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ABSTRACT 
The present work constitutes a research advance, which takes up 
previous work where the teaching of Mathematics in higher 
education is modified through experimentation in the classroom 
using the modeling of real phenomena and / or simulation. The 
idea is to rethink Mathematical modeling as a didactic strategy 
that aims to develop not only disciplinary but also transversal 
competencies such as Critical Thinking. A review of ideas around 
Critical Thinking is shown, and this is intended to show that 
Mathematical modeling can help develop this competency in the 
Mathematics classroom. A theoretical proposal of how we 
conceive Mathematical modeling and methodological proposals is 
presented along with elements to look at these processes in the 
classroom. Considering that this study focuses on the study of the 
articulation of mathematical modeling as a didactic strategy and 
on critical thinking, based on mathematical modeling activities, 
the level of critical thinking of engineering students who perform 
these modeling activities in a Differential Equations course will be 
evaluated. 
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1 Introduction 
According to the data presented by the Population Division of the 
United Nations Department of Economic and Social Affairs (UN 
DESA), the world population reached 7.2 billion inhabitants, and 
it is expected that by the year 2025, a billion more people will add 
to this number [1]. This growth trend implies that many 
difficulties will have to be confronted.  
The population growth brings global challenges such as water 
supply, agricultural production, energy supply, and many others, 
which must be resolved by the employment of scientific and 
technological solutions; therefore, there is a deep interest in the 
capabilities of the workforce in the world [2]. 
These challenges of the 21st century that must be overcome mean 
that the training of engineers is of profound interest and concern 
to society. The questioning in the educational field about student 
training, especially in engineering, focuses on what domains and 
competencies professional students must develop so that they can 
be successful in working life and cope with the challenges posed 
by the population growth [3]. 
Hirers in the workforce will expect that, in addition to mastering 
their areas of study, the graduating students will come equipped 
with the competencies of analysis, problem-solving, and decision 
making [4]. Therefore, in addition to technical knowledge, 
students must develop skills and attitudes that allow effective 
participation in professional work activities. 
The following sections present the research advances which takes 
up the previous work of Rodríguez [5] where the teaching of 
Mathematics in higher education is modified through 
experimentation in the classroom using the modeling of real 
phenomena and / or simulation. In the problem statement, the 
relevance between the mathematical modeling strategy and the 
competence of critical thinking is established. The theoretical 
framework of the research is described in State-of-the-art. In the 
method section, the methodology to be carried out and the next 
steps of the investigation are disclosed. Finally, in Final 
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considerations, some conclusions are offered in given that 
research is still in its early stages. 

2 Problem Statement 
Pressured by the rapid development of critical information and 
technological changes, society has altered its vision about the 
training of people, especially in the educational sphere [6]. 
According to Coskun [7], the most important objective of 
educational programs and the entire nation is the development of 
students in such a way that they can access, interpret, process, 
and use knowledge. Moreover, he states that "people who can use 
their mental processes effectively and creatively can obtain and 
give meaning to knowledge and, therefore, advance society more 
than their contemporaries"[7].  
Mathematics is a formal language that allows us to express our 
abstract thoughts [8]. We have seen that one way to be open to 
developments and changes in technology and science is through 
the ability to use mathematical techniques in mental processes. 
Because of this, society expects that mathematics teachers can 
ensure the formation of students so that they are trained to 
achieve effective solutions. Therefore, one of the challenges that 
teachers must face is how to interest students in solving problems 
in complex systems within an interdisciplinary context [9].  
For some years, many researchers have seen the integration of 
mathematical modeling in the teaching of mathematics as an 
option to encourage analytical thinking, solve problems, and use 
technologies that are common in society [10].Mathematical 
modeling can be thought of as interpreting real information, 
identifying potential problems, establishing mathematical models, 
considering the possible errors in the mathematical-solution 
process, improving the mathematical models, and validating them 
with the reality. This process goes beyond the traditional teaching 
that only poses the representation of problems and the subsequent 
mathematical solutions [11]. 
Modeling as a strategy in the teaching of mathematics leads the 
student to relate the real-life world to the mathematical world, 
thereby involving the student in problems of society. The cyclical 
process of this modeling puts students to work actively in the 
development of critical thinking skills so that they interpret 
reality, translate it into a mathematical model, solve the problem 
mathematically, and validate the solution in the real world [12]. 
Nowadays, in addition to the mastery of knowledge, students 
must learn to apply the knowledge reflectively and critically [13] 
in such a way that they can solve the problems of daily life 
through deliberations about their ideas and judgments [14]. 
Because problems in real life are complex, it is necessary that 
students, especially those in the field of engineering, develop the 
ability to think [15]. In addition, the challenges that society must 
face today, such as the continuous technological changes and 
globalization, demand in an integral way the training of engineers 
from the educational and labor point of view [16]. 
Considering the great relevance between the strategy of 
mathematical modeling and the competency of critical thinking, 
the purpose of this research is to answer several questions that 
allow us to propose a theoretical and methodological framework 

for the development of critical thinking through modeling 
mathematics in the training of engineers. In this proposal, we 
intend to contribute a theoretical perspective on how to conceive 
mathematical modeling and, from a methodological perspective, 
we can design elements to look at these processes in the 
classroom. 
The research problem can be established from the following 
general question: How can critical thinking competence be 
developed through the implementation of mathematical modeling 
in a mathematics course for future engineers? 
Five subordinate questions emerge from the general question: 
▪ What is and what could be the level of mathematical 

modeling that is developed during a Mathematics course for 
engineering students? 

▪ What is the type of critical thinking that is and can be 
developed in a Mathematics course? 

▪ What are the skills that characterize a critical thinker who 
has developed them through mathematical modeling? 

▪ How can the different disciplines of science, technology, 
engineering, and mathematics (STEM) be integrated when 
using the mathematical modeling strategy? 

▪ What are the disciplinary and transversal advantages of 
using mathematical modeling as a collective activity in 
teaching?  

3 State–of–the–art 
In this section, we describe concepts of the mathematical 
modeling strategy, the transversal competency of critical 
thinking, and the rubrics used to assess mathematical modeling.  

3.1 Mathematical modeling 
Mathematical modeling has great current relevance; this is 
evidenced in many scientific journals, specialized books, 
associations, and institutions that focus on this field [17]. For a 
large majority of students from the first years of studies to 
professional levels, the study of mathematics is not to their liking. 
This situation is the result of several factors, among them, the fact 
of not knowing what practical purposes there are in the study of 
Mathematics [18]. This need to relate mathematics to reality leads 
us to consider contexts, models and modeling in the classroom in 
such a way that we knock down the limitations and barriers of 
rigid programs and train the students to take leading roles in the 
construction of knowledge [19]. 

A model is a representation of reality, so it can be said that 
mathematical modeling tries to characterize a part of reality 
through mathematics [20]. For Dundar, Gokkurtb and Soyluc [12], 
"to model" means to represent the realities that are part of physical 
life through symbols and to make the complex become simple 
because, in everyday life, there are situations where access to 
reality is difficult, sometimes impossible. Mathematical modeling 
is the process of creating mathematical representations when 
trying to solve real-life problems [21]; the model is an element of 
mathematical modeling. Specifically, it represents the product 
[22]. In the words of Huang [11], Mathematical modeling focuses 
on converting and interpreting contextual information, 



TEEM 2019, October, 2019, León, Spain                                                                                                                                       Acebo et al. 
 

 

identifying potential problems, establishing models, and 
reinterpreting the premise, hypothesis, and possible errors of 
mathematical solutions. These processes are usually described in 
the form of stages. By following these processes, students can 
refine and constantly develop their mathematical models in a 
cyclical manner. In addition, students should be able to participate 
in mental activities when they move from one stage to another 
during the modeling process. 
From the perspective of relating the mathematical world and the 
everyday world, diverse representations of cycles have been 
constructed that try to show the mathematical activity that takes 
place in mathematical modeling. An example of these cycles is 
what Blum and Borromeo [23] use in their studies of a modeling 
cycle that has seven steps: 
 
1. Building. 
2. Simplifying and structuring. 
3. Mathematizing (making calculations, solving equations, etc.). 
4. Working mathematically. 
5. Interpreting. 
6. Validating. 
7. Making an exhibition. 
 
In this seven-step cycle, the student must first understand the 
problem or the situation that presents itself. Then the problem 
must be simplified, structured, and specified to take what is 
relevant for its solution. This problem, when translated into a 
mathematical model, must work with calculations and equations 
to have a result that will later be interpreted in the real world. 
Finally, this result will be validated with reality and, if not 
validated, there must be a return to the previous phases until a 
resolution is achieved. Once validated, the solution will be 
exposed to others. This cycle of mathematical modeling can be 
observed in Figure 1. 

 

 

Figure 1: Blum and Leib modeling cycle [1] 

For Rodríguez [5], mathematical modeling is a cyclical process 
where four domains can be recognized: the real domain, the 
pseudo-concrete domain, the physical domain, and the 
mathematical domain. To relate the real domain to the 
mathematical world, the mathematician proposes activities that 
establish a problem of the real world that, when understood, the 
students transform into a physical model and from there to a 

mathematical model to solve the problem. The proposed solution 
will be in both mathematical and pseudo-concrete terms in such a 
way that it can be validated and, where appropriate, changes can 
be made. This cyclical process that Rodríguez proposes where the 
real world (real domain) is connected to mathematics 
(mathematical domain) can be seen in Figure 2. 
In the cycle of mathematical modeling, in carrying out their 
processes, students refine and constantly develop their 
mathematical models in a circular manner; thereby, they 
participate in mental activities when moving from one stage to 
another [11]. This high-level cognitive process is one of the 
elements that distinguishes mathematical modeling [24]. 

 

Figure 2: Rodríguez modelling cycle [5] 

3.2 Instruments to evaluate the phases of 
mathematical modeling. 

Qualitative studies on mathematical modeling use rubrics to 
evaluate the strategy. Associations such as the Association of 
American Colleges and Universities (AAC & U) [25] and the 
Consortium for Mathematics and Its Applications (COMAP) and 
the Society for Industrial and Applied Mathematics (SIAM) offer 
rubrics for the assessment of problem-solving and mathematical 
modeling. Some of the rubrics and their features are: 
 
Problem-Solving VALUE Rubric [25]. This rubric is part of a 
compendium of 15 rubrics called VALUE developed by teams of 
faculty experts from colleges and universities throughout the 
United States via a process that examined many rubrics in these 
institutions. Rubrics articulate fundamental criteria for each 
learning outcome and have performance descriptors that 
demonstrate more sophisticated levels of achievement. The 
rubrics are intended for use at the institutional level for 
discussions and evaluations of student learning. 
The descriptors of the rubric to assess this Value competency are:  

1. Define the problem  
2. Identify strategies  
3. Propose solutions 
4. Evaluate possible solutions  
5. Implement the solution and  
6. Evaluate the results.  
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Although the rubric was designed to solve problems, it has been 
adopted because its design permits that the problem-solving by 
the students could include problems that go from well-defined to 
ambiguous in a simulated, laboratory context or in real-world 
settings. In addition, the definition of this competency from which 
the students start their design includes the process of designing, 
evaluating, and implementing a strategy to answer an open 
question or achieve a desired objective. As is well observed, the 
elements of activities in a simulated or real-world context and the 
open response to a problem are part of the mathematical 
modeling. Table 1 shows some of the descriptors of the rubric. 

Table 1: Some descriptors of the Problem-solving VALUE 
Rubric. 

 
 
 
GAIMME: a generic rubric used to assess stand-alone 
executive summaries [26]. In 2015, the leaders of SIAM and 
COMAP met to produce a report called GAIMME: Guidelines for 
Assessment and Instruction in Mathematical Modeling Education 
[26]. This group of leaders received the support and cooperation 
from the National Council of Teachers of Mathematics (NCTM) 
and Moody’s Mega Math (M3) Challenge. 
One of the reasons for the creation of this report was that, despite 
the usefulness and value of demonstrating how mathematics can 
help analyze and guide decision-making for complicated real-
world problems, very few people have real experience with 
mathematical modeling and know what is and what is not a 
process. This report, in addition to offering the main arguments 
for the inclusion of mathematical modeling in all educational 
levels, also offers activities for each level and provides useful 
examples of rubric and evaluation tools that can be used when 
teaching mathematical models or teaching mathematics through 
modeling. 
Among these examples of rubrics, the generic rubric for written 
activities was discussed in the report. The descriptors of the rubric 
are: a) Definition of the modeling problem, b) Model construction: 
making assumptions and recognizing limitations, c) Model 
construction: defining variables and identifying parameters, d) 
Solution: The model uses significant mathematics, e) Solution: 
The results are accessible to the audience, f) Analysis, g) 
Evaluation of the model and h) Writing style and organization. 
Table 2 shows some of the descriptors of the rubric. 
 

Table 2: Some descriptors of the GAIMME generic rubric 
used to assess stand-alone executive summaries. 

 
 

In general, it is concluded that one of the most widespread 
problems in the study of mathematics is that many students do 
not know the practical purpose of this discipline. The learning of 
mathematics is very necessary for daily life, work, and in society; 
Mathematical modeling has become relevant due to its ability to 
develop real-world problem-solving skills. 
Based on studies conducted in the field of education for more than 
forty years, it can be said that mathematical modeling promotes 
the understanding of mathematics by applying this discipline to 
reality; in this way, it can motivate students of all educational 
levels to experience active learning in solving problems [11, 27, 
28, 29, 30]. Therefore, teachers play a role of great importance in 
the development of mathematical modeling skills of the students. 
However, research reveals that teachers often have difficulties in 
working with their students on modeling activities and establishes 
that there is a prevailing need for the teachers to be trained [21, 
31, 32, 33, 34]. 
The research reported in this current article takes up the work 
previously by Rodríguez [1] that modifies the teaching of 
mathematics in higher education through experimentation in the 
classroom of modeling real phenomena. The objective is to 
rethink the mathematical modeling as a didactic strategy that 
aims to develop not only disciplinary but also transversal 
competencies such as Critical Thinking; therefore, for this study, 
a rubric was designed that involves the evaluation of critical 
thinking that derives from using mathematical modeling. This 
rubric was developed from the literature review and the critical 
thinking rubrics mentioned below. 

3.3 Critical thinking 
▪ Fahim and Masouleh [35] state that critical thinking can be 

defined from three different approaches [35, 36]: 
▪ The philosophical approach focuses on the application of 

formal rules of logic and what a person needs to think. 
Therefore, critical thinking attitudes are the most important. 
These critical thinkers are characterized by seeking and 
revealing the facts, having an open mind, self-confidence, a 
great curiosity, and a skeptical mentality. 
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▪ The psychological approach defines critical thinking in 
terms of the actions or behaviors that critical thinkers 
have. They seek to find a relationship between critical 
thinking, problem-solving, and high levels of thinking 
skills. In this way, they focus on critical thinking skills. 
These skills are analysis, inference, reasoning, 
comparison, formulation of hypotheses, synthesis and the 
creation of new ideas, tests, and exhaustive conclusions. 

▪ The educational approach establishes that critical thinking 
must consider both skills and dispositions since it is a 
mental process that is not activated automatically and, 
therefore, requires a stimulus for its activation [37]. 

 
Ennis [38] states the following definition of critical thinking: "...(it) 
is reflective and reasonable thinking that focuses on deciding 
what to believe or do". According to the researcher, this 
conception of critical thinking competency involves both 
dispositions and skills that are integrated into the process of 
deciding what to believe or do. 
Critical thinking skills are the most important in the 21st century 
because they are considered to be innovative and learning skills 
and, therefore, are a requirement to be successful today [39, 40]. 
Employees are expected to have analysis and problem-solving 
skills to make decisions in the workplace [5]. 
Training students to become critical thinkers is the primary 
objective of all educational institutions [41]. According to Elder 
and Paul [42], if students learn to think critically and impartially, 
in addition to achieving academic learning, they can aspire to 
become effective citizens, capable of reasoning ethically and 
acting in favor of the common good. They can participate in active 
citizenship that is part of a plural and democratic society [43]. 

3.4 Instruments to assess critical thinking 
There are several studies that have designed and validated tests 
for measuring the critical thinking competency of the 
participating students. There is also a large amount of research 
where tests or rubrics are already established and validated. Some 
of the most representatives are: 
Watson-Glaser Critical Thinking Test [44]. This evaluation is 
a psychometric test produced by Pearson's evaluations since 1960. 
Currently, the test is used for two main purposes: on the one hand, 
for the selection of work of graduates and professionals in the 
fields of law, finance, and others, and for talent management to 
evaluate managers; on the other hand, for academic evaluations 
of students in advanced degree courses or seminars. 
The assessment is administered by employers as an online test or 
as a paper version in an evaluation center. Two versions are 
available, one with 80 items and another with 40; they are 
completed in 60 and 30 minutes, respectively. The evaluation is 
divided into five sections, and each section has its own type of 
question that assesses particular skills; namely, a) Inference, b) 
Recognition of assumptions, c) Deduction, d) Interpretation, and 
e) Evaluation of arguments. 
Halpern Critical Thinking Assessment [45]. This is a test to 
assess levels of critical thinking in people, ages 15 to adult. The 
evaluation consists of 20 daily scenarios, each of which is briefly 

described and presented in a common language. For each scenario, 
respondents are first asked an open question, followed by a 
forced-choice question (for example, multiple choice, 
classification, or classification of alternatives). Cognitive 
psychologists differentiate between free memory and recognition 
processes in memory, and these two types of questions are 
designed to take advantage of different cognitive processes. The 
total score is (approximately) equally weighted between the 
constructed responses and the forced-choice questions. 
The test assesses five dimensions; namely, verbal reasoning, 
argument analysis, thinking as hypothesis testing, probability and 
uncertainty, and decision making and problem-solving. 
 
Cornell Critical Thinking Test [46]. This instrument is offered 
for two levels, the Cornell Critical Thinking Test, Level X, and the 
Cornell Critical Thinking Test, Level Z. Level X is intended for 
students in grades 4-14; Level Z for advanced high school students 
and gifted college students, graduate students, and other adults. 
Level X is a test consisting of 71 multiple-choice items, which 
assess the abilities of a) induction, b) credibility of a source, c) 
observation, d) semantics, e) deduction and f) identification of 
hypotheses. The Z level has 52 items, also multiple choice, and it 
evaluates the following skills: a) induction, the b) credibility of a 
source, c) semantics, d) prediction and e) experimentation, 
fallacies, deduction, definition and identification of hypotheses. 
Each of the tests must be taken within a period of 50 minutes. Each 
item in each test has three options and a key answer. 
To analyze and sub-categorize critical thinking skills, this 
approach defines three types of inferences to beliefs (induction, 
deduction and evaluation of judgments) and four types of bases 
for such inferences, which are: a) the results of other inferences, 
b) observations, c) statements made by others and d) assumptions. 
Given certain characteristics of this test, it was chosen to be used 
in the quantitative methodology of this study. 
 
The AACU Critical Thinking VALUE Rubric [25]. This rubric 
is part of the compendium of 15 rubrics called VALUE that was 
mentioned in the rubrics section to evaluate mathematical 
modeling. It was designed with the intention of being 
transdisciplinary since the experts who created it agree that 
success in all disciplines requires research and analysis habits that 
share common attributes. In addition, they state that many studies 
suggest that successful critical thinkers of all disciplines need 
increasingly to be able to apply those habits in diverse and 
changing situations in all areas of life. This rubric can be used with 
many different types of tasks, such as those that require students 
to perform analyses of text, data, or problems. 

 
The rubric of critical thinking at the University of Deusto 
[47]. The University of Deusto, through a vast team of professors 
from all areas, designed and developed a system for the evaluation 
of generic competencies. This system presents rubrics for each 
one of the competencies, detailing the definition of each one, its 
descriptors, and three levels of "expertise;" among them is the 
competency of critical thinking. The descriptors of the rubric to 
evaluate this competency are: 
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1. The formulation of own judgments: questions are asked 
about the reality that exists; the student reflects on it, 
formulates his own judgments and argues them. 

2. The analysis of the judgments of others: the judgments of 
others are analyzed (differences of opinion, data, strengths, 
and weaknesses), and from there the student identifies 
ideas, principles, and underlying values). 

3. The use of well-founded criteria for the analysis of 
judgments adopting a constructive attitude: internal criteria 
(consistency, coherence, reliability), and external criteria 
(usefulness, viability, validity, etc.). 

4. Awareness of the practical implications of judgments and 
the assumption of responsibility regarding these 
implications: a) the pros and cons of decisions, b) the 
consequences on others, and c) the rights of people. 

 
Finally, it can be affirmed that currently, critical thinking can be 
defined from three approaches, namely, the philosophical, the 
psychological, and the educational. The latter considers both the 
critical thinking skills and the dispositions towards it. 
The main characteristic of critical thinking is its evaluative nature; 
it is related to what is believed and the decisions made. Therefore, 
critical thinking is a transversal competence that leads to 
questioning things and acts; is interested in the deepening of 
ideas, actions, and personal judgments; and analyzes the 
information from different situations. It aims to analyze, evaluate, 
infer, and explain, according to the evidence, contexts, concepts, 
and methodologies in which it supports its judgments, to finally 
make decisions and solve situations. 
The challenges that society must face require that university 
students develop not only disciplinary skills but also those 
transversal skills that allow them to make decisions and solve 
problems generated by the challenges of a population in constant 
growth. Critical thinking is considered one of the most important 
transversal competencies for the present with such importance 
that to train students as critical thinkers is one of the primary 
objectives of every educational center. 

The challenges faced by university students are complex 
problems that arise from daily life and, due to this complexity, 
professionals from a scientific standpoint must perform critical 
thinking processes to be able to arrive at complex solutions. 
A great variety of tests and rubrics can be found to evaluate 
critical thinking. However, this is a difficult competency to 
implement in the school curricula. Therefore, there is a turning to 
research strategies that favor the development of this 
competency. 
 

4 Method 
In this study, the mixed method of equitable status will be used. 
This is located within the post-positivist paradigm and is 
considered the ideal because it establishes that even if there is a 
reality, it cannot be fully achieved [48]. 

Considering that this study focuses on the study of the 
articulation of mathematical modeling as a didactic strategy and 

on critical thinking, based on mathematical modeling activities, 
the level of critical thinking of engineering students who perform 
these modeling activities in a Differential Equations course will be 
evaluated. For the evaluation, two instruments will be used:  
a) The Cornell Critical Thinking Test and  
b) a rubric that evaluates both critical thinking (light blue) and the 
phases of mathematical modeling (blue). Table 3 shows some of 
the descriptors of the rubric. 

Table 3: Some descriptors of the rubric of mathematical 
modeling and critical thinking. 

 

Two pilot tests were carried out with engineering students for the 
validation of the instruments. Once the instruments are validated, 
the study will be carried out in an educational institution in 
northern Mexico, the participants are engineering students from 
different disciplines, they are distributed in two groups and they 
study the course of Differential Equations during the August-May 
2019 semester. In addition, classroom observations and student 
interviews will be conducted to complement the data during the 
modeling activities in the course. 

5 Final considerations 
Currently, the educational sector is committed to a vision of STEM 
education, which is teaching and learning in the fields of science, 
technology, engineering, and mathematics [49, 50]. This vision 
focuses on using science and mathematics as strategies for 
technology and engineering [51]. 
According to Kertil and Gurel [10], the different perspectives on 
integrated STEM education generally emphasize the use of 
contextual tasks which involve students in multiple processes 
such as design, construction, analysis, mathematization, 
verification, review, and communication; thereby, mathematical 
modeling can become a process that is involved in all applications 
related to STEM. 
As mentioned, on the one hand, modeling is an excellent strategy 
for the implementation of integrated STEM education and, on the 
other hand, critical thinking is considered one of the most 
important competencies in the training of students, especially in 
the field of engineering. It is due to these benefits that the study 



TEEM 2019, October, 2019, León, Spain                                                                                                                                       Acebo et al. 
 

 

of the development of critical thinking in mathematical modeling 
for the training of engineers is considered of great importance. 
This study aims to show that mathematical modeling can help 
develop this competence in the Mathematics classroom through a 
theoretical proposal of how we conceive mathematical modeling 
and methodological proposals along with elements to observe 
these processes in the classroom. Currently working with the 
validation of instruments and will be applied to engineering 
students during the second half of 2019. 
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