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Abstract:  A sequential exploratory mixed-methods study is implemented to develop an instrument that allows for the 

evaluation of the metacognitive strategies used by engineering groups of students when solving mathematical modeling problems. 
The findings of the qualitative study guided by observations and interviews reveal the use of metacognitive strategies of ‘planning’, 
‘monitoring and, if necessary, regulation’, and ‘evaluation’. In this article, we present the final categories of the qualitative analysis and 
discuss how these data were shaped into a theoretical construct and items of an instrument to measure metacognitive strategies. The 
psychometric properties of the instrument are analyzed, and it is argued that it has a similar interpretation among males and females, 
as there are no significant differences in these results. The development of the present study demonstrates how the qualitative 
method can support the adaptation of an instrument to measure metacognitive strategies, thus contributing to validity and applicability.
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Introduction

Several authors suggest that the future of work is uncertain, but this uncertainty does not refer 
to the lack of employment, but rather to the skills that new jobs will demand (Dirksen, 2019; Weller et 
al., 2019; World Economic Forum, 2020). The case of engineering is particular, as professionals in this 
field are expected to be able to handle large volumes of data, work in teams with machines, possess 
communication skills, solve complex and open-ended problems, among other skills (Richert et al., 2016; 
Humberto and Rojas, 2017). The skills to solve complex and open-ended problems underlies much of 
the standards for 21st-century engineering education (Kent and Noss, 2003; International Engineering 
Alliance, 2014; ABET, 2017; Alpers, 2021). However, the literature has suggested that the deployment of 
metacognitive skills is required to successfully solve this type of task (Blum, 2011; Borromeo, 2006; Maaß, 
2006; Stillman, 2011; Vorhölter et al., 2019). Therefore, metacognition influences the way complex and 
open problems are approached and modeled in engineering (Wengrowicz et al., 2018; Hidayat, Zulnaidi, 
et al., 2018; Wedelin et al., 2015; Yildirim, 2010). 

Modeling tasks concentrate essential features of common engineering professional environments’ 
problems since they are complex, open-ended, and have few structure (Jonassen et al., 2006; Gainsburg, 
2013; Lyon and Magana, 2020). When students in engineering training solve this type of tasks, they 
understand the connection between engineering contexts and mathematics (Aravena et al., 2022; Soon 
et al., 2011). Therefore, mathematical modeling in engineering is relevant due to its role in the connection 
between mathematics and industry problems (Li, 2013; Palmer et al., 2013). However, addressing 
modeling tasks is challenging because they are complex, open-ended, and it is not evident where to 
commence and where one is expected to arrive (Kaiser and Schwarz, 2010). Usually, students face 
obstacles in successfully solving modeling problems due to their own beliefs, limited self-regulation, 
inappropriate attitudes, and expectations (Wedelin et al., 2015). Incorporating this type of tasks in the 
classroom requires careful consideration of metacognition due to its significant impact. 
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Metacognition plays an essential role in solving complex engineering problems as it promotes the 
understanding of mathematical concepts, encourages organizational behavior, and enhances teamwork. 
Metacognition enables the evaluation of local and global effects in engineering problem-solving, the 
organization of resolution strategies, and the effective monitoring of the calculation process (Hegedus, 
2001). Furthermore, it has been found that metacognition positively influences the development of 
mathematical modeling skills among engineering students, fostering deliberate behaviors and a deeper 
understanding of the theoretical implications of application (Tzohar-Rozen and Kramarski, 2014; Wedelin 
et al., 2015; Hidayat et al., 2018). Collaboration in the resolution of modeling tasks also stimulates the 
use of metacognitive strategies in small groups, allowing efficient monitoring of progress, assessment 
of viability, and critical analysis of innovative ideas and results (Newell et al., 2004; Cardella, 2008; 
Gainsburg, 2013). Together, these findings highlight the importance of metacognition in the context of 
mathematical modeling in engineering.

 However, at this educational level, there are few instruments for measuring metacognitive strategies 
in mathematical modeling problems (Yildirim, 2010; Czocher, 2018; Hidayat et al., 2018; Hidayat, Zulnaidi, 
et al., 2018), especially for measuring metacognitive strategies with engineering groups of students. The 
study contributes to the research field by addressing the need to construct instruments as didactic tools to 
measure the metacognitive strategies used by engineering students in mathematical modeling processes. 
In this article, we present the development of the metacognitive strategies instrument guided by a mixed 
methods study, which was conducted over an academic semester through observations, interviews, and 
the application of a questionnaire. 

To address the study, two research questions are sequentially answered. The first question 
was:  How do the metacognitive strategies of ‘planning,’ ‘monitoring and, if necessary, regulation,’ and 
‘evaluation’ in the domain of mathematical modeling documented in the literature relate to the observed 
metacognitive strategies in engineering groups of students in a multiple case study? Based on the results 
of the qualitative research and theoretical aspects, an instrument was adapted and validated to measure 
metacognitive strategies in mathematical modeling among engineering groups of students. Based on the 
development of the instrument, the second research question was: What are the psychometric properties 
of the instrument, such as content validity, reliability, and measurement invariance? To answer this 
question, a quantitative correlational research design is utilized. The gender variable is used to investigate 
measurement invariance.

The stereotypes that exist regarding gender differences (Correl, 2004; Cheryan and Plaut, 
2010; Cheryan, 2012) could play a significant role in shaping how engineering students employ their 
metacognitive strategies to solve mathematical modeling problems. Beliefs based on gender stereotypes 
have shaped the interest and performance in engineering, science, technology, or mathematics careers 
(Charles and Bradley, 2009; Noel-Levitz, 2014). This has led to, on the one hand, women and other 
minorities being underrepresented in engineering careers (Wang and Degol, 2017; National Center 
for Science and Engineering Statistics, 2023), that is to say, there is low entry into such careers. On 
the other hand, some women who enter engineering do not persist in their trajectory in response to 
negative feedback associated with performance in introductory mathematics or science courses, 
cultural stereotypes, limited peer networks, or discrimination (Riegle-Crumb, 2006; Cech et al., 2011; 
Mann and DiPetre, 2013; Sanabria and Penner, 2017). This situation generates a global-scale problem, 
as industries and the economic sector of countries require the presence of men, women, and diverse 
individuals to develop innovative and creative solutions to complex problems, drive the economy, and 
achieve sustainable development (Woetzel et al., 2015; Smith-Doerr et al., 2017).

Inquiry into gender disparities regarding metacognitive skills in complex problem-solving has been 
the subject of study for a long period, revealing diverse results concerning the gender effect on self-
efficacy, self-regulation, and metacognitive skills (Ciascai and Lavinia, 2011; Hong et al., 2021). It has 
been demonstrated that women tend to use self-regulation strategies more effectively, adjusting their 
efforts according to learning tasks and showing superior performance compared to men when solving 
complex problems (Bidjerano, 2005). However, there are studies suggesting the absence of gender 
differences in this field (Fitzpatrick, 1994; Bembenutty, 2007; Aravena-Díaz et al., in press), highlighting 
the lack of clarity in the relationship between gender and the control of one’s own learning processes, that 
is, metacognition.
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Metacognitive strategies in mathematical modeling
A first approach to the analysis of metacognitive strategies in contextualized problems in real-

world environments is carried out by Stillman and Galbraith (1998), who take into account the cognitive-
metacognitive framework of Garofalo and Lester (1985), to categorize the knowledge of the metacognitive 
strategy for understanding the problem, organizing information, developing and executing plans, 
monitoring progress, and verifying the final result. Later, Stillman (2011) highlights the importance of 
metacognitive activity in the development of mathematical modeling processes, considering the presence 
of metacognition in each transition between the stages of the modeling cycle. Furthermore, the work of 
Schukajlow and Krug (2013) reveals the positive influence of metacognitive planning and monitoring 
strategies on modeling problems that require assuming missing data. Continuing the line of research, 
Vorhölter (2018, 2019) implemented a project aimed at stimulating ninth and tenth-grade students in this 
domain, from which he developed an analytical framework for analyzing metacognition in the context of 
mathematical modeling. 

According to Vorhölter et al. (2019), declarative metacognition involves understanding the 
characteristics of individuals, strategies, and tasks related to modeling. In contrast, procedural 
metacognitive strategies focus on ‘planning’, ‘monitoring’ and, if necessary, regulation’, as well as the 
‘evaluation’ of actions and performance in the process of solving mathematical modeling problems. 
Metacognitive strategies play an essential role in the successful development of modeling tasks. The 
metacognitive strategies for ‘planning’ allow for an understanding of the task’s objectives, the prediction 
of outcomes, and the exploration of various resolution approaches. Decision-making regarding which 
approach to employ for resolution is also considered part of metacognition. “Monitoring” involves the 
constant review of one’s own cognitive processes during the task, posing questions to verify the accuracy 
of the steps being followed. ‘Regulation’ is activated when students encounter obstacles and seek support. 
‘Evaluation’ analyzes the processes undertaken and the team’s performance, considering the strengths, 
weaknesses, and team dynamics. These classifications in dimensions of metacognitive strategies are 
applicable to both individual and group metacognition (Vorhölter, 2019; Vorhölter and Krüger, 2021).

Materials and Methods

The design of this research is of a mixed, sequential exploratory type (Creswell and Plano, 2018), 
in which the findings from four months of observation and interviews were integrated into an instrument 
to measure metacognitive strategies (Tashakkori and Teddlie, 2003). This research method allowed 
for a profound understanding of student’s metacognitive strategies and assisted in formulating items 
for the instrument. This design is developed in two phases: the first phase identifies and classifies the 
metacognitive strategies of the engineering groups of students. In the second phase, the instrument is 
adapted and validated based on the categories established in the first phase and a review of the existing 
literature. The development of the instrument allowed for the application of the study to a larger and 
more diverse sample, thus extending the scope of the results. For both phases, the analytical framework 
of specific metacognitive strategies in the mathematical modeling process (Vorhölter et al., 2019) was 
employed, along with studies that reveal metacognitive aspects of engineering students.

Qualitative component
In the qualitative phase, research techniques guided by multiple case studies were used, including 

non-participant observations and interviews (Yin, 2014). The observations were carried out while the 
students were participating in a mathematical modeling program in a one-variable calculus course for 
engineering. In this initial research phase, a qualitative approach was adopted with the purpose of 
exploring the processes of mathematical modeling in engineering students to deeply understand the 
metacognitive strategies that may contribute to the development of this type of problems (Creswell, 2009).

Participants
In the phase that adopts a qualitative design, four engineering student cases with experience in 

mathematical modeling problem solving are selected to observe the metacognitive behavior of students 
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encompassing greater diversity (Simons, 2013). The cases consist of four groups, each composed of three 
students who had participated in a mathematical modeling program within the context of an engineering 
calculus course, collaborating on modeling problems. For a detailed description, see Cárcamo Mansilla 
et al., (in press). To distinguish the groups in description of Table 1, we will use the letter G1, G2, G3 and 
G4 and the students with the letters s1, s2, s3 respectively.

Data collection
Non-participant observations were made of four groups of students as they worked on a sequence 

of mathematical modeling problems in the classroom. The sessions were recorded using twelve video 
recordings, and interviews were conducted with the groups after solving the modeling tasks to record 
retrospective knowledge of the metacognitive strategies they had used in their own process of mathematical 
modeling. The interviews were organized around metacognitive strategies for ‘planning,’ ‘monitoring and, 
if necessary, regulation,’ and ‘evaluation,’ based on the work of Vorhölter et al. (2019). The interview script 
was validated by experts according to the criteria of Escobar-Pérez and Cuervo-Martínez (2008).

Data analysis
A deductive-inductive content analysis (Mayring, 2014; Gläser-Zikuda et al., 2020) is used to 

categorize metacognitive strategies. For this purpose, a categorization was carried out considering codes 
based on the literature, taking into account the metacognitive strategies of ‘planning’, ‘monitoring and if 
necessary regulation’, and ‘evaluation’ (ME1 to ME3) based on the theoretical framework of Vorhölter 
et al. (2019). Besides the literature-based codes, the research team allowed for the emergence of 
additional phenomena (Kuckartz, 2019; Kohlbacher, 2006) related to the metacognitive strategies of 
engineering students, such as the necessity to make assumptions, as it prompted engineering students 
to comprehensively address the context of the problem. Additionally, the organization of groups, the 
definition of roles, and the allocation of time fostered autonomy. Such skills are crucial for future engineers 
because they will face new challenges ahead (Newell et al., 2004; Penagos, 2011).

Qualitative results
A set of topics organized into categories and subcategories emerged from the observations that 

were contrasted with the interviews conducted, and are summarized in Table 1. These topics were used to 
form the final constructs of the instrument to measure metacognitive strategies, which are discussed later. 

Table 1. Qualitative categories and subcategories
Category/ subcategories Description
Planning metacognitive strategies (ME1)
• They discuss the information among all [p1]
• Establish demands and objectives among everyone [p2]
• Discuss solution strategies [p3]
• Realize the need to establish assumptions [p4]
• Consider the resources available to solve the task [p5]

It reflects the active participation of students in the discus-
sion and the joint establishment of demands, objectives, and 
solution strategies, as well as the awareness of the impor-
tance of making assumptions and considering the available 
resources to effectively address the tasks. 

Monitoring and regulation metacognitive strategies (ME2)
• Monitor the progress of the modeling process [m1]
• Validates the modeling process [m2]
• Question the evolving mathematical model [m3]
• Discuss successes and difficulties in the process [r1]
• Establish a course of action at the local level [r2]
• Discuss action plans at a global level [r3]
• Select a new solution plan [r4]

It refers to the constant awareness and reflection on prog-
ress and difficulties in the modeling process, where students 
demonstrate their ability to monitor, question, and adjust 
evolving mathematical models.

Evaluation metacognitive strategies (ME3)
• Evaluate the effectiveness of resources [e1]
• Evaluate the effectiveness of the process [e2]
• Evaluate the effectiveness of the strategies [e3]

They demonstrate their skills to analyze the effectiveness of 
available resources, as well as to critically assess the mod-
eling process itself, considering approaches, methods, suc-
cesses, and challenges. Furthermore, the evaluation of the 
strategies employed highlights their skill in identifying those 
that prove effective and applicable in future contexts.
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Several of these categories of metacognitive strategies have been previously studied, specifically 
in the contexts of high school students (Schukajlow and Krug, 2013; Vorhölter, 2017, 2018; Vorhölter, 
2019), but have not been explored with engineering groups of students.

Development of the instrument to measure metacognitive strategies
The qualitative data analysis phase reported categories and subcategories of metacognitive 

strategies, serving as constructs for the instrument to measure metacognitive strategies in mathematical 
modeling among groups of engineering students. These constructs were operationalized using the 
dimensions from the analytical framework of Vorhölter et al. (2019) and the transcriptions of video episodes 
and retrospective interviews to create items that formed part of the assessment tool. For instance, if a 
phrase appeared in multiple video episodes and interviews, it was used to create an item addressing 
this theme in the assessment instrument and added to the corresponding dimension. Table 2 presents 
examples of qualitative data transformed into assessment instrument items.

Table 2. Item creation from qualitative data

Qualitative Data Category/ subcategories Survey Item
Video episodes transcription:
“What I want is for the four of us 
to do it to see if we are doing it 
equally and well” (G4_S1)
“Let’s all four do the data for the 
cylinder and if they give us the 
same it’s because the cylinder is 
good” (G2_S2)
Interview transcription: 
“We try to see everything together 
and then compare and follow the 
same path” (G4_S2)

Planning metacognitive strategies 
(ME1)
• Discuss solution strategies [p3]

i14: … We agreed on the same 
approach to solving the problem 
individually, to then compare and 
review results or calculations 
together

Video episodes transcription:
“Wait, let’s check again” (G3_S1)
“With these numbers, what we are 
getting is the capacity that we are 
going to have inside, do you under-
stand me?” (G1_S3)
Interview transcription: 
“I thank my colleagues because 
sometimes I miss a sign…” (G4_
S1)

Monitoring and, if necessary, 
regulation metacognitive strategies 
(ME2)
• Monitor the progress of the mod-

eling process [m1]

i10: … The groups ensures that 
everyone understand individu-
ally in order to proceed with the 
resolution of the issue

Video episodes transcription:
“Yes, if you look at the photo I sent, 
ehm, it actually has an interval of 
thirteen points, it has an interval of 
thirteen point sixty-five” (G4_S3)
“Why do you give us 10 bottles at 
the base, it seems that it is bad?” 
(G3_S1)
“Did you see the measurements? 
It’s bad, we have to check it” 
(G1_S2)
Interview transcription: 
“Then we saw that it should not be 
easy but it is important to try to ap-
ply mathematics to something that 
one recognizes” (G4_S1)
“At one point, when we calculated 
the number of bottles it didn’t fit 
us and we realized it was wrong 
and we had to calculate everything 
again” (G3_S3)

Monitoring and, if necessary, 
regulation metacognitive strategies 
(ME2)
• Select a new solution plan [r3]

i2: … In some occasions, we no-
tice that it is necessary to change 
the work plan (due to confusion 
or errors)
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Additionally, theoretical items were incorporated into each dimension of the instrument. The 
theoretical references in specialized literature served as a guide. The scale developed by Rakoczy et al. 
(2005) was used and translated to adapt the instrument, with reported reliability exceeding a Cronbach’s 
alpha of .70 in each of its dimensions. The Schukajlow and Krug (2013) scale is also employed, who 
reported reliability levels of .74 and .84 for the planning and monitoring dimensions, respectively. Finally, 
the items are supplemented with the findings of those who have measured metacognitive strategies in the 
specific domain of mathematical modeling (Vorhölter, 2017, 2018, 2019).

Before administering the instrument, an expert validity test was conducted. Specialists in 
mathematics education and cognitive psychology evaluated the instrument by reviewing the used scale 
and items obtaining a score of .9 and guaranteeing content validity (Tristán-López, 2008). Then, a pilot 
study is conducted to carry out a preliminary analysis of the instrument with a sample of 30 engineering 
students (Johanson and Brooks, 2010) who had experience in modeling processes. The overall reliability of 
the scale is analyzed through the Cronbach’s alpha coefficient, which reaches a value of 0.83, surpassing 
the minimum acceptable internal consistency criterion (Allen et al., 2008). 

Then, an instrument with 23 items and three subconstructs is obtained (Appendix A): metacognitive 
strategies for ‘planning’ (8 items), ‘monitoring and, if necessary, regulating’ (12 items) and ‘evaluating’ (3 
items). To measure the metacognitive strategies with the instrument, a 5-point Likert scale is used (1 = 
totally disagree, 5 = totally agree). 

Quantitative component
After the creation of the instrument, the quantitative phase of the cross-sectional study is conducted. 

This phase should be treated as a follow-up to the initial qualitative phase, as suggested by the sequential 
exploratory research design (Creswell and Plano, 2018). This phase has been designed to analyze the 
psychometric properties of the metacognitive strategies assessment instrument and its invariance across 
male and female.

Participants
According to the guidelines outlined by Creswell and Plano (2018) for mixed methods, this phase 

involved different participants from the same student population. Engineering students with experiences 
in mathematical modeling problem solving were selected. To recognize such expertise, it is considered 
that they have participated in a modeling program or courses such as calculus, linear algebra, structural 
analysis, differential equations, among others, where students confront problems in the field of engineering, 
applying knowledge of mathematics and engineering, with critical thinking and analytical capacity. A total 
of 104 students (random selection) participated, who had experience in mathematical modeling problem 
solving acquired through various courses, including 71 men and 33 women. The age ranged from 18 to 
47 years (SD = 11.89). They belonged to various engineering fields. The statistical power of the sample 
was calculated to be .80, considering a confidence level of .05; a root mean square error of approximation 
(RMSEA) index approximation of 0.080, and 227 degrees of freedom (Preacher and Coffman, 2006).

Data collection
The instrument was administered in 2022, after obtaining approval from the authorities of 

the institutions involved in the study and informed consent from the participants. The students took 
approximately 20 minutes to complete the instrument. Once the data were collected through the 
application of the instrument, they were transcribed in Excel format, and a spreadsheet was prepared for 
further analysis in the statistical programs M-Plus (Muthén and Muthén, 2007) and R Studio, respectively.

Data analysis
A descriptive analysis of the items was carried out, considering the mean, standard deviation, and 

skewness in order to assess the performance of each questionnaire item, ensuring that none of them 
exhibit an extreme mean or an excessively low standard deviation. Confirmatory factor analysis (CFA) 
procedures were used to assess the construct validity of the instrument (Ferrando & Anguiano-Carrasco, 
2010). The internal consistency values were measured using ordinal data alpha (Oliden and Zumbo, 

www.ijcrsee.com


www.ijcrsee.com
47

Cárcamo-Mansilla N., & Aravena-Díaz M. D. (2024).  Metacognitive strategies for mathematical modeling with engineering 
groups of students: Adaptation and validation of a questionnaire, International Journal of Cognitive Research in Science, 
Engineering and Education (IJCRSEE), 12(1), 41-55.

2008) to estimate the reliability of the scale’s dimensions. To identify reliability by factor, the criterion of 
Ferrando and Anguiano-Carrasco (2010) is followed, that is, if there is a factor loading less than 0.3 in 
magnitude, the item’s inclusion is evaluated.

The measurement invariance between male and female students was also evaluated. Due to the 
lack of normality assumption in the variables, confirmed by the Kolmogorov-Smirnov test (p < 0.05), 
the non-parametric method of the Mann-Whitney U test was used to compare two independent groups 
(Flores-Ruiz, 2017). 

Results

Quantitative results
The mean scores, variance, and skewness were obtained for each of the items. As shown in 

Table 3, participants exhibit a relatively high level of metacognitive strategies in the specific domain of 
modeling, with an average of 4.22 on a scale of 1 to 5. The items showed a slight negative skewness within 
acceptable ranges (Ferrando and Anguiano-Carrasco (2010)) for the development of a CFA (Confirmatory 
Factor Analysis). The skewness indicates that the responses for each item are clustered around the mean, 
consistent with the high level of reported metacognitive strategies. The standard deviations demonstrate 
that all items were able to discriminate among subjects.

The information presented in Table 3 does not justify the elimination of any item due to low 
discrimination capacity, a high grouping of responses in very low or very high scores, or asymmetries 
outside acceptable ranges. This is confirmed by the high significant correlations among the items and 
the corrected total score, which ranged from 0.30 to 0.70, which has been acceptable in studies in the 
educational field (Assis Gomes et al., 2017). With the factors composed of 23 items, organized according 
to the defined theoretical perspective, a confirmatory factor analysis for categorical variables was 
conducted. Upon evaluating the validity of the proposed construct, the following statistics are observed.  
RMSEA, CFI, TLI: The factorial model exhibited a good fit to the data (χ2 (N=108, df=227) = 289.426, 
p=.003; CFI=.947; TLI=.940; RMSEA=.051 (CI90%=.031, .068). 
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Table 3. Descriptive statistics of items from the metacognitive strategies questionnaire and factorial loads 
resulting from the confirmatory factor analysis.

N Items Mean SD Skewness Factor 
loading

i1
Metacognitive strategies for planning 
… We ensure to have clarity on what the problem is about 4.61 0.58 -1.16 0.38

i19 … We realize that we can establish assumptions (hypotheses) to solve the 
problem

4.16 0.95 -1.15 0.80

i15 … First, we plan how to deal with the problem 4.09 0.98 -1.15 0.70
i13 … We make sure to focus on the objective requested in the problem 4.63 0.58 -1.30 0.46
i18 … We realize that it is necessary to organize time, roles, and responsibilities to 

respond to what the professor has requested
4.29 0.97 -1.36 0.72

i7 … We discussed the steps that we must take to solve the task (strategies) 4.35 0.81 -1.25 0.66
i5 … We discussed different ways to solve the problem with the aim to choose 

then the best one
4.36 0.91 -1.45 0.58

i14 … We agreed on the same approach to solving the problem individually, to then 
compare and review results or calculations together

3.79 1.25 -0.72 0.50

i12
Metacognitive strategies for monitoring and, if necessary, regulation 
… Throughout the problem solving process, we continuously check whether we 
are on the right track

4.44 0.72 -1.19
0.55

i10 … The groups ensures that everyone understand individually in order to pro-
ceed with the resolution of the issue

3.94 1.13 -0.89 0.70

i4 … Every now and then we monitor the time we have left to finish solving the 
problem

4.37 0.90 -1.57 0.30

i9 … We questioning the evolving mathematical model 4.32 0.85 -1.22 0.75
i6 … We questioning whether mathematical procedures (equation solving, 

variable manipulation, matrix resolution, application of theorems) are well-
developed

4.36 0.93 -1.55 0.63

i3 … We endeavor to try to clarify if the solution is reasonable according to the 
real problem

4.54 0.64 -1.04 0.61

i8 … When difficulties arose, we discussed them together as a groups 4.38 0.84 -1.19 0.62
i11 … We realized the need to ask the teacher for support when we encountered 

difficulties
4.49 0.79 -1.82 0.56

i20 … In some occasions during the resolution process, we realized that we 
needed to change the resolution strategy

4.33 0.70 -1.40 0.67

i2 … In some occasions, we notice that it is necessary to change the work plan 
(due to confusion or errors)

4.21 0.88 -0.85 0.46

i23 … When we notice that we are facing difficulties in reaching a solution to the 
problem, we undertake a new plan

4.32 0.84 -1.64 0.73

i17 … When there are incorrect solutions, we review the resolution process, and if 
deemed necessary, we propose a new work plan

4.41 0.80 -1.34 0.63

i16
Metacognitive strategies for evaluation 
… At the final of process, we collectively reflect on the quality of our perfor-
mance, the fulfillment of roles we undertook, time management, and agree-
ments

3.47 1.30 -0.43 0.78

i21 … At the final of process, we reflect on the entire problem-solving process to 
enhance our performance in future opportunities, considering successes, er-
rors, strategies, achievements, and obstacles.

3.96 1.00 -1.03 0.81

i22 … At the final of process, we discuss whether there was alternative approach 
that could have led to the solution.

3.63 1.30 -0.70 0.72

TOTAL 4.23 0.89 -1.19 NA

The Mann-Whitney U test results indicated that there are no statistically significant differences 
associated with gender in the metacognitive strategies of (1) ‘planning,’ (2) ‘monitoring and, if necessary, 
regulation,’ and (3) ‘evaluation’ (p > 0.05).

Figures 1a and 1b of metacognitive strategies for planning related to (i13) task objective and (i1) 
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clarity of the problem, did not reveal students in disagreement. However, 7% of male students expressed 
indifference compared to females who predominantly chose agreement or complete agreement. 
Nevertheless, these differences are not statistically significant (i13: U = 1320, p = 0.20; i1: U = 1072.5, 
p = 0.41). Only the strategy related to (i14) agreeing on the same way to solve the problem and then 
comparing together showed higher disagreements, which were not statistically significant, and a lower 
frequency of usage (U = 1171.5, p = 1).

While female students use metacognitive strategies at a slightly higher level, there were no 
significant differences between the groups regarding (i7) discussing steps (U = 1178.5, p = 0.96), (i19) 
realizing the need to establish assumptions (U = 1036.5, p = 0.31), and (i18) discussing time organization, 
roles, or other available resources to solve the task (U = 1151.5, p = 0.88). Likewise, no significant 
differences were found in the use of metacognitive strategies for (i5) discussing different ways to solve 
a problem to choose the best one (U = 1157, p = 0.91) and for (i15) planning first (U = 1339.5, p = 0.21); 
even though men have slightly higher scores than women. 

Figures 2a and 2b of metacognitive monitoring and, if necessary, regulation strategies show that 
they are, on average, higher than the total scale. Students predominantly tend to agree or strongly agree 
with the statements. 

Figure 1a. The percentage for likert scale ‘planning’, 
mean and standard deviation of the student male

Figure 1b. The percentage for likert scale ‘planning’, 
mean and standard deviation of the student female

Figure 2a. The percentage for likert scale ‘monitoring 
and if necessary regulation’, mean and standard 
deviation of the student male.

Figure 2b. The percentage for likert scale ‘monitoring 
and if necessary regulation’, mean and standard devia-
tion of the student female.
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The strategy related to ensuring that (i10) everyone understands individually before continuing with 
the problem resolution shows a slightly higher frequency of use in women (M = 4.12) compared to men 
(M = 3.86). However, there were no statistically significant differences (U = 1042, p = 0.34). The strategy 
(i3) of trying to clarify if the solution is reasonable according to the real problem concentrates more than 
90% of preferences on agreement or strong agreement, with a slight advantage towards men (M = 4.58) 
compared to women (M = 4.45), which is not statistically significant (U = 1291.5, p = 0.33). Similarly, 
metacognitive strategies associated with (i9) questioning the evolving mathematical model (U = 947, p 
= 0.08), (i23) undertaking a new plan in the face of difficulties (U = 1003, p = 0.19), (i12) checking if one 
is on the right track (U = 1020.5, p = 0.24), and (i11) ask the teacher for support when we encountered 
difficulties (U = 1193, p = 0.86) concentrate 90% of responses in the agreement or strong agreement 
preference, with a slight advantage towards women that is not significant.

Figures 3a and 3b indicate a moderately lower average compared to the overall scale average, 
suggesting that students use metacognitive evaluation strategies less frequently.

While the (i16) team reflection on performance, roles, time, and agreements strategy is slightly 
higher in women (M = 3.52) compared to men (M = 3.45), there are no statistically significant differences 
(U = 1140.5, p = 0.83). Even though male students more frequently use metacognitive evaluation 
strategies for (i21) improving performance in a future opportunity (M = 3.99) compared to women (M = 
3.91) and (i22) analyzing other solution approach (M = 3.66) compared to women (M = 3.58), there are no 
statistically significant differences (i21: U = 1178.5, p = 0.96; i22: U = 1242, p = 0.61).

Discussions

The qualitative results reveal the presence of specific metacognitive strategies in engineering 
students, divided into planning categories (ME1) involving active discussion and joint decision-making on 
objectives, strategies, and available resources; monitoring and if necessary regulation categories (ME2) 
involving constant reflection and adjustment of the modeling process based on progress and encountered 
difficulties; and evaluation categories (ME3) highlighting students’ ability to critically analyze the modeling 
process, resources used, and the effectiveness of employed strategies. Regarding the first research 
question, it can be concluded that the observed metacognitive strategies in engineering students align 
with existing literature based on the analytical framework of metacognitive strategies in the domain of 
mathematical modeling (Vorhölter et al., 2019). 

Furthermore, the quantitative results support these qualitative findings. There is evidence of a 
generally high level of use of all metacognitive strategies. Previous research has highlighted the crucial 
role of metacognition in solving complex mathematical modeling problems among engineering students 
(Li, 2013; Palmer et al., 2013; Hidayat et al., 2018). Team collaboration has also been identified as a key 
factor that stimulates the effective use of metacognitive strategies, reinforcing the importance of social 
interactions in the development of metacognitive competence (Gainsburg, 2006; Newell et al., 2004; 
Cardella, 2008).

Regarding the second research question, it can be concluded that the instrument exhibits adequate 
psychometric properties. The analytical framework aligns appropriately with the observed data, as 
indicated by the results of the construct validity test. Additionally, it can be concluded that there were no 
statistically significant differences associated with gender male or female in terms of the metacognitive 

Figure 3a. The percentage for likert scale ‘evaluation’, 
mean and standard deviation of the student male.

Figure 3b. The percentage for likert scale ‘evaluation’, 
mean and standard deviation of the student female.
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strategies used in mathematical modeling processes. Therefore, the instrument is invariant across 
gender groups. The existing literature has shown various results in terms of gender disparities in the 
metacognitive dimension, especially in the context of engineering careers and the use of metacognitive 
strategies to address complex problems (Ciascai and Lavinia, 2011; Hong et al., 2021; Aravena-Díaz et 
al., in press). However, our findings coincide with the results obtained by Aravena-Díaz et al. (in press), 
indicating that no significant gender differences are observed when students face mathematical modeling 
tasks, especially in relation to the metacognitive strategies they use. 

Because addressing modeling challenges is generally not the task of students alone, but is done in 
small groups, it is crucial not only to consider individual metacognitive strategies, but also to pay special 
attention to group metacognitive strategies (Vorhölter and Krüger, 2021). For this reason, an instrument 
has been developed to measure metacognitive strategies at the group level in this study.

Conclusions

Based on the qualitative and quantitative results obtained in this study on metacognitive strategies 
in the context of mathematical modeling among engineering students, clear patterns of behavior have 
been identified. Qualitative findings revealed the presence of three main categories of metacognitive 
strategies, namely planning strategies (ME1), monitoring and if necessary regulation strategies (ME2), 
and evaluation strategies (ME3). These categories reflect students’ active involvement in the modeling 
process, highlighting their ability to collaborate, critically reflect, and effectively evaluate their own 
performance and team progress.

It is worth noting that this study provides additional evidence on the issue of gender disparities in 
the use of metacognitive strategies in the context of mathematical modeling, demonstrating that there 
were no statistically significant differences based on the gender variable. These findings contradict some 
previous research suggesting possible gender differences in the application of metacognitive strategies. 
The refutation is grounded in the strengths of mathematical modeling as an educational innovation in 
engineering training since, at the metacognitive level, it does not reproduce gender differences.

In conclusion, this study provides a deeper understanding of the dynamics of metacognitive 
strategies among groups of engineering students in the context of mathematical modeling and offers an 
instrument to measure metacognitive strategies that can be useful for future research exploring in-depth 
interactions between metacognitive strategies, mathematical performance, and other relevant factors in 
the field of mathematics and engineering education.
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Appendix A

Items included in the Metacognitive Strategies Questionnaire for Mathematical Modeling

When I solve problems that come from the real world...
i1 … We ensure to have clarity on what the problem is about
i2 … In some occasions, we notice that it is necessary to change the work plan (due to confusion or errors)
i3 … We endeavor to try to clarify if the solution is reasonable according to the real problem
i4 … Every now and then we monitor the time we have left to finish solving the problem
i5 … We discussed different ways to solve the problem with the aim to choose then the best one
i6 … We questioning whether mathematical procedures (equation solving, variable manipulation, 

matrix resolution, application of theorems) are well-developed
i7 … We discussed the steps that we must take to solve the task (strategies)
i8 … When difficulties arose, we discussed them together as a groups
i9 … We questioning the evolving mathematical model
i10 … The groups ensures that everyone understand individually in order to proceed with the resolution 

of the issue
i11 … We realized the need to ask the teacher for support when we encountered difficulties
i12 … Throughout the problem solving process, we continuously check whether we are on the right track 
i13 … We make sure to focus on the objective requested in the problem
i14 … We agreed on the same approach to solving the problem individually, to then compare and 

review results or calculations together
i15 … First, we plan how to deal with the problem
i16  … At the final of process, we collectively reflect on the quality of our performance, the fulfillment of 

roles we undertook, time management, and agreements
i17 … When there are incorrect solutions, we review the resolution process, and if deemed necessary, 

we propose a new work plan
i18 … We realize that it is necessary to organize time, roles, and responsibilities to respond to what the 

professor has requested
i19 … We realize that we can establish assumptions (hypotheses) to solve the problem
i20 … In some occasions during the resolution process, we realized that we needed to change the 

resolution strategy 
i21 … At the final of process, we reflect on the entire problem-solving process to enhance our performance 

in future opportunities, considering successes, errors, strategies, achievements, and obstacles.
i22 … At the final of process, we discuss whether there was alternative approach that could have led 

to the solution.
i23 … When we notice that we are facing difficulties in reaching a solution to the problem, we undertake 

a new plan
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