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Abstract: Creative thinking is an essential part of learning for sustainability, as recent studies indicate.
Creativity enables the engineer to find solutions for the design of a new product or for the improvement
of one already designed, to make it more sustainable. However, currently, engineering education
does not usually assess academic performance in terms of creativity, and although interest in creative
processes in engineering is growing, its implementation in the classroom is still scarce. In the present
study, a creativity workshop was conducted in order to find multiple solutions to the problem posed,
in accordance with divergent thinking. The workshop was based on a 3D CAD modelling activity,
and the students needed to give different 3D design solutions starting from a two-dimensional shape.
The participants were 72 engineering students from the engineering graphics subject in the degree in
agricultural engineering and rural areas. Nine different creative components were evaluated. That
way, not only was a generic measure of creativity obtained, but it was also possible to know the
evolution of the student after the workshop for each of the components of creativity separately. The
results of the workshop confirmed that creativity could be enhanced, and therefore, the learning
process for sustainability can be improved in engineering.

Keywords: 3D modelling; Computer-aided Design (CAD); creativity components; engineering;
divergent thinking

1. Introduction

There are studies that indicate that creative thinking is an essential part of learning for
sustainability [1,2]. Engineering needs different, innovative and creative solutions for a world
in constant change. Creativity is an important tool in the search for a more sustainable future, directly
linked to innovation and creative problem solving, claimed Hopkins [3], UNESCO chair in Reorienting
Teacher Education to Address Sustainability. A creative engineer is able to find different solutions for
the design of a new product or for the improvement of one already designed to make it more sustainable.
Creativity facilitates offering different solutions in a useful and novel way [4-6]. Other authors [7,8]
define this term as “general creativity”. In a stricter sense, “creativity in engineering” is understood
as a way of thinking that brings new ideas which are original and easy to apply in a functional and
practical way [9,10]. Other authors [11] call “functional creativity” the novelty of needing to satisfy
functional requirements, through the combination and connection of ideas in new ways.

Engineering and creativity, therefore, have a close relationship. Some authors even think that, "If
engineers are not creative, they are not engineers" [12] (p. 22). Creativity is a necessary engineering skill,
so engineers have a wide field for the support of creative skill development. Nevertheless, engineering
education does not usually assess academic performance in terms of creativity [13]. That can be
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explained from the perspective that the teaching staff, and in particular the engineering professors,
are not used to incorporating creativity in the teaching-learning processes or in evaluation [14-16].
Zappe et al. [16] found that, in a six-year period, only 16 articles related to creativity or the creative
process appeared in the top five journals on engineering education. Another author concludes that,
although students consider creativity to be an important factor in engineering, they do not have the
perception of having improved their creative abilities during their university studies [17]. Although
interest in creative processes in engineering is growing, its implementation in the classroom is still
scarce [10,18-21]. This has, however, been done in fields such as science and language [22-24].

Saorin et al. [25] (p. 188) claimed that “it is necessary, therefore, to incorporate and stimulate
creativity in the training of engineers, through activities, strategies and teaching methodologies that
can develop this skill, to respond to a society that demands creative skill profiles for the challenges of a
constantly changing world.” Scott et al., [26], in a 70 study meta-analysis, found that creativity training
was successful in training programs at different educational levels. Both general creative skills and
the field of creativity in engineering can be enhanced with training [27,28]. Although, as discussed
before, engineering education does not usually assess academic performance in terms of creativity,
there are experiences in the field of engineering that invite the promotion of activities focused on the
development of creativity.

In the present study, a creativity workshop was proposed in order to find multiple solutions to the
problem posed, according to divergent thinking, in which there were open-ended activities, problem
finding, and a variety of solutions together in an original way. That is to say, all those components
considered by Shah, Smith and Vargas-Hernandez [29] to be vital towards enhancing the analysis and
synthesis of information learned. The workshop was based on 3D modelling with computer-aided
design, and the participants needed to build a 3D volume starting from a two-dimensional shape. There
was not only one solution; each student proposed four different 3D design solutions. 3D modelling and
design is essential for creativity, innovation [30] and problem solving [31,32]. When an engineering
student designs something new, creativity should also be evaluated in addition to functionality, novelty
and usefulness. In that manner, through practice, engineering students can learn to be more creative
and contribute to innovation in their work environment [33]. Computer-aided design (CAD) is an
information and communications technology (ICT) tool that can improve innovation because it allows
the student to generate multiple and alternative ideas, and it has been used in educational programs to
increase creativity [33,34].

This workshop was previously conducted in several engineering degrees in order to develop
spatial abilities and learn normalized views [35], and it proved to be a valid tool for those purposes.
The present research is a continuation of that work, in which a group of 72 engineering students
(45 belonging to the treatment group and 27 belonging to the control group) participated in the
workshop, and the impact on the development of their creative skill was studied. These participants
studied the subject of engineering graphics of the degree in agricultural engineering and rural areas, a
degree linked to the field of sustainability. Additionally, students carried out a Likert scale survey to
express their opinions on the workshop.

Therefore, in this article, aspects of creativity in engineering are detailed, such as in professional
and educational contexts, where creativity is used as an academic achievement predictor, as well as
a tool for the measurement of creativity. Next, the Stella 3D workshop carried out with engineering
students is described, along with the results obtained and the conclusions reached.

2. Creativity in Engineering

The ability to participate in a creative process to solve a problem or design a novel artefact is
needed for engineering, especially for future engineers [36]. The world is moving towards a phase
of continuous change in which engineers must adapt to changing circumstances and requirements.
Engineers’ decisions about design and innovation will, therefore, have important economic implications,
and the future success of the economy will depend on the design-inspired innovation [37]. Moreover,
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creativity is an essential part of learning for sustainability [1,2]. Institutions such as the National
Academies and the government of the United States demand innovative engineers to “drive the
engine of America’s economy” [38,39]. Fernandes et al. [40] found that creative thinking is beneficial
for product development. It is a fact, therefore, that engineers need creativity to be innovative,
and academic institutions are already making efforts to produce creative engineers. Thus, through
methodologies that evaluate creativity, teachers can measure it, and therefore, guide the training of
students towards innovation in engineering.

In the aims of engineering education, the concept of creativity is beginning to be included into the
curriculum, to highlight its importance in product design and problem solving [41]. This so-called
creativity marketing can serve as a stimulus for creative individuals to enroll in engineering studies.
At this point, as suggested in the Changing the Conversation report [42], creativity must go beyond a
mere concept, and must be incorporated into engineering curricula [14].

The reasons for this late incorporation may be due to the fact that in engineering, the concept of
"creativity" can be associated with the subjective and ambiguous [13], closer to the field of arts and
humanities than to engineering. This has meant that students and teachers have not perceived creative
abilities as a necessary part of an engineer’s education. There are still engineers that believe “they
are not creative people” [20]. From the perspective of the teachers, Cropley [14] and Zappe et al. [16]
thought that the obstacle to deep integration of creativity in the classroom might be due to the
discomfort of engineering teachers with assessing and teaching creativity, among other reasons, and the
need to establish a coherent definition of creativity. Engineering students have perceived engineering
as a technical implementation of ideas, rather than associating engineering with the idea-generation
phases of design [41].

A change in the perception of engineering is, therefore, necessary, so that it may be perceived as a
creative profession.

Currently, creativity has gone from being an accessory in engineering design to becoming a
necessity. Numerous researchers demand creativity in engineering education as well as general
education, [11,43-45]. And it is not only researchers: magazines like Time and Forbes [14] have recently
published articles about the frustration of employers because the new graduates from universities
lack creativity and problem-solving skills. Incorporating creativity into the engineering curricula
will enable students to develop this skill that is so necessary in the engineering profession. From the
student’s perspective, engineering students already perceive creativity as essential to learning [33].
Surveys such as those conducted by Zampetakis, Tsironis and Moustakis, [46] showed that 87% of
engineering students think that creativity is a necessary skill in their training. Moreover, 77% would
like to receive a specific course on creativity and creative problem solving. These courses or workshops
can develop creative ability through content, instruction and assessments made in an environment that
targets creativity-focused learning goals [13].

Engineering creativity can be generated through divergent thinking (to generate multiple solutions
to a problem) and/or convergent thinking (one solution) [10,47]. Guilford [48-50] was one of the
precursors of the study of divergent thinking in creativity, defining it as a set of skills separated into
two categories: transformational products (the ability to imagine changes, redefinitions, transpositions,
revisions or modifications of existing information) and divergent thinking. Through divergent thinking
we are able to generate logical alternatives based on the given information, whose importance is
evaluated according to the variety, quantity and relevance of the product generated from the same
source [51,52]. The present research is based on divergent thinking.

Hence, as an example, when focused like this research on divergent thinking, Chen, Jiang and
Hsu [53] found an improvement in divergent thinking skills through carrying out research on creativity
with engineering students. Seng [54] in his research, focused on a project based learning (PBL)
course on engineering students’ creativity, and concluded that the participants achieved significant
gains in cognitive skills, like concept relationships and divergent thinking. In Syracusa University,
MacNamara et al. [55] conducted a course with structural engineering students in order to study
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different strategies to promote creativity, using open-ended activities (to think in an open-ended way
to resolve a problem). They concluded that, although at the beginning of the study the participants felt
frustration with open-ended assignments, at the end of the research they began to be interested in
achieving aesthetic results.

2.1. Professional and Educational Contexts

At different levels of educational and professional life, using creativity has become a reality over
the last decade.

At the pre-university level, institutions such as the Council of Graduate Schools [56] have
emphasized the importance of improving innovation and creativity in graduate students in the United
States. In the professional field of engineering, the National Academy of Engineering in the USA, in The
Engineer of 2020 report, highlighted the link between education in engineering and creativity [57,58].
In that report, engineering education was linked to creativity. In the American university context,
there are increasingly more degrees related to creativity and sustainability linked to engineering. To
cite an example, the creative sustainability Master’s degree program at Aalto University provides
a multidisciplinary creative learning platform in the fields of architecture, building environment,
business, design, real estate and water management.

In the European context, the European Higher Education Area designs the curricula to be focused
on the acquisition of skills and competences. It is a model in which teaching moves towards a human
being model, and is not limited to isolated disciplines. Competence is defined by the European
Commission as the proven capacity to use knowledge and skills. The Tuning Project [59] is the base
document in which these competences and skills are classified in the European Higher Education Area,
and includes the ability to solve problems creatively, in addition to generating new ideas, such as
creativity. This skill is defined as a generic competence in engineering careers. In the Spanish context,
where this study was carried out, creativity is a generic competence in 84% of the degrees in the white
papers of degrees adapted to the European Higher Education Area [60,61].

In STEM disciplines (science, technology, engineering and mathematics) there is growing interest
in including and enhancing creativity in formal teaching, and in ensuring that this constitutes an appeal
to awaken and expand interest in these disciplines [62]. At the same time, there is also a tendency to
consider the integration between STEM education and education for sustainability (EfS) in authentic
and meaningful ways [63].

2.2. Creativity as an Academic Achievement Predictor

It is interesting to know, a priori, the abilities of the students regarding the different abilities
contemplated in the curricula of the engineering degrees. For example, the spatial skills group of the
University of La Laguna (http://dehaes.webs.ull.es) conducts a battery of spatial skills tests with the
students at the beginning of each academic year. With the results of these tests, actions are planned to
address possible deficiencies detected among students, implementing workshops, zero or fast remedial
courses at the beginning of each semester. Additionally, these results serve as a predictor of academic
achievement in subjects related to spatial skills, such as graphic expression and design.

Creativity, considered as a competence to be acquired, could receive the same treatment, and
thus guide methodologies and strategies aimed at improving those aspects of creativity that need
reinforcement. Regarding whether creativity can be an indicator of academic achievement, research
carried out in educational psychology presents conflicting results. While some research [64,65] shows
that creativity has a positive (though slight) relationship with academic performance, other work finds
no relationship between academic performance and creativity [66,67].

In higher education, Daly et al. [13] concluded that educational programs did not evaluate the
academic performance in terms of creativity. In the field of engineering, Atwood and Pretz [41]
conducted an experiment with 85 engineering students who belonged to the 2015-2016 academic
year in order to study whether creativity was a predictor of engineering student persistence and
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achievement. The data obtained from creativity measurement were not a significant predictor of the
engineering students” average grades, which indicates that creativity is not stimulated or rewarded in
the curriculum and therefore cannot be a predictor of a student’s grade. This result coincides with other
research, which indicates that in most engineering education programs, creativity is not stimulated or
rewarded [13,14]. It is time to change this trend, to include creativity in the curriculum of engineering
students and evaluate it to see if, indeed, creativity can be an academic achievement predictor.

2.3. Creativity Measurement

It is necessary to have a tool to measure creativity in order to quantitatively evaluate this skill in
engineering programs, as well as to be able to detect talented people. A quantitative measurement of
creativity will provide the engineering educator with a value to monitor the student’s progress within
an educational program aimed at improving creativity [68]. The tools that quantify this kind of human
skill are psychometric tests. The measurement of creativity through testing began in the Second World
War. J.P. Guilford, a psychologist at the University of California, who was commissioned by the Air
Force, was assigned to study how to select pilots who, in an emergency situation, would react in an
original way that would save their own life and the plane. Currently, there are many studies about
tests that allow the measurement of creativity and divergent thinking [69-72]. In addition to the tests
in paper format, currently, there are new methods, using computer scoring and online testing [73,74].

However, with the aim of measuring creativity in engineering, there are a limited number of tests,
and there is no consensus about the choice of a particular one. The MBTI (Myers Briggs type indicator),
identifies 16 personality traits, but does not specifically evaluate creativity in engineering [75]. The
Owens creativity test [76] was a test designed to assess creativity in engineering, but only for the
machine and or mechanical related occupations, in which a series of mechanical problems are posed
and the user proposes solutions. Although it works with divergent thinking, this test, due to its
specificity, cannot be extended in a generic way to other branches of engineering. Furthermore, this
assessment tool is not currently used. Another divergent thinking test was the Purdue creativity test,
developed by Lawshe and Harris [77]. This test was closer to measuring overall creativity than to
measuring creativity in engineering [10], and there are very few research results in which this test
has been used. Similar to the Purdue creativity test is the creative engineering design assessment
(CEDA) test, as well as Guildford’s [78] model of divergent thinking. It was developed and revised by
Charyton et al. [33], and measures creativity using three components: originality, fluency (number
of ideas) and flexibility (different types of ideas). Other researchers have not used the CEDA, since
its authors intend to establish a convergent validation before dissenting this tool. Although previous
research [9,10] suggests that the CEDA is domain-specific to engineering, future CEDA research is
needed involving industrial engineers [33].

In the Spanish context, where this study has been carried out, there are four tests that have
been used most. The battery creativity test of Guildford [50] evaluates components such as flexibility,
sensitivity, fluidity, processing and originality. It is a test very focused on the evaluation of creativity
using divergent thinking. The Torrance test of creative thinking (TTCT) [79] assesses originality,
fluency, inventiveness, flexibility and penetration. The CREA test [80] is a test used most in clinical,
organizational and educational fields, as well as in the field of art and advertising, and it only proposes
a single measurement of verbal creativity, without considering components. Finally, the abreaction
test for evaluating creativity (TAEC) [81] is a graphic-inductive test of figure compression; that is, to
do it you have to make drawings. It has been used in several recent research articles with the aim of
teaching engineering [24,25,60,82-86]. That is one of the tests that is most used; it is focused on graphic
creativity and students do it through drawings. Those are the reasons why TAEC test was chosen for
this experiment; it is the closest to the subject studied by the participants; that is to say, engineering
graphics. As an inconvenience, it is important to note that its correction is very tedious [82], since you
may need 30 min to correct a single test.
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The Abreaction Test to Evaluate Creativity

This test is not intended to measure creativity as an attribute of personality, nor to offer a numerical
coefficient similar to the intellectual coefficient. Its objective, focused on teaching purposes, is to help the
teacher to value creativity from different angles by proposing categories that allow the differentiation of
subjects. It is an instrument characterized by simplicity, brevity, economy of resources, easy application
and comprehension, as well as adaptation to any age and level. It has a high motivating value [87].
The student feels interested in carrying out this test. It is a test that supplements the shortfalls of other
tests [87,88] for the measurement of creativity. Some of these shortcomings are based on pre-established
answers, having a time limit for the test, not taking into account the pace and style of work of the
participants, and not encouraging unusual responses or drawing on immediate associations. Being an
inductive graph test, it can be applied to subjects of different languages and cultures, and adapts to
different levels of training because it lacks saturation in factors of semantic, symbolic and technical
types. Its measurement can be taken as an activity with a playful meaning and can be performed as an
activity of graphic expression. It is not necessary, in turn, that the instructor has previous knowledge
about its realization, since it does not have specific instructions. Nor does it present problems for its
realization, since the user has complete freedom in the way to carry it out. Only this instruction is
given: "Test your creativity. Draw a picture with these figures. Take the time you need and indicate
when finished" (Figure 1).

o e
CONM____ Tooowws Phbkophadel  Fecha__ Terg smpieads
ocumciN__ romuas oy

Tomste e
e fadicalo ol i

Figure 1. Test for evaluating creativity (TAEC) statement.

The abreaction test for evaluating creativity analyses nine quantitative factors: abreaction or
resistance to closure, originality, elaboration, fantasy, connectivity (creative integration), imaginative
scope, figurative expansion, expressive richness and graphic skills. There are two other variables,
imaged morphology and creative style, but they do not provide a quantitative measurement like those
mentioned above, but a qualitative one. For the evaluation of the test two criteria, two approaches are
used: global (general creativity) and analytical. The overall assessment (or qualitative measurement)
places the participant at a generic level of low, medium or high creativity. The analytical evaluation
allows for the acquisition of a quantitative measurement of the results in each one of the components, in
addition to offering a generic measurement of creativity, which is the average of the nine components.
It is the analytical assessment used in this research, since it allows for comparisons and the detection of
weaknesses and strengths of the individual in relation to creativity. The complete description of each of
these components, as well as the assessment procedure, can be found in Carbonell-Carrera et al. [85].

The test is presented on a sheet of paper with 12 unfinished figures, all of them on the same side
of the page and distributed symmetrically in four rows and three columns. These twelve unfinished
figures offer a total of 36 openings in different shapes and positions. Participants, starting with those
12 incomplete geometric figures, are free to draw whatever they want on the sheet. They can make a
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drawing with each one of them or make a drawing combining some of them or combining them all
(general composition). Any of the following drawing tools can be used: pencil, marker pens, crayons,
and in fact, anything else. In the test, each of the 12 figures is scored from 0 to 3 points for each of the
nine components. Thus, 0-36 (3 X 12) points can be obtained for each component. Therefore, the total
score of the test varies from 0-324 (36 x 9) points. “Specific instructions to evaluate each of the factors
can be found in the Saturnino de la Torre’s TAEC test description book [81].”

3. Method

At La Laguna University, where this experiment was performed, during the 2013/14 course, a
workshop (Stella 3D workshop) was implemented in the subject of Engineering Graphics, focused
on the development of spatial skills, which dealt with concepts such as normalized views and the
relationship between two and three-dimensional representations [35]. In that workshop the students
created 3D models from normalized views; thus, gaining training in concepts of graphic engineering,
using SketchUp, a computer aided design (CAD) tool, and developing their spatial skills. In addition
to measuring the development in spatial skills, students responded to a questionnaire on creative
aspects and the importance of creativity in engineering. After the experiment, a second questionnaire
was carried out to find out the students’ estimations of aspects of creativity of the Stella 3D workshop.
The results of the questionnaires showed that students considered creativity to be an important factor
to working as engineers, and perceived that the Stella 3D was a useful tool to improve their creative
competence (with results over 4 in a five points Likert scale), in addition to developing their spatial
skills. But it was necessary to complete the study with a quantitative measurement of creativity, which
is what is presented in this work.

3.1. Participants

The sample of this research was composed of 72 students (54 males and 18 females, from 18 to 19 years
of age), from the degree in agricultural engineering and rural areas, belonging to La Laguna University.
The 45 students (35 males and 10 females) of the morning shift of the engineering graphics subject were the
treatment group that did the Stella 3D workshop. The 27 students (19 males and 8 females) of the afternoon
shift did regular 2D exercises of normalized views, which have only one correct solution.

3.2. Procedure

Each student worked with one template (orthogonal view, standard view in plan (Figure 2), and
had to model four different proposals from that template, following four different design criteria.
(1) geometrical elements with all the upper sides being horizontal; (2) all the upper sides inclined;
(3) all the upper sides curved; and (4) had to be a combination of the previous three.

Figure 2. Template.
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In the template a geometric figure with different colors was presented, based on a pictorial work
of the famous American artist Frank Stella. The student had to transform these parts with different
colors into 3D figures with the corresponding color according to design criteria 1, 2 and 3, as previously
described. That is, they had to generate a 3D piece with the upper sides horizontal, another one with
the upper sides inclined and another one with the upper sides curved. Each student determined the
height of each 3D piece, the inclination of the cutting planes, the curvatures (concave, convex, radius of
curvature, etc.) and could offer different solutions. The final 3D proposal was to assemble all the pieces
into one, working with the concept of a component within an assembly. The fourth proposal was a
combination of the three previous criteria designs. The workshop ran in two sessions of two hours,
giving one hour for each of the design criteria. In Figure 3, one of the templates and the suggested
solutions can be seen.

& IN

Figure 3. Example of four 3D different solutions given by a student.

The test worked, therefore, with engineering contents related to the management of geometry for
the creation of sets of pieces (components), standardized views and 3D modelling in which the student
demonstrated their ability to provide different solutions to the same problem (divergent thinking).

To measure the effect of the workshop on the creativity of the participants, students completed
the abreaction test to evaluate creativity at the beginning of the semester (pre-test) prior to the
workshop, and after it (post-test). The treatment and control groups had similar creativity values
before participating in the experiment. The amount of time between the pre and post-creativity tests
was six weeks. During this time, in addition to the Stella 3D workshop, the experimental and the
control group did the normal activities of the subject. This test contemplates nine components of
creativity, and the results are shown analyzing not only the increase in creativity, but also each of
those components or factors. That way, not only was a generic measure of creativity obtained, but it
was also possible to know the evolution of the student after the workshop in each of the components
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of creativity separately. The results were compared with values obtained in previous research with
students of fine art, who, traditionally, have a greater predisposition to creative tasks [24]. Additionally,
students carried a Likert scale survey to give their opinion of the workshop.

In addition to measuring the development of creativity, after the experiment, participants
responded an anonymous questionnaire (five points Likert scale), to know the students” estimations of
aspects of creativity of the Stella 3D workshop.

The evaluation results were given to the students. An assessment of creativity provides a complete
learning experience, as the assessment plays a significant role in motivating students towards creative
learning [13]. The control group conducted the workshop, but only with traditional exercises of
normalized views. They took the same pre-test and post-test as the treatment group at the same time.

The templates of this workshop are freely available on http://www.anfore3d.com/anfore-stella-3d,
an open access educative resource developed for engineering students by the DEHAES Research
Group in the development of spatial skills at the University of La Laguna (http://dehaes.webs.ull.es). It
is composed of several multi-platform, multi-support and multi-format resources intended for the
teaching of analyses of forms and their representations.

4. Data Analysis and Results

As shown in Figure 4, the results of the ANOVA revealed a major effect of the test type, such that
the post-test performance was higher than pre-test performance, F (1,70) = 18.02, p < 0.001.

160

8
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g

3
—

120

e

100 I j_

Creativity Score

Figure 4. Pre and post-creativity score as a function of condition. Error bars represent standard error of
the mean.

There was also a main effect from the condition category, indicating that the treatment group
obtained better scores than the control group, F (1,70) = 9.72, p < 0.01. These main effects were qualified
by a significant interaction, F (1,70) = 12.29, p < 0.001, which demonstrated no pre-to-post-test gain for
students in the control group, ¢ < 1, but a significant pre-to-post-test gain for students in the treatment
group, t (44) = 5.72, p < 0.001.

Figure 5 represents the increase in each of the components obtained by the treatment group.
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Figure 5. Graphical representation of the increase by component.

The results for the Likert scale questionnaire, conducted to discover the opinion of the participants
on their assessment in the workshop and on their creativity, are in Table 1.

Table 1. Questionnaire.

Question (1-5 Likert Scale: 1 Strongly Disagree. 5 Strongly Agree) Results

I consider myself a creative person 3.4
As a future engineer I consider it is important for my profession to develop my creativity 44
competence '

I believe that creativity can be developed through exercises 3.8
I think the Stella 3D workshop is a valid tool to develop my creativity 3.6
I think that in engineering it is necessary to consider several solutions to the same problem 3.7
I think that creative people are needed in today’s sustainable engineering 4.0

5. Discussion and Conclusions

In order to contextualize the outcomes, recent research carried out by Saorin et al. [24] has been
taken into account. They concluded that incoming fine arts students, traditionally, have a greater
predisposition to creative tasks, and that the fine arts students obtained better results for the creativity
test score than the incoming engineering students. Indeed, the values obtained in the pre-test by the
participants in this experiment (109.09) are lower than those obtained by students of fine arts (159.50).
However, it is interesting to note that after conducting the Stella 3D workshop, the creativity results in
the post-test of engineering students, were approximate (145.12 versus 159.50) to the results obtained
by the new students in fine arts.

The same test has also been used in other research developed by Valencia University, in which
students of industrial design participated [60] in a PBL (project-based learning) activities. The result
was a score of 112.7, with an improvement of 27.3 points. These values are slightly lower than
those observed in the experiment conducted in this paper. In La Laguna University, three studies
were conducted. In the first one, an activity was carried out with 44 students in the first year of
engineering [25], in which designing and editing mesh software was used, as were 3D printers.
Participants scored 139.2 in the post-test, these results being similar to those obtained by students
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in the experiment described in this article. In the second study, an activity was carried out with 31
students [86] in which the students worked with a 3D tangible version of the Stella 3D workshop.
Participants scored 132.0 in the creativity test score post-test. In the third study, an activity was carried
out with 115 students [85] in which the students using low cost digital manufacturing technologies
created a 3D model of a terrain representation. Participants scored 122.0 in the post-test. In these
experiments, students who did not perform specific 3D training (that is, the control group considered
in each of the three cases) did not improve in creativity.

The conclusions in the light of the results obtained herein are:

The treatment and control group had similar creativity values before participating in the experiment
(p-level = 0.21). The Stella 3D workshop, which was designed to foster students’ ability to find multiple
solutions to the same geometrical problem, improved the creativity of the participants in the treatment
group, with significant gains in abreaction, originality, figurative expansion, expressive richness and
graphic skill (see Table 2).

Table 2. A 2 (test: pre, post) x 2 (conditions: control, treatment) repeated measurement analysis of
variance (ANOVA) was conducted to assess the impact of activity condition on creativity.

Control Treatment
Creativity Factors Pre Post Pre Post t-Student
M (SD) M (SD) M (SD) M (SD)
Abreaction 13.36 (5.21) 10.51 (5.42) 10.88 (4.60) 14.22 (5.76) 422 %
Originality 14.30 (5.23) 15.51 (7.07) 18.80 (6.36) 22.99 (7.46) 1.67 %
Elaboration 9.89 (7.45) 12.66 (7.05) 12.96 (7.00) 18.63 (9.09) 162+
Fantasy 3.95 (4.11) 447 (7.22) 6.91 (8.50) 7.59 (6.42) 0.09
Connectivity 494 (8.12) 7.99 (11.45) 3.37 (8.13) 8.47 (9.77) 0.86
Imaginative scope 13.66 (5.914) 14.20 (7.56) 17.99 (6.33) 20.63 (7.61) 1.34
Figurative expansion 24.15 (6.89) 23.60 (7.52) 22.71(7.73) 25.65 (7.70) 190 %
Expressive richness 7.10 (4.83) 6.26 (6.09) 7.09 (5.06) 13.02 (10.55) 3.57 **
Graphic skill 6.75 (6.09) 6.32 (8.46) 8.38 (7.13) 13.97 (6.34) 3.47 **

Note. *p < 0.10; ** p < 0.01.

These results are comparable to other experiments performed with other engineering students
in which the same test was used [24,25,60,85,86]. The participants of the treatment group increased
in the abreaction component by 3.34 points, which means that they felt less conditioned to follow
predetermined paths. In relation to originality, the improvement obtained a high value (4.19).
Originality is the component with the most weight for diagnosing creativity. Guildford [89] (p. 334)
stated "originality is the epitome or compendium of creativity." They also increased their ability to take
risks (figurative expansion: 2.94), although to a lesser extent than the other components, which enables
them to become more versatile engineers. Their use of color and perspective also improved, which
contributes to greater expressiveness (5.93). Finally, another component that showed an increase was
the graphical skill (5.59). Frequently, in the exercise of the engineering profession, it is necessary to
draw a sketch to express an idea, and it is important that the interlocutor perceives the confidence
of the engineer who transmits a quick, sure and concise line. Additionally, this composition is very
present in the processes of computer-aided design in engineering.

The results for the control group in the creativity test score confirm that those students who
did not participate in the Stella 3D workshop, that is to say that those that made regular exercises of
normalized views with only one correct solution, did not improve in creative competence or in any of
the components.

On the other hand, in the survey carried out, the students considered that creativity could be
developed with exercises and that it was a very important competency for the profession of engineering.
The Stella 3D workshop was well regarded by students as a type of exercise that helped them to develop
creativity. Moreover, they considered creativity to be necessary in today’s sustainable engineering.
The survey was anonymous and the correlation of the results of the creativity test with the results
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of the questionnaire was not taken into account. It could be interesting, in future work, to look for
correlations between the responses of the questionnaire and scores for the creativity measurement.

Creativity is an important tool in the search for a more sustainable future [1-3], directly linked
to innovation and creative problem solving, so the Stella 3D workshop is a good tool for education
in sustainable development. In that regard, it would be interesting to carry out an activity with a
specific engineering sustainability project, in which different solutions could be proposed. That way,
the transfer to a more realistic creative-thinking task, focused on sustainability, could be verified.

As future work, we propose looking for new 3D modeling exercises that stimulate creativity and
divergent thinking. Currently, two creative lines with 3D modeling, called Wong 3D and Munari 3D,
are under development. Other future work should be to carry out a Stella 3D workshop with spatial
skills and creativity measurement to check relationships between these two skills.
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