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Abstract

The article presents an algorithm for constructing a tool path for a collaborative robot. This topic is significant due to the
increasing popularity and prevalence of collaborative robots, alongside the lack of software for rapid path generation based
on CAD maodels. Since the dynamics and control of a collaborative robot significantly differ from those of industrial robots
and CNC machines, it is necessary to apply an approach that considers the limitations of the cobot. Beyond the tool path
construction algorithm itself, the article presents the results of experiments carried out on an actual robot using a programmed
CAM processor.
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Streszczenie

Artykut prezentuje algorytm tworzenia $ciezki narz¢dzia dla robota wspolpracujacego. Temat ten jest bardzo istotny ze
wzgledu na rosngce rozpowszechnienie tego rodzaju robotow przy jednoczesnym braku oprogramowania pozwalajacego na
efektywne tworzenie $ciezki ruchu na podstawie modeli CAD. Poniewaz dynamika oraz system sterowania robota
wspotpracujacego znacznie r6znig si¢ od tych stosowanych w robotach przemystowych i maszynach CNC, to konieczne jest
zastosowanie podejscia dedykowanego kobotom. Poza algorytmem tworzenia $ciezki narzedzia artykut prezentuje wyniki

eksperymentow przeprowadzonych na rzeczywistym robocie przy uzyciu zaimplementowanego procesora CAM.

Stowa kluczowe: robot wspotpracujacy, robot kolaboracyjny, CAM, generowanie $ciezki, automatyzacja warsztatu

1. Introduction

Nowadays, technological advances and constant
innovations in industry are offering new perspectives
in the field of automation and robotics. These
innovations are becoming a major source of efficiency
and precision in manufacturing processes. A funda-
mental transformation is the gradual transition from
conventional three-axis CNC machines to collabo-

rative robots, known as cobots (Weidemann et al.
2023; Matheson et al. 2019). In this context, the
question is - how to efficiently convert G-code, which
is originally designed for three-axis CNC machines,
into instructions capable of being implemented safely
and efficiently in a collaborative robot platform? This
issue symbolizes the uniting of two different spheres
of industrial production. On the one side are traditional
CNC machines, while on the other side are modern
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cobots that offer the dynamics, flexibility and the
ability to safety interact with human operators to the
industrial system (Matheson et al. 2019).

Numerically controlled machine tools, or CNC
machines, operate based on coded program
instructions, allowing materials to be processed
according to strict specifications (Suh et al. 2008).
They eliminate the necessary direct manual control of
operations. They operate with precisely defined
trajectories within fixed workspaces. Trajectory
planning on CNC machines is usually controlled by
a geometric model created in CAD software (Suh et al.
2008; Ali and Mohsin 2021). The program instructions
are passed to the CNC machine in the form of
a sequential program that controls the machine
behavior, mainly through G-codes. G-codes contain
detailed information about the exact positions, feed
rates, cutting depth and other parameters that affect the
actual machining process (Suh et al. 2008; Ali and
Mohsin 2021; Gayathri et al. 2022; Abd Rahman et al.
2023). There are many user interfaces and control
programs for CNC machines, but most of them work
with vector data (Khan, Shukla, and Singh 2018). For
the cutting operations such as milling or turning,
M-codes are also used to control the mechanisms of
the machine tool (Suh et al. 2008). These M-codes
control cooling fluid pumps, signalizing the need for
tool changes and providing information about other
modular functions. These machines were designed for
accurate, repetitive and effective machining of
materials. Their main disadvantage is the strict
separation of the work area from human operators
(Suh et al. 2008; Ali and Mohsin 2021; Gayathri et al.
2022; Abd Rahman et al. 2023; Khan, Shukla, and
Singh 2018; Kheirabadi et al. 2023).

One of the possibilities is the use of collaborative
robots (Kheirabadi et al. 2023). They are con-
ceptualized with the primary purpose of collaboration
and their design reflects the ability to synchronize with
human workers. Their main goal is to efficiently
perform the tasks that demonstrate high physical and
exhaustive character (Berx, Decré, and Pintelon 2024;
Chutima 2023; Jocelyn et al. 2023). Specifically, these
tasks require high precision in a restricted space, such
as precise manipulation of small components or
accurate assembly (Hu 2023). For trajectory con-
version for cobots, special attention is focused on
safety aspects. Trajectory adjustments are necessary to
eliminate potential risk of injury, which requires
careful trajectory correction with regard to the cobot’s
ability to operate in the space which is shared with
human operators (Toledano-Garcia et al. 2023). The
preparation of trajectories emphasizes user-friendly
programming that allows quick and intuitive task setup
for rapid response to dynamically changing challenges

(Toledano-Garcia et al. 2023; Faulwasser et al. 2016;
Khoramshahi and Billard 2019). In this context, there
is a need for the development of a CAM processor
specifically designed for cobots to enable intuitive
programming and customization of work trajectories
without deep programming knowledge.

Several authors and scientific researchers are
increasingly focusing on this innovative area, trying to
understand the complex aspects involved in inte-
grating cobots into the work environment. In a review
of the evaluation of intelligent collaborative robots, Da
Silva et al. (Da Silva et al. 2023) discussed the
potential of CAD models for simulating realistic
scenarios. They emphasized that simulation using
CAD models allowed realistic testing of cobot
behavior and was effective for prototype validation.
However, simulation can be limited in some situa-
tions, especially during validation, so the authors
recommend using CAD models in combination with
other testing methods for comprehensive performance
evaluation. In the study (Parsa and Saadat 2021),
authors Soran Parsa and Mozafar Saadat focused on
the utilization of CAD models to optimize disassembly
planning for end-of-life products. Their goal was to
combine human flexibility with robot precision to
improve the efficiency of disassembly operations. The
work resulted in the disassembly planning method that
uses CAD models to identify and prioritize com-
ponents for reusability. Nagata et al. (Nagata et al.
2013) developed the robotic CAM system for the
RV 1A industrial robot. This system allows the move
of the robot according to tool position and orientation
data without using a robot language and it serves as an
interface between a conventional CAD/CAM system
and an industrial robot. Through the collaboration
between the main processor of the CAD/CAM system,
the robotic servo controller, and the robot kinematics,
the post-processing and learning process for genera-
ting robot languages was streamlined. Experimental
results demonstrated that the system was able to
successfully control robot motion based on tool
position and orientation data.

The main goal of this study is to develop a user-
friendly tool that enables intuitive trajectory
programming for the HCR5 collaborative robot. The
result will be the method of converting contours in
a three-dimensional CAD model into instructions
suitable for the HCRS5 collaborative robot. In this way,
we expect that the development of the CAM processor
will improve the flexibility of approaches to
automation in manufacturing, which will increase the
efficiency of cobot implementation in industrial
operations, and this will ultimately lead to opti-
mization of manufacturing processes and an increase
the total productivity.
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2. Materials and Methods

Based on the CAD model, it is possible to generate
a mesh representing curves, surfaces, and volumes.
Curves are one-dimensional objects whose definition
does not require significant memory and compu-
tational resources. However, curves themselves do not
contain information about normal vectors to the
surface on which they are located. A different situation
arises in the case of a surface mesh, which provides the
possibility of accurately determining normal vectors.
In this section, conditions for the correct recon-
struction of normal vectors based on the curve mesh
and methods for their reconstruction based on the
surface mesh will be presented.

The selected components of the CAD model were
transformed into computational meshes, including
both one-dimensional and two-dimensional types,
using the open-source Gmsh software (Geuzaine and
Remacle 2009). In Fig. 1, an example of a CAD model
(blue outline) covered with a mesh of varying density
(black and gray lines) is presented. The meshio library,
designed for the Python language, enables reading
such a format and numerically processing the
information contained in it. In the CAM processor
implemented for this article, numerical data contained
in the mesh were converted into a graphical
representation. Following this, the toolpath and the
surface's normal vectors within that path were
efficiently calculated using algorithms derived from
Eulerian graphs and Hamiltonian cycles (Zhang and
Guo 1986; Stapleton et al. 2010).

a)

b)

Fig. 1. CAD model with a mesh of (a) low density,
(b) high density

Assume that Q = (Q4, @y, ..., Q) represents the
path defined by points Q; between which the tool
motion follows a linear trajectory. Therefore, this

trajectory consists of a family of straight lines
I;(t) =tQ; + (1 — t)Q;;,. The entire tool motion
trajectory I' can thus be considered as a sequence
of individual component trajectories, expressed as
I'=(0,;,...,I;h_1). The first task is to reconstruct
normal vectors to the surface on which the path Q is
located. While it is not possible to achieve this exactly,
we will assume that consecutive points on the path are
close enough to each other so that, in the immedia-
te vicinity, the surface can be approximated by
a spherical tangent with a specified radius and center.

P>

. (\Pl
P4

Fig. 2. Example path on a spherical dome

Consider four points P; = (xq,y1,21), P, =
= (X2,¥2,22), P3 = (x3,y3,23), and Py = (x4, Y4, 24)
which do not lie in the same plane (Fig. 2). The
equation of a sphere with a center at C = (x¢, y¢, Z¢)
and a radius r is given by equation (1).

X =x)?+ ¥ =y’ +(Z—z)* =71 (1)

If we assume that d = x2 + y2 + z% — 12, then
the above equation takes the form of equation (2).

X2+ Y2422 —2x.X —2y;Y —22.Z+d =0
)

The center and radius of the sphere, on which the
four previously established points lie, can be explicitly
determined. To achieve this, it is necessary to solve
a system of linear equations (3).

xi +yi+zf
x5 +y5 + 25
x5 +y5 + 25

x5 +yi+z2
3)

After finding the solution of linear system (3), the
radius of the sphere is determined from the equation
ri=xt+yt+z2-d.

In Fig. 3, a comparison of normal vectors obtained
using the method described above (vectors in red) with
vectors obtained from the analysis of the surface mesh
(vectors in green) is presented. It was observed that
when the surface curvature is constant or changes
continuously, the reconstructed vectors coincide with

2x; 2y; 2z =1\ ,x¢
2x; 2y, 2z, —1\[vyc
2x3 2y3 2z3 -1 |\ z¢
2x, 2y, 2z, -1 d
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the wvectors determined from the surface mesh.
However, in the case of a sudden change in curvature,
the reconstructed vectors deviate in their direction
from the actual normal vectors. In Fig. 3, the
discrepancy appears in the bottom right corner, where
we encounter a radical change in curvature radius, and
the second derivative of the surface function in the
direction determined by the trajectory has a dis-
continuity point.

a)

Fig. 3. Normal vectors to the surface obtained from the CAD
model (green) and determined based on spherical
approximation (red)

The CAD program allows to generate the output
path Q with practically any precision. Distances
between successive points on the path |Q;Q;41| can be
so small that the physical movement of the robot
between them is practically imperceptible. Consi-
dering the finite precision with which the drives of
individual robot axes can be adjusted, this results in
motion that is not smooth and proceeds much slower
than it should. Therefore, the path Q must be adjusted
to the physical capabilities of executing movements by
a given robot. For each device, there is a minimum size
of displacement that it can smoothly perform. Hence,
it is necessary to develop a method for selecting from
the specified path Q a subset S < Q that ensures
smooth movements while maintaining the trajectory
within a specified tolerance «.

Now suppose that we have a set of consecutive
points on the path T = (Qy, Qk+1,-)Qxyn). TO
determine the error produced by approximating the
path T by the segment Qj Q4. it iS necessary to
determine the maximum value d;, which is the

distance from point Q; to the segment Qy Q.-

Fig. 4. Distance of point Q; from segment Q;Qy.»

To determine the value of d;, the properties of the
cross and dot products can be utilized. In Fig. 4, two
situations that may occur are presented. The first
situation, illustrated in Fig. 4 (a), occurs when d; is the
distance from point Q; to the segment Q Q. — that
is, d; is the height of the triangle Qj Q1+, Q;. If @; does
not project onto the segment Qy Q.+, as shown in Fig.
4 (b), then the distance d; is equal to the shorter of the
lengths of either side. The resolution of the both cases
can be achieved by comparing the signs of the dot
products. Case (a) occurs when the dot products u - v
and u - w have opposite signs. In comparison, case (b)
arises when the signs of both dot products are
identical. Using the notations as in Fig. 4, the distance
d; can be expressed by the formula (4).

dj = d(Q}, QxQx+n) =

_(luxvl/lul, if@@-v)(u-w)<0, 4
N {min{lvl, lwl}, if (u-v)(u-w)>0. ()

The introduced notations and formulas allow to
define an algorithm whose task is to reduce the number
of points on the robot’s path. This algorithm takes the
original path Q = (Q4,Q3,...,Q,,) and a certain
number & as input arguments, where & denotes the
permissible deviation in determining the new path S
for the robot’s movement.
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Algorithm for optimal path finding

1. read Q = (Qll QZI ey Qm) and g
2. S < (Q4); remove first element from Q;

3. whileQ # () do
a. T< ()
remove last element of S and append to T;
remove first element of Q and append to T
while Q # () do
i. remove first element of Q and append to T;
ii. assign first element of T as Qy;
iii. assign last element of T as Qy4n;
iv. compute  dp,ax = max{d;}, where d; =
d(Q;, QxQx+n) for all Q; different from Q;

and Qg 4n;
v. if dpn.¢ > € then break loop 3.d;

e. if Q # () then remove last element of T and
append as firstto Q;
. remove first element of T and append to S;
g. remove last element of T and append to S; go to
point 3;
4. returnS;

o oo

The effects of the above algorithm were presented
in Fig. 5, which shows the path progression for the
same target trajectory and different values of
permissible deviation.

a)

b)

Fig. 5. Example paths (orange) for different values
of deviation from the target trajectory (blue)

Fig. 5 (cont.). Example paths (orange) for different values
of deviation from the target trajectory (blue)

3. Results

For the purposes of the article, CAM software was
implemented to transform a MESH file (Gmsh msh
version 2.0 ASCII format) into a set of commands that
execute the movement of the robot along a given path.
The Python language was used for the implementation
along with the corresponding mathematical libraries
(Chmielowiec 2021; Chmielowiec and Klich 2021).
The main element of the created software is the path
optimization algorithm presented in the previous
section, which adjusts the tool’s path of movement
based on the size of the permissible deviation from the
precise trajectory.

Table 1. Time and velocity of tool movement along a path
approximating a circle with a radius of 50 mm using
a regular n-sided polygon

Vertical Normal to surface
n v [mm/s] t[s] | v [mml/s] t [s] 7 [mm/s]
6 5 45.2 6.63 45.2 6.64
6 10 22.8 13.18 22.7 13.20
6 20 115 25.99 116 25.97
6 40 6.0 49.64 6.1 49.45
6 80 3.6 84.01 3.6 84.10
12 5 54.7 5.68 54.9 5.66
12 10 27.6 11.27 27.8 11.17
12 20 144 21.64 14.1 22.02
12 40 7.6 40.72 7.6 40.71
12 80 4.9 63.97 5.1 60.61
24 5 59.3 5.29 59.5 5.26
24 10 30.0 10.43 30.0 10.43
24 20 15.7 19.90 15.5 20.19
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Table 1 (cont.). Time and velocity of tool movement along
a path approximating a circle with a radius of 50 mm using
a regular n-sided polygon

Vertical Normal to surface
n v[mm/s] | t[s] | ©[mm/s] t [s] 7 [mm/s]
24 40 9.1 34.35 9.2 34.16
24 80 6.6 47.49 6.6 4751
48 5 62.1 5.05 62.1 5.05
48 10 31.7 9.92 31.9 9.84
48 20 16.8 18.64 16.9 18.52
48 40 10.8 29.03 10.9 28.89
48 80 9.9 31.65 10.2 30.72
96 5 63.7 4,93 64.1 4.90
96 10 334 9.42 335 9.36
96 20 18.6 16.92 18.8 16.68
96 40 13.9 22.67 14.2 2211
96 80 15.7 19.97 16.0 19.63

should be emphasized that by the nominal velocity v,
here we refer to the velocity set for the robot as one of
the parameters of the motion command. Table 1 lists
the times t of the tool’s passage along the path and the
average velocity of passage v when the tool is set
vertically and perpendicular to the surface over which
it moves. From the numerical data, it is clear that the
orientation of the tool does not have a significant
impact on the actual velocity of the tool passage along
the path. The average relative difference in passage
times between these two cases is indeed at the level of
1%. However, a significant change in the velocity of
passage can be observed depending on the number of
path points n.

80

&
o
L

The experiments were conducted on a HANWHA
HCR-5 robot (Fig. 6), which was equipped with
a special holder along with a pen. This made it possible
to visually verify the accuracy of the algorithm
generating the optimized path.

Average velocity ¥ [mm/s]
s

=
o
L

Fig. 6. Photo of test stand

6 12 24 48 96
Number of path points

Fig. 7. Average velocity ¥ as a function of the number of path
points n for different nominal velocity v values

In Fig. 7, one can observe how the average velocity
7 of tool movement clearly decreases with the
increasing number of path points. These decreases are
significant enough that the use of a logarithmic scale
was necessary for the clarity of the plot. Particular
attention should be paid to the results obtained for the
nominal velocity of v =80 mm/s. The plot clearly
shows that the average velocity in the case of a large
number of path points drops even below the average
velocity obtained for the nominal velocity of v = 40
mm/s (the purple curve is below the red for n = 96).
This result is unexpected and means that in certain
cases, it is possible to reduce the passage time of
a given path by reducing the nominal velocity.

Table 2. Average time t and average valocity 7 of tool
movement along shape presented in Fig. 1

In the first experiment, the velocity of robot
movement was measured as it moved a tool along
a path approximating a circle with a radius of 50 mm.
The path was parameterized by the number n, which
defines the number of vertices of a regular n-sided
polygon approximating the circle. Tests were con-
ducted for values of n € {6,12,24,48,96} and nominal
velocity v € {5,10,20,40,80} expressed in mm/s. It

Vertical Normal to surface

vimm/s] | e[mm] | n | E[s] | 7 [mm/s] | £[s] | U [mm/s]
80 0.1 60 | 11.2 | 25.63 11.2 25.59
80 0.2 42 | 9.0 31.61 8.8 32.31
80 0.5 26 | 6.7 4241 6.7 42.26
80 1.0 18 | 5.7 49.38 59 48.32
80 2.0 14 | 5.2 54.00 5.2 53.98
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a)

55 4

Average velocity ¥ [mm/s]
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0.1 0.2 0.5 1.0 2.0
Deviation £ [mm]

b)

60

40 -

304

Number of path points n

T T T T T
0.1 0.2 0.5 1.0 2.0
Deviation £ [mm]

Fig. 8. Average valocity 7 as a function of: deviation ¢ (a),
number of path points n generated by the algorithm as a function
of deviation ¢ (b)

Subsequent measurements were conducted for the
shape presented in Fig. 1. A path generation algorithm
was used to generate motion instructions for the robot,
whose tool would move along the specified trajectory
with various values of deviation . For each selected
value of &, 5 measurements were conducted at a fixed
nominal valocity of v = 80 mm/s. The average values
of the obtained results have been presented in Table 2.
In Fig. 8 the relationships between the adopted value
of permissible deviation &, and the average valocity of
traversal along the path (Fig. 8 (a)) and the number of
path points (Fig. 8 (b)) are presented.

The use of logarithmic scale for the ¢ and n axes
shows linear relationships between the values obtained
during the measurements. Using the method of least
squares, the following relationships can be obtained
for the studied intervals:

v = 22.66 -logqo(e) + 48.31 (5)

log;o(n) = —0.50 - log(e) + 1.28 (6)

Both relationships are graphically presented in
Fig. 9 (a) and Fig. 9 (b), along with the marked set of

measurement data and the confidence interval for the
least squares method.

a)

95% confidence interval
—— Linear fit
Data points

551

50 A

45

> 40 1

35 1

304

25

T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
logiole)

b)

=
©
L

95% confidence interval
—— Linear fit
Data points

)

logia(n)
= = = =
w IS n )
| ' L |

=
(N}
'

-
=

T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
logio(€)

Fig. 9. Linear approximation of average velocity ¥ as a function

of: deviation logarithm log,,¢ (), linear approximation of path

points number logarithm log,yn generated by the algorithm as a
function of deviation logarithm log, ¢ (b)

4, Summary

In this article, an algorithm is presented that allows
to generate the robot’s motion path based on data from
a CAD model. The algorithm operates based on the
precise trajectory of the tool and the deviation value &,
which defines the deviation of the generated path from
the original trajectory. This algorithm is a greedy type
of algorithm and has been implemented in a CAM
processor prepared for the purposes of this article. The
created tool was used to conduct experiments on an
actual HANWHA HCR-5 collaborative robot. The
tests showed that defining too high a nominal velocity
in the robot’s motion instructions can have the
opposite effect to the intended one, and cause the
traversal of a given path to slow down even compared
to a lower nominal velocity. The obtained results
clearly show that the best way to maintain an
appropriate velocity of robot movement is to adjust the
number of path points to the given nominal velocity.
However, it should be remembered that too large
number of path points significantly reduces the
efficiency of robot movements and lowers the average
velocity of passage. The relationship log,o(n) =
= —0.50 - log(¢) + 1.28 derived from simulation
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data can be simplified to the equation € = 3;%3 which

demonstrates the effectiveness of the presented
algorithm. It implies that doubling the number of
points results in a fourfold reduction in deviation from
the desired trajectory. Despite this, it is worth
analyzing other methods for generating and optimizing
the robot’s motion path in order to achieve the smallest
possible number of points for a given motion
precision.

The methods presented in the article can be applied
in processes such as burning, milling, and applying
adhesives and sealants.. The automation of these
processes using collaborative robots is currently quite
limited by the lack of suitable software tools for
automatically generating robot instructions. The
approach introduced allows for efficient and precise
application of assembly adhesives and various types of
sealants. It also enables cutting of various patterns on
surfaces of practically any shape, which, at a later
stage of production, allows for the assembly and
attachment of other elements.
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