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ABSTRACT

EFFECTS OF STEM EDUCATION THROUGH

PROBLEM-BASED LEARNING (PBL) ON STUDENTS’

HIGHER ORDER THINKING SKILLS (HOTS)

The 21st century requires students to have critical, creative, and problem-solving

skills to address complex real-world challenges. Mathematics education is key to devel-

oping these higher-order thinking skills (HOTS), yet in countries like Türkiye, standard-

ized testing pressures often hinder their growth. Despite curriculum reforms, Türkiye

continues to show lower scores in PISA and TIMSS, highlighting the need for instruc-

tional innovation. Integrating STEM education with problem-based learning (PBL)

offers a student-centered approach that links to real-world problems, fostering critical

and creative thinking (Rehmat, 2015; Asghar et al., 2012). This study used a quasi-

experimental pre and post-test control group design with 123 fifth-grade students from

a private school in Türkiye to examine the effects of STEM-PBL on HOTS in crit-

ical thinking, mathematical thinking, and problem- solving skills. The experimental

group was taught through STEM-PBL lessons, while the control group received non-

STEM-PBL lessons. Findings showed a significant difference in critical thinking and

problem-solving skills in the experimental group. However, no statistically significant

difference in mathematical thinking, possibly due to initial performance differences and

younger students’ limited metacognitive awareness (Zimmerman, 2002). This study

adds to the literature by offering evidence that STEM-PBL can effectively support the

development of students’ HOTS. It calls for a re-evaluation of educational methods,

the need for interdisciplinary, real-world learning environments.
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ÖZET

PROBLEME DAYALI ÖĞRENME (PDÖ) YOLUYLA STEM

EĞİTİMİNİN ÖĞRENCİLERİN ÜST DÜZEY DÜŞÜNME

BECERİLERİ (ÜDDB) ÜZERİNDEKİ ETKİLERİ

21. yüzyıl, öğrencilerin karmaşık ve gerçek dünya sorunlarını çözmek için eleştirel,

yaratıcı ve problem çözme becerilerine sahip olmalarını gerektirmektedir. Matematik

eğitimi, bu üst düzey düşünme becerilerinin (ÜDDB) geliştirilmesinde kilit bir rol oy-

namaktadır; ancak Türkiye gibi ülkelerde test çözme baskısı bu becerilerin gelişimini

sıklıkla engellemektedir. Türkiye Müfredat reformlarına rağmen, PISA ve TIMSS

sınavlarında düşük puanlar almaya devam etmekte ve bu da öğretim yöntemlerinde

yenilik ihtiyacını ortaya koymaktadır. STEM eğitiminin probleme dayalı öğrenme

(PDÖ) ile entegrasyonu, gerçek dünya problemleriyle bağlantılı, öğrenci merkezli bir

yaklaşım sunarak eleştirel ve yaratıcı düşünmeyi teşvik etmektedir (Rehmat, 2015; As-

ghar et al., 2012). Bu çalışma, Türkiye’deki özel bir okuldaki beşinci sınıf öğrencileri ile

STEM-PDÖ’nün eleştirel düşünme, matematiksel düşünme ve problem çözme becerileri

(ÜDDB) üzerindeki etkilerini incelemek amacıyla yarı deneysel ön test/son test kontrol

gruplu bir desen kullanmıştır. Deney grubuna STEM-PDÖ dersleri uygulanırken, kon-

trol grubu STEM-PDÖ içermeyen dersler almıştır. Bulgular, deney grubunda eleştirel

düşünme ve problem çözme becerilerinde anlamlı bir fark olduğunu göstermiştir. An-

cak, matematiksel düşünmede istatistiksel olarak anlamlı bir fark bulunmamıştır. Bu

durum, başlangıç performansındaki farklılıklar ve daha küçük yaştaki öğrencilerin sınırlı

üst biliş farkındalığından kaynaklanmış olabilir (Zimmerman, 2002). Bu çalışma, STEM-

PDÖ’nün öğrencilerin ÜDDB gelişimini etkin bir şekilde destekleyebileceğine dair kanıt-

lar sunarak literatüre katkıda bulunmaktadır.
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1. INTRODUCTION

The demands of the 21st-century require that students develop a range of fun-

damental competencies. Mathematics is a discipline particularly suited to developing

abstract thought and equipping students with higher-order thinking skills (HOTS),

including critical thinking, creative thinking, and problem-solving (Schoenfeld, 1992).

To provide students with those competencies, curricula, and instructions need to be

shaped from a constructivist point of view in which students construct their learning

environment and knowledge and connect them to different areas (Brooks and Brooks,

1993).

Although curriculum reforms starting in 2005 program aimed to improve students’

thinking skills (İlhan and Aslaner, 2019), Türkiye’s performance on international as-

sessments, including TIMSS and PISA, continues to be behind that of other developed

countries (Mullis et al., 2016; OECD, 2019). To address this disparity, the adapta-

tion of constructivist pedagogies, where students are at the center of the courses and

construct their learning with various activities, can deepen students’ understanding.

From that perspective, problem-based learning (PBL) and STEM (science, technology,

engineering, and mathematics) might be good ways to boost students’ higher-order

thinking skills.

Both problem-based learning and STEM are rooted in constructivism (Rehmat,

2015), in which knowledge is constructed through the interaction of peers and the fa-

cilitator (Vygotsky, 1978). STEM education offers students interdisciplinary learning

experiences in middle and high schools, fostering greater engagement and the devel-

opment of 21st-century skills (Honey et al., 2014). STEM creates opportunities for

students to connect content knowledge with real-world problems, enhancing motiva-

tion and fostering problem-solving, critical thinking, communication, collaboration,

and creativity (Beers, 2011).
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Problem-based learning is a student-based instructional method rooted in social

constructivism, combining an inquiry approach and problem-solving (Rehmat, 2015).

Problem-based learning (PBL) encompasses various forms, with both ill-structured and

complex problems shown to enhance students’ cognitive development (Savery, 2006).

PBL models facilitate three types of learning: cognitive, content-based, and collabora-

tive (De Graaff and Kolmos, 2003). This instructional approach promotes the devel-

opment of critical thinking, creativity, innovation, collaboration, communication, and

higher-order thinking skills (Hmelo-Silver, 2004).

Problem-based learning fits well within STEM education, which often involves

ill-structured, real-world problems. Since PBL uses authentic problems to foster deep

understanding, integrating it with STEM offers a powerful framework to address com-

plex interdisciplinary challenges, thereby enhancing students’ higher-order thinking

skills (HOTS) (English, 2016).

1.1. Purpose and Significance of the Study

A central challenge in contemporary education is the need to cultivate interdis-

ciplinary knowledge and higher-order skills that prepare students for a complex global

landscape. As educators, the aim is to equip students with interdisciplinary knowledge

rather than with basic knowledge. Therefore, it is crucial to foster students’ creative,

critical, and problem-solving skills for all education levels (Facione and Facione, 1994).

To develop these skills, constructivist teaching methods are essential. For example,

STEM education integrated with problem-based learning (PBL) is an instructional ap-

proach that can boost students’ higher-order thinking skills (HOTS) through solving

authentic, real-world problems (Hmelo-Silver, 2004; English, 2016).

The influence of problem-based learning on higher-order thinking skills in both

K-12 and higher education has been investigated in numerous studies, explaining

that problem-based learning enhances students’ critical thinking, problem-solving, and

metacognitive skills (Hmelo-Silver, 2004; Tiwari et al., 2006; Walker and Leary, 2009).
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Some research, however, reports mixed results for academic achievement when

comparing PBL with conventional instruction, suggesting that while PBL students

may score lower on standardized knowledge tests, they outperform peers in assessments

requiring application, reasoning, and transfer of learning (Albanese and Mitchell, 1993;

Dochy et al., 2003, Vernon and Blake, 1993). These findings indicate that the benefits

of PBL are more evident in complex problem-solving and real-world performance than

in rote memorization.

Despite ongoing debates about the impact of PBL on test-based achievement, a

growing body of research shows its potential to develop 21st-century thinking skills

such as problem-solving, decision-making, and creativity (Hung et al., 2008; Strobel

and van Barneveld, 2009; English, 2016). Because PBL connects classroom learning

with real-world contexts, its integration into STEM offers a strong pedagogical frame-

work for fostering deep knowledge processing and critical thinking (Capraro et al.,

2013). Therefore, STEM education through PBL represents a promising pathway to

cultivating students’ HOTS.

In countries where high-stakes testing dominates academic outcomes, instruc-

tional time often shifts toward test preparation at the expense of activities that foster

HOTS (Au, 2007). Test preparation also affects teachers so that they pay more at-

tention to tests than other activities, such as alternative assessments and activities for

higher-order thinking skills, including critical and creative thinking skills (Klenowski

and Wyatt-Smith, 2012).

Türkiye, being a country where test preparation is the primary focus, exhibits

poor performance in PISA and TIMSS Türkiye compared to other countries (Mullis et

al., 2020). Although reforms have aimed to improve these results (Gür et al., 2012),

there remains a pressing need to strengthen students’ 21st-century skills. Address-

ing this need requires lesson designs that integrate problem-solving, reasoning, and

conceptual understanding from early grades.
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Mathematics is particularly well-positioned to develop systematic and strategic

thinking. Individuals working in fields such as engineering, economics, or technology

often encounter complex problems that require creative problem-solving skills grounded

in mathematical reasoning (Schoenfeld, 1992). Therefore, raising students with higher-

order mathematical thinking from elementary school to university level is essential. Re-

search suggests that early exposure to integrated STEM learning can significantly influ-

ence students’ long-term interest and competence in these skills (Margot and Kettler,

2019).

The selection of 5th-grade students for this study is both strategic and pedagog-

ically sound. This grade represents a transitional period into middle school, during

which students’ cognitive abilities for abstract and analytical reasoning expand signifi-

cantly (Piaget, 1972; Conklin, 2012). It is also the point at which many students begin

receiving subject-specific instruction in mathematics, allowing for more focused devel-

opment of conceptual and problem-solving skills (Hill et al., 2005). Moreover, Türkiye’s

new mathematics curriculum, introduced in 2024, shifts emphasis from procedural flu-

ency toward conceptual understanding, reasoning, and real-world applications (MoNE,

2024). Implementing STEM-oriented PBL approaches during this reform period offers

a timely opportunity to align classroom practices with curriculum goals.

In this regard, mathematics instruction should be designed to boost students’

HOTS through approaches that integrate critical thinking, creativity, and collaborative

problem-solving. STEM education through problem-based learning offers a research-

supported framework to achieve these goals (English, 2016). This study aims to en-

hance students’ higher-order thinking skills through STEM-oriented PBL in middle

school mathematics, employing a pre-test/post-test design to compare outcomes with

those from traditional instructional approaches, and to contribute to the evidence base

for effective teaching practices that develop 21st-century competencies.
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1.2. Research Question

Does participation in a STEM education program based on Problem-Based Learn-

ing significantly affect students’ mathematical thinking, problem-solving, and critical

thinking skills, compared to a control group, after controlling for their pre-test scores

in each skill area?

1.3. Hypotheses

H1: There will be a statistically significant difference between fifth-grade students

who receive STEM-PBL instruction and those who receive non-STEM-PBL instruction

in their post-test scores on mathematical thinking, critical thinking, and mathematical

problem-solving skills, indicating higher-order thinking skills.
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2. LITERATURE REVIEW

This chapter reviews the theoretical and empirical literature that underpins the

present study. It begins by defining Higher-Order Thinking Skills (HOTS) and its

key components relevant to mathematics education. Subsequently, it examines the

origins, theoretical frameworks, and educational applications of Problem-Based Learn-

ing (PBL). The final section explores the concept of STEM education, its theoretical

models, and its documented impact on mathematics learning and the development

of HOTS. Through this review, the chapter establishes the rationale for integrating

STEM and PBL as a method to enhance students’ higher-order thinking.

2.1. Higher-Order Thinking Skills (HOTS)

While the term “Higher-Order Thinking Skills” (HOTS) is relatively recent, it

builds on the much older concept of critical thinking (Resnick, 1987; Anderson and

Krathwohl, 2001). The philosophical roots of critical thinking extend to Socrates,

Plato, and Aristotle, as discussed in the intellectual traditions of Western philosophy

(Lewis and Smith, 1993). In modern education, formal recognition of critical thinking

rose in the mid-20th century, with Cuban (1984) tracing this shift to B.O. Smith’s

work in the 1950s. Today, HOTS is understood as a broader framework that includes

critical thinking alongside creativity and problem solving (Anderson and Krathwohl,

2001; Resnick, 1987).

The concept of higher-order thinking has since garnered various interpretations

and definitions in academic literature. Paul (1990) defines critical thinking as “taking

charge of your own mind” (p.7), emphasizing the role of self-regulation and learning

skills in personal development. Similarly, Resnick (1987) characterizes HOTS as in-

volving complex, nonalgorithmic, and effortful thinking, leading to multiple solutions,

nuanced judgments, and the application of multiple criteria between uncertainty and

self-regulation. Newman (1990) distinguishes between lower-order (LOTS) and higher-
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order thinking skills (HOTS). LOTS consist of memorization and routine tasks, and

HOTS involve interpretation, analysis, and manipulation of information in more com-

plex ways. Moreover, Thompson (2008) similarly categorizes thinking into lower-order

and higher-order skills, associating the former with remembering and applying infor-

mation in routine contexts. Despite different definitions, critical thinking and HOTS

share common elements such as problem-solving, reasoning, and higher-order cognitive

skills.

Research on HOTS has mainly addressed three areas: conceptualization, assess-

ment, and pedagogy. Conceptually, HOTS involves cognitive operations like analyz-

ing, evaluating, and creating—captured in Bloom’s Revised Taxonomy (Anderson and

Krathwohl, 2001) and linked to both critical and creative thinking (Schraw and Robin-

son, 2011). Assessment tools range from complex, open-ended tasks requiring multi-

step reasoning to structured, taxonomy-aligned tests measuring analysis, evaluation,

and creation levels (Anderson and Krathwohl, 2001).

Creating environments that encourage critical thinking is essential. Effective

pedagogical contexts support the transfer of knowledge and allow students to engage

with ill-structured, real-world problems (Jonassen, 1997; Torp and Sage, 2002). Inte-

grating problem-based learning (PBL) and STEM applications fosters interdisciplinary

problem solving, innovation, and collaborative thinking (Capraro et al., 2013).

Higher-order thinking skills (HOTS) in mathematics encompass the capacity to

engage with complex, non-routine problem-solving tasks that require deep concep-

tual understanding, reasoning, and making connections between mathematical ideas

(Schoenfeld, 1992; Anderson and Krathwohl, 2001).

Schoenfeld (1992) emphasizes that effective mathematical thinking involves sense-

making, strategic planning, and metacognition—processes that transcend mere proce-

dural fluency. Bloom’s revised taxonomy, as articulated by Anderson and Krathwohl

(2001), highlights analysis, evaluation, and creation as higher-order cognitive domains,
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framing mathematical HOTS as involving interpreting mathematical situations, eval-

uating solution strategies, and generating original methods or arguments.

A significant shift in the mathematics curriculum in Türkiye began with the

2005 program, aligning with constructivist educational theory and transitioning from

a teacher-centered to a student-centered approach (İlhan and Aslaner, 2019). Recent

revisions in the mathematics curriculum emphasize mathematical knowledge and also

its application in real-life contexts, aiming to enhance critical thinking and problem-

solving skills (MoNE, 2018). Despite these efforts, Turkish students’ average scores in

assessments like TIMSS and PISA remain below global averages (Arıkan et al., 2016;

Mullis et al., 2016). Integrating learning methods that enhance higher-order thinking

skills into mathematics lessons is essential to address this disparity. Problem-based

learning and STEM approaches offer avenues for developing these skills across multi-

ple disciplines, ultimately improving educational outcomes. It is essential to develop

students’ general abilities of HOTS. Therefore, mathematics is one of the disciplines

that has the potential to enhance students’ general HOTS abilities. From the liter-

ature, studies focused on three things to measure students’ HOTS: critical thinking

skills, mathematical thinking skills, and mathematical problem-solving skills. There-

fore, this study focuses on developing students’ higher-order thinking skills through

critical thinking, mathematical thinking, and problem-solving skills.

2.2. Problem-Based Learning (PBL)

2.2.1. Origins of Problem-Based Learning

Problem-based learning (PBL) originated within the medical field due to inad-

equacies in traditional educational approaches, which focused on compartmentalizing

learning of fundamental subjects such as psychology and anatomy rather than holisti-

cally integrating them (Rehmat, 2015). Recognizing the need for a more comprehensive

educational strategy aligned with real-world contexts, a novel pedagogical approach

emerged: problem-based learning (Barrows and Tamblyn, 1980). Subsequently, PBL
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was found to be applicable in other disciplines such as engineering education, where it

fostered problem-solving skills and facilitated interdisciplinary integration across var-

ious domains (Kolmos, 1996). Following its successful implementation in the medical

education area, problem-based learning started to be adopted in different fields with

K-16 education (Savery, 2006).

2.2.2. Definitions and Theoretical Framework for Problem-Based Learning

Problem-Based Learning (PBL) is a widely utilized student-centered pedagogy,

though its applications can vary (Rehmat, 2015). Barrows and Tamblyn (1980) define

PBL as a method where students engage in small group discussions centered around

authentic problems, with teachers assuming the role of facilitators throughout the pro-

cess. Hmelo-Silver (2004) characterizes PBL as an instructional methodology in which

students acquire knowledge by addressing complex, real-world problems with multi-

ple solutions. Within this framework, students work collaboratively in small groups,

taking active roles in their learning process, while teachers serve as guides rather than

transmitting knowledge (Hmelo-Silver, 2004). Savery (2006) clarifies PBL as a student-

centered instructional approach necessitating research, interdisciplinary collaboration,

and applying of theoretical concepts to practical problem-solving scenarios. The center

of PBL methodology is the use of ill-structured problems. As Torp and Sage (2002)

emphasized, PBL requires students to develop focused problem-solving skills and en-

gage in experiential learning. Across the foundational literature, a consensus definition

emerges: PBL is an instructional methodology where students, working in collabo-

rative small groups, confront complex, authentic problems that lack simple solutions.

This process requires students to engage in research, interdisciplinary thinking, and the

application of theoretical concepts to practical scenarios. Central to this approach is

the use of “ill-structured problems” that mirror real-world challenges, thereby fostering

focused problem-solving skills and experiential learning. In this model, the teacher’s

role shifts from a supplier of knowledge to that of a facilitator, guiding students in

their learning process rather than dictating it (Barrows, 2000; Goodnough and Nola,

2008; Hmelo and Ferrari, 1997; Hmelo-Silver, 2004).
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There are various strategies to implement PBL in educational settings, rang-

ing from problem-centered lessons to environments fostering experiential learning and

improved student relationships (Graaf and Kalmos, 2003). Hmelo and Ferrari (1997)

delineate key characteristics of PBL, including engagement with ill-structured problems

reflective of real-world processes, authentic problem-solving experiences, collaborative

group work, facilitator-guided learning emphasizing cognitive and collaborative skills,

and self-directed student inquiry. Gallagher et al. (1995) identify three fundamen-

tal aspects of PBL: the initiation of learning with a problem, the use of specifically

designed ill-structured problems, and facilitator-led guidance that fosters student au-

tonomy. Additionally, Duch et al. (2001) outlined a five step process for implementing

PBL: identifying core concepts and learning objectives, and then design tasks and prob-

lems that actively engage students with the topic, integration of real-life cases into the

tasks, potentially in consultation with subject matter experts to enhance authenticity,

presenting problems to students with taking into account learning environments, pro-

viding teachers with guidelines for facilitating PBL sessions, including detailed lesson

plans and instructional activities, and determination of the resources students need to

address the problems posed within PBL lessons.

For this study, the problem-based cycle proposed by Hmelo-Silver (2004) was

adopted as the guiding framework. This model, which consists of three recursive stages

(1) identifying and generating hypotheses about a complex problem, (2) engaging in

self-guided investigation and collaborative inquiry, and (3) reporting findings and re-

flecting on the learning process, was selected for its clear alignment with the goals of this

research. Its emphasis on authentic, interdisciplinary challenges makes it particularly

compatible with a STEM education approach. Moreover, the framework’s structure

provides a developmentally appropriate scaffold for 5th-grade students, empowering

them to engage in the critical thinking and collaborative problem-solving necessary to

cultivate higher-order thinking skills.
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2.2.3. Problem-Based Learning in Education

The literature presents a nuanced picture of PBL’s effectiveness. While some early

meta-analyses suggested PBL students might lag in standardized knowledge tests com-

pared to those in traditional classrooms, a larger body of research demonstrates PBL’s

superior impact on developing practical, higher-order skills such as critical thinking

and clinical reasoning.

Problem-based learning is an educational method in many disciplines. Problem-

based learning aims to give students problem-solving strategies with real-world cases

and provide them with learning skills (Hmelo-Silver, 2004). Studies have been done to

implement and investigate the effects of PBL. Several studies demonstrated that PBL

negatively affected students’ knowledge compared to traditional education (Berkson,

1993; Dochy et al., 2003). Berkson (1993) conducted a meta-analysis, indicating that

no studies showed a significant difference between traditional and PBL curricula. On

the contrary, Vernon and Blake (1994) responded to Berkson’s study (1993), explain-

ing that Berkson misunderstood the papers analyzing the effects of PBL concerning

traditional education. Vernon and Blake (1994) demonstrated that this study is an ex-

amination of the transferability of one assessment tool from one institution to another

through students’ performances in different sections and clinical practice; it is not an

indicator of whether PBL significantly affects students’ thinking abilities.

Goodnough and Cashion (2006) demonstrated that schoolteachers also have doubts

about implementing problem-based learning. Their study revealed that school teach-

ers struggle to implement problem-based learning regarding the design of the lessons,

determining the topic, and the assessment procedure. Yet, the study also displays

that students enjoy problem-based learning sessions since it enables students to be

active learners, understand the real-world connections, and work with their peers. In

alignment with this, Özel (2009) argued that these challenges should not be viewed as

obstacles but rather as inherent aspects of shifting toward project-based and problem-

based instructional models, suggesting that PBL requires teachers to rethink their
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roles from knowledge transmitters to facilitators of learning, while simultaneously de-

veloping assessment approaches that capture students’ problem-solving, creativity, and

collaboration.

On the other hand, problem-based learning has also been seen to increase stu-

dents’ critical thinking skills (Tiwari et al., 2006). Tiwari et al. (2006) investigated

the impact of problem-based learning on students’ critical thinking skill development.

14 The critical thinking dispositions of 79 nursing students were investigated through

the California Critical Thinking Disposition Inventory. Forty students took lessons in

the PBL method, and the other 39 had lecturing lessons over one academic year. For

pre-test results, the two groups were not significantly different. After PBL lessons, the

PBL students’ results significantly improved compared to other students.

In another study by Tarmizi and Bayat (2012), the effects of PBL lessons were

investigated in an Educational Statistics Course within ten weeks, in which a quasi-

experimental post-test control group design was used. Six PBL Modules were used

within ten weeks of lessons. PBL students worked as groups and did activities collab-

oratively; the other group took conventional lessons. According to the results, PBL

students performed higher than the traditional group, and there was a significant dif-

ference between the two groups. Another study conducted by Derry et al. (2006) with

pre-service teachers in educational psychology courses with technology integration also

supports that PBL positively affects students. There were two different pre-service

teachers, and the study was done in three semesters. The results showed that PBL

lessons positively affected PBL students (Derry et al., 2006).

Problem-based learning can also be integrated into other majors. Magsino (2014)

conducted a qualitative design study and examined the Collaborative PBL method in

an undergraduate course in marine biology. The study was done in the 2014-2015

academic year with 16 students. Before lessons started, students were given a course

to remember facts, scientific methods, and applications of marine biology. After that,

students became a group of four and were given a marine biology problem. They were
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asked to create experimental designs to deal with the problem through the framework of

the PBL Seven Step developed at the University of Maastricht (De Graaff and Kolmos,

2003). The study reveals that to improve students’ critical thinking in the domains

of analysis, synthesis, and evaluation in the top three domains of Bloom’s Taxonomy,

one of the effective methods is PBL. In addition, students also had competencies in

demonstrating critical thinking skills (Magsino, 2014).

Klegeris et al. (2013) designed a pre/post-design quantitative study to observe the

influence of tutor-less problem-based learning on students’ problem-solving skills. Four

different third-year courses, human kinetics, chemistry, sociology, and biochemistry, at

the University of British Columbia, were selected to apply the study in the Fall 2011

term. Except for biochemistry, the other courses were delivered in traditional ways.

The students taking the biochemistry course were in the experimental group, and the

others were in the control group. Students took two problem-solving tests designed

from International Student Assessment (PISA) questions at the beginning and the end

of the semester. At the end of the study, it was seen that the scores of the experimental

group were higher than those of the control group.

From a higher-order thinking and mathematics education perspective, several

studies have measured whether PBL has enhanced students’ HOTS in mathematics

education. Suparman et al. (2021) did a meta-analysis study investigating the effects

of PBL on students’ higher-order thinking skills in mathematics learning in Indonesian

students. They examined HOTS in three categories: mathematical critical think-

ing skills (MCriTS), mathematical creative thinking skills (MCreTS), and mathemat-

ics problem-solving skills (MPSS). The results reveal that applying PBL contributes

to improving Indonesian students’ HOTS (MCriTS, McreTS, MPSS) in mathematics

learning (Suparman et al., 2021).

Yolanda (2019) examined the effects of problem-based learning on junior high

school students’ mathematical creative thinking skills. The study’s design was quasi-

experimental with a non-equivalent control group design. The research was done in
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Bandung in the 2014-2015 academic year with 8th-grade students. There were two

groups; one of the groups took PBL (experimental group), and the other group (control

group) took lessons through a scientific approach. The study reveals that the average

points of students from the PBL group were higher than those of the control group

receiving the scientific approach (Yolanda, 2019).

2.3. STEM Education

2.3.1. Definitions of STEM

STEM is an acronym for Science, Technology, Engineering, and Mathematics

that represents a cohesive educational framework for integrating these domains. His-

torically, the concept was first termed SMET (Science, Mathematics, Engineering, and

Technology) before being adapted to the now-common acronym STEM by the National

Science Foundation (NSF) (Sanders, 2009). This integrated approach is widely consid-

ered crucial for national economic development, leading many educators to prioritize

enhancing STEM education within their curricula (Moore et al., 2014).

To cultivate students’ proficiency in these areas, it is essential to incorporate

real-world-oriented topics and authentic tasks into instructional practices. Holmlund

et al. (2018) emphasize that STEM education is defined by its interdisciplinary focus,

its use of instructional practices, and its emphasis on engaging students in real-world

problem solving. Similarly, Capraro et al. (2013) argue that STEM environments

provide an effective framework for connecting disciplinary knowledge with authentic,

ill-structured problems requiring well-defined solutions. Therefore, it fosters students’

abilities to solve real-world problems and engage in critical thinking throughout K-12

education.

In Türkiye, for example, the 2018 update of the Science Curriculum introduced

engineering and entrepreneurship practices, which laid a foundation for authentic,

problem-oriented STEM applications in elementary and middle schools (Akaygün et
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al., 2020). Similarly, a meta-synthesis of STEM-focused lesson plans revealed that

Turkish teachers frequently employ project-based, inquiry-based, and problem-based

learning (PBL) approaches, along with the 5E learning model, to connect disciplinary

knowledge with real-life contexts and foster higher-order thinking (Özmen et al., 2020).

Despite the widespread use of STEM education, the concept needs a universally

accepted definition. White (2014) defined STEM education as aiming to equip all

students with critical thinking skills essential for problem-solving in both professional

environments and the marketplace. However, a distinction exists between STEM ed-

ucation as perceived within the educational domain and vocational purposes. Hence,

educators are urged to specify “STEM Education” to denote its application within

educational contexts (Sanders, 2009).

In Türkiye, STEM has been widely adopted under both the original acronym and

the localized version “FeTeMM”, with numerous graduate theses, research projects,

and teacher-training programs contributing to its national growth (Akaygu¨n et al.,

2018). Moreover, the analysis of 82 STEM lesson plans demonstrated that authentic

assessment practices—such as performance tasks and real-world problem-solving—are

increasingly being embedded in Turkish classrooms. Notably, PBL activities (e.g.,

developing solutions for acid rain or energy efficiency problems) are widely used to

help students apply STEM knowledge to authentic, complex challenges (Özmen et al.,

2020).

STEM education has been defined in multiple ways, reflecting its interdisciplinary

nature and the ongoing evolution of educational practices. The National Research

Council (2011) describes STEM education as the integration of science, technology,

engineering, and mathematics in educational contexts to promote both content knowl-

edge and higher-order thinking skills. Sanders (2009) emphasizes that STEM edu-

cation involves the purposeful combination of these disciplines as pedagogical tools

to enhance student learning and engagement. Similarly, Beers (2011) highlights the

interdisciplinary and applied aspects of STEM education, noting its potential to pre-
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pare students for complex, real-world challenges. Despite its broad adoption, scholars

acknowledge that there is no universal agreement on a precise definition of STEM ed-

ucation, with interpretations varying across contexts (Breiner et al., 2012). From an

applied perspective, Wang et al. (2011) outline three approaches to STEM education:

integration of science and mathematics through technology; career and technical educa-

tion (CTE) that prepares students for workforce demands; and the extension of STEM

principles into other academic and professional domains. In Türkiye, these applied

perspectives have been mirrored through the establishment of STEM centers and the

integration of structured frameworks for lesson planning (Akaygün et al., 2018; Özmen

et al., 2020).

2.3.2. Theoretical Framework for STEM Education

Early attempts to define the core elements of K-12 STEM education were led

NRC. In its foundational work, the NRC (2009) identified three key aspects for K-12

STEM: the importance of engineering design, the association of mathematics and sci-

ence with technological knowledge, and an understanding of the nature of engineering.

Building on this, Moore et al. (2014) developed a more comprehensive, research-

based framework to define quality K-12 engineering education. Their framework pro-

vides detailed guidance for curriculum development and consists of nine key indicators:

(i) Complete Process Design (POD): Identifying problems, planning solutions, and

design designs.

(ii) Apply Science, Engineering, and Mathematics Knowledge (SEM): Applying inter-

disciplinary knowledge.

(iii) Engineering Thinking (EThink): Encouraging creativity, systems thinking, and

reflective problem-solving.

(iv) Conceptions of Engineers and Engineering (CEE): Promoting an understanding

of the engineering profession.
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(v) Engineering Tools, Techniques, and Processes (ETools): Familiarizing students

with technical instruments and methodologies.

(vi) Issues, Solutions, and Impacts (ISI): Fostering awareness of the societal and en-

vironmental consequences of engineering solutions.

(vii) Ethics: Emphasizing ethical responsibility.

(viii) Teamwork: Fostering collaboration.

(ix) Communication Related to Engineering (Comm-Engr): Developing effective com-

munication.

These foundational frameworks provide important context for the specific inte-

grated STEM model from Honey et al. (2014) and Çorlu (2017) that were ultimately

chosen to guide this study.

To further illustrate how STEM can be conceptualized, Kelley and Knowles

(2016) proposed an integrated framework based on the analogy of a block and tackle

pulley system. In this model, the “load” to be lifted is student learning, and the

components of the system work together to achieve this goal:

� Pulley 1: Engineering Design. This component acts as the primary integrator

of the STEM disciplines, engaging students in problem-solving and prototype

creation through the application of scientific and mathematical reasoning.

� Pulley-2: Scientific Inquiry. This pulley involves engaging students in asking

scientific questions and conducting investigations.

� Pulley-3: Technological Literacy. Means a deeper understanding of technology as

human-designed solutions with societal, environmental, and ethical dimensions.

� Pulley-4: Mathematical Thinking. Encourages abstract and quantitative reason-

ing.

� The Rope is used to bind collaborative learning and social participation.

Honey et al.’s (2014) framework was used in the study since it is a suitable

framework for Problem-Based Learning (Honey et al., 2014). They stated an Integrated
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STEM Education Framework (see Figure 2.1) emphasizing learning through real-world

problems requiring interdisciplinary knowledge from science, technology, engineering,

and mathematics.

The framework supports the use of ill-structured problems as authentic, real-

world STEM challenges, initiating learning with complex problem contexts (Honey et

al., 2014, p. 32). It also gives importance to teacher facilitation, promoting student

autonomy and self-directed learning to enable students to take control of their learning

process.

While Honey et al.’s (2014) (see Figure 2.1) framework provides a comprehen-

sive model for integrated STEM education, Çorlu’s (2017) STEM: Integrated Teaching

Framework offers a complementary perspective that enriches and extends these ideas.

Both frameworks emphasize learning through authentic, real-world problems and high-

light the importance of interdisciplinary integration across science, mathematics, engi-

neering, and technology. Honey et al. (2014) stress the role of ill-structured problems,

teacher facilitation, and student autonomy in developing 21st-century competencies,

while Çorlu (2017) similarly emphasizes Knowledge-Based Life Problems as the foun-

dation for learning, advocating for student-centered inquiry and problem-solving.

In addition, Honey et al. articulate detailed goals and outcomes for both stu-

dents and teachers, whereas Çorlu (2017) provides guiding principles such as equity,

relevance, interdisciplinarity, and rigor, as well as the importance of professional learn-

ing com- munities to sustain effective implementation.

Taken together, these two frameworks are complementary: Honey et al., (2014)

offer a structured conceptualization of integrated STEM, while Çorlu (2017) deepens

this view by highlighting the philosophical, pedagogical, and practical elements needed

to make such integration meaningful and sustainable.
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Figure 2.1. Conceptual framework for Integrated STEM Education. Adopted from:

(Honey et al., 2014, p. 32).

As illustrated in Figure 2.1, the model is structured around four components:

(1) Goals: These are subdivided into five student-focused and two educator-focused

objectives. The student goals include:

� STEM literacy, which refers to awareness of the roles of STEM in society, under-

standing of fundamental disciplinary concepts, and basic application fluency.

� 21st-century competencies, encompassing cognitive, interpersonal, and intraper-

sonal skills such as critical thinking, communication, collaboration, adaptability,

and metacognition.

� Interest and engagement in STEM, especially among underrepresented groups,

which is critical for long-term participation.

� Ability to make interdisciplinary connections, enabling students to transfer knowl-

edge, combine practices, and synthesize understanding across STEM domains.
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For educators, the framework emphasizes two goals: (1) increasing STEM content

knowledge and (2) enhancing pedagogical content knowledge. These goals are partic-

ularly important for supporting interdisciplinary learning and preparing teachers for

instructional challenges in both formal and informal educational contexts. While many

STEM initiatives imply these goals without explicitly articulating them, the framework

positions them as central to designing impactful integrated STEM programs (Honey et

al., 2014). Similarly, Çorlu (2017) emphasizes that teachers should act as co-educators

of knowledge with students and develop flexible curricula that integrate multiple dis-

ciplines in response to authentic societal needs.

(2) Outcomes: Six key student outcomes are identified:

� Learning and achievement, typically measured through standardized or curriculum-

based assessments.

� Development of 21st-century skills, including problem-solving, critical thinking,

collaboration, and creativity, particularly in addressing ill-structured problems.

� Increased course-taking and persistence, as indicated by higher enrollment and

graduation rates in STEM.

� Entry into STEM-related career pathways.

� Development of STEM interest and identity, referring to students’ motivation

and self-perception in relation to STEM.

� Ability to transfer knowledge across STEM disciplines, a marker of interdisci-

plinary learning.

For educators, outcomes include changes in instructional practice such as in-

creased use of inquiry-based, student-centered strategies, and growth in both content

and pedagogical knowledge. Although high-level outcomes like STEM identity or lit-

eracy are methodologically complex to measure, the framework underscores the im-

portance of designing integrated STEM experiences with observable impacts on both

students and educators. This aligns with Çorlu’s (2017) emphasis on interdisciplinary

rigor, equity, and relevance as guiding principles of integrated STEM.

(3) Nature and Scope of Integration: This dimension includes three elements:
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� Type of STEM connections—ranging from concept integration across disciplines

(e.g., using geometric principles in engineering design) to the fusion of disciplinary

practices (e.g., combining scientific inquiry with engineering processes).

� Disciplinary emphasis, where one subject (often mathematics or science) may

dominate, supported by others to deepen learning.

� Scope of initiatives, varying in duration and complexity—from single lessons to

full-school models. Some efforts are limited pilot projects, while others are large-

scale implementations involving extensive stakeholder networks. Integration can

also occur in informal environments beyond traditional classrooms. The nature

and scope of integration affect required resources, stakeholder involvement, ex-

pected outcomes, and the feasibility of evaluation.

(4) Implementation: Effective implementation requires careful attention to in-

structional design, educator support, and adaptations in the learning environment

(Honey et al., 2014). Instructional strategies can range from traditional methods to

more student-centered approaches, such as problem-based learning and engineering

design.

These often align with scientific inquiry and offer meaningful opportunities to

apply STEM knowledge. Supporting educators through professional development and

adjusting institutional structures—such as extending class periods or fostering cross-

school partnerships—are essential. Documenting both the process and the outcomes

helps determine what works and informs future program design (Honey et al., 2014).

Çorlu (2017) similarly emphasizes that teacher professional learning communities and

long-term professional development are key drivers for sustainable integrated STEM

practices in schools. In conclusion, the STEM-PBL lesson plans (see Appendix G) were

developed in accordance with Honey et al.’s (2014) conceptual framework, comple-

mented by Çorlu’s (2017) STEM: Integrated Teaching Framework and Hmelo-Silver’s

(2004) problem- based learning cycle, which encompasses the stages of problem iden-

tification, self- directed investigation, and reporting.
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2.3.3. STEM and Mathematics Education

In the 21st-century, there is an emphasis on promoting Science, Technology, Engi-

neering, and Mathematics (STEM) education at both national and global levels, driven

by the recognition of its significant contribution to economic and social sustainability

(Freeman et al., 2019). STEM education plays a pivotal role in fostering interdis-

ciplinary thinking among students, enabling them to address authentic, real- world

challenges (Anderson et al., 2020). Consequently, concerted efforts are being made

to integrate STEM education into curricula and educational policies (Freeman et al.,

2014).

DeJarnette (2012) underscores the importance of incorporating engineering tasks

into educational curricula for young learners to encourage their self-confidence in subse-

quent mathematics and science coursework. Notably, students generally exhibit lower

performance in STEM disciplines compared to other fields, with American students

particularly lagging behind their counterparts in Asian and European nations (McGee

et al., 2013).

STEM education fosters students’ interest and competence in science and mathe-

matics while simultaneously improving the quality of mathematics instruction through

the integration of interdisciplinary connections (Anderson et al., 2020). The “Maths

Inside” project, conducted by Coupland et al. (2017), exemplifies this approach by

ex- plaining the role of mathematics across various domains. The project aimed to

cultivate students’ and educators’ awareness of the practical applications of mathe-

matics in real-world contexts. The findings highlighted that integrating mathematics

into authentic scenarios fosters a perception among students that mathematical skills

are inevitable for their future careers. Therefore, it increased the value attributed to

mathematics education (Coupland et al., 2017).

In another investigation, English et al. (2017) explored the role of STEM edu-

cation in engineering design-based problem-solving tasks among sixth-grade students.
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Their study focused on an earthquake scenario that integrated mathematics, science,

and technology, highlighting the essential contribution of mathematics to engineer-

ing problem-solving endeavors. Furthermore, Beswick and Fraser (2019) conducted a

project to enhance mathematics teachers’ content knowledge and align their pedagog-

ical practices with the demands of the 21st-century. They recognized the fundamental

role of teachers in shaping students’ attitudes toward mathematics. Then, the au-

thors developed the STEM Critical Appraisal for Teachers (STEMCrAfT) framework

to enlighten educators in planning lessons that integrate STEM principles and foster

positive student engagement (Beswick and Fraser, 2019).

In light of these findings, integrating STEM education into mathematics courses

emerges as an efficient way to integrate lessons with the real world, thereby enhancing

student motivation, problem-solving abilities, and mathematics proficiency.

2.3.4. STEM and Higher-Order Thinking Skills

Various researchers have tried to define higher-order thinking skills (HOTS), en-

compassing critical and creative thinking with self-regulation and learning skills (Paul,

1990; Newman, 1990). Kek and Huijser (2011) explained that individuals with criti-

cal thinking can effectively analyze and solve problems, utilize information in different

domains, and demonstrate superior higher-order cognitive abilities. From this, it is a

necessity to establish student-centered, multidisciplinary learning environments to fos-

ter the development of students’ higher-order thinking skills. Hence, STEM (Science,

Technology, Engineering, and Mathematics) education emerges as a strategic approach

to facilitate deep learning and enhance HOTS (Ure, 2012).

STEM education, originating from integrating science, technology, and engineer-

ing into school curricula, engenders multidisciplinary collaboration, thereby engender-

ing novel insights (Lantz, 2009). Consequently, STEM education is widely recognized

as a means of equipping students with critical thinking and problem-solving abilities

that are essential for success in contemporary professional and societal contexts (By-
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bee, 2010; National Research Council, 2011; English, 2016). The primary objective of

STEM education is to nurture 21st-century skills, prominently including critical think-

ing (NRC, 2009). Achieving this necessitates integrating problem-solving, reasoning,

and decision-making into educational paradigms (Willingham, 2008).

Duran and Şendağ (2012) investigated students’ critical thinking skills within the

context of an IT/STEM project implemented in an urban high school setting. Utilizing

the Test of Everyday Reasoning (TERS) test to evaluate pre-and post-intervention out-

comes, they observed a significant enhancement in critical thinking skills among urban

students. Similarly, Parno et al. (2019) investigated high school students’ higher-order

thinking skills as applying PBL with the STEM approach. Their findings showed a

notable elevation in HOTS scores among students engaged in problem-based learning

with STEM education. Despite evidence pointing to the positive impact of STEM

education on HOTS development, there is still a lack of research for cultivating critical

thinking skills within educational settings. Moreover, research in this area remains lim-

ited, particularly within specific educational contexts evaluating the combined efficacy

of STEM education through PBL and its contributions to HOTS enhancement (Duran

and Şendağ, 2012) a gap this thesis aims to address.

In summary, these studies collectively affirm the potential of STEM education to

foster critical thinking skills. Moreover, the literature establishes HOTS as a critical

goal of 21st-century education. Both PBL and STEM education, rooted in construc-

tivist principles, have been individually shown to be effective in fostering these skills.

However, a significant gap exists in understanding the synergistic effect of implement-

ing STEM education through a PBL framework, especially within the Turkish middle

school mathematics context. Therefore, this study is designed to investigate this inter-

section, providing empirical evidence on how a combined STEM-PBL approach impacts

students’ critical thinking, mathematical thinking, and problem-solving skills.



25

2.4. STEM and Problem-Based Learning (PBL)

Problem-Based Learning and STEM education are distinct pedagogical approaches,

each with unique methodologies and objectives. PBL is an instructional strategy where

students engage with complex, real-world problems, fostering skills such as critical

thinking, problem-solving, and self-directed learning. It emphasizes inquiry, collabora-

tion, and the application of knowledge to ill-structured scenarios (Savery, 2006).

STEM education, encompassing Science, Technology, Engineering, and Mathe-

matics, is a curriculum framework designed to integrate these disciplines, emphasizing

interdisciplinary learning, real-world applications, and preparing students for careers

in technology-driven economies (Honey et al., 2014). While STEM education often in-

cludes hands-on projects and collaborative activities, its instructional design may not

always explicitly center on ill-structured problem-solving or inquiry processes inherent

to PBL (Bybee, 2010).

Traditionally, PBL and STEM have been applied separately. Many PBL imple-

mentations occur in settings that are not explicitly STEM-focused, using problems from

diverse domains such as social sciences, medicine, or humanities. Similarly, STEM pro-

grams often integrate hands-on and project-based activities without necessarily adopt-

ing the structured inquiry and collaborative problem-solving processes characteristic

of PBL. This separation means that students may experience either PBL or STEM

education, but rarely both simultaneously in a fully integrated manner. However, inte-

grating PBL within a STEM framework offers significant educational advantages. PBL

provides an instructional framework that encourages inquiry, self-directed learning, and

the exploration of ill-structured problems, while STEM con- tent offers rich, authentic

contexts that require interdisciplinary knowledge and cognitive skill development (Hsu,

2015; Martin et al., 2016). Using these approaches together enables students to ap-

ply STEM knowledge to real-world, complex problems, fostering higher-order thinking

skills such as analysis, evaluation, creativity, and problem-solving.
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Integrating PBL within STEM education is advantageous because it combines

the strengths of both approaches. PBL enhances students’ engagement, collabora-

tion, and reflective thinking, while STEM provides the content and context for au-

thentic problem-solving. Together, they create learning experiences that are not only

content-rich but also process-oriented, promoting critical thinking, creativity, and the

application of knowledge to real-world challenges. By leveraging both methodologies,

educators can better prepare students for the complex demands of the 21st-century,

equipping them with the skills necessary for lifelong learning, innovation, and adapt-

ability (Kelley and Knowles, 2016).
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3. METHODS

This chapter details the methodology used to investigate the effects of a STEM-

integrated Problem-Based Learning (PBL) program on the higher-order thinking skills

(HOTS) of 5th-grade students. This study employed a quasi-experimental, pre-test/post-

test control group design. Quantitative data from three assessment instruments were

collected to measure changes in students’ mathematical thinking, critical thinking, and

problem-solving skills. Additionally, qualitative data, including classroom observations

and student worksheets, were gathered to provide deeper insights into the learning pro-

cess. The following sections will outline the research design, participants and setting,

data collection instruments, intervention procedures, and the methods used for data

analysis.

3.1. Research Design

This study employed a quasi-experimental, pre-test/post-test control group de-

sign. This approach was chosen because it allows for the comparison of an experimental

group and a non-equivalent control group, making it possible to assess the impact

of an educational intervention when random assignment is not feasible. The design

involves measuring key dependent variables before (pre-test) and after (post-test) the

instructional period to determine the effects of the STEM-PBL program.

3.2. Participants and Settings

The study was conducted at a private middle school in Türkiye where the re-

searcher was employed as a mathematics teacher. The participants were 5th-grade stu-

dents, a grade level chosen as it marks the transition into middle school and the first

year of instruction by specialist mathematics teachers (Hill et al., 2005). A convenience

sampling method was used, as the school was readily accessible to the researcher.
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The entire 5th-grade 129 students were invited to participate in the study, with

parental consent forms distributed prior to the research. From this initial pool, data

from six students were excluded: three for whom parental consent was not granted, and

three who had individualized education plans (IEP). This resulted in a final sample

of 123 students, consisting of 55 females and 68 males between the ages of 10 and 12.

The sample was divided into an experimental group (n= 60) and a control group (n=

63).

Participants were already distributed across six different 5th-grade classrooms,

taught by a total of three mathematics teachers, with each teacher responsible for two of

the classes. To control teacher-related variables such as teaching style or effectiveness,

a balanced assignment strategy was implemented. For each of the three teachers, one

of their two classrooms was randomly assigned to the experimental group and the other

to the control group. This process resulted in three classrooms being assigned to the

experimental (STEM-PBL) group, and three classrooms being assigned to the control

group. This design was intended to ensure that any observed effects were more likely

attributable to the teaching method rather than confounding teacher variables. While

all students participated in the lesson activities as part of their regular instruction,

only the data from students with parental consent were included in the final analysis.

3.3. Data Collection Instruments

To measure students’ HOTS, three quantitative instruments were administered as

pre-tests and post-tests. In addition, qualitative data were collected through classroom

observations and student worksheets. Each instrument is described in detail below.

3.3.1. Mathematical Thinking Scale (MTS)

The Mathematical Thinking scale by Ersoy and Başer (2013) was used in this

study (see Appendix A) to assess students’ mathematical thinking levels. This scale

was employed because it provides a comprehensive measure of students’ disposition
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and ability to engage in mathematical thinking—an essential element of higher-order

thinking skills in mathematics education. The instrument consists of 25 items on a

5-point Likert scale, ranging from “Strongly Disagree” to “Strongly Agree” on four

sub-domains - Higher-Order Thinking Tendency (HOTT), Reasoning, Mathematical

Thinking Ability (MTA), and Problem-Solving (PS) - that directly correspond to the

skills targeted in STEM-PBL learning environments. The developers reported a relia-

bility coefficient of α= 0.78, and for the current study, Cronbach’s alphas were calcu-

lated as 0.75 and 0.81, respectively, in pre-test and post-test in this study, indicating

good reliability.

� Higher-Order Thinking Tendency (HOTT): α= 0.74 (pre-test), α= 0.75 (post-

test).

� Reasoning : α= 0.65 (pre-test), α= 0.66 (post-test).

� Mathematical Thinking Ability (MTA): α= 0.62 (pre-test), α= 0.63 (post-test).

� Problem-Solving (PS): α= 0.70 (pre-test), α= 0.73 (post-test), demonstrating

moderate and acceptable reliability (Cronbach, 1951).

By including this tool, the study was able to assess not only students’ demon-

strated problem-solving performance but also their underlying thinking dispositions,

thereby yielding a more holistic evaluation of their higher-order thinking skills.

3.3.2. Critical Thinking Skills Test (CTST)

The Critical Thinking Skills Test developed by Eğmir and Ocak (2016) was em-

ployed in this study to measure fifth-grade students’ critical thinking skills (see Ap-

pendix B). The instrument consists of 25 multiple-choice items, and it directly assesses

cognitive processes that align with the definition of higher-order thinking skills, par-

ticularly in the domain of critical thinking.

Its subskills—identifying the problem, distinguishing between subjective and ob-

jective arguments, analyzing and evaluating arguments, and determining the reliability
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of a source—are essential competencies for students engaging in STEM-PBL activities,

where evaluating evidence, reasoning logically, and making justified decisions are in-

tegral to problem-solving. The developers established content validity through expert

review and pilot testing. The original reliability coefficients were reported as KR-20=

0.61 and KR-21= 0.63, indicating acceptable internal consistency for the scale (Eğmir

and Ocak, 2016).

In the current study, the scale demonstrated good reliability, with Cronbach’s

alpha coefficients calculated as α= 0.77 for the pre-test and α= 0.79 for the post-test.

These values suggest that the instrument was reliable for use with the present sample.

To score the assessment, the answer key provided by the test developers was used.

Correct answers were coded as 1, while incorrect or unanswered items were coded as

0. Total scores were calculated by summing the number of correct responses.

3.3.3. Mathematical Problem-Solving Test (MPST)

The Mathematical Problem-Solving Test was selected to evaluate students’ ability

to apply mathematical knowledge in non-routine and multi-step problem situations—an

essential aspect of higher-order thinking skills. Adapted from the well-established

TIMSS framework, the test covers multiple content domains (data, measurement, geo-

metric shapes, and measures and numbers) and incorporates attributes representative

of authentic problem-solving processes (see Appendix C).

The test was composed of 8 items and an adaptation of the items from Trends in

International Mathematics and Science Study (TIMSS, 1999, 2003, 2007, 2011) involv-

ing one or more characteristics for problem-solving processes (Özel, 2023). Cronbach’s

alphas were calculated as .80 and .86, respectively, in the pre-test and post-test in this

study. Therefore, the test was found to be reliable for use as a measurement tool in

this study. To interpret students’ work and calculate the test scores, the researcher

used a scoring guide prepared before for another study using TIMSS’s codes (Bektaş,

2021) (see Appendix C). Its inclusion ensured that the study measured students’ ca-
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pacity to interpret, model, and solve complex mathematical problems, providing a

robust indicator of their problem-solving proficiency within the STEM-PBL learning

environment.

3.3.4. Classroom Observation

Observations took place in both the STEM-PBL group and the control group to

provide deeper insights into quantitative findings. The observations were done in every

class. The researcher here was both a teacher applying lesson plans for her classes and

also an observer for the other classes, looking for the students’ interaction in groups

and between groups, the classroom environment, and the flow of the lessons. The other

teachers were also in the observer role, especially for the lessons that the researcher

could not participate in, to observe due to the schedule.

3.4. Procedures

Before the implementation of the study, the approvals from the sub-Ethics Com-

mittee of the Boğaziçi University (see Appendix D) and the Ministry of National Ed-

ucation (MoNE) (see Appendix E) were obtained. The school council and principal

were informed about the study, and their permission was taken to apply the study.

Then, for the consent of the parents, the Consent Form (see Appendix F) was sent

to the parents and the students. The duration of the study was approximately 15

weeks. Students were assigned either the experimental (3 classes) or the control group

(3 classes), as each mathematics teacher had one control and one experimental group.

This study consisted of three main stages: Initial Assessment, Instructional Period,

and Final Assessment.

Initial Assessment: The initial assessment stage started with sending the consent

forms (Appendix F) to the students and their parents using an online platform as an

announcement. If the parents did not consent to participate in the study, then the

data from these students would not be used in this study. The names, gender, and
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age information were collected from students through the school system. There were

six different classrooms in 5th-grade, and there were also 3 different teachers for these

classes. To control the teacher variable in the study, each teacher had one control and

one experimental group. All participants took the Mathematical Thinking Scale (MTS)

(Ersoy and Başer, 2013), the Critical Thinking Skills Test (CTST) (Eğmir and Ocak,

2016), and the Mathematical Problem-Solving Test (MPST) (Özel, 2023) to establish

baseline measures of higher-order thinking skills.

Instructional Period: The experimental group received four different STEM-PBL

lessons for the problem-solving lesson hours (Appendix G), lesson plans spanned 15

weeks and took 3-4 lesson hours, while the control group received lessons covering the

same topics involving individual problem-solving sessions using both worksheets and

online platforms.

The STEM-PBL lessons were planned to include three stages: presentation of

the problem to the groups, self-guided investigation, and reporting and explanation

(Hmelo-Silver, 2004). For STEM integration, students solved engineering problems,

and they created their prototypes for the solutions as in the STEM framework (Honey

et al., 2014).

The STEM-PBL lessons were planned especially for problem-solving hours in

the school. All lessons for both groups in the school basically consisted of introduc-

tory activities aimed at discovering the mathematical concept encountered for the first

time, generalization studies, and rule creation after the activity. From this perspective,

lessons from both the experimental and control groups met the aspect of presentation

of the problem and the self-guided investigation stages. The difference between the ex-

perimental and control group was that the experimental group students were exposed

to ill-structured problems with the STEM-PBL approach, and in the problem-solving

phase then they created a model for the solution of the problem, as in the STEM edu-

cation framework. While the control group continued filling in the booklets created in

parallel with the results obtained from the activity, common application, and individ-
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ual or general routine problem-solving for the whole class. The control group did not

take lessons from the STEM-PBL approach.

Final Assessment: After the instructional period, students from both groups re-

took the Mathematical Thinking Scale, Critical Thinking Skills Test, and Mathematical

Problem-Solving Test as post-tests. This phase took 1 week. The design of the study

is given in (see Figure 3.1).

Figure 3.1. Design of the study.

Table 3.1. Timeline for experimental (STEM-PBL) and control group.

Activity

Time (W: Week

of the school

from beginning)

Initial Assessment

Parental Consent Form W 13

Mathematical Thinking Scale (MTS) W 14
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Table 3.1 Timeline for experimental (STEM-PBL) and control group. (cont.)

Activity

Time (W: Week

of the school

from beginning)

Critical Thinking Skills Test (CTST)

Mathematical Problem-Solving Test (MPST) (3 class hours)

Instructional Period

Experimental Group (STEM-PBL) Lessons

Lesson Plan 1 – Problem Scenario: A village rebirths, W 14–15

designing a village (3–4 class hours)

Lesson Plan 2 – Problem Scenario: Streets without W 17–18

trash, designing dustbins (3–4 class hours)

Lesson Plan 3 – Problem Scenario: Smart roof panels, W 23–24

designing roof panels (3–4 class hours)

Lesson Plan 4 – Problem Scenario: Smart classrooms W 27–28

for energy saving, designing smart classrooms (3–4 class hours)

Control Group – Non STEM-PBL Lessons W 14–28

Final Assessment

Mathematical Thinking Scale (MTS) Week 29

Critical Thinking Skills Test (CTST) (3 class hours)

Mathematical Problem-Solving Test (MPST)

3.4.1. Study Implementation

The instructional period differed for the experimental and control groups. Six

classes were assigned to either the experimental or the control group. Once this was

complete, experimental group students worked in groups as assigned by the teachers.

Student groups changed from plan to plan. While experimental group students were

studying STEM-PBL lessons, control group students did individual problem-solving

sessions and utilized an online application to solve related problems.
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Experimental Group

The lessons for the experimental group were in line with the Integrated STEM Edu-

cation framework (Honey et al., 2014) and Hmelo-Silver’s (2004) three stages, which

are presentation of the problem to the groups, self-guided investigation, and reporting.

For the first stage, the teachers introduced the ill-structured problem scenario and then

showed a related video or educational material to students.

Then, students read the scenario again and started discussing the problem and

filled in the “Design Worksheets” (Appendix K, L, M, N) prepared by the researcher,

explaining limitations, criteria, and the final product students were expected to produce

at the end. Then, students started writing their first plans and filling in the worksheet.

While students discussed the problem and filled in the worksheet, the teachers

observed the groups and facilitated their ideas. When all the groups finished discussing,

the teachers collected the worksheets and discussed the students’ answers with the

groups. Then, at the second stage, students started researching, conducting, and

designing the projects they had planned in the earlier lessons. They could use various

materials or online platforms (Tinkercad).

Depending on the students’ speed, this stage took 1–2 lessons. For the final stage,

students finished their work and completed their “Design-Worksheets”, then started

presenting their designs to the whole class and their solutions to the problem, and then

students gave a reflection and discussed the group’s solutions to the problem. The

teachers always observed students’ reactions.

Four STEM-PBL lesson plans were developed for experimental groups. All les-

son plans were appropriate for fifth-grade students. Each plan was in line with the

newly released Middle School Mathematics “Century of Türkiye Education Model”

Curriculum (MoNE, 2024) (see Appendix O).
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The first lesson plan (A village rebirths, designing a village) (see Appendix G)

included the objective:

MAT. 5.1.2. Solve real-life problems involving natural numbers and operations (see

Table 3.2).

During the first lesson plan, students tried to design a village with a limited

budget given to students and compatible with other limitations given in the problem

scenario. At the end, students created their own villages via the Tinkercad application

as prototypes (see Figure 3.2), and they presented their work to their classmates as

groups.

Table 3.2. Objectives for STEM-PBL lesson plan 1.

Learning Outcomes and MAT. 5.1.2. Solve real-life problems

Process Components involving natural numbers and operations

Content Skills MAB2. Mathematical Problem Solving

Literacy Skills OB1. Information Literacy,

OB2. Digital Literacy,

OB3. Financial Literacy,

OB8. Sustainability Literacy

Interdisciplinary Relations Social Studies,

Science

Relationship Between Skills MAB3. Mathematical Representation,

MAB5. Working with Mathematical

Tools and Technology

The second lesson plan (Streets without trash, designing dustbins) (see Appendix

H) included the objectives:

MAT. 5.1.2. Solve real-life problems involving natural numbers and operations

MAT.5.4.4. Solve problems related to the perimeter and area of a rectangle (see Ta-

ble 3.3).
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Figure 3.2. Village prototypes.

During the second lesson plan, students tried to design a dustbin (see Figure 3.3)

with the given budget and in line with other limitations from the given problem sce-

nario. At the end, students produced their prototype dustbins, and they shared their

findings and presented their dustbins.

Table 3.3. Objectives for STEM-PBL lesson plan 2.

Learning Outcomes and MAT. 5.1.2. Solve real-life problems

Process Components involving natural numbers and operations

MAT.5.4.4. Solve problems related to the

perimeter and area of a rectangle

Content Skills MAB2. Mathematical Problem Solving

Literacy Skills OB1. Information Literacy

OB2. Digital Literacy

OB3. Financial Literacy

OB4. Visual Literacy

OB8. Sustainability Literacy

Interdisciplinary Relations Social Studies Science

Visual Science

Relationship Between Skills MAB3. Mathematical Representation

MAB5. Working with Mathematical

Tools and Technology
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The third lesson plan (Smart roof panels, designing roof panels) (Appendix I)

included the objectives.

MAT. 5.1.2. Solve real-life problems involving natural numbers and operations.

MAT.5.1.3. Represent fractions in different ways that correspond to real-life situations.

MAT.5.4.4. Solve problems related to the perimeter and area of a rectangle. (see

Table 3.4).

Figure 3.3. Dustbin prototypes.

During the third lesson plan, students tried to design roof panels with a limited

budget, again given to students, and compatible with other limitations in the problem

scenario. At the end, students created their roof panels as prototypes (see Figure 3.4)

and presented their work to their classmates as groups.

Table 3.4. Objectives for STEM-PBL lesson plan 3.

Learning Outcomes MAT.5.1.2. Solve real-life problems involving natural

and Process numbers and operations.

Components MAT.5.1.3. Represent fractions in different ways

that correspond to real-life situations.

MAT.5.4.4. Solve problems related to the perimeter

and area of a rectangle

Content Skills MAB2. Mathematical Problem-Solving
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Table 3.4 Objectives for STEM-PBL lesson plan 3. (cont.)

Literacy Skills OB1. Information Literacy

OB2. Digital Literacy

OB3. Financial Literacy

OB4. Visual Literacy

OB7. Data Literacy

OB8. Sustainability Literacy

Interdisciplinary Social Studies science

Relations Visual Science

Relationship MAB3. Mathematical Representation

Between Skills MAB5. Working with Mathematical

Tools and Technology

The final lesson plan (Smart classrooms for energy saving, designing smart class-

rooms) (Appendix J) included the objectives;

MAT. 5.1.2. Solve real-life problems involving natural numbers and operations.

MAT.5.5.1. Ability to work with categorical data and make data-based decisions.

MAT.5.5.2. Discuss statistical results or interpretations based on categorical data

created by other people (see Table 3.5).

Figure 3.4. Roof panels.

In the final lesson plan, students tried to design a classroom in line with the given

electronic devices and energy requirements. In the end, students created their class-

rooms via Tinkercad as prototypes and shared their productions with their classmates.
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Table 3.5. Objectives for STEM-PBL lesson plan 4.

Outcomes and Process MAT.5.1.2. Solve real-life problems

Components involving natural numbers and

operations

MAT.5.5.1. Ability to work with

categorical data and make data

based decisions

MAT.5.5.2. Discuss statistical results

or interpretations based on categorical

data created by other people

Content Skills MAB2. Mathematical Problem Solving

MAB4. Working with Data and

Decision Making

Literacy Skills OB1. Information Literacy

OB2. Digital Literacy

OB3. Financial Literacy

OB4. Visual Literacy

OB7. Data Literacy

OB8. Sustainability Literacy

Interdisciplinary Relations Social Studies Science

Relationship Between Skill MAB3. Mathematical Representation

MAB5. Working with Mathematical

Tools and Technology

Control Group

The control group took the same objectives but had different lessons from the experi-

mental group.

Their lesson plans also involved various teaching methods such as introductory

activities to discover the mathematical concept, generalization studies, and rule cre-

ation after the activity involving the presentation of the problem and a self-guided

investigation.

However, they did not follow the presentation of the ill- structured problem,

which had different solutions and criteria; they generally worked alone, and they did

not create prototypes and use engineering skills as STEM education requires during

the problem-solving process (see Table 3.6).
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Table 3.6. Objectives for non-STEM-PBL lessons.

Objectives Activities and Week

MAT.5.1.2. Solve real-life problems W 14–15

involving natural numbers and � PowerPoint slide explaining

operations stages of problem solving and

activities to explore problem-

solving algorithms

� Problem-solving activities (work-

sheet, booklet)

MAT.5.1.2. Solve real-life problems W 17–18

involving natural numbers and � Exploratory activities for area

operations and perimeter

MAT.5.4.4. Solve problems related to � PowerPoint slide explaining

the perimeter and area of a rectangle perimeter and area

� Problem-solving activities (work-

sheet, booklet)

MAT.5.1.2. Solve real-life problems W 23–24, 27–28

involving natural numbers and � Exploratory activities for different

operations representations of fractions

MAT.5.1.3. Represent fractions in (equivalent fractions, percentages,

different ways that correspond to real- decimals)

life situations � Watching videos for different

MAT.5.4.4. Solve problems related to representations

the perimeter and area of a rectangle � PowerPoint slides

MAT.5.5.2. Discuss statistical results � Problem-solving activities (work-

or interpretations based on graphical sheet, booklet)

data created by other people � Doing statistical research

After the instructional period, students from all groups took the tests, the Math-

ematical Thinking Scale (MTS), the Critical Thinking Skills Test (CTST), and the

Mathematical Problem-Solving Skills Test (MPST) again as a post-test.
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3.5. Data Analysis

This section outlines the procedures used to analyze the data collected in the

study. The process involved three main stages: data preparation and reliability anal-

ysis, quantitative analysis to test the hypotheses, qualitative analysis to provide con-

textual understanding, and testing assumptions for MANCOVA analysis.

3.5.1. Data Preparation and Reliability

Before the main analysis, the quantitative data were cleaned and organized in

the SPSS tool. Then, the total scores for the Mathematical Thinking Skills (MTS),

the Critical Thinking Skills Test (CTST), and the Mathematical Problem-Solving Test

(MPST) were calculated. A reliability analysis was conducted for each instrument

to ensure internal consistency within the study’s sample. The calculated Cronbach’s

alpha values were as follows:

� Mathematical Thinking Scale (MTS): α= 0.75 (pre-test), α= .81 (post-test)

� Critical Thinking Skills Test (CTST): α= 0.77 (pre-test), α= 0.79 (post-test)

� Mathematical Problem-Solving Skills Test (MPST): α= 0.80 (pre-test), α= 0.86

(post-test).

These values indicate good to excellent reliability for all instruments used in the

study.

3.5.2. Quantitative Analysis

After data cleaning, data analysis was conducted to answer the main research

question. To examine the effect of STEM-PBL lesson plans on students’ higher-order

thinking skills, a multivariate analysis of covariance (MANCOVA) was selected.

This method was appropriate because the study involved two independent groups (ex-
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perimental and control), three continuous dependent variables (mathematical thinking,

critical thinking, and problem-solving skills), and corresponding pre-test scores used as

covariates. Unlike ANOVA, which can only test group differences on a single depen-

dent variable, or ANCOVA, which controls for covariates but still examines only one

dependent variable, MANCOVA allows for the simultaneous examination of multiple

dependent variables while statistically controlling for initial differences on the covari-

ates. MANOVA, although suitable for multiple dependent variables, does not account

for covariates, making it less appropriate for this quasi-experimental design where pre-

test differences needed to be adjusted. Therefore, MANCOVA was the most suitable

statistical method for this study, as it provided a multivariate approach that reduced

the risk of Type I error, accounted for intercorrelations among dependent variables,

and controlled for baseline differences between groups (Tabachnick and Fidell, 2019).

Prior to conducting MANCOVA, a preliminary MANOVA was performed to check for

significant differences between the groups’ pre-test scores. Teachers’ observations and

notes students took in “Design Worksheets” was utilized to analyze and interpret the

quantitative findings deeply. This information was used to aid in the interpretation of

the statistical findings in the Discussion chapter.

3.5.3. Testing Assumptions

To address the research question, a multivariate analysis of variance MANCOVA

was executed. The analysis part started by first examining the assumptions of the

MANCOVA design. Normality was tested using the Kolmogorov-Smirnov tests to

see whether the total pre-test and the total post-test Mathematical Thinking (MTS),

Critical Thinking (CTST), and Mathematical Problem-Solving (MPST) scores were

normally distributed (see Table 3.7).

According to Tabachnick and Fidell (2019), if the skewness and kurtosis coeffi-

cients are between -1.5 and +1.5, it is assumed that the data have a normal distribution.
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Table 3.7. Kolmogorov-Smirnov test results.

Variable N K-S (p) Skewness Kurtosis.

PreMTS 123 <0.001 -1.464 4.651

PostMTS 123 0.01 -0.613 -0.149

PreCTST 123 0.077 0.116 -0.859

PostCTST 123 0.116 0.040 -0.830

PreMPST 123 0.052 -0.325 -0.421

PostMPST 123 0.015 -0.392 -0.547

While some K-S tests were significant, all skewness and kurtosis values fell within

an acceptable range. Furthermore, parametric tests such as MANCOVA are known

to be robust against minor violations of normality, particularly when sample sizes

are large (Huck, 2012). Hence, the analyses proceeded with the assumption that the

distributions were normal. The assumption of no significant univariate outliers was

assessed using a z-score analysis for all variables. Following the convention that z-

scores outside the range of 2.5 are potential outliers, the analysis identified five values

(out of 738 total values) that exceeded this threshold. As this constituted less than 1%

of the total data points, these few outliers were considered negligible and were retained

in the dataset. Therefore, the assumption was deemed sufficiently met to proceed with

the MANCOVA.

The assumption of linearity, which requires a linear relationship among all pairs

of dependent variables and between each dependent variable and the covariate, was

assessed through an examination of scatterplots and correlation matrices. The visual

inspection of the scatterplots revealed no evidence of curvilinear patterns. Therefore,

the assumption of linearity was considered satisfied for this analysis (Tabachnick and

Fidell, 2019).

Another assumption was that there should be no significant multivariate outliers

within the groups defined by the independent variable for each dependent variable.

To check this, the Mahalanobis distance and p-value corresponding to the Chi-Square
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value with 3 degrees of freedom were examined because there were three dependent,

predictor variables. Any p-value less than .001 was an outlier. The results showed no

outliers in this study; therefore, this assumption was also met.

The assumption of homogeneity of variances and covariances was checked. First,

Levene’s Test of Equality of Error Variance was conducted for each dependent variable,

and the results were non-significant for all variables, indicating that the assumption

of homogeneity of variance was met. Subsequently, Box’s M Test of Equality of Co-

variance Matrices was performed. The result was non-significant, confirming that the

assumption of homogeneity of covariance matrices was also met.

Tests of Between-Subjects Effects were conducted to examine the assumption of

homogeneity of regression slopes for each dependent variable. The results indicated

that the interaction between the covariate and the grouping variable was not statisti-

cally significant (p > 0.05), suggesting that the assumption was not violated and the

regression slopes were homogeneous across groups. After confirming that all statistical

assumptions were met, the analysis proceeded to investigate the effects of STEM-PBL

lessons.
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4. RESULTS

In this chapter, the outcomes of quantitative analyses, along with the research

question of this study, will be presented. As outlined in the methods section, the

quantitative research will measure the effects of STEM-PBL lessons on students’ HOTS

through mathematical thinking, critical thinking, and problem-solving skills, and the

difference between the control and experimental groups. First, the participants’ demo-

graphic information will be considered, and then the results of the quantitative data

will be provided.

4.1. Demographics of Participants

This part of the study provides an overview of the participants and their demo-

graphic information (see Table 4.1). Out of 129 fifth-grade students in the school, 123

fifth-grade students participated in this study. There were 55 females and 68 males.

The group population of the control group was 63, and the experiment group was 60.

The students’ ages ranged from 10-12.

Three mathematics teachers taught and proceeded with the lesson plans; one of

them was the researcher of this study.

Table 4.1. Demographic information of the participants.

n

Total Participants 123

Female 55

Male 68

Control Group 63

Experiment Group 60

Students’ Ages 12 – 16 students

11 – 104 students

10 – 3 students
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4.2. Descriptive Statistics

An initial examination of the data was conducted through descriptive statistics.

Measures including the minimum, maximum, mean, median, and standard deviation

provide a comprehensive overview of the MTS, CTST, and MPSRT scores. Table 4.2

displays the descriptive statistics for the study participants.

Table 4.2. Descriptive statistics for pre- and post-test scores of MTS, CTST, and

MPST.

N Min Max Mean Median SD

PreMTS 123 69 113 95.51 97 10.22

PostMTS 123 66 117 96.63 99 11.46

PreCTST 123 2 22 11.65 11 4.79

PostCTST 123 3 23 12.84 13 4.88

PreMPST 123 0 20 11.82 12 4.27

PostMPST 123 1 21 12.80 13 5.00

A preliminary review of the descriptive statistics, presented in Table 4.3, indicated

that the mean scores on all three instruments increased from pre-test to post-test for

both the control and the experimental groups. The inferential analysis to determine

the statistical significance of the difference between the groups is presented next.

Table 4.3. Pre- and post-test results.

Groups M SD M SD

Pre-Test Post-Test

MTS Control 96.44 9.03 97.31 11.22

Experimental 94.53 11.32 95.91 11.77

CTST Control 10.53 4.47 11.33 4.65

Experimental 12.83 4.87 14.43 4.63

MPST Control 11.07 4.17 11.34 5.08

Experimental 12.60 4.27 14.33 4.47

A review of the descriptive statistics in Table 4.3 indicates that both groups’

mean scores increased from pre-test to post-test on all measures. Calculating the mean
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gain scores reveals that the improvements were consistently larger for the experimental

group. For the MTS, the experimental group had a mean gain of +1.38 points compared

to +0.87 for the control group. This pattern was even more pronounced for the CTST

(a gain of +1.60 vs. +0.80) and the MPST (a gain of +1.73 vs. +0.27). The specific

pre- and post-test mean scores and standard deviations are presented in Table 4.3.

When we look at mean values for subdomains of the Mathematical Thinking Scale,

which are higher-order thinking tendency (HOTT), reasoning, mathematical thinking

ability (MTA), and problem-solving (PS), we observe that the post-test results for the

control group were higher than those of the experimental group. However, there was

an increase for all domains in the experimental group, but there were decreases for the

control group (see Table 4.4).

Table 4.4. Pre- and post-test results of MTS with sub-domains.

Sub-Domain Groups Pre-Test Post-Test

M SD M SD

HOTT Control 24.77 3.96 24.76 4.17

Experimental 24.31 4.08 24.66 3.74

Reasoning Control 16.52 2.34 17.04 2.31

Experimental 15.83 2.45 16.8 2.79

MTA Control 28.79 2.75 28.68 2.97

Experimental 28.41 3.38 28.55 3.11

PS Control 26.34 3.54 26.82 3.91

Experimental 25.96 4.85 25.9 4.53

Additionally, before doing MANCOVA analysis, MANOVA analysis was done to

see whether there was a difference between the control group and the experimental

group in pre-test scores of the test. After all the assumptions were held, the results

revealed Pillai’s Trace= 0.079, F (3, 119)= 3.422, p= 0.020, indicating there was a

difference between student groups.

Tests of Between-Subjects Effects showed that there was not a statistically sig-

nificant difference in pre-test results of MTS (p= 0.030) and MPTS (p= 0.048), since

p> 0.016, this number is because of the Bonferroni Correction. On the other hand,
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the experimental group’s results were statistically higher than the control group’s pre-

CTST (p= 0.008). From this, we can conclude that groups were unequal before the

study was implemented. Therefore, Pre-test results were taken as covariate factors.

4.3. Effects of STEM-PBL Lessons on Students’ MTS, CTST, and MPST

Scores

Research question: Does participation in a STEM education program based on

Problem-Based Learning significantly affect students’ mathematical thinking, problem-

solving, and critical thinking skills, compared to a control group, after controlling their

pre-test scores in each skill area?

Since the assumptions of multivariate normality were not fully met and the group

sizes were not equal (ncontrol= 63, nexperiment= 60), Pillai’s Trace was considered the

most robust and appropriate test statistic for interpreting the multivariate effects

(Huck, 2012; Olson, 1974). As shown in the Multivariate Test table (see Table 4.5), a

multivariate analysis of covariance (MANCOVA) was conducted to examine the effect

of the STEM-PBL method on students’ post-test scores of mathematical thinking skills,

critical thinking skills, and problem-solving skills, while controlling for pre-test scores.

Results demonstrated that there was a statistically significant difference between post-

test scores of MTS, CTST, and MPST between the control and experimental group

after controlling for their pre-test scores, Pillai’s Trace= 0.085, F (3, 116)= 3.598, p=

0.016, partial η2p= 0.085.

Table 4.5. MANCOVA results.

Group Value F Hypothesis Error Sig. Eta

df df Squared

Pillai’s 0.85 3.598 3 116 0.016 0.085

Trace

Wilk’s 0.915 3.598 3 116 0.016 0.085

Lambda
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Tests of Between -Subjects Effects Test (see Table 4.6) revealed statistically sig-

nificant difference between groups in critical thinking skills F (1, 116)= 5.882, p= 0.017,

partial η2p= 0.047 (see Figure 4.1) and problem-solving skills F (1, 116)= 5.839, partial

η2p= 0.047 committing a difference with the effect of teaching program (see Figure 4.2).

However, no significant difference was found in mathematical thinking scores, F (1,

116)= 0.436, p= 0.510, partial η2p= 0.004 (see Figure 4.3).

Table 4.6. Tests of between-subjects effects.

Test of Between-Subjects Effects Partial

Group df F Sig. Eta Squared

Post-CTST 1 5.882 0.017 0.047

Post-MPST 1 5.839 0.017 0.047

Post-MTS 1 0.436 0.510 0.004

Although examining gender differences was not the primary aim of the study,

analyses controlling for pre-test scores revealed no statistically significant differences

between male and female students on the MTS, CTST, and MPST measures. Further-

more, the interaction effect between group and gender was not significant (p= 0.739),

indicating that gender did not have a differential impact on student outcomes across

groups.

Figure 4.1. Estimated marginal means of post-CTST-total.
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Figure 4.2. Estimated marginal means of post-MPST-total.

Figure 4.3. Estimated marginal means of post-MTS-total.

The partial eta squared value obtained for the CTST and MPST was η2p= 0.047,

which corresponds approximately to 0.44, indicating a medium effect size (Cohen,

1988). When compared with similar studies in the literature, this result falls within

the moderate range of effect sizes reported for STEM and PBL interventions targeting

higher- order thinking skills (see Table 4.7 for a summary of comparative effect sizes).
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Table 4.7. Effect sizes of the similar studies.

Study Approach Effect Size

Present Study STEM-PBL 0.44 (d)

Mergendoller et al. (2006) PBL in HS 0.25 (d)

Parno et al. (2019) STEM-PBL in Science 1.75 (d)

Suparman et al. (2021) Meta Analysis (PBL in Math) 1.36 (g)

Tarmizi and Bayat (2012) PBL in Math 0.14 (d)

Wang and Somasundram (2025) Meta Analysis (STEM- 1.02 (d)

PBL, Problem-Solving)

Overall, results showed a statistically significant difference between students’

post-test scores on MTS, CTST, and MPST (Pillai’s Trace= 0.085, F (3, 116)= 3.598,

p= 0.016). When the results were analyzed independently, scores of the students’

problem-solving skills during the post-test in the experimental group (M= 14.33; SD=

4.47) was significantly higher compared to the control group (M= 11.34; SD= 5.08),

[F (1, 116)= 5.839, p= 0.017] and critical thinking skills of experimental group (M=

14.43; SD= 4.63), was also significantly higher than control group (M= 11.33; SD=

4.65), [F (1, 116)= 5.839, p= 0.017]. However, the scores of the control group for MTS

(M= 97,31; SD= 11.22) were higher than those of the experimental group (M= 95,91;

SD= 11.77) but this difference was not statistically significant [F (1, 116)= 0.436, p=

0.510].
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5. DISCUSSION AND CONCLUSION

In this chapter, the effects of implementing STEM-PBL lessons on students’

higher-order thinking skills will be discussed further. The discussion of these results

will also be examined through the observations of the researcher and the other teach-

ers who implemented lesson plans. Lastly, the study’s limitations and suggestions for

future research will be discussed.

5.1. Restatement of the Purpose of the Study

The primary aim of this study is to investigate the effects of STEM-oriented

problem-based learning on the development of higher-order thinking skills (HOTS)

among fifth-grade students in middle school mathematics. In the context of con-

temporary education, where cultivating critical, creative, and problem-solving skills

is essential for navigating complex, real-world challenges, traditional instructional ap-

proaches—particularly in countries such as Türkiye, dominated by high-stakes test-

ing often fall short in fostering these competencies (Au, 2007; Klenowski and Wyatt-

Smith, 2012). Mathematics, as a discipline that inherently promotes systematic and

strategic thinking, provides an ideal context for enhancing students’ HOTS through

pedagogical innovations (Schoenfeld, 1992; Margot and Kettler, 2019).

Specifically, this study seeks to determine whether integrating STEM educa-

tion with PBL can effectively enhance students’ mathematical thinking, critical think-

ing, and problem-solving abilities, compared to conventional instruction (Hmelo-Silver,

2004; English, 2016; Capraro et al., 2013). Fifth-grade students were selected as par-

ticipants due to their developmental readiness for higher-order cognitive skills (Con-

klin, 2012; Piaget, 1972), the transitional nature of this grade into middle school, and

the alignment with Türkiye’s newly implemented curriculum emphasizing conceptual

understanding, reasoning, and interdisciplinary learning (MoNE, 2024). By employ-

ing a quasi-experimental pre-test/post-test control group design, this research aims
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to provide empirical evidence regarding the effectiveness of STEM-PBL in supporting

the development of 21st-century competencies in mathematics education (Walker and

Leary, 2009; Hung et al., 2008; Strobel and van Barneveld, 2009).

5.2. The Effects of STEM-PBL Lessons

The findings of this study indicate that fifth-grade students who participated

in a STEM-integrated Problem-Based Learning (STEM-PBL) on 5th-grade students’

higher-order thinking skills (HOTS), including critical thinking, mathematical think-

ing, and mathematical problem-solving skills. The study demonstrated significant im-

provements in critical thinking and mathematical problem-solving skills compared to

their peers in the control group, even after controlling for pre-test scores. Specifically,

the experimental group outperformed the control group on the Critical Thinking Skills

Test (CTST) and the Mathematical Problem-Solving Test (MPST), with moderate

effect sizes (η2p= 0.047), indicating meaningful educational gains. In contrast, overall

scores on the Mathematical Thinking Scale (MTS) did not show statistically signifi-

cant differences between groups, although subdomains such as higher-order thinking

tendency, reasoning, mathematical thinking ability, and problem-solving increased for

the experimental group while some decreased in the control group.

The significant improvement in critical thinking among students in the experimen-

tal group highlights the capacity of STEM-PBL to cultivate analytical reasoning and

evaluative skills. Rooted in social constructivist theory (Vygotsky, 1978), PBL tasks re-

quire students to engage collaboratively, discuss multiple perspectives, and justify their

solutions. These processes are aligned with the development of higher-order cognitive

skills, particularly those emphasized in Bloom’s taxonomy—analysis, evaluation, and

synthesis (Anderson and Krathwohl, 2001). STEM-PBL pedagogy, which centers on

real-life problems with multiple solutions, promotes critical analysis, decision-making,

and strategic reasoning. Throughout the study, students engaged in tasks such as

designing a sustainable village or a waste management system under real-world con-

straints. Furthermore, STEM-PBL allowed students to work in collaborative and self-
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regulated environments. Peer discussion, group problem-solving, and design sharing

encouraged metacognitive thinking, argument evaluation, and perspective-taking—all

key elements of critical thinking (Facione and Facione, 1994). Teachers’ observations

also supported this, noting improvements in students’ engagement and performance in

post-tests.

The experimental group also demonstrated significant improvement in problem-

solving abilities. The STEM-PBL framework exposed students to ill-structured, real-

world problems that demanded multi-step reasoning, creativity, and iterative testing

of solutions—skills directly aligned with the MPST assessment. This finding supports

prior research indicating that problem-based and STEM-focused instruction promotes

deeper learning through active engagement and practical application of knowledge

(Hmelo-Silver, 2004; English, 2016).

While overall mathematical thinking scores did not show a significant difference

between groups, the observed increases in the experimental group’s subdomains suggest

subtle improvements in higher-order aspects of mathematical thinking. The lack of a

significant difference in mathematical thinking skills between groups brings further

discussion. Several factors may explain this outcome. First, the self-report nature of

the Mathematical Thinking Scale (MTS) may not accurately reflect students’ actual

thinking processes, especially at the elementary level, where metacognitive awareness

is still developing (Zimmerman, 2002; Pintrich, 2002). Teacher observations indicated

that students did not engage with the MTS as sincerely as they did with the other

assessments.

Motivational factors likely played a role as well. Post-tests were administered

during the final weeks of the academic year, a time when students tend to be less

focused and more fatigued. Some students were influenced by situational elements,

including student-teacher dynamics. For instance, one student drastically changed

their MTS scores between pre- and post-tests, likely due to a negative relationship

with the teacher rather than actual changes in cognitive skills. This reinforces the idea
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that mathematical thinking may be more reliably assessed using performance-based

tasks in conjunction with self-report measures (Schoenfeld, 1992). Additionally, the

initial inequality in pre-test scores between groups likely influenced the overall impact

of the intervention. As Slavin (1987) emphasized, students with lower starting points

often show greater growth in response to student-centered approaches. Since the control

group started at a lower level, they had more room for observable improvement, which

may have limited the apparent magnitude of the experimental group’s gains.

Moreover, while the experimental group received STEM-PBL lessons during the

problem-solving stages, the control group still benefited from various instructional

strategies such as exploratory activities and digital tools. This likely narrowed the

gap in performance gains between the groups. If the control group had experienced

conventional instruction without such enrichments, the effect size of the intervention

may have been more pronounced.

The results of this study are consistent with previous literature demonstrating the

effectiveness of PBL and STEM interventions in enhancing higher-order thinking skills.

Hmelo-Silver (2004) emphasized that PBL improves critical thinking and problem-

solving by placing students in authentic, ill-structured learning situations. Similarly,

English (2016) and Capraro et al. (2013) highlighted that integrating STEM disciplines

in problem-based learning fosters not only cognitive skills but also motivation and

engagement. This study contributes to this literature by demonstrating that even in a

fifth-grade cohort—a transitional stage into middle school—STEM-PBL can produce

measurable gains in students’ critical thinking and problem-solving abilities, while also

creating a motivating learning environment that supports persistence and curiosity.

The outcomes are especially relevant in the context of Türkiye’s revised mathe-

matics curriculum (MoNE, 2024), which emphasizes mathematical literacy and problem

solving from the 5th-grade onward. This study shows that incorporating STEM-PBL

into mathematics instruction supports deeper cognitive engagement. Thus, educators

and policymakers should consider integrating STEM-PBL approaches into K–12 lesson
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plans to better equip students with the skills required in increasingly complex and

interdisciplinary real-world contexts. This approach not only develops academic com-

petencies but also nurtures the kind of critical, collaborative, and innovative thinking

needed for future success.

Overall, the findings of this study explain the potential of STEM-PBL to enhance

higher-order thinking skills. By engaging students in authentic, real-world problems,

the STEM-PBL approach fosters cognitive skill development and the results align with

constructivist principles, demonstrating that active, student-centered, and collabora-

tive learning environments promote deeper understanding and more meaningful appli-

cation of knowledge.

In the context of Türkiye’s educational system, high-stakes testing often priori-

tizes procedural knowledge over higher-order competencies. However, recent curricular

reforms aim to address this imbalance by integrating interdisciplinary approaches that

promote critical thinking, creativity, and problem-solving abilities. The “Century of

Türkiye Education Model” was introduced in 2024, represents a significant shift to-

wards a skills-based curriculum, emphasizing competencies such as analytical think-

ing, collaboration, and innovation (MoNE, 2024). Therefore, this study highlights the

value of integrating interdisciplinary, problem-based approaches into the mathematics

curriculum.

Implementing STEM-PBL strategies can help bridge the gap between conceptual

understanding and real-world application, equipping students with the cognitive and

motivational tools necessary for success in the 21st-century. By demonstrating measur-

able gains in critical thinking and problem-solving skills at the transitional fifth-grade

level, this research provides timely evidence supporting curriculum reforms that em-

phasize reasoning, conceptual understanding, and student-centered instruction.
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5.3. Implications for Future Research

This study is a contribution to the literature showing how to improve students’

higher-order thinking skills via STEM-integrated problem-based lessons in mathemat-

ics. Measurement tools were the Mathematical Thinking Scale (MTS), the Critical

Thinking Skills Test (CTST), and the Mathematical Problem-Solving Test (MPST).

This study could be implemented in different populations with different learning areas

(i.e., primary school, students, high school students, physics, biology, etc.). Therefore,

it would be an opportunity to see whether the results of the study are valid for other

populations. This study can be turned into a longitudinal study. Longitudinal studies

can provide deeper insights into whether the gains in higher-order thinking skills are

sustained and expanded through the following years and high school.

Additionally, this study relies on quantitative pre- and post-test data. Future

research may use qualitative or mixed-methods approaches utilizing more systematic

classroom observations, student interviews, and teacher reflections to better understand

the process that result in an increase in students’ higher-order thinking skills.

Moreover, the role of teacher preparation and professional development in imple-

menting STEM-PBL lessons and teachers’ experience could be examined to determine

how teachers’ beliefs, training, and experiences influence the success of higher-order

thinking skills.

Finally, cross-cultural or comparative studies could explore how different edu-

cational systems implement PBL within a STEM context and how other factors like

curriculum, assessment policies, and classroom resources affect outcomes.

5.4. Limitations

In this study, the sampling was one of the limitations because it involved conve-

nience sampling due to the researchers’ accessibility. Therefore, it is a limitation for
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the generalizability of the results. Another limitation of the study was the number

of teachers implementing STEM-PBL methods. Three teachers were applying STEM-

PBL methods in one of their classrooms, and the other classes took non-STEM-PBL

lessons. However, since their background information was not as qualified as the re-

searcher’s and they were not mastered in the field and lesson plans, there were some

differences in applying lesson plans.

In addition to that, school procedures also limited the application of the study.

That is to say, if the school had assessment weeks, quiz weeks, or other special weeks

or days, then STEM-PBL lessons could not be applied in those weeks, or if some of the

classes lost some lessons because of those weeks or days, then it was hard to arrange

those lesson losses and keep up with the common curriculum.

Additionally, students’ willingness to participate actively in classroom activities

was another limitation of the study. As students became groups, not all students

showed eagerness to study. While some group members were participating in classroom

activities, some students did not want to do anything during STEM-PBL lessons. The

time period was also one of the factors affecting students’ performance, especially in

the Mathematical Thinking Scale, because students completed post assessments near

the end of the school year, they were exhausted from the lessons and testing procedure,

which influenced post-test scores.
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ve Uygulamalar”, Boğaziçi University Journal of Education, Vol. 37, No. 1, pp. 1-2.

Albanese, M.A., and S. Mitchell, 1993, “Problem-Based Learning: A Review of Lit-

erature on its Outcomes and Implementation Issues”, Academic Medicine, Vol. 68,

No. 1, pp. 52–81.

Anderson, L.W. and D.R. Krathwohl, 2001, A Taxonomy for Learning, Teaching, and

Assessing: A Revision of Bloom’s Taxonomy of Educational Objectives, Longman,

New York.

Anderson, J., L.D. English, N. Fitzallen and D. Symons, 2020, “The Contribution

of Mathematics Education Researchers to the Current STEM Education Agenda”,

Springer eBooks, Vol. 1, No. 1, pp. 27–57.

Arıkan, S., F.J.R. Van De Vijver and K. Yağmur, 2016, “Factors Contributing to Math-
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Özel, S., 2009, “W3 of STEM Project-Based Learning: Who, Where, and When”,



69

In Capraro, R. M. and S.W. Slough, STEM Project-Based learning: An Integrated

Science, Technology, Engineering, and Mathematics (STEM) Approach, pp. 41-49,

Sense Publishers, Rotterdam.
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APPENDIX A: MATHEMATICAL THINKING SKILLS

TEST

Mathematical thinking skills test.

Figure A.1. Mathematical thinking skills test.
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Figure A.2. Mathematical thinking skills test-2.
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APPENDIX B: CRITICAL THINKING SKILLS TEST

Critical thinking skills test.

Figure B.1. Critical thinking skills test.
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Figure B.2. Critical thinking skills test-2.
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Figure B.3. Critical thinking skills test-3.
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Figure B.4. Critical thinking skills test-4.
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Figure B.5. Critical thinking skills test-5.
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Figure B.6. Critical thinking skills test-6.
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APPENDIX C: MATHEMATICAL PROBLEM-SOLVING

SKILLS TEST

Mathematical problem-solving skills test.

Figure C.1. Mathematical problem-solving skills test.
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Figure C.2. Mathematical problem-solving skills test-2.
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Figure C.3. Mathematical problem-solving skills test-3.
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Figure C.4. Mathematical problem-solving skills test-4.
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Figure C.5. Mathematical problem-solving skills test-5.
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Figure C.6. Mathematical problem-solving skills test-6.
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Figure C.7. Mathematical problem-solving skills test-7.
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Figure C.8. Mathematical problem-solving skills test-8.
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Figure C.9. Mathematical problem-solving skills test-9.
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Figure C.10. Mathematical problem-solving skills test-10.
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Figure C.11. Mathematical problem-solving skills test-11.
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Figure C.12. Mathematical problem-solving skills test-12.
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Figure C.13. Mathematical problem-solving skills test-13.
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Figure C.14. Mathematical problem-solving skills test-14.
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Figure C.15. Mathematical problem-solving skills test-15.
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Figure C.16. Mathematical problem-solving skills test-16.
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Figure C.17. Mathematical problem-solving skills test-17.
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Figure C.18. Mathematical problem-solving skills test-18.
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Figure C.19. Mathematical problem-solving skills test-19.
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APPENDIX D: ETHICS COMMITTEE APPROVAL

Ethics Committee approval.

Figure D.1. Ethics Committee Approval.
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APPENDIX E: MINISTRY OF NATIONAL EDUCATION

APPROVAL

Ministry of National Education approval.

Figure E.1. Ministry of National Education Approval.
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APPENDIX F: CONSENT FORM

Consent form.

Figure F.1. Consent form.
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Figure F.2. Consent form-2.
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APPENDIX G: LESSON PLAN 1

Lesson plan 1.

Figure G.1. Lesson plan 1.
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Figure G.2. Lesson plan 1-2.
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Figure G.3. Lesson plan 1-3.
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Figure G.4. Lesson plan 1-4.
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APPENDIX H: LESSON PLAN 2

Lesson plan 2.

Figure H.1. Lesson plan 2.
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Figure H.2. Lesson plan 2-2.
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Figure H.3. Lesson plan 2-3.
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Figure H.4. Lesson plan 2-4.
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Figure H.5. Lesson plan 2-5.
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Figure H.6. Lesson plan 2-6.
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Figure H.7. Lesson plan 2-7.
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APPENDIX I: LESSON PLAN 3

Lesson plan 3.

Figure I.1. Lesson plan 3.
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Figure I.2. Lesson plan 3-2.
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Figure I.3. Lesson plan 3-3.
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Figure I.4. Lesson plan 3-4.
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APPENDIX J: LESSON PLAN 4

Lesson plan 4.

Figure J.1. Lesson plan 4.
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Figure J.2. Lesson plan 4-2.
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Figure J.3. Lesson plan 4-3.
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Figure J.4. Lesson plan 4-4.
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Figure J.5. Lesson plan 4-5.
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Figure J.6. Lesson plan 4-6.
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APPENDIX K: DESIGN WORKSHEET 1

Design worksheet 1.

Figure K.1. Design worksheet 1.
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Figure K.2. Design worksheet 1-2.
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Figure K.3. Design worksheet 1-3.
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APPENDIX L: DESIGN WORKSHEET 2

Design worksheet 2.

Figure L.1. Design worksheet 2.
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Figure L.2. Design worksheet 2-2.
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Figure L.3. Design worksheet 2-3.
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Figure L.4. Design worksheet 2-4.
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APPENDIX M: DESIGN WORKSHEET 3

Design worksheet 3.

Figure M.1. Design worksheet 3.
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Figure M.2. Design worksheet 3-2.
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Figure M.3. Design worksheet 3-3.
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APPENDIX N: DESIGN WORKSHEET 4

Design worksheet 4.

Figure N.1. Design worksheet 4.
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Figure N.2. Design worksheet 4-2.
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Figure N.3. Design worksheet 4-3.
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Figure N.4. Design worksheet 4-4.
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Figure N.5. Design worksheet 4-5.
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APPENDIX O: MATHEMATICS CURRICULUM

Mathematics curriculum.

Figure O.1. Mathematics curriculum.
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Figure O.2. Mathematics curriculum 2.
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Figure O.3. Mathematics curriculum 3.
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Figure O.4. Mathematics curriculum 4.
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Figure O.5. Mathematics curriculum 5.
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Figure O.6. Mathematics curriculum 6.
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Figure O.7. Mathematics curriculum 7.
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Figure O.8. Mathematics curriculum 8.



148

Figure O.9. Mathematics curriculum 9.
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Figure O.10. Mathematics curriculum 10.
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Figure O.11. Mathematics curriculum 11.


