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Abstract: Thermodynamics is an engineering subject that is particularly difficult to teach and learn
because it requires strong abstract theoretical concepts and extensive multidisciplinary knowledge.
This manuscript introduces mind map learning as an alternative methodology for structuring both the
learning and teaching processes in a transparent way for students in the context of thermodynamics.
Mind maps help students to learn in a non-linear way promoting out-of-the-box thinking. In a
quantitative pre—post study, the student knowledge outcomes were investigated through surveys
and compared with the results of a control group. Factor analysis was carried out grouping four
principal categories (66% of the total variance): visual insight to create links between pre-existing
and new knowledge; motivation, related to curiosity to learn new concepts; applicability and critical
thinking. Cronbach’s alpha was 0.84, which revealed good internal consistency. The results obtained
are explained through constructivist and neuroeducation theories pointing out the relevance of the
following concepts: alignment between pre-existing and new knowledge, learning improvement
when multisensorial resources are used (like visual forms, font size, colors, hearing, speaking, etc.),
and the impact of visual information on brain executive functions. The key to genuine education is cu-
riosity and experience, as well as diving into hands-on learning, asking questions, and experimenting
to truly grow.

Keywords: mind map; active-based learning; thermodynamics; engineering; neuroeducation

1. Introduction

The most extended way to conduct classes in Engineering degrees is by following
the lecturer’s method, where the teacher plays a central role in the class and the students
remain as passive listeners. However, there are some discrepancies about whether this
pedagogical approach is the best solution to ensure students improve their abilities in
problem-solving and critical thinking. In addition, engineering teachers often face the
problem of how to teach complex theoretical concepts to students who are mainly interested
in solving practical problems. Previous researchers have demonstrated that a constructivist
approach improves students’ learning when some actions in the class are proposed to
connect previous existing experiences with newly acquired knowledge, fostering creative
thinking. In this academic environment, teachers communicate in a non-centered position
in the classroom, guiding students as they reach the information by themselves and develop
new concepts independently [1,2].

The constructivist theory groups several branches of cognitive psychology. The learn-
ing process is achieved when (1) the student interacts with the object of understanding [3],
(2) it is an interaction with other students [4], and (3) when the knowledge is significant in
the learning process [5].
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The teacher, as the responsible agent for providing an effective learning environment,
needs to not only identify the constructive learning process from a pedagogic point of
view, but also to understand how learning development is achieved from a neuroscientific
perspective. Different resources may be used during the class (sounds, images, etc.), and
each of them is useful to stimulate different areas of the brain. It is well accepted in
neuroscience that the brain has particular regions specialized in the processing of different
sensory inputs and motor outputs, with specific areas implicated in the processing of
sounds, self-posture and visual information, that is further segregated according to the
nature of the stimulus (forms and faces, movements), but also in self-movement, speaking
or writing. All this information converges in the hippocampus, a brain structure implicated
in the formation of new memories; consequently, the more sensory and motor areas that
send information to the hippocampus, the more efficient learning is [6]. The hippocampus
is also strongly connected with the amygdala and other emotion-related brain areas; thus,
creating emotions in students facilitates learning achievement. Neuroscience research
definitively has great potential to transform education and understanding its fundamental
basics brings the ability to adapt teaching to specific subjects and students.

Considering, first, the above-cited neuroscience theories that explain that the hip-
pocampus is more successfully stimulated when multiple sensorial insights such as the
combination of voice (sound) and images (visual) are explored together, and that emo-
tions are particularly relevant to produce new memories [7]; second, the brain is able to
process images that last for just 13 milliseconds and the eyes are able to register 36,000
visual messages per hour; and third, the so-called Z generation [8,9], composed of our
current students, prefers visual processing information scheduled in short attention spans
(snapchat stories, TikTok video, etc.), teachers could take advantage of the visual preference
shown by students by combining the emotions produced when using stimulating methods
with the activation of several sensory pathways, such as hearing and the different features
of sight, to enhance constructive learning in class.

Mind mapping is revealed as a powerful technique to organize knowledge in a non-
linear diagram, where ideas are displayed in a hierarchical structure using nodes and links.
It is a tool that has been repeatedly demonstrated to have a positive impact not only in the
learning process [10-14], but also in developing transversal competences such as critical
thinking, innovation, processing information, organization, and problem-solving. Mind
maps may be designed using different colors, box sizes and shapes, and font types for
different levels or branches, in a way that helps to physically represent and organize the
mental sequence of concepts, thus helping the process of learning. Even though mind
mapping has been demonstrated to be useful for students in some areas, an explanation of
its effectiveness from a neuroscientific approach, and a demonstration of its success in the
study of thermodynamics, where several concepts are difficult for students to understand,
are lacking.

The main objective of the present study is to provide educators and researchers with
an overview of the implementation of mind mapping in a flipping class, as an effective
learning tool in the understanding of thermodynamics. This research explores the learning
progress observed in Generation Z students that have used visual instruments in class, an
approach that is supported from a neuroeducational point of view.

2. Literature Review
2.1. Constructivism Theory

Most extended teaching methodologies accepted at university are aligned with the
Behaviorism theory in traditional teaching. Therefore, the student’s mind is considered,
as John Locke claimed against Descartes and Leibnitz [7], a ‘tabula rasa’, and learning
progress is achieved through positive or negative reinforcement. Teaching is based on basic
definitions and the explanation of concepts; in other words, learning is facilitated through
assessments that allow practice and repetition. A clear response from the constructivist
point of view is that students are not programmed like artificial machines or animals that
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only respond to external stimuli, but require, as rational organisms, an active role in order to
learn. Therefore, the student cannot be considered a ‘tabula rasa’ because past experiences
and environmental factors influence the learning process.

Constructivism explains learning as a process where a relationship between the new
information and the pre-existing information in the student is connected [15]. This construc-
tivist learning methodology has its historical roots in genetic epistemology [3] and some
notions from cognitive psychology, social interactions [4], significant learning [16] and
processing information theory [17]. There is not just one constructivist theory of learning,
but most constructivist theories agree with two central ideas: (1) learners are active in
constructing their own knowledge; (2) social interactions are important in this process
of knowledge construction [18]. The student establishes the basis of the information, not
pilling, but adding his own experience [19,20]. When the student identifies something new,
the concept has to be linked with the existing ideas and experiences, maybe by modifying
what is previously believed or even discarding the new information because it is revealed
as irrelevant. In both cases, the student has an active role as creator of their own knowledge.

Therefore, when this teaching strategy is carried out in class, the teacher changes
his role from an active to a passive position, acting as a facilitator. A key element in this
methodology is the exploration of existing knowledge. The teacher must consider the
knowledge levels of his students and then use this information to structure and reveal the
new concepts using suitable materials and tasks, because prior knowledge influences new
knowledge. Thus, the main objective of the teacher is to facilitate connections between
new and existing knowledge, because each individual student has a different point of view
on their existing knowledge and social values. The same concept may be interpreted in
different ways by each student, as their subjective interpretations differ.

2.2. Neuroeducation

Because each student learns in a different way, depending on existing knowledge,
social connections and other factors, as well as recent developments in non-invasive tech-
niques to monitor brain function and associated processes during various activities, it is
now possible to better understand the limits of plasticity in brain circuits and cognitive
functions that are influenced by education.

There is also a practical reason to turn to neuroscience when seeking for answers to
outstanding educational questions. The potential of neuroscience to serve as a platform for
evidence-based education has developed a new multidiscipline called ‘neuroeducation’,
where neuroscientists, psychologists, geneticists and educational researchers collaborate to
match questions and answers about how the learning process could be enhanced [21].

As stated above, the brain is organized in several different structures, such as the
brainstem, the cerebellum, the diencephalon, and the most modern hemispheres [22].
Within the hemispheres, the cortex has areas specialized in single functions: hearing, touch,
sight, smell, taste, decision making, organization and planification of movement, and
higher cognitive functions (Figure 1). Along with the hippocampus, the cortex is also
involved in the formation and stabilization of short- and long-term memory [23,24]. Two
main insights reinforce the idea that stimulation of the hippocampus improves the learning
process. Traditionally, it was believed that a message was transmitted to students through
the teacher’s voice, and then the sound signal would arrive at the hippocampus; however,
neuroscientists have demonstrated that the more sensory inputs are stimulated during
the process of learning, the more sensitive areas of the brain are active (sound, images,
emotions, etc.), and thus the learning and memory processes become more efficient through
the strengthening and weakening of neural connections [25].
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Figure 1. Parts of the brain and related inputs. Adapted from Cristofori (2019) [26].

Another insight that plays an interesting role in the learning process is novelty: when
new information is in contradiction with what was already stored in our memory, the new
concept is permanently stored. Second, when the brain finds a match with something that
is already stored, it tends to be quickly eliminated as a redundant concept. During the
learning process of a new task, the more the student practices with it, the easier it will be
for his brain to store this new knowledge for potential later recall. This process is called
fluency. When the learning process is accomplished using different emotional resources
and the student has to organize this information, for instance, by developing mind maps to
visually connect the new concepts, his learning mechanism is engaged. This methodology
represents a nonlinear style compared with traditional teaching methodologies; books are
written linearly, our notes and summaries are most likely composed in a linear fashion,
one word after the other. The traditional methodology seeks for the maintenance of a
linear learning method, although the brain does not work this way, but in a series of links
and connections [27]. In contrast, mind maps have the powerful advantage of showing
information in a nonlinear way, pointing out relationships between different concepts and
highlighting with colors or shapes their relative importance. Neuroeducation complements
the constructive aspect of learning well: the building up of ever more complex schemas
through the gradual formation of overlapping partial representations of the world. It
explains, from a neurophysiological perspective, the constructivist ideas that social context
and pre-existing knowledge are fundamental pillars to build new knowledge through the
creation of neural connections.

2.3. Mind Maps

Mind maps were developed by the English psychologist, mathematician, and brain
researcher Tony Buzan in the late 1960s [28] as a technique to facilitate information storage
and organizing it according to some priorities, using keywords and key concepts. Mind
maps are considered a visual tool which can provide preliminary information, thoughts,
explanations, and cognitive and conceptual relations for students during the conceptual
understanding processes. Another advantage is that mind maps facilitate the association
between current and new information.

Mind maps and visual resources are well aligned with the constructivism theory: The
composition and organization of prior knowledge are critically important for effective
learning. Language and culture influence the human ability to understand, experience and
communicate, and sometimes these elements represent a psychological barrier between stu-
dents and teachers. However, this barrier might be minimized when alternative resources
like images are used as a vehicle to transfer knowledge, and what is more important, when
those images are self-assembled by students designing their own mind maps. Mind maps
allow students to capture ideas and integrate them in a non-fixed or prescribed order, using
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multiple senses to organize the information according to their personal logical criteria. The
concept of students creating their own mind maps aligns seamlessly with the principles of
constructivist theories, wherein learners create knowledge and understanding by building
upon what they already know; this approach grants them greater autonomy over their
own learning process. There are previous research articles that analyze the impact of this
methodology on different subjects [23,24,27,29].

As a consequence, mind maps also encourage creative problem-solving, as they hold
information in a particular style that facilitates the easy remembering of information.
Problem-solving and criticism are two of the most important capabilities demanded today
by younger students for successful incorporation into the professional market.

Current students in universities represent the so-called ‘Generation Z’. It is well
accepted that they are characterized by the demand for social interactions, more than
other features. In this context, it is understood that students have to be active during
the learning process: they have to participate in the class, providing their own insights,
and comparing to their colleagues’ experiences. This scenario is not fully compatible
with linear lecture sessions, and the students need to receive some resources to work
with new concepts, fill the gaps in their knowledge, and connect with their pre-existing
ideas. As part of their social interactions, images represent one of the most important
elements in connecting with their equals. Neuroscience explains this behavior through
the mirror neurons, a group of nerve cells that are active both when we execute an action
and when we observe how another person performs the same action, allowing us not
only to imitate behavior, but also to understand what is happening to the people around
us. Mind maps are consistent with these requirements, as this methodology considers
the main elements to be attractive for this new generation of students: visual resources,
interactions, non-linear learning process, and the capability to adapt the new concepts to
their individual pre-existing ideas. This environment allows reciprocal teaching, in line
with Vygotsky’s constructivist theory, allowing the creation of a dialogue between students
and the teacher in a two-way communication channel, encouraging students to go beyond
answering questions and engage in discourse. Note again the consistency between the
terms discussed: constructivism, neuroeducation, and mind maps.

Finally, mind maps have another identity that neuroscientists have explained to be
positive to attract the attention of the students: emotion management. According to
Poria [28], emotion is intrinsic to human activities, but teaching is also considered an
emotional practice, in which emotions play a vital role in efficient and cognitive learning
processes. The brain needs to be emotionally excited to learn. Therefore, learning that is
associated with emotions is more productive (Figure 2); novelty, surprise, curiosity, and
creativity have been found to feed emotions and facilitate a more enduring and higher-
quality learning.

Long Term Memory [ ( Learning >

- Traditional Lecture — —
= V4 )
I Hearing C,> Temporal Lobe ” Y .
y y Hippocampus
Vision (> Occipital Lobe - \ ~ \
v *;\Amygdala >
Speaking (> Frontal Lobe N /
Emotions C> Frontal Lobe .
Mind Maps Nervous Sympact System

o

Stress Hormones (> (Extinction Learning

Figure 2. Sequential process to induce learning: the amygdala switches the corresponding inputs
sending neuronal information to the hippocampus or acting stress hormones, upon the positive or
negative character of the input received.
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As a summary, some of the main advantages of using visual resources and allowing
the students to organize themselves using mind Maps is that the brain is more able to learn
if it is stimulated by as many senses as possible. That is to say, information is not only
received through one sense, for example, sight or hearing as in traditional lectures, but
through multiple senses, which are not often drawn on for effective teaching.

In this research study, we present class experiences using the combination of mind
maps using the flipped class approach, in the context of thermodynamics subjects in second-
year engineering undergraduate classes at the University of Seville (Spain). Typically, the
concepts of this subject represent difficulties for the students to understand. Several top-
ics like physics, chemistry, and mathematics are joined in the theory of this subject, and
frequently the main output of thermodynamics is diluted in this abstract scenario. As
a result, students find it hard to apply thermodynamic rules to more complex engineer-
ing problems. More specifically, a mind-mapping methodology was used to encourage
creativity and problem-solving skills, while also being the best vehicle to share opinions
during discussions.

3. Objectives and Methodology

The mind mapping explored in this study had several objectives. First, the main
objective was to analyze whether the use of visual resources improves the understanding
of thermodynamic concepts, and to correlate them among other engineering topics. A
secondary objective was to enhance transversal competences of the students based on team
working, public exposition, and critical thinking.

To achieve both objectives, the experiments designed involved 152 students. Ther-
modynamics was the subject selected to carry out this research case, and this subject is
exposed in the second-year course of the Engineering Degree at the University of Seville
(Spain). Thermodynamics represents a fundamental pillar of all engineering disciplines,
but students often do not understand thermodynamic principles [30], generating low ex-
pectations and frustration with this subject. Some efforts have been published to help
students understand thermodynamic principles and teach them how to apply them to
applied situations. Some examples can be found from Kelly [31], who developed a virtual
power plant website, and Cox [32], who designed an interactive applet using engine cycles,
as well as the interactive software developed by Junglas [33].

Prior to this experience, teachers explained this subject using a traditional lecturing
methodology: theoretical concepts are explained, mathematical demonstration is devel-
oped on the blackboard, and practical exercises are proposed and solved during the class
using the blackboard. In all these activities, the teacher has an active role, meanwhile,
students remain assuming a passive role. The main drawback of this methodology is the
impossibility to monitor the learning progress of each student and to identify if any of them
need extra explanations.

Students were split into two independent groups to evaluate the methodology: the
first group followed the subject based on traditional lectures, meanwhile, the second
group adopted the novel methodology: mind maps to improve sensorial insights in the
brain. During the experiment, students attend some quantitative surveys defined on
the basis of the thermodynamic concepts to evaluate the progress achieved, plus other
qualitative questionnaires, which serve to evaluate the quality of the teaching model in
class. According to Rowley [34], the questionnaire should be designed to collect accurate
and reliable information about the experiment. The following phases were followed to
define the questionnaires:

1. Set up objectives:
To determine the pre-existing knowledge about thermodynamics.
To identify the learning progress about thermodynamics.

To analyze how students correlated thermodynamics with other engineering topics.
To figure out the preferred teaching methodology by students.

e o
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2. Planning and implementation of questionnaires, including a trial test to verify that

the forms are free from errors and ambiguities.

Quality analysis of the questionnaire.

4.  Reliability analysis of the questionnaire: internal consistency with Cronbach alpha
over 0.85

To monitor learning performance, three questionnaires (Tables 1-3) were handed
to the students: one at the beginning, one during the activity, and one at the end. The
purpose of these surveys was to evaluate pre-existing knowledge and the new concepts
learnt during the experience. The first consisted of a set of general questions to identify
their lack of knowledge; the aim of these questions is to motivate the students and to seek
understanding of those missing concepts needed to solve the initial question of the subject.
The other questionnaires addressed more specific concerns about concepts explained during
the module.

w

Table 1. First survey at the beginning of the activity to detect pre-existing knowledge.

No. Question

1 Describe what is understood as ‘energy’.
2 What are the differences between “heat’ and ‘work’?
When one isolated system exchanges ‘heat” and/or ‘work” with the environment, what

3 happens with the energy of the system?

4 Any thermodynamic process assumes certain energy losses. How does the energy
conservation principle interpret this amount of energy?

5 If you have one power plant that produces 50 MWh of energy, what is more convenient:

50 MWh of heat or 50 MWh of work?

Table 2. Second survey used in half of the activity to monitor learning progress.

No. Question
1 Identify the main differences between ‘energy” and ‘exergy’
2 Describe the relationships between ‘thermodynamic energy’, ‘heat’, and ‘work’.
3 Describe the main functionality of the first thermodynamic principle.

When a drop of ink is added into the water, the whole quantity of water gradually
moves because the entire water turns blue. The First Thermodynamic Principle does not

represent any inconvenience to recover the initial status: ink concentrated in one drop
and water appears transparent. However, this phenomenon does not occur. Why?
5 If you have one power plant that produces 50 MWh of energy, what is more convenient:

50 MWh of heat or 50 MWh of work?

Table 3. Last survey at the end of the activity to compare learning processes.

No. Question

Describe the main implications of a system with a high amount of ‘exergy’.

Explain the relationship between ‘exergy’, ‘entropy” and ‘energy losses’.

Describe why the Second Thermodynamic Principle is important to evaluate any
thermodynamic cycle.

Explain the main consequences that entropy is a state function.

From a thermodynamic perspective, is it better to generate energy into work or into
heat directly?

g = W N

At the end of the experience, the students completed another survey, consisting of
13 items, related to the quality of the pedagogical methodology (Table 4). Each statement
was rated on a five-point (1 to 5) Likert scale, with a high score of five indicating strongly
agreeing with that statement. Before performing the analysis, the precision of the collected
data, normality and outliers were normally distributed, and the skewness and kurtosis
statistics showed values within the range of +/—2.
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Table 4. Quality test to validate the pedagogical approach of this experience. The proposed scale was
1 to 5, with 5 indicating strongly agree with the statement.

No. Question

1 The images and symbols shown in the mind map helped me to understand the concepts.
2 Learning thermodynamics is important because I can apply it in several

engineering fields.
3 I think learning thermodynamics is important because it stimulates my thinking.
4 It is important to have the opportunity to satisfy my own curiosity when learning
engineering topics such as thermodynamics.
During the session I feel most fulfilled when other students or the teacher accept

> my ideas.

6 I am willing to share my knowledge because the students are involved in
the discussions.

- When I do not understand a theoretical concept, I connect it to real-life examples or
previous experiences.

3 When I do not understand the concept, I would prefer to discuss it with the teacher or
ask other students to clarify my understanding.

9 Visual information enabled me to think of a specific concept in a wider perspective.

10 Mind maps facilitate the connectivity and categorization of topics.

11 I feel more fulfilled when I am able to solve a difficult problem.

12 The content developed in the course is exciting and challenging.

13 Mind maps help me to revise the subject at the time of the examination.

On the other hand, the pedagogical model implemented in the control group was
based on traditional lectures where the active role is assumed only by the teacher. A low
weight of emotions is observed in the students and there is no evidence of the learning
progress achieved in the students during the session.

Data collected were also subjected to one factor analysis [35] to determine the smaller
set of variables to explore the underlying theoretical structure of the experiment, deter-
mining the potential relationship between variables. Internal consistency, which requires
at least two items per domain, was assessed on a multi-item domain at baseline using
Cronbach’s alpha. According to Cochran [36], the selected sample size represents that the
results can be extended to a population level of up to 700 students with a 95% standard
deviation and a +/—3.5 degree of accuracy.

4. Results and Discussion

The starting point of this research was based on a constructive approach to the appli-
cation of mind maps in the teaching of thermodynamics. The aim of this teaching research
was not to replace lectures but to combine them with visual techniques that are better
suited for Generation Z, in order to facilitate their comprehension and enhance transversal
competences. During this experience, the pedagogical model implemented consisted of the
following stages:

a.  The session starts with one question related to the topic to be introduced and related
to any recently published challenge (key point 1—emotion: curiosity). For example,
students were asked: ‘If you have any amount of energy, which nature of energy
would you prefer: heat or work? Why?” Students wonder what they know and
try to connect their knowledge with the new concept (key point 2—constructivism:
Piaget, pre-existing knowledge). Open discussion arises to align ideas and proposed
questions (key point 3—constructivism: Vygotski, social interactions), and during the
debate, the teacher points out the main related topics (key point 4—constructivism:
Norman, information is processed).

b.  Secondly, the teacher analyzes principal ideas selected during the discussion and
explains concepts.
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c. Hereafter, students develop a mind map that selects principal and secondary concepts
and shows how they are interconnected. To achieve this, each student selected
different rules, such as colors, symbols, font size, etc.

d.  Finally, some of the students presented their mind maps to the audience. This exercise
improved the learning process because when the student explains his/her mind map,
the ideas must be preorganized, which positively influences long-term memory.
Moreover, from the audience’s point of view, it is easier to establish connections with
the speaker when they share the same generation, wording and way of speaking.
Therefore, in the end, the message is better received by the rest of the colleagues than
when the teacher delivers the message.

e. Elaborating mind maps requires technique and time to achieve a good representation
of the selected concepts (symbol selection, font size, colors, etc.). When the student
is thinking about this selection, the concept is repeated internally many times. This
repetition reinforces long-term memory, making this task beneficial from a learning-
process perspective.

Figure 3 illustrates an example of the mind maps generated during a session.

CREATED TOTAL ENERGY

OR THEREFORE ISOLATED SYSTEM
DESTROYED IS CONSTANT
CANNOT BE

HEAT CAN ONLY
BE

[ THERMODYNAMIC ]
CONVERTED

ENERGY
m

vs
WORK

U=UmnT,V)

v
Energy is the cause and the measure
of any state modification

FIRST LAW
OF THERMODYNAMICS

&S U,S —US= Z Q5=R 4 z WS=RW

VRQ VRW

Figure 3. Example of a mind map generated in the frame of the First Principle of Thermodynam-
ics session.

According to Dhindsa [10], the use of mind maps should help students ‘understand,
better integrate scientific information into stable knowledge structures in memory’. One
additional advantage of this exercise is the development of transversal competences, such
as the following soft skills: clarity of expression, ability to argue, discuss different aspects
of the problem in a group, planning strategies to tackle the objectives, organization, adapt-
ability, etc. A second advantage is also observed during the team-working period: the
teacher has closer contact with the students, allowing them to enquire about the student’s
understanding of the concepts. This scenario provides a suitable framework to detect
any lack of knowledge and work with alternative resources to reinforce learning. Finally,
collaborative activity improves social interactions. Generation Z students need to feel as
if they are a part of a group, and according to the neuroeducation trend, this emotional
connection helps the learning process by ensuring knowledge acquisition and retention.

Figure 4 shows the results obtained from the questionnaires described in Table 1 to
Table 3, comparing the groups of students. It is observed that pre-existing knowledge,
measured through the answers collected in questionnaire described in Table 1, is similar in
both groups. Students using mind maps obtained better marks at the end of the experiment
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when filling in the questionnaire described in Table 3. But, the most relevant result is
observed when the intermediate survey, described in Table 2, is compared between both
groups of students because the control group has clearly lower qualifications. Results
suggest that the use of visual resources developed by using mind maps may have con-
tributed to a deeper and more continuous learning process, resulting in better performance
in the intermediate survey. Meanwhile, the control group may have focused more on
memorization and passing the exam, leading to lower scores in the intermediate survey
(described in Table 2).

a) Test 1 - Pre-existing knowledge b) Test 2 - Monitoring Learning Process

100 100
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Figure 4. Questionnaire results at different stages of the experiment, comparing two groups of
students: Group 1 using mind maps methodology (green), and Group 2 following traditional lec-
tures (red).

It has been reported [37,38] that in terms of ensuring long-term memory, the best
approach is to maintain a continuous level of progress on the learning curve.
Based on the results illustrated in Figure 4, the following conclusions are deduced:

a.  Content is achieved in the right context and the more aligned it is with the expecta-
tions of the students, the higher the learning performance. In this way, the starting
question must elicit curiosity from the students.

b.  The problem to be solved must be a challenge to ensure that students use the context
exposed during the class but also soft skills (critical thinking, creativity, and analysis).
c. Students must assume an active role acting as real researchers trying to find the

optimum solution to the challenge.

The learning progress was stronger in the group of students working with mind maps.
Motivation, the desire to do things for their inherent joy and pleasure, is an essential
element for learning at any level of education but is a priority at the university level.
During engineering education, one often observes a gap between the application-orientated
expectations of the student and the theory-focused content explained by the teacher, which



Educ. Sci. 2023, 13, 1030

11 of 15

finally is the main cause of demotivation in students. These results demonstrate that when
sensorial insights explode during class, the student improves the learning performance.

Visual resources used to transfer new knowledge to students induce positive, neu-
tral, or negative feelings, and those reactions stimulate different areas of the brain. The
hippocampus is activated in response to images that create positive feelings (for example,
mind maps), which improves memory processes and learning; on the other hand, when
the student feels negative feelings because the visual message received does not rouse
any curiosity (for example, the blackboard), the amygdala is activated, limiting the flow
of neural connections to the frontal lobe. The amygdala works as a switch to send the
information to different areas of the brain, and it is suppressed when the student is bored,
stressed, or frustrated [39].

Factor analysis is a method used to group a large number of variables into different
categories or components. This method allowed us to categorize the questions in the
questionnaire into different parameters, with the advantage of extracting a few factors from
the large number of related variables to obtain a more manageable number. The statistical
package included in the SPSS software (version 29) was used to carry out this analysis.

The Pearson correlation coefficient > 0.3 was achieved in the correlation matrix, which
reveals the strength of the relationship between the elements. The value of the determinant
is an important test for multicollinearity. The determinant score of the correlation matrix
was 0.021 > 0.00001, so no multicollinearity was observed in the data set. Kaiser-Meyer—
Olkin (KMO) statistics were equal to 0.764 > 0.6 which indicates that sampling was adequate,
and factor analysis was appropriate for the data. A KMO value close to one indicates that
the correlation is compact enough to generate reliable factors [40].

Hereafter, factor analysis allows grouping of the initial items into four categories or
dimensions, which showed the capability to have 66.09% of the total variance. Category
1 labelled “visual insight” considered four items (Item 1, Item 9, Item 10, and Item 13) that
explains 22.14% of the variance; these items are related to the importance of using visual
information to create links between pre-existing and new knowledge. Category 2, labelled
‘Motivation’, considered four items (Item 3, Item 4, Item 11, and Item 12) which covers
18.72% of the variance; these items are related to curiosity to learn new concepts. Category
3, labelled “Applicability”, included two items (Item 2, and Item 7), which explains 13.68%
of the variance; these items are related to the interest in identifying the problem to be solved
and how to apply the required theoretical concepts. Finally, Category 4, labelled ‘Critical
thinking’, considered three items (Item 5, Item 6, and Item 8), which describe 11.55% of the
variance; these items are related to the ability to argue your thoughts and to understand
different points of view from your colleagues. Figure 5 illustrates the model generated
through the analysis described.

Once the factor analysis was completed, the internal consistency test (Cronbach’s
Alpha) was calculated, obtaining a value of 0.84 which revealed good internal consistency.
According to Shelby [41], reliability coefficients between 0.6 and 0.85 are considered optimal.

The results of this experiment have confirmed a four-factor structure related to the
mechanism of learning (visual insights are preferred over traditional lectures), the capability
of creating curiosity, which boosts the motivation to learn, and finally technical competences
(identification of the problem and applying theoretical concepts to find the proper solution)
and social competences (communication and interaction with other students). Category 1
‘Visual Insights’ is in line with the work reported by Gomes [29]; unlike conventional linear
information transfer mechanisms, mind maps allow students to organize the information
intuitively according to the self-importance of the knowledge of each student (which is
not necessarily universal) by grouping in proper categories, pointing out with symbols,
colors or areas, etc. Category 2 ‘Motivation’, aligned with Baena-Extremera [42], explains
that the learning progress is facilitated when the student is motivated, as a consequence
of the recompense mechanism enabled in brain areas: curiosity has two major impacts on
the student: (1) it activates the reward circuit, which improves executive functions in the
brain, more specifically the ventral tegmental area that activates dopaminergic neurons;
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(2) it deactivates the usual neuronal network, so attention to learn is enhanced. Category
3 “Applicability” is in line with Ponsa [43]; the ability to apply new knowledge to real
engineering cases represents a way to enhance understanding of what is learnt in action.
The purpose of knowledge is to aquire it, understand it, and then apply it. Clearly, Category
2 and Category 3 are also well correlated. Category 4 ‘Critical Thinking’ points out the high
demand for transversal soft skills by society today, as mentioned by Caeiro-Rodriguez [44];
The implementation of these teaching methodologies positively impacted students’ abilities
of empathy, social interaction, independent and autonomous learning and openness to
criticism. These soft skills will complement technical competencies, enabling individuals
to become proficient problem solvers capable of working in multidisciplinary teams and
adapting to new environments or technologies.
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Figure 5. Factor analysis model for the quality survey, obtaining the following indicators:
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CFI = 0.937 (multivariance coefficient of determination, optimal when it is higher than 0.90);
GFI = 0.915 (comparative fit indicator, revealing optimum fit when it is in the range between 0.90
and 0.95); RMSEA = 0.081 (difference between population matrix and sample model, requesting
values higher than 0.08) and SRMR = 0.0616 (status of standardized residuals which needs values
below 0.08).

The concept of mind maps and working with visual resources offers students a new
perspective to begin exploring a familiar area of knowledge. This makes it easier for
students to create some hierarchical structures that limit their domain of knowledge to
the first general concept. During the creation of mind maps, the students are also familiar
with the key concepts. Then, the golden rule for properly connecting all these new key
concepts is to link words that help to identify certain relationships between the concepts. A
powerful advantage of this technique is that the student minimizes the work of memorizing
equations. New capabilities that are not typically developed through traditional lectures
were observed in the students. When students work in small groups and collaborate to
understand the subject matter, positive cognitive and affective outcomes are achieved.

The quality questionnaire (described in Table 4) results indicated that the majority
of students were satisfied with this new teaching methodology and that the concepts
were well understood by a significant portion of the student population. Additionally,
the learning progress was better in the group using mind maps than in the control group
following traditional lectures. The greatest challenge is to change the traditional teaching



Educ. Sci. 2023, 13, 1030

13 of 15

References

methodology at the University, and this approach may represent an improvement in
teaching that could be applied transversally to multiple courses.

5. Conclusions

Students learn something by doing it by themselves, by asking questions, by thinking,
and by experimenting. The results of this research experiment have significant implications
for designing pedagogical models in engineering subjects. It has been validated that
students improve their learning processes when they are (1) stimulated with additional
sensory inputs beyond the voice used in traditional lectures; (2) assisted by visual resources
such as mind maps, which help them to organize individual concepts by connecting pre-
existing and new knowledge; (3) motivated and encouraged to explore their curiosity
to take an active role in the classroom. Teaching is a game that combines two skills:
information transmission and empathy for the students’ feelings.

The questionnaire results reveal that the student’s perception of thermodynamics has
changed and that they now understand the applicability of these theories. The use of mind
maps in engineering subjects can reduce the complexity of mathematics and physics by
connecting related topics between similar systems. This teaching methodology promoted a
change in mind mechanisms. It is critical to show the students how to align both the theory
and the applicability of the thermodynamic principles and to allow them to construct
bridges from pre-existing to newly acquired knowledge.

This experience demonstrates the alignment between different pedagogical theories,
such as constructivism and neuroeducation and shows how both can be applied to en-
gineering subjects. Moreover, combination with a problem-solving scenario enables the
enhancement of both technical and social competences.
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