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Abstract: Studies related to teacher training in primary education indicate a lack of knowledge, low
levels of teaching self-efficacy, and negative emotions towards the teaching of physics. The main
objective of this research was to compare the influence of two teaching methodologies on the learning
and teaching self-efficacy of teachers-in-training on optics content related to light and color. The
research design was quasi-experimental with control and experimental groups, a pre-test, and two
post-tests. A non-probabilistic sample of 173 trainee primary school teachers was used. The control
group used an academic–expositional teaching methodology, and the experimental group used
a practical methodology based on the use of STEM teaching tools. Measuring instruments were
designed and applied before and after the interventions to measure the evolution of cognitive and
competence variables of the participating sample, depending on the methodology applied, both
in the short and long term. The results reveal statistically significant improvements between the
control group and the experimental group, both in the knowledge level variable and in the teaching
self-efficacy variable.
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1. Introduction
1.1. Cognitive and Affective Aspects in Teacher Training

Currently, the lack of scientific and technological vocations among pupils is becoming
increasingly apparent, as pointed out in various European reports [1,2]. Numerous studies
have found that primary school pupils tend to show interest, enthusiasm, and generally
positive attitudes towards science, but that these attitudes diminish with age, especially
during secondary school [3–5] and particularly towards subjects such as physics and
chemistry [6–8]. This progressive lack of interest among adolescents is leading them
away from school science so that the natural consequence is the abandonment of scientific
pathways in their first choice of studies, a result that is currently a cause for concern [9].

Taking this into account, the professionalism of teachers is always in the spotlight
when discussing educational quality [10]. The teacher, as a counsellor, must be able to
design learning situations that encourage the autonomous and responsible construction of
knowledge, values, and professional skills in students in an environment of participation
and dialogue [11]. However, there are many reports from international organizations
showing the global need to improve teacher training [12–14]. Previous studies [15] have
shown that in addition to poor knowledge of science, teachers-in-training have low levels
of teaching self-efficacy and negative emotions and attitudes towards these subjects, which
are generally related to the difficulties they have in learning scientific content [16]. Specifi-
cally, several authors have shown that future primary school teachers have a low level of
knowledge and negative emotions toward science [17,18]. This is a problem for the current
education system, as this group must teach their future primary school pupils scientific
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content that they themselves have not mastered. This generates stress, anxiety, and low
levels of teaching self-efficacy, and teachers recognize that they do not feel prepared to teach
science subjects [19,20]. Other studies add that this group also feels reluctant to teach sci-
ence content or may even show anxiety about teaching these concepts [21,22]. In addition,
research analyzing the teaching of primary school teachers [23,24] indicates that they have
low levels of self-efficacy beliefs and low confidence in teaching science. Other studies
add that little time is used for teaching science topics in the classroom [25] or that more
traditional and expository methodologies are used [26,27], which has an impact on the
attitudes and learning of primary school pupils [5,26,28,29]. Therefore, it is considered
necessary to pay more attention to the science education of trainee teachers so that they can
improve pupils’ learning and interest in science at school in their future careers [28,30,31].
There is a need for teachers who are enthusiastic about science teaching [32].

1.2. Misconceptions in Physics

In addition, studies in physics education point to the existence of misconceptions
among students at all levels of education, from kindergarten to university [33]. Furthermore,
physics is often identified as the subject that arouses the least interest in students in general
and in female students in particular [34]. They perceive the subject of physics as something
abstract, complicated, difficult, and incomprehensible. There are studies that indicate the
presence of misconceptions about physics content not only among primary and secondary
school students but also among future teachers of these levels [35–39]. All these studies
have revealed that, at all levels of education, students have difficulties in learning optics [38].
Other studies have shown in cross-curricular research that a large percentage of students at
all educational levels has similar misconceptions about the concept of light, from primary
school to college [39]. Focusing on the university students, some authors [40,41] have
revealed the difficulties in teaching/learning and conceptual errors in optics presented
by trainee teachers. The results of some studies have shown that primary school teachers-
in-training have serious difficulties in articulating coherent explanations of basic ideas
about the concept of light [42]. For example, some authors examined university students’
understanding of images formed with plane mirrors and with converging lenses and
concave mirrors, concluding that this group presents various difficulties in understanding
this content [43]. Others studied the conceptions of future primary school teachers about
pinhole patterns and shadows [44,45]. On this basis, the persistence of these misconceptions
in trainee teachers, both at the primary and secondary levels, is of particular concern.
Variables such as the level of knowledge of future teachers, their interests, attitudes, and
the activities they carry out in the classroom have a great influence on student learning [46].

1.3. Teacher Self-Efficacy and Implications for Teaching Processes

In general, science teachers are concerned about their ability to apply a novel teaching
method and about the adequacy of their own professional training in science content
and teaching. This is especially true for primary school teachers who often lack content
knowledge in different areas of science, which makes them feel insecure and not competent
in these areas [19,20,32,47]. These studies indicate that the lack of competence related
to low science knowledge causes insecurity and anxiety for teachers [48]. Other authors
indicate that these low levels of confidence in science teaching, as well as low levels of
ability to teach science, are closely related to teaching self-efficacy [49]. Self-efficacy is
defined as the belief that one can successfully perform a particular task to produce certain
results or achieve certain goals [50]. To achieve the best possible academic results for their
students, teachers must perceive themselves as competent and prepared in their subjects.
Teachers’ self-efficacy beliefs play an important role in their teaching, and may influence
their choice of classroom activities or even their professional practice [50]. Specifically,
from the point of view of science teaching at early levels of education, some authors
indicate that teachers with higher levels of self-efficacy tend to incorporate more effective
and student-centered teaching practices, promoting meaningful learning [51]. However,



Educ. Sci. 2022, 12, 186 3 of 23

those with low levels of self-efficacy tend to rely more on traditional teaching and follow
textbooks, limiting students’ creativity in understanding science concepts [52]. Thus, the
acquisition of scientific knowledge by teachers is a necessary but not sufficient condition,
i.e., it does not automatically guarantee its transfer to classroom practice [17]. In fact, there
are four central components to be adopted by teachers, namely theoretical knowledge,
knowledge of students’ misconceptions, curricular knowledge, and knowledge of teaching
strategies [53]. Bearing in mind that teacher education must be a continuous, flexible, and
contextualized educational process, it is essential that education professionals receive, in
turn, innovative and up-to-date training [54]. In this sense, it will be necessary to provide
future teachers with adequate didactic materials that allow them to reflect in class on the
main aspects of the nature of science and through which they can integrate in a single
structure the knowledge of the subject to be taught [11,17].

Therefore, in the current educational context, teachers must deploy new skills and ways
of approaching educational strategies that have a positive impact on the teaching–learning
process [55]. The importance of using everyday references in the teaching of science, and
specifically physics, is emphasized by the negative attitudes that students have towards
this subject and which have an adverse influence on academic performance [56]. Interna-
tional authors and organizations have proposed methodologies and strategies to increase the
achievement and motivation of students at the basic level, always emphasizing the use of
experimental resources and experimentation in the instruction of physics [57,58]. Practical
experiences are necessary for students to realize that physics is a natural science [59] and that
every theory must be based on the answers that nature provides to questions adequately
formulated by means of experiments. Many researchers have examined the positive contri-
butions of using inquiry activities or experiments in lessons for learning physics [60]. Some
authors highlighted a model of professional development for secondary school science teach-
ers according to guided inquiry [61]. Their results showed that professional development
activities helped teachers to design more guided inquiry-based teaching units and to better
understand the benefits of inquiry. On the other hand, results from other studies support
the relationship between the use of the inquiry method and increased confidence in science
teaching in primary school teachers [47]. Furthermore, the implementation of inquiry during
the training of prospective primary school teachers improved their personal beliefs about their
self-efficacy in teaching science [62].

1.4. New Approaches to Education: STEM Education

In the light of the above, the most appropriate educational model for science learning
must contrast with the mere reception of knowledge by learners [63] and must be based
on the idea that the teacher has an important mediating role between the learner and the
knowledge. That is, the teacher provides appropriate scaffolding, and the learners are
active constructors of their own knowledge [64]. In this sense, it is assumed that initial
science teacher education should promote situations that invite self and shared reflection
on essential aspects of science education [65]. This is where a new educational paradigm
known as STEM (Science, Technology, Engineering, and Mathematics) education comes
into play, which integrates all scientific disciplines [66]. The fragmentation of knowledge
imposed by the separation of subjects is generally accepted [10], but several authors indicate
that promoting an integrated science curriculum [67,68] is one of the keys to connecting
the content with the world and, therefore, with the reality of the students themselves [69].
Several studies point out that integrative approaches provide students with a rich learning
context to enhance students’ learning and interest in STEM fields [70], which may enhance
motivation in their future careers [71]. However, integrating interdisciplinary projects
into the curricula at different educational levels is complicated when teachers lack the
necessary knowledge to deal with such projects effectively [72]. A successful change in
curriculum approach must start with well-trained and willing teachers [73]. In this sense,
continuous training in didactics and scientific knowledge, professional development and
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experiences, and time for discussion with peers will enable teachers to improve not only
teaching practice but also the quality of students’ education [72].

All this background is relevant from a didactic point of view, as it highlights the need
to develop and implement methodologies in the classroom that enhance the acquisition of
scientific and didactic competence of the trainee teacher to improve the teaching of these
contents to future primary school students. For this reason, in this research, several STEM
teaching tools based on hyper-realistic simulations [74–78] were designed to improve the
teaching–learning of optics for future teachers with the aim of combating the misconcep-
tions of this group and improving their scientific–didactic component. Specifically, the
concepts of light and color were selected because, although they are introduced in the
education curriculum from the early stages of school, there are many misconceptions and
conceptual errors about them that persist up to higher levels of education [79].

2. Materials and Methods

The research design was quasi-experimental and of a quantitative nature, with a pre-
test and two post-tests, a control group, and an experimental group. Both descriptive and
inferential data analyses were carried out. Likewise, didactic materials were developed to
help prospective teachers in their professional future to design teaching/learning sequences
with scientific–didactic rigor.

2.1. Objectives

The main objective of the study was to compare the influence of two teaching method-
ologies on the learning and teaching self-efficacy of the trainee teachers for physics content
related to light and color. To achieve this objective, didactic interventions based on STEM
practices and hyper-realistic simulations were designed, implemented, and compared with
an expository academic teaching of the same concepts.

The general objective was broken down into the following specific objectives:

• Specific Objective 1 (SO1): To validate from a didactic point of view the usefulness of
the didactic tools developed for the learning of the selected optics contents.

• Specific Objective 2 (SO2): To verify whether the concepts of light and color learned
by the trainee teachers through different teaching methodologies last or are forgotten
with the passage of time.

• Specific Objective 3 (SO3): To test whether levels of teacher self-efficacy improve as a
function of the teaching methodologies applied with trainee teachers.

2.2. Hypotheses

Based on the proposed objectives, the following study hypotheses were proposed:

Hypothesis 1 (H1). Students who use hyper-realistic simulations and STEM experiences to learn
basic optics concepts related to light and color have similar average initial scores to students who
follow an academic-expositional teaching intervention.

Hypothesis 2 (H2). There are no statistically significant differences in the short-term knowledge
level variable of students who follow a didactic intervention based on the use of hyper-realistic
simulations and STEM experiences compared to students who follow an academic-expositional
didactic intervention.

Hypothesis 3 (H3). There are statistically significant differences in the long-term learning variable
between students in the experimental group using STEM simulations and experiences and students
in the control group following an academic-expositional teaching intervention.

Hypothesis 4 (H4). Hyper-realistic simulations and STEM experiences on light and color facilitate
meaningful, long-term learning for trainee primary school teachers.
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Hypothesis 5 (H5). The development and implementation of didactic interventions on basic
concepts of optics related to light and color produce a positive evolution in the variable level of
teaching self-efficacy in trainee teachers.

2.3. Sample

The sample, chosen by non-probabilistic convenience sampling due to the ease of
access (as they were the students we teach) consisted of 173 primary school teachers-in-
training. The participating subjects were studying experimental science didactics to become
future teachers. In this subject, they were taught the scientific and didactic content for
teaching/learning the concepts of the subject of natural sciences at the primary school stage
so that they could explain them to their future pupils in a meaningful way. The students
were divided into two homogeneous and equivalent groups in terms of initial knowledge
level, a control group, and an experimental group to test the research hypotheses. Table 1
shows the descriptive analysis of the sample according to group and gender.

Table 1. Descriptive analysis of the sample.

Degree Group Gender Percentage Frequency Total

Degree in Primary
Education

Control
Male 27.9% 24

86Female 72.1% 62

Experimental Male 32.2% 28
87Female 67.8% 59

As shown in Table 1, the first group, called the Control Group (CG), consisted of
86 subjects. The second group, called the Experimental Group (EG), consisted of 87 students.
These groups were made up of students from the degree of primary education, future
primary education teachers. The absolute frequency and percentage of the variable gender
are indicated. In the control group, 72.1% were female and in the experimental group
approximately 67.8% were female. The age range of the participants was 20 to 26 years.
Both the control group and the experimental group used the same amount of time to
teach the contents. The didactic methodology of the control group was based on a more
traditional teaching, using different presentations and theoretical explanations of the
selected contents as learning resources. However, with the experimental group, practical
sessions were carried out based on STEM experiences [80] and the use of hyper-realistic
simulations of our own elaboration [74,76,77]. For the development and implementation
of the simulations, we used software specifically designed for rendering photorealistic
graphical environments, namely POV-Ray, an open-source ray tracer [81]. The choice of
this program was motivated by the need for a technique capable of faithfully imitating
the optical system in a way that was consistent with the theoretical models involved.
POV-Ray uses a ray tracing technique based on geometrical optics that simulates images
with great realism [82–84]. The software models the path of light following rays as they
interact with optical surfaces, resulting in accurate simulations of optical phenomena.
These simulations arise as a natural result of the combined use of the ray-tracing algorithm
and a specific Monte Carlo algorithm for the synthesis of three-dimensional images with
perspective. These hyper-realistic simulations show environments of optical phenomena
that reproduce the behavior of real systems with a higher level of reality than traditional
computer simulations. The STEM experiences are practical projects carried out by the
students using easily available materials. In the experience, the didactics of the selected
science, technology, engineering, and mathematics contents are explained to the students in
an interrelated way. An observation sheet is also included, containing questions that focus
the students’ attention on the contents being worked on. In addition, a guide is added
where the didactic and methodological components of each experience are specified so that
they can be easily carried out in any school. By way of example, Figure 1 shows some of
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the simulations used with the experimental group. The simulation of a flat diopter, a coin
immersed in water, a convergent lens, chromatic aberration, a prism, a concave mirror, and
the same horse under two different illuminants is presented.

Figure 1. Examples of hyper-realistic simulations used in the EG.
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2.4. Measuring Instrument

Two measurement instruments were designed based on the variables under study:
one to measure the variable level of knowledge and the other to measure the variable level
of teaching self-efficacy. Each of them is described below, followed by the validation of
each of these instruments.

First, a test was designed to detect misconceptions about basic concepts of optics
related to light and color. The test consisted of 35 closed multiple choice questions with a
single answer, based on previous studies [79,85] and designed considering the distractor
theory and the scientific literature on misconceptions in optics. These questions could be
grouped into several categories according to the specific concepts worked on. Specifically,
they were grouped into four categories:

Category I aimed to analyze whether the learner remembered basic concepts about
what light is and its nature, behavior, and characteristics and was called Category I— Light.
Nature and Propagation.

Category II aimed to identify whether students could distinguish between light pri-
mary colors, ink primary colors, additive mixing, subtractive mixing, and the perception
of the color of objects as a function of the illuminant used. This category was labelled
Category II—Color.

The purpose of category III was to analyze whether students had preconceptions
about the laws of reflection and refraction of light; the formation of images in a mirror; and
the behavior of lenses, prisms, or filters, among other optical systems. This category was
called Category III—Simple Optical Systems (laws of geometrical optics).

Category IV aimed to find out if students knew how rainbows are formed and their
nature and was named Category IV—Rainbows.

As examples, some of the questions included in the questionnaires designed are shown
in Table 2.

Table 2. Sample questions from the designed tests.

Which if the options below describe the behavior of a lens?

(a) It refracts light
(b) It always makes an object look bigger
(c) It always makes an object look smaller
(d) All options are valid

A wall looks white in daylight. What color will the wall look if
you illuminate it simultaneously with a green light and a red
light at night?

(a) Black
(b) Green
(c) Yellow
(d) Red

In the formation of the rainbow, when the light reaches a
raindrop . . .

(a) It is refracted when it enters the drop, it is reflected in the
interior, and it is again refracted when it leaves the drop.

(b) It is reflected when it enters the drop, it is refracted in the
interior, and is reflected again when it leaves the drop.

(c) It is refracted when it enters the drop, and it is reflected
when it leaves the drop.

(d) It is reflected when it enters the drop, and it is refracted
when it leaves the drop.

The misconception detection test was used with the students at three different times,
specifically once as a pre-test and twice as a post-test. The pre-test was given at the
beginning of the didactic sessions before the teaching of the contents under study in the
two groups began. The aim of post-test I was to check the effectiveness of the didactic
methodology used in each group, as well as to check the persistence of the misconceptions
after carrying out different teaching–learning sequences. Specifically, the students were



Educ. Sci. 2022, 12, 186 8 of 23

tested after their respective teaching sessions (control and experimental) to find out the
degree of acquisition of the contents explained according to the different didactic resources
used in the sessions. The purpose of post-test II was to verify whether significant learning
had taken place in the students and whether they remembered the content explained after
the passage of time. The students in both groups were tested months after post-test I.

In addition, the aim was to analyze the level of self-efficacy of prospective primary
school teachers in teaching content about light and color. For this purpose, a questionnaire
was designed based on previous research [15,86,87]. The questionnaire, on teaching self-
efficacy on light and color, consisted of 28 items that were formulated based on the optical
contents and activities to be developed in the classroom of the fifth and sixth grades of
primary education. The trainee teachers had to rate on a 4-point Likert scale (0: Not at
all competent, 1: Not very competent, 2: Fairly competent, 3: Fully competent) their level
of teaching self-efficacy for the teaching of the selected light and color contents. This
questionnaire was implemented before and after the didactic intervention to assess the
evolution of the variable teaching self-efficacy. By way of example, Table 3 shows the
statements proposed.

Table 3. Teaching self-efficacy questionnaire.

Number Statements

I1. Explain the phenomenon of the reflection of light.
I2. Explain the phenomenon of the refraction of light.
I3. State the laws of reflection and refraction and differentiate between them.

I4. Give examples from everyday life involving the phenomena of reflection
and/or refraction.

I5. Explain why putting a pencil in a glass of water makes it look broken.
I6. Explain why we see objects in certain colors.
I7. Explain the concept of primary and secondary colors.
I8. Differentiate between additive and subtractive color mixing.
I9. Explain how rainbows form.

I10. Explain what light scattering is and give an example.
I11. Carry out a practical exercise in the laboratory to simulate a rainbow.
I12. Explain why the sky is blue.
I13. Explain how light propagates, in what kind of media, and at what speed.
I14. Define and explain the behavior of a converging lens.
I15. Define and explain the behavior of a diverging lens.
I16. Give examples of everyday instruments or devices that use lenses.

I17. Explain what type of lens can be used to correct myopia, hyperopia, or
astigmatism.

I18. Differentiate between opaque, translucent, and transparent materials.
I19. Give examples of opaque, translucent, and transparent materials.
I20. Explain the formation of images in a plane mirror.

I21. Distinguish the type of image formed in a plane mirror from that formed in a
concave or convex mirror.

I22. Plan a didactic unit to explain the concepts related to light and color.

I23. Develop an innovative didactic intervention in the classroom to explain all
these concepts.

I24. Propose activities to assess students’ acquisition of these contents.
I25. Use simulations in the classroom to help students understand this content.

I26. Design and develop a computer simulation to help students understand
these concepts.

I27. Develop a concept map to explain to students the differences and
applications of the concepts related to light and color.

I28. Perform a recreational physics exercise to explain these concepts to the
students.
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2.5. Validation of the Evaluation Instrument: Calibration Indices of the Misconceptions Test

Firstly, the results referring to the validity and reliability of the misconceptions test used
in the research are presented based on the analyses recommended by other studies [88–90].
Based on the results obtained, we can affirm that the test for the detection of misconceptions
designed presents an adequate degree of reliability and validity, constituting a reliable assess-
ment instrument with an adequate level of difficulty and discriminatory power, as we will
see below.

Specifically, the validity and reliability of this measurement instrument was deter-
mined through the consensus of opinions of a group of experts. Following the guidelines
set by some previous studies [88], a concordance test was carried out among experts, who
were provided with eight assessment criteria on which they had to mark their degree of
agreement (scored as 1) or disagreement (scored as 0). The degree of agreement is calcu-
lated as the result of the number of total agreements divided by the sum of the number
of total agreements plus the total disagreements. The value obtained in this evaluation
was 0.91, which indicates a degree of agreement classifiable as very good according to the
literature [88].

In addition, several psychometric tests were carried out following the methodology
recommended by other authors [89–92]. Statistical tests focused on the assessment of
the test items, such as the difficulty index, discrimination indices, point biserial coeffi-
cient, Ferguson’s Delta, and Kuder-Richardson’s 20 coefficient, were performed using the
methodologies specified in previous studies. As shown in Table 4, all values are within the
recommended range.

Table 4. Psychometric analysis of the evaluation instrument.

Coefficient Obtained Value Recommended Value

Mean difficulty index (P) 0.49 [0.30–0.90]
Mean discrimination index 1 (D1) 0.36 ≥0.30
Mean discrimination index 2 (D2) 0.72 ≥0.50

Mean point biserial coefficient
(rpb) 0.32 ≥0.20

Ferguson’s Delta (δ) 0.91 ≥0.90
KR-20 0.72 ≥0.60

The mean difficulty index (P) of the test indicates the degree of difficulty of the test so
that the higher the index, the easier the question asked. The calculation of this index was
carried out for all the questions that made up the test, obtaining similar difficulty values for
all of them, which were within the established ranges. Table 4 shows that an average value
of p = 0.49 was obtained, so in general, the degree of conceptual difficulty of the instrument
is adequate for the research.

Subsequently, discrimination indices were calculated. Discrimination index 1 (D1)
measures the discriminatory power of each item in a test, i.e., it allows us to conclude
whether the test can distinguish those subjects with stronger knowledge who answer
correctly from those subjects whose understanding is weaker. Discrimination index 1 (D1)
was calculated for all questions included in the instrument to check whether there were
questions that were excessively easy or excessively difficult that did not discriminate and
therefore did not contribute to the reliability of the instrument. The average value obtained
in the test, as specified in Table 4, is D1 = 0.36, indicating an adequate discrimination index.
Discrimination index 2 (D2) indicates the extent to which a question helps to distinguish
between those who know the most and those who know the least, regardless of the easiness
of the question, and can be considered satisfactory if it is at least higher than 0.50, that is, if
more than half of the respondents belong to the group that knows the most. In our case,
this fact was fulfilled in all the questions, with an average value of D2 = 0.72. This value is
considered adequate by the literature.
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The point biserial coefficient (rpb) reflects the correlation between subjects’ scores on
one item with their scores on the whole test. As shown in Table 4, the average point biserial
coefficient of the test is rpb = 0.32, so it also meets the recommended criterion.

For more evidence, we obtained Ferguson’s Delta (δ). The literature recommends
following the criterion that a test that offers good discriminatory power obtains a value
greater than 0.90. The tests in the study have an index of approximately δ = 0.91, so in
general terms, the instruments offer good discriminatory power.

Finally, the Kuder-Richardson 20 coefficient (KR-20), which is a measure of internal
consistency reliability for measures with dichotomous choices, was calculated. A KR-20
value of 0.72 was obtained for the misconceptions test, indicating high reliability.

2.6. Validation of the Self-Efficacy Instrument: Calibration Indices

To validate the self-efficacy test designed, the reliability coefficient was calculated
using Cronbach’s alpha to estimate the reliability of the instrument for measuring teacher
self-efficacy. As pointed out by some authors [93], the measurement of reliability for items
formulated in Likert-type scales assumes that the items measure the same construct and
that they are correlated. Thus, if the alpha value obtained is close to 1, the consistency of the
items is excellent. On the other hand, the literature recommends obtaining the reliability of
the scale with data from each sample. The result obtained was α = 0.967 for the 28 items
that made up the questionnaire. This result allows us to conclude that the questionnaire for
measuring the level of teacher self-efficacy has excellent reliability [94].

3. Results

The results obtained in the research are presented below. Firstly, the descriptive results
obtained for the level of knowledge variable are shown. Subsequently, the data on the level of
teaching self-efficacy expressed by the participant sample are presented. IBM SPSS Statistics
20.0 software was used for the statistical tests. In the case of the inferential comparison
between the study groups (control and experimental), a Student’s t-test for independent
samples was used after previously verifying the Kolmogorov–Smirnov (K–S) test to check
the normality of the sample, Levene’s test to check the homogeneity of variances, and the
runs test to check the randomness of the sample, considering in all cases a significance level of
α = 0.05.

3.1. Level of Knowledge Variable

The results obtained in the pre-test carried out prior to the interventions are presented.
Regarding the degree of prior knowledge about optics of the future teacher, it should
be noted that there is a generalized and very marked lack of knowledge of basic issues.
Specifically, Table 5 presents the descriptive statistics of the average scores obtained in the
pre-test by each group: control (CG) and experimental (EG).

Table 5. Descriptive statistics of the average pre-test scores (CG vs. EG).

Group N Mean Std. Deviation Std. Error Mean

Control Group 86 4.64 0.994 0.107
Experimental

Group 87 4.43 0.953 0.102

Table 5 shows that the control group achieves an average score of 4.44 points out of
10, with a standard deviation of 0.99 and a standard error of the mean of 0.107. On the
other hand, the students in the experimental group obtain an average of 4.43 points, with a
standard deviation of 0.95 and a standard error of the mean of 0.102. These data confirm that
both groups have similar and low average scores, which coincides with previous studies
that confirm the existence of misconceptions in relation to the contents of optics [40,95,96].

To check for statistically significant differences between groups in the results obtained
in the pre-test, an inferential analysis was carried out with a Student’s t-test for equality of
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means. The normality of the distributions was previously checked, the results of which
indicated that we may assume the normality of the distribution of the scores. Table 6 shows
the results of the Student’s t-test for independent samples.

Table 6. Student’s t-test for independent samples of pre-test (GC vs. GE).

t df
Sig.

(Two-tailed)
Mean

Difference
Std. Error
Difference

95% Confidence Interval of
the Difference

Lower Upper

Pre-test 1.424 171 0.156 0.21098 0.14812 −0.08140 0.50336

As can be seen in Table 6, there are no statistically significant differences (Sig. = 0.156)
between the control group and the experimental group in the results obtained in the pre-test,
the mean difference found being 0.21 points out of 10. Moreover, in the analysis of each
question of the questionnaire, a percentage of analogous misconceptions was observed in
both groups, so we can affirm that the initial starting knowledge was equivalent for the
control and experimental groups.

The results obtained in post-test I in each working group, control and experimental, are
shown below. This post-test was presented to the students after the teaching of the selected
contents with each of the methodologies in each group. Table 7 presents the descriptive
statistics for the control group and the experimental group in post-test I.

Table 7. Descriptive statistics of the average scores on post-test I (CG vs. EG).

Group N Mean Std. Deviation Std. Error Mean

Control Group 86 6.94 1.907 0.205
Experimental

Group 87 7.00 1.551 0.166

As can be seen in Table 7, the average scores of the control and experimental groups
after carrying out the didactic interventions have increased considerably with respect to
the pre-test scores. Specifically, the control group obtained an average score of 6.84 points
with a standard deviation of 1.90 and a standard error of the mean of 0.20 points. The
experimental group obtained an average score of 7.00 points with a standard deviation
of 1.55 and a standard error of the mean of 0.16 points. These results suggest that both
didactic methodologies favor the immediate learning of optics contents, and Hypothesis
1 can be accepted. (Hypothesis 1: “Students who use hyper-realistic simulations and STEM
experiences to learn basic optics concepts related to light and color have similar average initial scores
to students who follow an academic–expositional teaching intervention.”) However, to check for
statistically significant differences between the two groups, inferential statistical analysis
was carried out. After verifying that the distributions were normal, a Student’s t-test for
independent samples was performed, the results of which are shown in Table 8.

Table 8. Student’s t-test for independent samples of post-test I (CG vs. EG).

t df
Sig.

(Two-tailed)
Mean

Difference
Std. Error
Difference

95% Confidence Interval of
the Difference

Lower Upper

Post-test I −0.208 171 0.836 −0.05485 0.26422 −0.57640 −0.576402

As can be seen in Table 8, the significance obtained (Sig. = 0.836) allows us to affirm that
there are no statistically significant differences between the two groups, as the difference in
means between the post-test I was 0.054 points out of 10. These results allow us to accept
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Hypothesis 2 proposed in the research, as it has been proven that the study groups show
a similar level of learning after the interventions. (Hypothesis 2: “There are no statistically
significant differences in the short-term knowledge level variable of students who follow a didactic
intervention based on the use of hyper-realistic simulations and STEM experiences compared to
students who follow an academic–expositional didactic intervention.”)

To validate the didactic efficacy of the methodologies used over time, post-test II was
used several months after the interventions to check whether the learning achieved by the
students in both groups remained the same over time. The results obtained in post-test II
in each working group, control and experimental, are shown below. Table 9 presents the
descriptive statistics for the control and experimental groups in post-test II.

Table 9. Descriptive statistics of the average scores on post-test II (CG vs. EG).

Group N Mean Std. Deviation Std. Error Mean

Control Group 86 5.75 1.263 0.136
Experimental

Group 87 6.98 1.517 0.163

As shown in Table 9, the control group obtains an average score of 5.75 points with
a standard deviation of 1.26 and a standard error of the mean of 0.13. However, the
experimental group obtains an average score of 6.98 points with a standard deviation
of 1.51 and a standard error of the mean of 0.16 points. With these data, it could be
accepted that the STEM methodology applied with the experimental group has facilitated,
to a greater extent, the learning of the contents in the long term. However, to verify the
existence of statistically significant differences between groups, an inferential analysis was
carried out using Levene’s test and Student’s t-test. Beforehand, we checked whether the
distribution of the results for the two groups could be considered normal. Table 10 shows
the results of the Student’s t-test for independent samples.

Table 10. Student’s t-test for independent samples of post-test II (CG vs. EG).

t df
Sig.

(Two-tailed)
Mean

Difference
Std. Error
Difference

95% Confidence Interval of
the Difference

Lower Upper

Post-test II −5.763 171 0.000 * −1.22711 0.21294 −1.64746 −1.7464

* Sig. < 0.05.

The significance value obtained shown in Table 10 was lower than the reference value
(Sig. < 0.05). This allows us to affirm that there are statistically significant differences between
the average grades obtained by the experimental group and the control group, with the learning
done by the students in the experimental group being superior. These results coincide with
those found in [97], which confirmed the importance of using STEM methodologies in the
primary school classroom to achieve significant and long-term learning of the STEM contents
worked on in the classroom. Likewise, the data allow us to accept Hypothesis 3 raised in the
study. (Hypothesis 3: “There are statistically significant differences in the long-term learning variable
between students in the experimental group using STEM simulations and experiences and students in
the control group following an academic–expositional teaching intervention.”)

Once the differences in results between the control group and the experimental group
in each of the tests (inter-group differences) have been compared, it is necessary to analyze
whether there are intra-group differences. In other words, we will study how the scores of
each group have evolved over time to estimate whether the change has been significant and
thus be able to assess the validity of the didactic interventions carried out in each group.
Table 11 shows the descriptive statistics of paired samples of the control group.
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Table 11. Statistics of paired samples of the control group.

Mean N Std. Deviation Std. Error Mean

Pre-test vs.
Post-test I

Pre-test 4.64 86 0.994 0.107
Post-test I 6.94 86 1.907 0.205

Pre-test vs.
Post-test II

Pre-test 4.64 86 0.994 0.107
Post-test II 5.75 86 1.263 0.136

Post-test I vs.
Post-test II

Post-test I 6.94 86 1.907 0.205
Post-test II 5.75 86 1.263 0.136

Table 12 shows the paired samples t-test for the comparison of means between the
three tests in the control group. The results shown in Table 12 indicate that the significance
obtained is less than 0.05 in the three pairs analyzed, which indicates statistically signif-
icant differences between the average scores obtained by the control group in the three
assessment instruments. Based on these results, we can affirm that the implementation of
the didactic methodology carried out in the control group has been effective but only in the
short term. Although the students in the control group significantly improve their initial
scores immediately after the didactic intervention, this increase in scores is not maintained
over time, as it decreases significantly between post-test I and post-test II.

Table 12. Paired samples test of the control group.

Mean Std.
Deviation

Std. Error
Mean

95% Confidence Interval
of the Difference t df

Sig.
(Two-Tailed)

Lower Upper

Pre–Post I −2.3071 2.16158 0.23309 −2.770 −1.8437 −9.89 85 0.000 *

Pre–Post II −1.1161 1.42214 0.15335 −1.421 −0.8112 −7.27 85 0.000 *

Post I–Post
II 1.1910 2.40716 0.25957 0.6749 1.7071 4.589 85 0.000 *

* Sig. < 0.05.

Subsequently, the results obtained with the experimental sample are shown. Table 13
shows the paired descriptive statistics for the experimental group.

Table 13. Statistics of paired samples of the experimental group.

Mean N Std. Deviation Std. Error Mean

Pre-test vs.
Post-test I

Pre-test 4.43 87 0.953 0.102
Post-test I 7.00 87 1.551 0.166

Pre-test vs.
Post-test II

Pre-test 4.45 86 0.921 0.099
Post-test II 6.98 86 1.517 0.163

Post-test I vs.
Post-test II

Post-test I 6.97 86 1.543 0.166
Post-test II 6.98 86 1.517 0.163

Table 14 shows the paired samples t-test for the comparison of the means between
the three tests for this group of students. Table 14 shows that the significance is lower
than 0.05 in the pre-test vs. post-test I pair and in the pre-test vs. post-test II pair, and,
therefore, the differences between the scores of these instruments are statistically significant.
However, the significance in the post-test I vs. post-test II pair is greater than the reference
value 0.05 (Sig. = 0.981), and, therefore, no statistically significant differences were found in
the experimental group between the scores obtained in post-test I and the scores obtained
in post-test II. Based on these results, we can affirm that the implementation of the didactic
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methodology carried out in the experimental group was effective beyond the short term.
Students in the experimental group significantly improved their initial scores after the
didactic intervention, and this increase in scores does not decrease significantly over time.

Table 14. Paired samples test of the experimental group.

Mean Std.
Deviation

Std. Error
Mean

95% Confidence Interval
of the Difference t df

Sig.
(Two-Tailed)

Lower Upper

Pre–Post I −2.5730 1.87165 0.20066 −2.971 −2.17410 −12.823 86 0.000 *

Pre–Post II −2.5259 1.70125 0.18345 −2.890 −2.16120 −13.769 85 0.000 *

Post I–Post
II −0.0055 2.13176 0.22987 −0.462 0.45147 −0.024 85 0.981

* Sig. < 0.05.

Based on the results obtained in the inferential statistical analysis in both control and
experimental groups, we can indicate that the students in the control group seem to have
forgotten the concepts worked on over time, with the emergence of misconceptions about
them akin to those obtained in the pre-test. This suggests that the control group has learned
by rote the contents worked on in the didactic sessions. On the other hand, the students in
the experimental group continued to remember the concepts after the passage of time, which
indicates that they learned them meaningfully, as opposed to the control group. Therefore, we
can accept Hypothesis 4. (Hypothesis 4: “Hyper-realistic simulations and STEM experiences on light
and color facilitate meaningful, long-term learning for trainee primary school teachers.”)

In view of the above results, it can be assumed that active learning methodologies lead
to a remarkable increase in the conceptual understanding of physics [98,99], reproducing the
scientific process in the classroom and aiding in the development of reasoning skills [100].
The findings confirm that STEM education, as a discipline-integrated educational approach,
generates significant changes in students’ academic performance [101] and the findings
also emphasize the power of hands-on STEM activities in improving the scientific literacy
of future teachers but also enhancing the professional competence of teachers to adopt
integrated approaches in their teaching [101].

3.2. Results for the Level of Teacher Self-Efficacy Variable

In primary education, the teaching of these subjects, such as physics, is affected both
by the negative attitudes and emotions of trainee teachers [18,102,103] and by their low
level of scientific preparation. These two variables (low levels of scientific knowledge and
negative emotions) may influence the self-efficacy of future teachers. Therefore, this section
shows the results obtained in the self-efficacy variable with the purpose of contrasting
Hypothesis 5 formulated in the study and analyzing whether the implementation of the
didactic interventions developed influenced the level of self-efficacy of the trainee teachers.

Table 15 shows the positive and negative levels of teacher self-efficacy before and after
the intervention for the items of the self-efficacy questionnaire (specified in the section on
measuring instruments). In the positive values, the percentage of students who selected the
options “2: Fairly competent” and “3: Fully competent” are grouped together. Likewise,
the percentage of students who selected the options “0: Not at all competent” and “1: Not
very competent” were grouped into the negative values.
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Table 15. Positive and negative levels in percentages (%) of teacher self-efficacy before and after
teaching interventions.

Positive Value Negative Value

Pre-Test Post-Test Pre-Test Post-Test

I1 34.7 85.5 65.3 14.5
I2 30.6 78.0 69.4 22.0
I3 17.9 71.7 82.1 28.3
I4 33.5 83.2 66.5 16.8
I5 35.3 78.0 64.7 22.0
I6 57.8 74.6 42.2 25.4
I7 69.4 92.5 30.6 7.5
I8 43.9 83.8 56.1 16.2
I9 44.5 60.1 55.5 39.9
I10 23.1 42.8 76.9 57.2
I11 22.0 56.6 78.0 43.4
I12 36.4 65.3 63.6 34.7
I13 31.2 70.5 68.8 29.5
I14 39.9 75.7 60.1 24.3
I15 41.6 74.0 58.4 26.0
I16 73.4 96.5 26.6 3.5
I17 53.8 92.5 46.2 7.5
I18 78.0 96.0 22.0 4.0
I19 76.3 98.3 23.7 1.7
I20 13.9 69.4 86.1 30.6
I21 15.0 75.1 85.0 24.9
I22 40.5 74.6 59.5 25.4
I23 37.6 65.3 62.4 34.7
I24 38.2 70.5 61.8 29.5
I25 41.0 75.1 59.0 24.9
I26 24.9 85.5 75.1 14.5
I27 43.9 80.9 56.1 19.1
I28 33.5 78.0 66.5 22.0

As can be seen in Table 15, after the intervention, students had higher values for
the variable of teaching self-efficacy in all the positive items that made up the teaching
self-efficacy questionnaire. Similarly, a decrease in the percentage of students with low
levels of teaching self-efficacy after the intervention can be observed in Table 15. Specifically,
self-efficacy values improved notably for statements such as I1, “Explain the phenomenon
of reflection of light,” going from 34.7% in the pre-test to an improvement of 85.5% in the
post-test. Likewise, I7, “Explain the concept of primary and secondary colors,” increased
from 69.4% in the pre-test to 92.5% in the post-test in reference to increased self-efficacy or
positive value. Additionally, I17, “Explain what type of lens can be used to correct myopia,
hyperopia, or astigmatism,” improved notably in relation to the positive value, increasing
from 53.8% to 92.5% in the positive value, and decreased notably in the negative value from
46.2% to 7.5%. On the other hand, there was also an improvement in the level of teacher
self-efficacy in teaching the procedural content of optics. For example, I26, “Design and
develop a computer simulation to help the student understand these concepts,” increased
from 24.9% to 85.5% in the positive value and decreased from 75.1% to 14.5% in the negative
value. In addition, along these lines, I28, “Perform a recreational physics exercise to explain
these concepts to the students,” increased from 33.5% positive to 78.0% positive in teaching
self-efficacy, representing a promising improvement in teaching self-efficacy in relation to
complex optics concepts.

There is a consensus in several research studies that trainee teachers’ beliefs are often
projected onto their future teaching in the primary classroom [104,105]. In primary educa-
tion, the teaching of subjects such as physics is affected both by the low levels of competence
shown by trainee teachers and by the poor scientific preparation of this group [18,103].
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However, the above results are in line with other studies that conclude that experimental
activity not only motivates and improves the future teacher’s levels of scientific knowl-
edge [106] but also increases the perception of teaching self-efficacy in science, technology,
and mathematics, thus coinciding with previous studies [107–109]. Based on the above
results, we can accept Hypothesis 5 proposed in this research. (Hypothesis 5: “The develop-
ment and implementation of didactic interventions on basic concepts of optics related to light and
color produces a positive evolution in the variable level of teaching self-efficacy in trainee teachers.”)

4. Discussion and Conclusions

First, a summary of the hypotheses formulated and their implications for the research
is shown in Table 16.

Table 16. Summary of hypothesis testing.

Hypothesis Accepted or Rejected? Research Implications

Hypothesis 1 (H1).
Students who use hyper-realistic simulations
and STEM experiences to learn basic optics
concepts related to light and color have
similar average initial scores to students who
follow an academic–expositional teaching
intervention.

Accepted It has been confirmed that both the use of
traditional methodologies and active
methodologies (didactic intervention
based on the use of hyper-realistic
simulations and STEM experiences)
promote short-term learning of the
contents, obtaining similar values in the
level of knowledge variable.

Hypothesis 2 (H2).
There are no statistically significant
differences in the short-term knowledge level
variable of students who follow a didactic
intervention based on the use of
hyper-realistic simulations and STEM
experiences compared to students who follow
an academic–expositional didactic
intervention.

Accepted

Hypothesis 3 (H3).
There are statistically significant differences
in the long-term learning variable between
students in the experimental group using
STEM simulations and experiences and
students in the control group following an
academic–expositional teaching
intervention.

Accepted The use of hyper-realistic simulations and
the STEM experiences designed promote
the acquisition of scientific competence in
the trainee teacher, combating the
preconceptions found in trainees and
significantly increasing the long-term
learning of optics compared to more
traditional teaching.

Hypothesis 4 (H4).
Hyper-realistic simulations and STEM
experiences on light and color facilitate
meaningful, long-term learning for trainee
primary school teachers.

Accepted

Hypothesis 5 (H5).
The development and implementation of
didactic interventions on basic concepts of
optics related to light and color produces a
positive evolution in the variable level of
teaching self-efficacy in trainee teachers.

Accepted

The use of active methodologies allows
for a favorable change in the attitudinal
component involved in learning related
to an increase in teachers’ self-efficacy
beliefs.

Regarding the achievement of Specific Objectives 1 and 2, related to the cognitive
domain, the descriptive and inferential statistical analysis of the data obtained has revealed
an improvement in the cognitive domain of the trainee teachers in the process of teaching
the scientific concepts under study. However, depending on the methodology used in
the different didactic interventions, we can affirm that the students in the experimental
group, who worked with hyper-realistic simulations and STEM experiences, assimilated
the knowledge in a more satisfactory way, achieving significant learning. Specifically, their



Educ. Sci. 2022, 12, 186 17 of 23

learning has lasted over time, and the misconceptions found in the pre-test have been
combated with the intervention developed. However, the students in the control group,
who used a more traditional methodology in their teaching process, forgot over time the
contents learned, and some of the misconceptions found at the beginning of the research
have resurfaced in them. This implies that the learning of the selected scientific concepts of
light and color by means of a traditional methodology was short-term and probably more
rote than that of the pupils in the experimental group. We consider these results to be proof
of the didactic validity of the resources used in the experimental group when carrying out
teaching interventions on optics concepts.

In addition, regarding the achievement of Specific Objective 3, related to the teaching
self-efficacy variable, a positive evolution has been observed in the participants’ levels of
teaching self-efficacy. As some studies [52] point out, levels of teacher self-efficacy in science
are raised when positive experiences with science teaching occur. Specifically, student
participants have been found to improve their levels of teacher self-efficacy following the
development and implementation of teaching interventions. These results seem to indicate
that future primary school teachers feel more competent to teach optics concepts to their
future students, which may improve the future teaching of these concepts from the early
stages of school. These results are in line with the statements of other authors [104,105]
who indicated that trainee teachers’ beliefs are often projected onto their future teaching in
the primary classroom. If a teacher feels unprepared to teach science, this will contribute to
fostering negative attitudes towards science learning in future students [86]. Additionally,
based on the results obtained in the research with respect to the didactic interventions
developed, we can conclude that the use of hyper-realistic simulations and the STEM
experiences designed promote the acquisition of scientific competence in the trainee teacher
combats the misconceptions found in them and significantly increases the learning of optics
with respect to more traditional teaching. These results are in line with those obtained in
other studies [74], where it was found that students who used hyper-realistic simulations
to study optics concepts learned more than students who used schematic simulations and
students who used the traditional laboratory. Similarly, other authors [110] report that
students using simulations obtained better results than those using real equipment. We
therefore consider it relevant to carry out these type of activities and workshops with
trainee teachers so that they can increase their levels of teaching self-efficacy, thus favoring
their future professional development.

The results obtained show that the practical activities prove to be an effective tool
for the promotion of the teachers’ scientific-experimental didactics [57] and the learning
levels of this group. Initially, insufficient content management was observed, but the use
of STEM didactic tools with the experimental participant sample led to a considerable
increase in the level of learning about optics and, consequently, an improvement in the
scientific literacy of this group, which is necessary to better teach science. Primary school
teachers must have a strong mastery of basic physics and physical science because of
their influence as future teachers on many students [111]. In this sense, we believe that
teacher preparation based on science-based teaching is essential to ensure student learning.
Teachers need to know the content to reconstruct, adapt, restructure, and simplify it to
make it comprehensible to students [112]. Therefore, we agree with other studies [113] on
the importance of the practical experimental approach in the physics teaching–learning
process to improve the scientific preparation of teachers in these areas and to show them
ways to transform scientific–technological content into didactic representations and use
them in practice.

On the other hand, we consider that, although subject knowledge is indispensable, it
does not in itself generate ideas of how to present particular content to students. A didactic
knowledge of the content is required for a good teacher [114,115]. Three fundamental
aspects in the development of didactic content knowledge [116] are content knowledge,
teaching practice, and emotional attributes. The affective domain is closely linked to
teaching competence [117,118] since, as many authors [119] maintain, trainee teachers who
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show high self-efficacy in teaching physics and chemistry have higher positive emotions
and lower negative emotions towards teaching these subjects than those with low self-
efficacy. In this sense, the results obtained in this study on the self-efficacy variable suggest
that the use of teaching strategies that favor positive emotional states leads to an increase
in feelings of competence and personal efficacy, thus coinciding with the contributions
of [120]. Teachers’ beliefs and attitudes regarding classroom management, discipline,
behavioral control, and an effective learning environment can and should be modified, as
these changes play a determining role in effective teaching [121]. Accordingly, teaching
teachers to become more self-effective should be a prerequisite in teacher training courses.
High levels of teacher competence contribute to improving teachers’ abilities to manage
personal and contextual resources linked to quality learning. Therefore, the teachers also
improve students’ motivation and academic performance [122,123].

Additionally, teachers with good self-efficacy tend to be more confident in applying
active teaching methodologies that focus on students and their learning. That is, self-
effective teachers are open to innovation and are also eager to use new methods and
strategies in teaching [124]. To be successful in the study of science, and physics in particular,
it is very important to recreate interesting, challenging, and fun learning situations that
allow students’ active participation in the activities, facilitate interaction with invisible and
multidimensional objects, reinforce theoretical concepts, and provide experiences related
to real applications [125]. In this sense, we agree with [126] that illustrating the phenomena
of optics by means of experiments made with homemade or low-cost materials allows each
student to construct his or her own learning. Therefore, it is assumed that this research
presents several effective didactic possibilities for learning optics in active learning contexts.
However, implementing an experimental didactic proposal requires, in addition to the
design of the prototypes and experiments, an instructional guide to support the teacher
and the student to ensure the cognitive link of the programmed learning with the live
experience of the phenomenon [57].

Teaching physics involves building bridges between scientific knowledge and students’
previously constructed ideas. To do this, the teacher must rework scientific knowledge so
that students can use it to interpret and transform their environment and encourage them to
construct congruent models of scientific learning [127]. Therefore, for future teachers to be
able to explain and make predictions about a variety of physical phenomena, they should be
trained through different methodologies that foster students’ interest and motivation [127].
More effective science teaching requires teachers to be comfortable with the discourse, to
believe in their ability to teach it, and to want to do so [128]. Therefore, it is necessary to
emphasize the basic competences that a teacher must have to conduct quality teaching–
learning processes [129]. The process of becoming a teacher is a long succession of stages
in which the future professional is trained to teach as effectively as possible and to enter
a profession that has always been classified as vocational [130]. However, today’s society
demands new challenges regarding the initial training of future teachers so that, focusing on
students, they are trained using active methodologies [131,132]. Along these lines, including
the interdisciplinary teaching of STEM areas in curricula will help educators to understand
scientific–technological disciplines as entities interconnected with life [133]. Moreover, with
this educational model, teachers are not only experts in a single subject but also have the
additional responsibility of guiding their students in all STEM subjects [71]. Consequently,
this will entail the reorganization of teacher education programs in universities [101], as
STEM education requires teachers to excel in the appropriate use of knowledge, skills, and
attitudes towards scientific–technological disciplines [133].
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