the radius applied at path discontinuities. 

 

  // Initial motion. 
  moveLinearEx('tcp', 
    // Coordinates of the approach point  
    // [mm, mm, mm, deg, deg, deg]. 
    {x:x0+(-47.57), y:y0+(-48.50), z:z0+(0.00), 
     rx:180.00, ry:0.00, rz:90.00}, 
    // Coordinates of the next approach point 
    // [mm, mm, mm, deg, deg, deg]. 
    {x:x0+(-26.50), y:y0+(-48.50), z:z0+(0.00), 
     rx:180.00, ry:0.00, rz:90.00}, 
    // Trajectory smoothing radius [mm]. 
    1.14, 
    // Main velocity [mm/s]. 
    10, 
    // Acceleration [mm/s^2]. 
    1000, 
    // Initial velocity [mm/s]. 
    0, 
    // Final velocity [mm/s]. 
    10, 
    {'precisely':false}); 
 

  // Subsequent motion with maintained velocity. 
  moveLinearEx('tcp', 
    {x:x0+(-26.50), y:y0+(-48.50), z:z0+(0.00), 
     rx:180.00, ry:0.00, rz:90.00}, 
    {x:x0+(-26.50), y:y0+(-45.50), z:z0+(0.00), 
     rx:180.00, ry:0.00, rz:90.00}, 
    1.20, 10, 1000, 10, 10, 
    {'precisely':false}); 

 
The results of the algorithm operating under real 

conditions are presented in Fig. 7. The photograph 
shows numerous rounded features along the boundary 
of the polygon delimiting the cladded region. Their 
formation is directly related to the chosen path-gene- 
ration method, in which the spacing between conse- 
cutive weld beads and the need to smooth trajectory 
transitions at direction changes locally enlarge the 
deposited area. 

If such a shape of the clad layer is technologically 
undesirable or unacceptable, this effect can be avoided 
by first guiding the tool trajectory along the perimeter 
of the polygon and subsequently performing the 
cladding process on a surface reduced by an appro- 
priate margin. This approach preserves geometric 
accuracy along the edges while maintaining conti- 
nuous cladding within the interior. 

The developed algorithm was evaluated using a set 
of concave polygons with an increasing number of 
vertices, including 8, 10, 12, 14, 16, 18, and 20 
vertices. This dataset enables a systematic assessment 

shapes and more complex geometries with multiple 
recesses and locally constrained regions. The polygons 
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were selected to represent typical surface repairs, 
which rarely exhibit convex boundaries and often 
contain irregular contours that significantly affect path 
generation. 

 

 
Fig. 7. Clad layer deposited onto the base material in a cladding 

process executed according to the developed path-planning 
algorithm 

The tests were carried out for two representative 
values of the spacing between adjacent cladding paths, 
namely  mm and  mm. These values 
correspond to common industrial conditions applied in 
multi-pass cladding, where the inter-path spacing 
directly influences the deposited volume, resulting 
layer thickness, and heat distribution within the 
workpiece material. 

In addition, the proposed method was compared 
with two widely used toolpath planning strategies. The 
first alternative approach is based on parallel scan 
lines, where subsequent cladding layers are deposited 
along straight, uniformly spaced lines with a constant 
direction. The second strategy relies on a concentric 
contour filling pattern, where a series of inward offsets 
are applied to the polygon boundary to generate 
successive cladding passes. All strategies were 
evaluated using the same spacing values to allow a fair 
and direct comparison of their performance. 

The outcomes of the three methods are illustrated 
in Figure 8, which presents example toolpaths 
generated for a concave polygon with 18 vertices and 
a spacing of  mm. Fig. 8a) shows the trajectory 
produced by the proposed algorithm, combining 
polygon triangulation with the search for a maximal 
alternating path in a red black graph. Fig. 8b) 
illustrates the result obtained using the parallel scan 
strategy, while Fig. 8c) presents the concentric contour 
toolpath derived from successive inward offsets of the 
polygon boundary. 

a)  

b)  

c)  

Fig. 8. Path examples for three different strategies: a) graph 
strategy, b) parallel strategy, c) contour strategy 

A quantitative comparison of the three approaches 
is provided in Tables 3 and 4. These tables summarise 
the total path length and the number of necessary arc 
interruptions for cladding over all seven concave 
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polygons and both spacing values. The results clearly 
demonstrate a significant advantage of the proposed 
algorithm in terms of the number of required arc 
interruptions. In all examined cases, the trajectory 
generated by the graph-based method resulted in  
a fully continuous cladding process without any arc 
breaks. 

It should be noted, however, that the presented 
results correspond to geometries for which a conti- 
nuous alternating path covering all triangles produced 
by the polygon triangulation can be found. For more 
complex geometries, the underlying graph may not 
contain a path that passes through all sub-regions, and 
the algorithm will return a solution composed of 
several segments. In such cases, an important future 
research direction is the development of subdivision 
strategies that minimise the number of independent 
domains and reduce the total number of arc 
interruptions. This topic exceeds the scope of the 
present work and will be addressed in future studies. 

Table 3. Comparison of path length and number of arc 
interruptions for different polygons, spacings d = 2.0 mm,  

and path generation strategies 

Polygon 
vertices 

 
[mm] 

Method 
Length 
[mm] 

Arc 
breaks 

8 2.0 Graph 1411.42 0 

8 2.0 Parallel 1400.00 29 

8 2.0 Contour 1529.04 10 

10 2.0 Graph 2716.32 0 

10 2.0 Parallel 2700.00 39 

10 2.0 Contour 2872.58 13 

12 2.0 Graph 2611.53 0 

12 2.0 Parallel 2600.00 49 

12 2.0 Contour 2783.25 12 

14 2.0 Graph 2261.47 0 

14 2.0 Parallel 2400.00 44 

14 2.0 Contour 2584.83 9 

16 2.0 Graph 5262.79 0 

16 2.0 Parallel 5250.00 84 

16 2.0 Contour 5547.98 18 

18 2.0 Graph 6003.43 0 

18 2.0 Parallel 5975.00 104 

18 2.0 Contour 6280.81 25 

20 2.0 Graph 2555.55 0 

20 2.0 Parallel 2550.00 84 

20 2.0 Contour 2869.22 19 

Table 4. Comparison of path length and number of arc 
interruptions for different polygons, spacings d = 3.0 mm,  

and path generation strategies 

Polygon 
vertices 

 
[mm] 

Method 
Length 
[mm] 

Arc 
breaks 

8 3.0 Graph 951.17 0 

8 3.0 Parallel 920.00 18 

8 3.0 Contour 1078.17 7 

10 3.0 Graph 1819.07 0 

10 3.0 Parallel 1800.00 26 

10 3.0 Contour 1969.49 9 

12 3.0 Graph 1756.34 0 

12 3.0 Parallel 1760.00 32 

12 3.0 Contour 2022.69 7 

14 3.0 Graph 1513.01 0 

14 3.0 Parallel 1560.00 27 

14 3.0 Contour 1807.24 7 

16 3.0 Graph 3527.74 0 

16 3.0 Parallel 3490.00 55 

16 3.0 Contour 3809.28 13 

18 3.0 Graph 4020.87 0 

18 3.0 Parallel 4028.66 68 

18 3.0 Contour 4313.28 18 

20 3.0 Graph 1735.69 0 

20 3.0 Parallel 1780.00 55 

20 3.0 Contour 2002.42 14 

4. Summary 

This work presents an innovative and novel 
method for generating tool trajectories for the cladding 
process, based on polygon triangulation combined 
with the analysis of a specially constructed red black 
graph. The developed algorithm for computing the 
maximal alternating path represents a previously 
unexplored approach in welding path planning and 
allows the cladding problem to be formulated as  
a graph-theoretical task with well-defined structural 
properties. 

The proposed method makes it possible to obtain  
a continuous and technologically optimized trajectory, 
minimizing interruptions caused by lifting the welding 
arc. As a result, the process exhibits improved 
stability, enhanced clad quality, and potentially lower 
residual stresses. 

Experiments conducted using the Hanhwa HCR5 
collaborative robot confirmed the practical effecti- 
veness of the algorithm. The resulting trajectories were 
smooth, consistent with theoretical assumptions, and 
robust to geometric challenges typical of classical 
triangulation-based methods. 
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The innovative nature of the proposed method is 
reflected in: 

 the introduction of a red black graph repre- 
sentation of the triangulated domain with 
additional topological properties, 

 the use of a maximal alternating-path algorithm 
as the foundation for trajectory generation, 

 the formulation of the cladding task as a well-
defined combinatorial optimization problem, 

 the ability to integrate directly with robotic 
welding systems without the need for heuristic 
approaches. 

Future work will focus on extending the algorithm 
to three-dimensional geometries, optimizing thermal 
parameters of the process, and examining the influence 
of variable path directions on residual stress distri- 
bution and clad durability. The results clearly de- 
monstrate that the developed algorithm represents 
a significant step toward full automation of cladding-
path planning and toward improving efficiency and 
reliability in industrial welding processes. 
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