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Abstract: Technical drawing (TD) is a subject frequently perceived by engineering students as
difficult and even lacking in practical application. Different studies have shown that there is a
relationship between studying TD and improvement of spatial ability, and there are precedents of
works describing successful educational methodologies based on information and communications
technology (ICT), dedicated in some cases to improving spatial ability, and in other cases to facilitating
the teaching of TD. Furthermore, interdisciplinary learning (IL) has proven to be effective for the
training of science and engineering students. Based on these facts, this paper presents a novel IL
educational methodology that, using ICT-based tools, links the teaching of industrial radiology
with the teaching of TD, enhancing the spatial ability of students. First, the process of creating the
didactic material is described in summary form, and thereafter, the way in which this educational
methodology is implemented in the classroom. Finally, we analyze how the use of ICT-based didactic
tools such as the one described in this paper can contribute to the achievement of the sustainable
development goals set out in the 2030 Agenda of the United Nations.

Keywords: spatial ability; technical drawing; industrial radiology; interdisciplinary learning; multi-
disciplinary methodologies; information and communications technology

1. Introduction

The subject of technical drawing (TD) is present in the program of many engineering
courses due to the importance it will have throughout the development of the professional
activity of many future engineers. However, TD is considered by a large number of stu-
dents as a difficult subject to pass [1,2], besides being sometimes perceived as a subject
without many practical applications [3]. These facts lead many students to feel discouraged
and unmotivated to study TD. Different studies have analyzed the relationship between
TD and the spatial visualization skills that students have, and how learning the former
can lead to an improvement in the latter. The work of Contreras et al. [4] points out that
the study of subjects such as TD, geometry, or graph analysis (among others) results in an
indirect training of spatial ability. Mendez et al. [5] found that TD first-year engineering
students who studied TD during their pre-university studies presented better visual dis-
crimination and spatial memory than university philology students, who had not studied
TD previously. Studies conducted by Ogunkola and Knight involving secondary school
students concluded that there are significant positive effects of technical drawing on spatial
visualization and orientation [6,7].

On another note, it is increasingly common to resort to the use of information and
communications technology (ICT) to assist in the teaching-learning process of disciplines
that by their very nature may be difficult for many students to understand [8-13]. Thus,
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the use of ICT has proven to be effective in improving the spatial ability of science and engi-
neering students through different technological solutions, such as augmented reality [14],
non-immersive virtual reality [15-17], web-based learning tools [18], PDF-3D [19], etc.
Likewise, TD teaching has also benefited from the use of new technologies, as evidenced
by the existence of several works in which different solutions based on the use of ICT were
shown to support the teaching-learning process of this discipline [3,7,14,18,20-23].

Mansilla et al. [24] defined interdisciplinary understanding as the capacity to integrate
knowledge and modes of thinking in two or more disciplines or established areas of ex-
pertise to produce a cognitive advancement, such as explaining a phenomenon, solving
a problem, or creating a product, in ways that would have been impossible or unlikely
through single disciplinary means. Interdisciplinary learning, which is not additive but in-
tegrative in nature, results in the student acquiring the ability to think in an interdisciplinary
way [25]. This interdisciplinary thinking is a complex cognitive ability that allows changing
disciplinary perspectives and creating meaningful connections between disciplines [25,26].

Interdisciplinary teaching methodologies have been the subject of a multitude of
works that indicated their suitability when applied to the training of students in the areas
of science and engineering [27]. One example is the work of Borrego et al. [28], which
describes the implementation of a rural interdisciplinary health care training program
oriented to pharmacy students, in which disciplines such as pharmacy, medicine, nursing,
and dental hygiene, among others, were represented. Another example is the article by
Harrison et al. [29], which describes an interdisciplinary hydropower design course in
which electrical, mechanical, and civil engineering were intertwined. The work of Furlan
et al. [30] is another example of an interdisciplinary teaching project that, in addition, has
the particularity of uniting disciplines as apparently different as chemistry, humanities,
and English. Reviewing the existing literature, it can be seen that interdisciplinary learning
(IL) is a widespread teaching methodology which, when applied to engineering, allows a
closer connection between the teaching—learning process and the situations that the student
will encounter in the real world [27].

Moreover, radiological testing is one of the most widely used non-destructive tests
(NDT) in the industrial sector to detect imperfections inside metal parts, and its teaching is
often part of mechanical engineering programs, particularly in the materials science and
engineering (MSE) courses. These tests consist of radiating a part or part of it, obtaining
as a result a 2D image that is subsequently analyzed to detect possible imperfections or
poorly welded areas (e.g., porosity, burn thru, lack of penetration, internal and external
undercuts, lack of fusion, etc.) [31]. The student starting in this field must be able to place
the imperfections observed in the 2D radiography in the real 3D part analyzed, which
can be complicated for students who do not have adequate spatial ability [32-34]. For
this reason, it is appropriate to teach industrial radiology by facilitating students” spatial
understanding of defects observed in radiographies through interdisciplinary teaching [3].

In the field of industrial radiology there are already methods that take advantage of
the potential of ICT to analyze welding defects [35-37], in many cases applying them in
educational environments [38,39]. Therefore, in focus with sustainable goals, the use of ICT
can avoid the use of real radiation emissions by using virtual environments. Thus, taking
advantage of the possibilities of 3D imaging offered by ICT, as well as the effectiveness
that interdisciplinary teaching has demonstrated in other fields of science and engineering,
this paper presents a new methodology for teaching industrial radiology focused on
mechanical engineering students. The authors have not found research papers describing
an educational methodology similar to the one described in this article, which is based on IL
and creating an interdisciplinary didactic link between both subjects, TD and MSE. Hence,
in the TD subject students must complete exercises consisting of obtaining the orthogonal
views of a part (plant, elevation, and profile), while in the MSE subject students must
identify internal defects of parts by using radiographs and based on the grayish coloration
they observe in them. The didactic link between both subjects (TD and MSE) is established
through certain exercises in which students analyze orthogonal views of the radiographed
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part to understand the shape and position of its internal defects. The implementation of
this methodology allows students to improve their spatial ability for learning industrial
radiology contents, establishing at the same time a didactic link with TD.

In this way, students find a greater motivation for the TD subject by perceiving and
assimilating a direct application of this subject in their future professional life as engineers.
Therefore, this article presents a multidisciplinary methodology for both subjects, TD and
MSE, based on the simulation of radiographs of welded parts with imperfections. Since the
authors have not found any similar examples in the scientific literature, this article presents
the technical process of designing these type of radiographs to make them look as real as
possible, so that the reader can reproduce this experience if necessary.

2. Theoretical Background of Industrial Radiology

According to the American Society for Nondestructive Testing (ASNT), an NDT is
defined as “the determination of the physical condition of an object without affecting that
object’s ability to fulfill its intended function” [40]. There are five basic NDT methods, which
are based respectively on the use of magnetic particles, penetrating fluids, radiography
(X-rays or gamma-rays), and ultrasonic and eddy currents [41]. NDT based on radiography
has a widespread presence in industry, being especially important, for example, in the
inspection of the welded joints of pressure pipes and vessels [42]. Industrial radiology
is based on applying a penetrating radiation (usually X or gamma-rays) to a part, which
is placed between the radiation source and a detector or radiographic film on which the
radiography is printed [41]. In this way, the radiography obtained is an orthogonal image
of the piece colored in gray scale. The grayish coloration of each zone of the image depends
on the radiation density, the width of the inspected object, and its chemical composition.
Thus, if the radiation beam does not encounter any obstacles in its path it will reach the
sensor or film with almost the same intensity as was generated at the source, creating a
dark image; conversely, if the radiation beam passes through an obstacle it will reach the
sensor or film with its intensity reduced, creating a light image. Using this phenomenon,
it is possible to detect in a radiograph which areas of a part are formed only by the base
material and which have defects inside. Defects such as cracks, voids, blowholes, or
internal cavities, which are areas with lower radiation absorption than the base material,
appear on radiographies as darker areas than the surrounding base material. Similarly,
defects such as refractory inclusions absorb a different amount of radiation than the base
material and therefore appear as areas of a different shade of gray than the base material.

The intensity reaching the sensor or film is quantified by the Beer-Lambert equation:

I = Ipe ¥ = [pe HmPX €))

where I is the intensity of the radiation beam reaching the sensor or film, Ij is the intensity
reaching the part, y is the linear absorption coefficient, y;, is the mass absorption coefficient,
p is the density of the material, and x is the thickness of the material traversed by the
radiation beam. Since y depends on the type of material, the intensity of the beam that
manages to pass through a part will have one value or another, depending on whether or
not it has encountered internal defects on its way through the part, since the absorption
coefficient of the defects is different from that of the base material that surrounds them.

The student who faces the study of industrial radiology must be able to analyze the
different shades of gray observed in a radiograph in order to understand: (i) which zones
correspond to the base material of the part; (ii) identify the internal defects of the part;
(iif) spatially locate the identified defects; and (iv) classify the types of defects.
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(a)

Figure 1. Relationship between TD and industrial radiology: (a) 3D view of the virtual part; (b) orthogonal views of the

3. Interdisciplinary Learning

The analysis of the gray gradient of a radiograph is not trivial and presents certain
difficulties that the methodology presented in this article tries to help overcome. This
methodology, which takes advantage of the didactic link between TD and industrial
radiology, is based on obtaining orthogonal views of a virtual part (plant, elevation, and
profile) from radiographic images of that part simulated by software. As an example,
Figure 1a shows a virtual part in three dimensions, while Figure 1b,c show the orthogonal
views of the part (TD approach). In particular, Figure 1b shows the three orthogonal views
delineated according to the TD norms, while Figure 1c shows the same three orthogonal
views colored with different shades of gray depending on the thickness of each zone of the
part. Note that Figure 1c simulates a simplified radiograph, i.e., it shows the edges of the
part well defined (unlike in real radiographies, where the edges are blurred).

|ﬁ o |—|| ‘i|—|i|
oJ@Je
(b) (c)

virtual part drawn according to TD norms; (c) orthogonal views of the virtual part represented as a simplified radiograph

(with well-defined edges).

Through the view shown in Figure 1c, students can understand how the thickness of
each zone of the part creates the different shades of gray shown, as per the Beer-Lambert
equation. For example, in the elevation and side view of Figure 1c (located at the top of the
Figure 1c) one can easily see in the cylinders of the part the influence that thickness has
on the grayish coloration of the simplified radiograph. In fact, both in the elevation and
profile views it is observed that the parts closer to the hollow axis of the central cylinder
have a darker shade (since the radiation finds less base material to impede its passage and
reaches the sensor or film with greater intensity) than in the areas closer to the center of the
cylinder walls (since in these areas the radiation must pass through a greater amount of
material and therefore reaches the sensor or film with less intensity). It is observed that the
opposite phenomenon occurs in the two solid cylinders located on the sides of the part,
in which the center is lighter in color (since the radiation beam passes through a larger
amount of base material) than the ends (where the beam passes through a smaller amount
of base material). Figure 2 explains graphically the gray gradient in the horizontal direction,
and it is easily understood that the gray gradient of the cylinders is directly related to the
thickness of the part in each zone crossed by the radiation beam.
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Figure 2. Graphical justification of the gray gradient of the part cylinders.

Figures 1c and 2 show a simplified radiograph of a virtual part whose interior is
homogeneous and free of inclusions or internal defects. The boundaries of the part can
be easily identified and, by means of the gray gradient, the thickness of each zone of the
part can be qualitatively estimated thanks to the ratio between the thickness of material
passed through by the radiation beam in a given direction and the intensity of the radiation
captured in the radiography. It is also possible to include internal defects in the virtual
part, as shown in Figure 3, which allows students to use their knowledge of TD and
industrial radiology to understand what they see in the radiographs. Following this
process, it is possible to design exercises similar to real engineering problems that arise in
industry, such as the inspection of internal defects in parts or welds (which are usually very
difficult for students to understand and interpret). As an example of the radiographies
used in inspections, a real X-ray is shown in Figure 4, thereby illustrating the complexity
of interpreting industrial radiographs for students who are new to this activity. Thus,
vermicular pores and lack of fusion are shown in this real X-ray radiograph of metallic
welding, shown in Figure 4. This type of exercise that is similar to real problems makes it
easier for students to appreciate that there is a direct application of what they are studying
in their professional future. Figure 3 shows a virtual part, inside of which two inclusions
of different shapes are housed. This image (Figure 3) is a useful tool for students to train
and improve their spatial visualization skills, since they must analyze the shape, size, and
position in space of the internal defects shown in the orthogonal views of the simplified
radiograph (Figure 3c).
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(b) (c)

Figure 3. Relationship between TD and industrial radiology: (a) 3D view of the virtual part with internal defects (quarter
sectioned); (b) orthogonal views of the virtual part, drawn according to TD norms, where internal defects are drawn in
a dashed line; (c) orthogonal views of the virtual part represented as a radiograph (simplified, with well-defined edges)
where internal defects are colored in light gray.

Figure 4. Real X-ray radiography of a metallic weld with defects (lack of fusion and vermicular pores).

4. Interactive Virtual Platform

This paper presents an interactive virtual platform (IVP, Figure 5) that aims to improve
students’ spatial vision skills while learning industrial radiology. The IVP allows students
to interact in real time with three-dimensional virtual parts, it being possible to rotate
them, change the point of view, etc. In addition, the IVP allows students to view opaque
(Figure 5a) or translucent (Figure 5b) parts to visualize their internal defects.

In this way, through spatial understanding of the analyzed parts (IVP helps to identify
the position and shape of internal defects) the students’ spatial visualization skills are
trained. The use of IVP to analyze the presence of internal defects of a part involves differ-
ent aspects: (i) spatial visualization skills; (ii) application of the theoretical background,
supported by the equation of Beer-Lambert, to analyze the radiographies in terms of gray
gradient; and (iii) the use of real engineering problems (in this case, the radiographic
inspection of industrial parts).

The IVP described here helps students to appreciate the usefulness of the knowl-
edge acquired for their future professional careers, thus increasing their motivation and
improving the teaching—learning process.
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Figure 5. IVP to allow students to freely explore the parts and their internal defects: (a) opaque view; (b) translucid view,

where inner inclusions are shown.

5. Creation of Didactic Material

The methodology used for the creation of the didactic material, illustrated in Figure 6,
consisted of three distinct phases: (i) development of 2D drawings; (ii) preparation of
radiographic images (both simplified for initial application, and realistic (Figure 7) for
a higher level of difficulty); and (iii) development of the IVP. Since there is no specific
program that directly simulates the appearance of a radiographic part, this article describes
how the authors achieved this effect.

During the first phase, two-dimensional drawings of the orthogonal views of the part,
including its internal defects, were generated according to TD norms (e.g., representing
hidden edges with dashed lines, Figures 1b and 3b). Microsoft Word® drawing tools
were used for this purpose due to their ease of use. However, despite requiring specific
knowledge to be used, the authors recommend using a student version (free if used for
educational and non-commercial purposes) of Autodesk AutoCAD® as it offers a large
number of tools specifically oriented to the generation of drawings according to TD norms.

DRAWING VIEWS OF THE PART

Software: WORD, AUTOCAD,...

DEPTH SIMULATION THREE-DIMENSIONAL MODEL

Software: PHOTOSHOP : Software: 3DS MAX, BLENDER, ...

REALISTIC RADIOGRAPHY INTERACTIVE 3D APPLICATION

Software: FUSION, NUKE, ... Software: UE4, UNITY, ...

Figure 6. Methodology used for the creation of the didactic material.
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(b)

Figure 7. Image simulating a real radiograph: (a) manipulation of an image by means of BDF to obtain an image similar to a

real radiograph; (b) realistic-looking radiographic image.

The second phase began by taking as a basis the 2D drawings generated in the first
phase, creating from them images of the part to which depth gradients were applied, i.e.,
different shades of gray were used to represent the different thicknesses of the parts (sim-
plified radiographs, Figures 1c and 3c). To carry out this operation, the image modification
program Adobe Photoshop® was used, which offers a multitude of options for manipula-
tion and creation of gray gradients. These images were then processed using Blackmagic
Design Fusion® (BDF, Figure 7a), used in digital compositing of video and film, which
blurred the edges of the figures to obtain images similar to real radiographies (Figure 7b).
As an alternative to BDF, The Foundry Nuke® could be used, which is a program widely
used in film production. In spite of this, the authors chose BDF because to obtain similar
results, the price is much lower and the working environment is more user-friendly.

The third phase was carried out by three-dimensionally modeling the part and its in-
ternal defects, using Autodesk 3DS Max®, which is a program that has advanced modeling,
material application, and lighting options, and offers a student version that is free if used
for non-commercial educational purposes. Alternatively, the authors believe that Blender®,
which has many of the features of Autodesk 3DS Max® and is free of charge, could be used
as an alternative. Once the 3D model was created, the IVP was developed (Figure 5), i.e., a
computer application was generated that allows the user to interact with the different 3D
models created in the previous phase (e.g., by rotating them or zooming in/out the point of
view). To carry out this operation, Epic Unreal Engine 4® (UE4) was used, which is a free
game engine (if not used for commercial purposes) that allows programming a multitude of
functionalities without typing code, using a visual scripting system. The authors consider
that Unity Technologies Unity® could be used as an alternative to UE4, since it has many
of the features of UE4, both being widely used in the educational world [43,44].

It should be noted that the programs used to create the didactic material and the
alternatives suggested by the authors have a large community of users who share expe-
riences and knowledge on the Internet. This fact favors the existence of a large amount
of updated and free information about the use of these programs and the resolution of
possible problems that may arise during their use. However, there are several alternative
programs to those described in this article that could be used in each of the three phases of
creation of the methodology explained in this article.
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6. Classroom Implementation

The classroom implementation of the methodology proposed in this work consists of
two different stages: master class and problem solving. During the first stage the professor
gives a one-hour master class explaining the theoretical background of industrial radiology
and its application to the analysis of radiographed views of industrial parts, and using
realistic-looking virtual radiographs (Figure 7b) to increase student motivation. During
this stage, students are expected to understand the multidisciplinary link between TD and
industrial radiology. After the master class, the second stage begins, which is dedicated to
students solving different types of problems, such as those shown in Figure 8:

e  Methodology type A: students must obtain orthogonal views of the part quarter sec-
tioned from both the points of view of TD and industrial radiology (i.e., from Figure 1a
they must obtain Figure 1b,c; and from Figure 3a they must obtain Figure 3b,c).

e  Methodology type B: inversely to methodology type A, students must represent an
isometric 3D view of the part based on the orthogonal views of the part (i.e., from
Figure 1c, Figure 3¢ or Figure 6b they must obtain the whole part represented in
Figure 1a or Figure 3a, respectively).

e  Methodology type C: students use the IVP by interacting with the 3D model of the
part (Figure 5) to subsequently represent the orthogonal views of the part. Since the
IVP allows interaction with the parts, the use of the IVP enables students to reinforce
their spatial vision skills in a self-directed manner.

Each of the three methodologies described (Figure 8) allows the creation of exercises
with different levels of difficulty, depending on: (i) the presence of internal defects inside
the quarter sectioned part (lower difficulty if there are no internal defects and higher
difficulty if there are); and (ii) the use of simplified or realistic-looking radiographic images
(lower difficulty in the case of simplified images because they show the edges of the parts
as well-defined, and higher difficulty in the case of realistic-looking images because they
show the edges of the parts blurred).

The gray gradient shown in radiographic images is directly related to spatial visualiza-
tion due to: (i) the gray coloration of radiographic views of a part depends on the thickness
of each zone of the part, as follows from the Beer-Lambert equation; (ii) the thickness
traversed by the radiation beam in each zone of the part depends on the orthogonal view
used to obtain the radiography. Through the resolution of the exercises described in this
work, the spatial understanding of the part and the localization of its internal defects are
doubly reinforced. In fact, the student must understand the complex three-dimensional
geometry of the part, and at the same time he or she must understand the gray gradient
which in turn depends on the geometry of the part.

Through the exercises proposed in this work and according to the teaching experience
of the authors applying this methodology, different abilities of the students are helped to
improve, such as:

Mentally visualize complex three-dimensional geometries in space.
Recognize figures isolated from the context in which they are found.
Recognize that an object maintains its shape even if it is no longer visible in whole or
in part.

e  Relate the position of a three-dimensional object with respect to an observer or other
object used as a reference point.
Identify the relationships between different objects placed in space.
Compare different three-dimensional objects by visually analyzing their similarities
and differences.

e  Recall and mentally recreate visual characteristics, as well as the position they occupied
in space, of a set of objects.
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Methodology
type

Obtaining
orthogonal
views
(Drawing and
X/gamma-Ray)

Drawing the
3D isometric
view of a part

Obtaining

Initial data

Quarter
sectioned part

Beer-Lambert
equation

X ray part
views

Beer-Lambert
equation

IVP

Other
resources

IVP (final test)

IVP (final test)

orthogonal
views

(Drawing and Beer-Lambert
X-Ray) equation

Figure 8. Diagram showing the proposed exercises described in this work.

The results of 25 sophomore students from a mechanical engineering degree, who
used the methodology proposed in this article (Figure 8), solving various exercises with
it, are shown in Table 1. Each student used each described methodology (A, B, and C)
and the solved exercises were evaluated by a teacher. During the experience, several
exercises were proposed to the students, who worked individually to spatially understand
the different parts. Although cooperative work is interesting from a didactic point of view,
individual resolution was planned to achieve the aim of the present study. Thus, it can be
seen that methodology B (obtain 3D views from orthogonal views) was more complicated
for the students than methodology A (obtain orthogonal views from 3D view). In addition,
increasing the level of realism of the radiographs (2nd stage) was a more complicated
challenge for the students. Similarly, including defects in the parts complicates spatial
comprehension and, hence, makes it more difficult to solve the exercises. Finally, according
to the results of Table 1, the use of an IVP platform, such as the one presented in this article
(Figure 5), facilitates the student’s spatial understanding of the parts. Although there are
studies establishing different spatial abilities as a function of gender [45], this aspect was
not taken into account in the present small-scale study. Similarly, gender was excluded
from the analysis in previous studies related to spatial understanding of radiographs [32]
and, in other papers, the gender differences related to spatial skills were found to be
non-relevant [46].
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Table 1. Obtained results applying the proposed methodologies.

Students without Errors in the

1
Methodology Resolution (%) Remarks
96% Errors in the spatial visualization of parts
A o Errors in the spatial visualization of parts
92% . e
Defect spatial positioning errors
1st stage 92% Difficulty in spatial comprehension of the complete part
B1 . . . . .
2nd stage 84% Difficulty in spatle.ﬂ. corpprehenswn of the complete part
Defect spatial positioning errors
B 1st stage 88% Difficulty in spatial comprehension of the complete part
B2 Difficulty in spatial comprehension of the complete part
2nd stage 80% Defect spatial positioning errors
Students need more time to solve the exercises
C 100°% Students emphasize the usefulness of the IVP to improve

spatial comprehension of the parts

1 Al and B1: without defects; A2 and B2: with defects; 1st stage: low realism (Photoshop®); 2nd stage: high realism (BDF).

7. Described ICT-Based Didactic Tools and 2030 Agenda

The United Nations General Assembly Resolution 70/1, entitled “Transforming our
world: the 2030 Agenda for Sustainable Development” (commonly known as 2030 Agenda
or Agenda 2030) sets out 17 sustainable development goals (SDG), with 169 associated
targets [47]. The ICT-based didactic tools described in this paper are useful means of
contributing to the achievement of some of these SDG and their associated targets, in
particular the ones given in Table 2.

The United Nations Educational, Scientific, and Cultural Organization (UNESCO)
highlights the importance of the use of ICT in education, in particular, it indicates that “ICT
can complement, enrich, and transform education for the better” and “[ ... ]| UNESCO
guides international efforts to help countries understand the role such technology can
play to accelerate progress toward Sustainable Development Goal 4” [48]. Furthermore,
as pointed out in previous works, virtual educational tools make it possible to reduce or
almost eliminate the costs associated with practical laboratory classes, since they make it
possible to avoid the use of materials and machines traditionally needed to teach these
classes [12]. Taking into account these facts and analyzing the description of the targets
exposed in Table 1, it is possible to elucidate how the didactic tools presented in this work,
as well as others of a similar nature, can contribute to achieving these targets. Indeed,
the use of virtual radiographs and the IVP eliminates the need for educational centers to
have real parts that must be radiographed by means of an X-ray or gamma-ray machine.
This type of machine has a high cost both in economic terms (its purchase is a high outlay
that many educational centers cannot afford) and in terms of the environmental impact
associated with its manufacturing process.

The use of virtual radiographs and IVP can contribute to creating quality technical
education that is affordable and accessible to more people (target 4.3), which would lead
to a greater number of people with relevant skills who could take up decent jobs or foster
entrepreneurship (targets 4.4 and 8.3), as well as promoting youth employment (targets 8.6
and 8.b). This is understandable, since the lower cost of quality technical education should
result in a greater number of students accessing it [49] and, as a result, these people
(especially youth) will become skilled workers with greater possibilities of getting quality
jobs or creating businesses. Furthermore, since the need to use real radiology machines is
eliminated, it is possible for more teachers to create the necessary educational tools to teach
their subject, sharing knowledge, experiences, virtual tools and cooperating with teachers
from other countries (target 4.c). In addition, replacing real radiographs and parts with
their virtual equivalents implies that no X-ray or gamma-ray machines or consumables are
needed to make real radiographs, a fact that contributes: (i) to a reduction in the production
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and consumption of goods (target 12.1), (ii) to the use of fewer natural resources (target
12.2), and (iii) to the generation of less waste (target 12.5).

Table 2. SDG and associated targets that can be furthered through the use of the described ICT-based didactic tools.

SDG

Associated Targets

SDG 4

Ensure inclusive and equitable quality
education and promote lifelong learning
opportunities for all.

Target 4.3
Ensure equal access for all women and men to affordable and quality technical,
vocational and tertiary education, including university.

Target 4.4

Substantially increase the number of youth and adults who have relevant skills,
including technical and vocational skills, for employment, decent jobs and
entrepreneurship.

Target 4.c

Substantially increase the supply of qualified teachers, including through
international cooperation for teacher training in developing countries, especially
least developed countries and small island developing States.

SDG 8

Promote sustained, inclusive and sustainable
economic growth, full and productive
employment and decent work for all.

Target 8.3

Promote development-oriented policies that support productive activities, decent
job creation, entrepreneurship, creativity and innovation, and encourage the
formalization and growth of micro-, small- and medium-sized enterprises,
including through access to financial services.

Target 8.6
Substantially reduce the proportion of youth not in employment, education
or training.

Target 8.b
Develop and operationalize a global strategy for youth employment and
implement the Global Jobs Pact of the International Labour Organization.

SDG 12
Ensure sustainable consumption and
production patterns.

Target 12.1

Implement the 10-year framework of programmes on sustainable consumption
and production, all countries taking action, with developed countries taking the
lead, taking into account the development and capabilities of developing countries.

Target 12.2
Achieve the sustainable management and efficient use of natural resources.

Target 12.5
Substantially reduce waste generation through prevention, reduction, recycling
and reuse.

At a worldwide level, there are currently a large number of educational centers that

have computer equipment and Internet connection that would allow them to benefit from
the use of didactic tools such as the one presented in this work. Unfortunately, these type of
educational methodologies, based exclusively on ICT, are not yet usable in large regions of
the world (most of them in developing countries [50], many of which are aimed at the SDG
and associated targets shown in Table 2), where the income level is low and consequently
this type of technology has little or no presence in educational centers.

8. Conclusions

This paper presents an original interdisciplinary learning (IL) methodology that
allows engineering students to learn technical drawing (TD) and industrial radiology by
creating an interdisciplinary link between both subjects. This methodology employs a set
of orthogonal drawings of parts and images of virtual radiographs (simplified or realistic
looking), and a computer application that allows the user to interact with these same
parts virtually recreated in three dimensions. The IL methodology described is based
on three types of exercises through which students can improve their spatial ability by
facilitating their understanding about: (i) the position occupied by the internal defects of
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the different virtual parts; (ii) how the internal defects would look in radiographs taken in
the direction of the orthogonal views commonly employed in TD; (iii) the different shades
of gray seen in industrial radiographs and their relation to the Beer-Lambert equation;
and (iv) the resolution of specific TD exercises. According to the results obtained in a
small-scale study, the IL methodology described in this article is effective, as indicated by
the fact that students obtain high qualifications (between 80% and 100%) when solving the
proposed exercises. Furthermore, the results show that the exercises that students find most
difficult to solve are those consisting of obtaining 3D isometric views from highly realistic
radiographic images corresponding to parts with internal defects, while the exercises that
obtain the highest scores are those corresponding to obtaining orthogonal views from the
3D model displayed in a computer application. Finally, it has been shown how the virtual
teaching tools described in this work can contribute to achieving some of the sustainable
development goals contained in the 2030 Agenda of the United Nations.

From the experience of using this methodology in recent years with mechanical
engineering students, it has been shown that the spatial understanding of the defectology
of parts shown in a radiograph is an aspect that requires training and that can have much
educational content in common with TD. In this sense, the link between industrial radiology
and TD has helped to enhance students’ interest in these subjects and has also helped them
to appreciate practical applications of TD in the work of an engineer. In addition, the use
of interactive virtual platforms helps students to improve their spatial comprehension of
both the parts and the defects inside them. However, although the subjective experience of
the authors, as well as the students” own comments and the small-scale study performed,
suggests that spatial ability improved in relation to the spatial understanding of parts with
defects, a limitation of this work is the absence of a significant measurement of parameters
that allow this aspect to be quantified.

Although this work focuses on exposing a teaching methodology focused on a par-
ticular case (TD and industrial radiology), the IL system proposed can be adapted to the
multidisciplinary teaching of TD together with other subjects or concepts that require a
high capacity of spatial understanding by the students, e.g., crystallography, ternary phase
diagrams, constitution of mechanical machines or structures, etc.
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