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Abstract: The rapid evolution of robotics across various sectors, including healthcare, manufacturing,
and domestic applications, has underscored a significant workforce skills gap. The shortage of
qualified professionals in the labor market has had adverse effects on production capacities. Therefore,
the significance of education and training for cultivating a skilled workforce cannot be overstated.
This research work presents the development of a pedagogical approach centered on laboratory
infrastructure designed specifically with multidisciplinary technologies and strategic human–machine
interaction protocols to enhance learning in industrial robotics courses. Progressive competencies in
laboratory protocols are developed, focusing on programming and simulating real-world industrial
robotics tasks, to bridge the gap between theoretical education and practical industrial applications for
higher education students. The proposed infrastructure includes a user-configurable maze comprising
different colored elements, defining starting points, endpoints, obstacles, and varying track sections.
These elements foster a dynamic and unpredictable learning environment. The infrastructure is
fabricated using Computer Numerical Control (CNC) machining and 3D printing techniques. A
collaborative robot, the Universal Robots UR3e, is used to navigate the maze and solve the track with
advanced computer vision and human–machine communication. The amalgamation of practical
experience and collaborative robotics furnishes students with hands-on experience, equipping them
with the requisite skills for effective programming and manipulation of robotic devices. Empowering
human–machine interaction and human–robot collaboration assists in addressing the industry’s
demand for skilled labor in operating collaborative robotic manipulators.

Keywords: robotics; industrial robotics; robotics in education; collaborative robotics; UR3e; laborato-
rial protocols; infrastructure to support teaching

1. Introduction

In recent years there has been a significant advance in robotics and automation, both
in household tasks and in medicine, industry, armed forces, and the list goes on. The main
objective goal of this evolution is that there is an adaptation of “the functions of robots with
human needs (p. 1)” [1]. Nowadays, robotics is part of everyday life; however, there is a
misconception that the more robotics take over human tasks, the more unemployment will
increase. For an uninformed society, this can be an obstacle to the existing deficit in the
advances of robotics [1,2]. This evolution will have a “positive impact of industrial robots on
employment” (p. 1). The International Federation of Robotics (IFR) predicts that about 4 to
6 million jobs will be created due to robotics. However, if we consider the number of jobs
that will also be created indirectly, the number rises to 10 million [1,2].

This rapid advancement of robotization and automation of systems has created a high
demand for professionals with specialized training in the field of robotics. This demand
must be met by the qualification of new professionals, where education and training in
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robotics systems will play a fundamental and pivotal role in the high demand/need for
professionals in the area. The American Society for Training and Development (ASTD)
reported that organizations in the United States of America spend about USD 164.2 billion
on employee training [1,2]

Today, there is still a large discrepancy between education and the needs of people,
more specifically, in industry. However, if we can bring the two approaches closer together,
it will be a plus both for those who seek to take advantage of education, in this case,
university higher education, and for those who employ graduates with this background.
These employers will feel more comfortable hiring an employee without having to worry
about the extra expense and time spent training them to be fit for the job. It is known that
specific training will always have to exist due to the constant evolution of science and
technology. Still, if we reduce this training, however small the reduction may be, it will be
an asset for both the employee and the employer in terms of less time being wasted [2–4].

When thinking about educational robotics, it is necessary to consider a multidisci-
plinary approach, as it touches fields such as mechanics, electronics, programming, automa-
tion, and so on. STEM (science, technology, engineering, and mathematics) is an educational
method that aims at interdisciplinarity, among other aspects, addressing various areas of
study, including mathematics, science, and technology, and offering new benefits in educa-
tion at all levels. This approach interconnects all the areas of study necessary for a better
approach to industrial robotics, adding that industrial robotics stimulates problem-solving
skills, communication skills, teamwork skills, independence, and creativity [3,5–8].

It is estimated that there has been an 18–25% growth in the implementation of indus-
trial robots. For this growth, the demand for new employees with appropriate training and
skills is expected to increase. There will also be a need for many employees with robotics
skills, with a great capacity for evolution in technology, and with the ability to give short
training to workers [2].

The main objective of this paper lies in the development of a protocol with various
degrees of difficulty of laboratory work involving programming and testing in real systems
of industrial robotics applications, to provide a greater understanding and a smaller dis-
crepancy between educational robotics and industrial robotics in higher education students.

To fulfill the main goal, the following objectives are defined:

• Conduct a literature review on the topics under study—robotics, industrial robotics,
educational robotics, and STEM;

• Project an infrastructure and a teaching support system adaptable to various curricular
units;

• Develop a laboratory activity and create two laboratory protocols with various degrees
of difficulty, based on functions that replicate tasks that are observed in an industrial
environment;

• Analyze and discuss the results obtained.

The essence of collaborative robots is that a human being joins their strengths in
collaboration with those of the robot, that is, it is a symbiosis between the robot and the
human, as shown in Figure 1. This procedural approach offers numerous advantages
as robots are capable of continuous operation without any degradation in performance
or precision. In contrast, human operators exhibit distinct characteristics. Over time,
human workers experience fatigue, leading to a reduced capacity to sustain focus on tasks.
This diminished focus results in decreased precision and efficiency, which, for a company,
translates into potential profit losses or increased operational expenses [9,10].

In terms of ergonomics, the human capacity to bear weight is constrained by factors
such as body size and load-bearing capabilities. These constraints not only prevent the
execution of specific tasks but may also lead to fatigue and potentially debilitating mus-
culoskeletal injuries that are challenging to recover from. In the context of bearing loads,
robots exhibit their own set of limitations. However, these limitations are primarily related
to the maximum load they can bear. Adapting a robot’s load capacity to the specific load
it is designed to handle is typically sufficient. In contrast to the physical limitations of
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humans, one of the advantages of utilizing robots lies in their ability to consistently bear
loads without interruptions [9,11].
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Nonetheless, collaborative robotics presents a multifaceted landscape characterized by
a spectrum of advantages, drawbacks, and inherent challenges. This field remains a subject
of ongoing research and advancement, offering significant prospects for further exploration.
As delineated in Table 1, collaborative robotics presents notable advantages, particularly
within industrial contexts. These advantages encompass economic viability, streamlined
programming, reduced human effort, resilience to stress, enhanced safety, ergonomic
benefits for human workers, facilitation of human–robot collaboration, and a high degree of
versatility. Conversely, certain disadvantages, such as variability in operational efficiency,
limitations in speed, and occasional constraints on load-bearing capacity due to reduced
robustness, are observed.

Table 1. Advantages, disadvantages, and challenges of collaborative robotics (adapted) [10,12].

Advantages

Economic viability

Human–robot collaboration

High versatility

Security

Ease of programming

Increased ergonomics

Disadvantages

Low speed

Low load capacity

Uncertainties about operational effectiveness

Challenges
Division of tasks

Adaptability

Regarding challenges, it is imperative to recognize the perpetual potential for advance-
ments in overcoming these challenges. Consequently, the field of collaborative robotics
remains in a state of continual development and evolution [10,12].

Education plays a pivotal role in the development of a society, as it is an educated
workforce that lays the foundation for the advancement of a nation. The attainment of
education can be pursued using a diverse array of methodologies. However, within the
context of this article, the focus is directed toward higher education. In an academic set-
ting, the educational process is contingent on a multitude of variables, including (1) the
prevailing environment, (2) the specific field of study under consideration, and (3) the level
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of complexity and rigor required, among other determinants. These very factors assume a
central role in determining the pedagogical approach to be used. This encompasses deci-
sions regarding the type of classes to be offered (be they practical or theoretical), whether
the educational experience takes place in a field or within the institutional infrastructure,
and whether the learning paradigm is oriented toward problem-based self-directed study
or guided instruction by an educator. The permutations in educational methodologies are
manifold, offering a spectrum of possibilities for educational delivery [1,13].

Using robots in education can be a valuable tool due to its multidisciplinary nature. It
covers various subjects like physics, biology, geography, math, electronics, and mechanics.
Learning in these areas not only imparts knowledge but also enhances skills such as
writing, reading, research, teamwork, critical thinking, decision-making, problem-solving,
communication, design, and computational thinking [14].

When researching multidisciplinary robotics in education, the acronym STEM (science,
technology, engineering, and mathematics) always comes up as it is related to a multi-
disciplinary approach in education. Some authors argue that interdisciplinarity is very
important in education today as this approach helps students to be better prepared for the
constant technological evolution [6–8].

Typically, advancements in industrial robotics are first adopted within the industrial
sector before being introduced into educational environments. This precedence is pri-
marily due to the industry’s continuous pursuit of increased efficiency, which provides a
competitive edge [1].

Educational institutions aspire to reduce the disparity in skills between academia
and industry, yet they encounter impediments such as financial constraints, resistance
to curriculum updates, and logistical complexities in establishing experiential learning
frameworks with industrial collaborators. These hurdles impede students from acquiring
practical insights into the industry and gaining hands-on experience with potential work-
related challenges, thereby impeding their readiness for their careers [15].

An alternative approach is to reform teaching methodologies within educational
institutions, a change principally within the purview of these establishments themselves.
Such innovation, however, needs to be an ongoing process, given the constant evolution of
the robotics field. As robotics technology continues to advance and find applications in
new areas, there will be a growing demand for multidisciplinary skills. Thus, the education
sector must keep pace with these developments, consistently updating and expanding its
curriculum to prepare students adequately for these emerging opportunities [15,16].

2. Materials and Methods

In the pursuit of developing a protocol within the domain of industrial robotics, we
established a robust support infrastructure, which included the creation of a dedicated
track. The central focus of this approach revolves around crafting engaging add-ons using
3D printing technology and creating a versatile workspace, both of which play pivotal roles
in facilitating a wide array of educational activities. The overarching objective is to actively
foster heightened engagement and promote a profound acquisition of knowledge among
our students. The infrastructure enables the assembly of a track meticulously designed to
be constructed by the robot while obeying the following rules: The pathway, defined by
various pieces, was designed for the robot’s analysis and construction. The green piece
marks the starting point, while the red pieces serve as obstacles that should be avoided
during construction. The blue piece designates the endpoint. The track’s structure includes
pieces of varying lengths. After assembly, the robot places a marble at the initial point,
which then traverses the entire track to reach the endpoint. The activity is assembled in a
base that has a grid of fittings to allow for precise positioning of the parts that compose
both the setup and the track assembly. Figure 2 shows a possible configuration to solve a
random setup.
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process: Figure 4a is the Pronun CNC router; Figure 4b shows the wooden board (MDF) 

Figure 2. An example of a track constructed with the UR3e. The colored pieces define the path, along
with the track made up of black pieces.

The development of the track involved several concepts and phases. In the initial
phase, CAD drawings of the track were created, followed by 3D printing for prototyping
and testing.

During this initial phase, it was important to test the dimensions of the track, as well
as the tolerances for fitting and threading, to better understand which option best met the
desired requirements.

The base of the track was developed to support all the fittings that make it up while
also serving as a storage location for all the pieces and obstacles developed for this purpose.
As shown in Figure 3, the developed base has a configuration to facilitate the manipulation
of the parts by the robot and holes that allow the storage of all the parts involved. Its
configuration is justified by the robot’s working area being circular.
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Figure 3. The track base and storage are designed to be adapted to the UR3e framework.

The chosen material for the base of the track was medium-density fiberboard (MDF).
It was machined using a Pronun CNC router. The following images depict the machining
process: Figure 4a is the Pronun CNC router; Figure 4b shows the wooden board (MDF)
650 mm × 650 mm × 18 mm; Figure 4c shows the drilling machine with a 5 mm diameter;
Figure 4d shows the finishing drilling machine with a 13 mm diameter; and Figure 4e
shows the milling of the outer contour.
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Figure 4. The manufacturing process of the wooden board: (a) Pronun CNC router; (b) wooden
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13 mm diameter; and (e) milling of the outer contour.

Next, the wooden board underwent a surface treatment process to provide greater
durability, as shown in Figure 5a. The following images illustrate the surface treatment
process after machining: Figure 5a shows the raw wooden board; Figure 5b shows the
sanding of the wooden board; Figure 5c shows the application of pore filler on the board;
Figure 5d shows the application of paint on the board; and Figure 5e shows the finishing
process of the application of matte varnish on the board.

Finally, pins were created, as shown in Figure 6a, to assist with the positioning of the
track. These pins were inserted into the holes in the base, as shown in Figure 6b. Several
tolerance tests were conducted for the pins, ranging from 12 mm to 13 mm in diameter.
The diameter of 12.2 mm proved to be the best fit, as it had a tight fit and required some
force to remove, which was perfect for its intended purpose.

One of the final elements created to complete the track was the marble holder support,
as shown in Figure 7. It was designed to be fixed in place, with the lower peg allowing the
robot to easily retrieve the marble. The detail of this component is that the marble rests on
two elements that ensure it remains centered on the piece, facilitating its positioning.

All the pieces have the same height about the z-axis, which facilitates the assembly.
Therefore, they are truly differentiated by the length of the track sections. There are
5 different track sections ranging in length from 78 to 263 mm. However, what matters in
terms of overall length is the distance between their fittings, as shown in Figure 8, which
ranges from 50 to 250 mm with increases of 50 mm in each piece to match the space between
the fittings in the base.

In Figure 9, an example of a track assembly of this version with all the elements can be
seen. However, there were some issues, such as the fittings not all being the same and the
marble not being able to pass through the heights, which would have been advantageous
in terms of versatility.
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Figure 9. CAD model for a track assembly within the developed framework.

The column section has an interior hole, as shown in Figure 10a, that allows the marble
to transition not only from one track section to another but also from a track section to a
column section and then to another track section, as depicted in Figure 10b.
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It can be observed that the track section fitting shown in Figure 11a enhances the
stability of the track. The bottom fittings of this version are all the same, which allows for
greater versatility and avoids any stability problems during assembly. The inner tunnel of
each track section, as shown in Figure 11b, begins and ends tangentially to the surface of
the component, allowing for smooth movement of the marble.
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The final piece, as shown in Figure 12a, was designed so that the marble, upon
reaching the end of the track, stops in the transport piece, as shown in Figure 12b. The
transport piece has a round concavity in its center to minimize the movement of the marble
during transportation. It also has lateral tabs that serve as guides when it meets the final
component, as depicted in Figure 12c,d.
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The remaining sections of the track, namely, section 2, shown in Figure 13a, section 3,
shown in Figure 13b, section 4, shown in Figure 13c, and section 5, shown in Figure 13d,
are identical to Figure 13a. The only difference lies in the length between the fittings at
the bottom, which varies between the intervals of 50 mm, 100 mm, 150 mm, 200 mm, and
250 mm, respectively.
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The fittings were modified because they were too small and did not provide sufficient
stability. To improve the stability of the track and to avoid the problem of the track falling
out during its assembly, the fittings were increased from approximately 2 mm to 7.5 mm, as
shown in Figure 14. This increase allowed for a larger contact area, ensuring greater stability.
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With these components presented, it was possible to assemble the track, as shown in
Figure 15. This version was tested and deemed to meet the desired requirements.
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3. Results

In this section, the procedures and phases entailed in accomplishing the task are
explained.

3.1. Infrastructure—Analysis of Stages

The primary objective of this work is the establishment of infrastructure bridging
industrial robotics and robotics in education. This infrastructure, as elaborated earlier,
underwent multiple iterations to achieve a versatile version suitable for students of varying
levels of complexity. The ultimate iteration is capable of not only constructing the shortest
path while circumventing obstacles but also offers adaptability for navigating obstacles
along the shortest route.

Furthermore, the foundational structure designed to facilitate the assembly and storage
of track components can be readily customized with new elements and configurations to
accommodate diverse activities. For instance, it can be used for simulating assembly line
operations and assessing defects in specific components in terms of their shape, finish (e.g.,
painting, coating), or welding processes. The potential avenues for advancing this work
are limitless.

During this project, a teaching support system was created, which could be the starting
point for initiatives in industrial robotics courses or even for more dynamic and interactive
demonstrations for students. With some modifications and adaptations, this support
material can also be used for other disciplines in the field of industrial automation, which
would be an interesting combination from an industrial perspective, as many industries
integrate automation with robotics.

3.2. Laboratory Protocols

The two developed protocols are attached. They will differ in terms of their level of
difficulty, with the second protocol being the most complex.

The first protocol has four activities designed for students to familiarize themselves
with the UR3e robot. This protocol involves assembling the track using the robot pendant
and guiding the marble through the track.

The first activity involves arranging the pieces—the initial piece (green piece), final
piece (blue piece), and red pieces—in a pre-determined position, and the robot must pick
them up and place them in the designated location according to the protocol.
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In the second activity, the pieces are placed on a conveyor belt in a known sequence,
and the robot must retrieve them from the conveyor belt and assemble them in the prede-
termined location.

In the third activity, the robot must retrieve the pieces from the conveyor belt, where
they are randomly placed, and differentiate them by color using the wrist camera.

The last activity is the building of a track for a predefined and manually assembled
challenge. The various components forming the maze are assembled with the manipula-
tor, which needs to be programmed specifically for this manipulation task, demanding
heightened complexity due to the precision and orientation requirements of the pieces.

The second protocol, deep in advanced robot programming, provides the student
with an approach to research activities. Python implementation is essential to derive an
algorithm capable of planning the most efficient path.

Figure 16 displays the layout sequence followed in both protocols. In the first protocol,
students create a fixed challenge, meaning the programmed solution only works with that
specific challenge layout. However, the second protocol allows for flexible challenges. In
this protocol, changes to the challenge layout are accommodated in each attempt, enabled
by the integration of a shortest-path planning algorithm.
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Figure 16. Comprehensive diagram illustrating the protocols developed.

Figure 17 shows a simplified diagram of the program logic. The track can have three
possible configurations: a track with one straight piece, a track with two straight pieces
and a curve, or a track with three straight pieces and two curves. The arrangement of the
pieces in the photograph determines the type of track to be assembled.

When observing the assembly of a track with only one straight piece, it is evident that
the fastest path is a straight line, which facilitates the assembly process. However, there can
be multiple paths depending on the arrangement of the obstacles and the start and finish
pieces. By analyzing Figure 18a, the fastest path between the initial and final points can be
determined, as shown in Figure 18b. For this assembly, only one straight piece is required,
as shown in Figure 18c. The robot then places the marble at the starting point (green piece)
to follow the shortest path through the track to the endpoint (blue piece), as depicted in
Figure 18d.
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arrangement. (b) Shortest path. (c) Assembly level 1. (d) Marble placement.

In a track with two straight pieces and a curve, the situation can be different because
the arrangement of obstacles can lead to two possibilities of a shorter path. In the example
shown in Figure 19a, it is easy to visualize the shortest path, as shown in Figure 19b. For
the assembly of this version, four pieces are required: two heights and two straight pieces,
divided into three levels of height. In level 1, a height piece is placed, as shown in Figure 19c.
In level 2, the final straight piece and a height piece are placed, as depicted in Figure 19d.
Finally, in the last level, level 3, the initial straight piece is placed, as shown in Figure 19e.
Then, the robot places the marble at the starting point (green piece) to follow the shortest
path through the track to the endpoint (blue piece), as shown in Figure 19f.
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In a path with three tracks and two changes in direction, depending on the arrange-
ment of the obstacles, there can be two possible paths. The following example, Figure 20a,
illustrates the shortest path, as shown in Figure 20b. For the assembly of this version, eight
pieces including five heights and three straight sections are required, divided into 4 levels.
In level 1, two heights are placed, as shown in Figure 20c. In level 2, the final straight
section, the intermediate height, and the initial height are placed, as shown in Figure 20d.
Then, in level 3, the intermediate straight section and an additional height in the initial
position are added, as shown in Figure 20e. In the final level, level 4, the robot places
the initial straight section, as shown in Figure 20f. Finally, the robot places the marble to
traverse the track from the initial point (green piece) to the final point (blue piece) following
the shortest path, as depicted in Figure 20g.
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To establish the practical relevance of the proposed activities within industrial con-
texts, a panel of field specialists analyzed the suggested protocols. During interactive
sessions and practical demonstrations, these experts supported the significance of the
pick-and-place tasks, highlighting their adaptability to real-world operational scenarios
encountered in the industry. They pointed out that, while the activities are designed with a
generalist approach, they serve as an essential foundation for implementing specific task
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modifications in diverse industrial applications. Additionally, some interest was expressed
in incorporating these protocols into their training modules, acknowledging the efficacy of
the multi-disciplinary methodology proposed for educational and training programs in the
domains of automation and robotics.

4. Discussion

Currently, industries face rising pressure to meet consumer demands efficiently and
economically. To stay competitive, industries are investing heavily in streamlining produc-
tion processes to support increasing raw material costs.

This evolution in industries demands a parallel shift in educational paradigms. Educa-
tional institutions must renew their approaches, exemplifying theoretical knowledge using
more practical and advanced teaching methods. This ensures better-prepared students for
the dynamic challenges awaiting them in the professional sphere upon course completion.

The main objective was fully achieved, which was the creation of a support system for
education, linking industrial robotics and robotics in education. With the creation of this
work, it will be possible for students to participate in didactic learning in a way that is close
to the reality of the job market. It allows students to finish their training with minimum
knowledge so that when they enter the job market, they are prepared for the problems
that may arise. Python’s inclusion in the last activities of Protocol 1 and Protocol 2 is
primarily due to its widespread use as a requirement in advanced robotics, especially when
integrated with computer vision. Throughout the completion of this work, and particularly
in the development of the track, there were several iterations. The result was optimized in
terms of versatility and ease of use. This version was able to solve the problem of height
differences, allowing the track to be assembled without any level differences between the
start and end of the straight section. Another problem solved was the absence of curved
pieces, which was achieved based on the direction of the track section. For the assembly of
the track by the robot, a program was developed where, in the initial phase, all necessary
positions were defined and added to the position libraries. Subsequently, this same program
analyses the picture taken with the robot arm’s camera, detecting the shortest path, upon
which the robot assembles the track accordingly. This entire process is determined by the
laboratory activity protocols, which present various levels of difficulty. The first protocol
involves a series of progressively challenging activities. It begins with simpler tasks focused
on assembling parts for the track using the robot’s pendant. Subsequently, the second
and third activities introduce increased complexity with the integration of sensors and
vision, respectively. These activities aim to familiarize students with fundamental robotics
concepts and enhance their comfort in operating a robot’s pendant. However, to complete
all tasks, the utilization of the robot’s learning console and an external Python program
becomes necessary.

The fourth activity aims to solely use the pendant, consolidating the concepts learned
in the preceding activities. This phase encompasses the entire process executed using
the pendant interface, thus emphasizing and reinforcing comprehension of previously
acquired knowledge.

5. Conclusions

This research highlights the relevant role of a pedagogical approach centered on the
development of a specialized infrastructure tailored for collaborative robotics, human–
machine interaction protocols, and advanced robotics programming. The establishment
of these protocols not only enriches the learning experience within the robotics curricu-
lum but also fosters a platform for future research endeavors and project engagement
within the existing laboratories. By emphasizing real-world robotic task programming and
simulation, this approach enhances students’ skills in programming industrial robotics,
thereby fostering their preparedness for the dynamic demands of the industry. As this
work progresses, new concepts and themes arise, leading to new questions and ideas for
applying the main objective of this work, as well as the development of additional proto-
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cols for other applications of robotics in the industry, such as welding, defective material
separation, etc. Additionally, the improvement and optimization of the track assembly
program, optimizing its size and attempting to make the assembly process faster, will be
developed in future work.
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