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Preface

Science, Technology, Engineering, and Mathematics (STEM) education is considered 
an educational and political priority almost all over the world. It is an interdisciplin-
ary methodology that teaches STEM subjects through a combination of theoretical 
academic concepts and real-world applications. STEM education is inspired by the 
theoretical framework of Social Constructivism where learning is not approached as 
an individualised process but is instead considered to take place in a social context.

The global education status quo acknowledges STEM education as being a high priority. 
Many countries have revised their education systems and focused on new educational 
methodologies to equip students with the necessary skills and match them with the 
demands of the competitive job market [1]. Future employees need STEM skills to be 
able to cope with work demands and thus STEM education is essential. Many interna-
tional initiatives consider STEM education as one of the best academic investments. It 
fosters broad-based scientific literacy to improve undergraduate education in elemen-
tary, middle, and secondary schools. In addition, science and technology have a critical 
role in achieving the United Nations’ Sustainable Development Goals (SDGs) [2] and 
ensuring the prosperity of all people [3].

Over the years, STEM evolved into a pedagogical approach that includes the four 
subjects/disciplines, with the fundamental goal of presenting academic concepts in 
realistic and meaningful situations. Students are called to solve real-world problems 
using the research process, as professional scientists do [4]. In various countries, the 
development of STEM skills is a high priority and an essential prerequisite to innova-
tions or the competence that stands out and prevails in the international job market. 
STEM-focused schools have been created, emphasizing technology in long-term 
learning experiences in specific projects while promoting critical thinking, communi-
cation, and collaboration. To address the ongoing need for more STEM-literate work-
ers, classrooms at all educational levels are integrating STEM curricula [5]. However, 
successful integration and implementation of STEM curricula is challenging, mainly 
because educators must develop a comprehensive understanding of the integration 
concepts, strategies, and tools [6–8]. In addition, technology brings rapid advances 
in education with new educational kits and methods that enable teachers to design 
learning content adapted to the demanding needs of the students. This can present a 
challenge, as it requires a great effort for preschool and elementary teachers who often 
have limited knowledge of STEM content [9].

In the last decade, there has been a wave of enthusiasm for STEM education to improve 
early childhood education programs. Research has indicated that it would be helpful 
for children’s development if children could be exposed to STEM education at a young 
age [10]. Is it essential to start STEM education at early school age? De Vries et al. [11] 
indicate that science and technology are important in young students’ education, and 
studies suggest that science and technology can help young students to:
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• keep up with the rapid and continuous changes that technology and science 
bring,

• understand and recognize science as an essential human achievement, and

• know how to approach problems by looking for relevant information and making 
evidence-based decisions.

However, even in countries where STEM education has been generally recognized 
and valued for several years now, an integrated approach is mainly implemented 
in secondary education. This creates many questions about whether early exposure 
to STEM would positively affect young students. Research has shown that this would 
be possible by providing a developmentally appropriate STEM education through 
authentic classroom experiences, which will familiarize students with the nature of 
professional work in STEM and what STEM professionals really do [12, 13]. Moreover, 
research reveals gender gaps in STEM education, as fewer girls and women choose to 
study and pursue STEM careers [14, 15].

Advances in Research in STEM Education edited by Michail Kalogiannakis and Maria 
Ampartzaki showcases some recent developments in STEM education.

Chapter 1, “Research Status in Computational Thinking in STEM Education”, gives a 
global overview of the status of computational thinking in STEM and related fields. 
Because of its importance, particularly in this era of the Fourth Industrial Revolution 
(4IR), this chapter focuses on an awareness of how the teaching thereof and its imple-
mentation in different areas are reviewed. The inherent value of computational think-
ing in the STEM disciplines cannot be underemphasized. A systematic literature review 
was the basis for this chapter. While it has been shown in other chapters that there is 
a need to attract and retain students in STEM fields, it is noted that computational 
thinking must consciously be enacted within the STEM and related fields to meet the 
demands of the 4IR. This chapter targets all stakeholders (educators, researchers, and 
academics) in STEM education.

Chapter 2, “Impact of Dialogic Argumentation Pedagogy on Grade 8 Students’ 
Epistemic Knowledge of Science”, explores the effect of dialogic argumentation on 
Grade 8 students’ epistemic knowledge of physics. The authors employ a mixed-
methods experimental design research approach, using a quasi-experimental design 
to compare the epistemic knowledge of science in argumentation lessons between an 
experimental and a control group. The study found that argumentation lessons sig-
nificantly increased students’ level of epistemic knowledge compared to students who 
did not practice argumentation. In addition, the lessons were found to significantly 
improve the quality of students’ argumentation as well.

Chapter 3, “Views of South Sudanese Secondary School Teachers about the Use of 
Humour in the Mathematics Classroom”, explores the views of secondary school 
teachers about the strategic use of humour in the mathematics classroom as a teaching 
and learning technique or strategy. This is to inspire, motivate, generate, and maintain 
students’ interest in mathematics, one of the key STEM subjects. The overall aim of the 
chapter is less about the introduction and promotion of the specific use of humour in 
the math classroom and more about presenting, advocating, and arguing for a diverse 
XII
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and holistic approach to the teaching and learning of mathematics. Mathematics and 
its other STEM-related disciplines are generally challenging to many students and 
therefore it pays to enlighten the subject in ways that are appreciated by the learners. 
The use of humour by a teacher in classroom settings is one technique that points in 
this direction. Hence, although the use of humour in the class (often referred to in 
the literature as classroom humour or instructional humour) is just one technique 
out of many, it may be the key to the elusive concept of “best teaching practices” or 
“instructional best practices” in classroom settings. 

Chapter 4, “Impact of Integrated Science and Mathematics Instruction on Middle 
School Science and Mathematics Achievement”, documents the impact of the Middle 
School Math and Science (MS)2 Integration project, employing the results of the 
internal evaluation of this intensive teacher training model for integrated science 
and mathematics in middle school. The authors mention that although students in 
(MS)2 classrooms are more likely to have higher achievement scores, the frequency of 
integrated instruction opportunities also significantly predicts student achievement, 
particularly in mathematics classrooms. 

Chapter 5, “Grade 10 Girls’ Experiences in Choosing STEM Subjects in Rakwadu 
Circuit, South Africa”, acknowledges that few women pursue STEM careers, although 
all learners in South Africa from Grades 5 to 9 study mathematics and general science, 
which combines physics, chemistry, biology, and earth science. However, fewer girls 
choose to study science subjects in Grade 10. Schools have a good balance of boys and 
girls studying general science subjects because they are compulsory until Grade 9. 
In Grade 10, learners choose to study arts, business, or STEM subjects. It is at this 
level that the number of girls in STEM subjects drops dramatically, leaving the boys 
to continue unabated, sustaining the hegemony of the masculine gender in STEM 
subjects. Hence, the study seeks to understand girls’ experiences in choosing STEM, 
to assist education stakeholders in motivating and advocating for more girls to choose 
science subjects and STEM careers. The case study in this chapter focuses on ten girls 
who decided to study science out of 145 girls who attended general science in Grade 9. 
The study reveals that personal factors, anticipated value, the class environment, 
home influence, and social influence contributed significantly to the girls’ choices. If 
such a drop from Grades 9 to 10 continues, the hope of decreasing the gender gap in 
STEM will be lost. The increase of girls in STEM subjects at the secondary school level 
can, in the long run, narrow the gender gap in STEM careers.

Chapter 6, “The Power in Groups: Using Cluster Analysis to Critically Quantify 
Women’s STEM Enrollment”, argues that despite efforts to close the gender gap in 
STEM, disparities still exist, especially in math-intensive STEM (MISTEM) majors. 
Females and males receive similar academic support and, overall, perform similarly, 
yet females continue to enroll in STEM majors less frequently than men. In examining 
academic preparation, most research considers performance measures individually, 
ignoring the possible existence of interrelationships between these measures. The 
authors address this problem by using hierarchical agglomerative clustering, a statisti-
cal technique that allows for identifying groups (i.e., clusters) of students who are 
similar in multiple factors. They apply this technique to readily available institutional 
data to determine if distinct groups could be identified. Results detected nine unique 
groups. Following this, the authors explored differences in STEM enrollment by 
group and by gender. The outcomes showed that the proportion of females differed by 
XIII
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group, and the gap between males and females also varied. Overall, males enrolled in 
STEM at a higher proportion than females, regardless of the strength of their academic 
preparation. This chapter presents a novel yet practicable and realistic approach to 
examining gender differences in STEM enrollment in postsecondary education.

Chapter 7, “Robots, Everlasting? A Framework for Classifying CS Educational Robots”, 
explores the history of issues in device purchases, documents several examples of 
equipment breakdown, and details the unique and specific needs of school customers. 
The chapter introduces the Computer Science Risk Analysis Framework for Toys to 
help teachers and schools evaluate a device purchase based on a holistic understanding 
of device longevity. This study also provides recommendations for computer science 
(CS) and STEM educational robot designers.

Apart from being a practical and helpful resource for curriculum innovation projects 
Advances in Research in STEM Education provides thought-provoking information for 
educators, education leaders, education researchers, and stakeholders in early child-
hood, primary, and higher education institutions. It contains theoretical and peda-
gogical frameworks, trends, samples of good practices, and a discussion of challenges. 
Directions and implications for future research identified by the studies in this book 
will help the audience to gain a comprehensive and deeper understanding of STEM 
education.

Michail Kalogiannakis and Maria Ampartzaki
Department of Preschool Education,

University of Crete,
Rethymno, Greece
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Chapter 1

Research Status in Computational 
Thinking in STEM Education
Irene Govender

Abstract

Computational thinking (CT) is an approach to problem-solving that has its roots 
in computer science. However, its inherent value in the science, technology, engineer-
ing, and mathematics (STEM) disciplines cannot be over-emphasized, considering 
that we are in the fourth industrial revolution. The chapter draws attention to its close 
affinity to problem-solving and programming, and the impact of computational 
thinking on the labour market, and in turn the digital economy is highlighted. A 
global overview of recent research findings and initiatives to implement CT education 
in school curricula are discussed. Because of the importance of STEM education, and 
the inherent value of CT, it is necessary to explore the status and inclinations of CT in 
STEM disciplines. Hence, a snapshot of research over the last two years was used in 
a systematic review to determine the trends and challenges for integrating CT in the 
curriculum of STEM related fields. Using the ERIC database of journals, and specific 
criteria for selection of publications, 31 articles were examined in this study. Overall, 
it was found several tools and instructional strategies are used to develop CT, but 
more needs to be done to increase teachers’ knowledge and enactment for CT in the 
STEM fields.

Keywords: STEM, computational thinking, problem-solving, artificial intelligence, 
teachers, programming, robotics

1. Introduction

Computational Thinking is fundamental for many, if not all occupations, par-
ticularly science, technology, engineering, and mathematics (STEM). STEM related 
fields play a significant role in economies by driving innovation to meet the demands 
of the fourth industrial revolution era. However, STEM fields of study are often 
perceived as difficult and many students drop out of these subject areas as a result, 
impeding career opportunities in the related fields [1]. Accordingly, institutions of 
higher learning play a crucial role in preparing the people for STEM employment to 
meet the exigences of the 4th industrial revolution. While the acronym, STEM, was 
coined as a general and appropriate word for Science, Technology, Engineering and 
Mathematics fields of study, STEM often relate to all sciences (astronomy, physics, 
computing fields and the like). These fields often depend on computational tools 
for modeling and simulation, data analysis and visualization, creating computer 
programs to solve problems, and understanding a system as an aggregate of parts; 

XVI
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these are characteristics of computational thinking. Hence, it can be inferred that 
Computational thinking (CT) is inherent to STEM practices [2]. Moreover, compu-
tational thinking is widely considered to be an important and necessary twenty-first 
century skill that contributes to the development of solving complex problems. As 
a result, a growing body of literature has investigated the tools and interventions to 
foster and develop CT in education [3–5]. Overall, such studies highlight the need for 
a consistent outcome of the interventions implemented.

Moreover, with the growing importance of STEM education world-wide [6], 
it is not surprising for the need to foreground research, not just in general STEM 
education, but in the integration of computational thinking in the STEM fields. The 
need for CT to be enhanced and fostered in STEM fields is imperative. Therefore, 
this chapter seeks to assess the research status and inclinations of computational 
thinking in STEM fields and determines the key findings for future implications.

The rest of the chapter proceeds as follows: a) Literature review highlighting 
the key concepts of STEM, CT and its close affinity to programming and AI, b) 
Methodology), c) Results, d) Discussion of findings, and d) Conclusion. This chapter 
contextualises the research by providing background literature on CT, programming 
and AI, and the global status of CT education. The chapter then discusses the specific 
methods by which the research and analyses were conducted, followed by a discussion 
and conclusion section.

2. Literature review

2.1 What is computational thinking

It is important to re-iterate that while computational thinking has its roots in com-
puter science (CS), it is not computer thinking and reasoning, or programming either. 
Though there is minimal consensus on the definition of computational thinking, there 
is agreement in the literature that CT involves decomposition, abstraction, pattern 
recognition, and algorithmic thinking, which when expanded entails the following:

Decomposition: Splitting a composite problem or system into smaller components 
and solving each component and then logically organizing and analyzing data and 
making deductions.

Abstraction: Managing complexity so that the complicated and difficult aspects 
can be put aside into a black box so others can work on the details of it, focusing on 
the relevant information only, while temporarily ignoring the detail in the black box. 
Abstraction is at the heart of CT.

Pattern recognition: Looking at how people have solved similar problems drawing 
on that experience and identify similarities among and within problems.

Algorithmic thinking: Formulating a set of steps to achieve the objective, i.e., a set 
of instructions.

Generalizing this problem-solving process: Translating trends and patterns into rules, 
principles, or insights to apply to a wide variety of problems.

After igniting the importance of computational thinking advocacy in 2006, ten 
years later Jeanette Wing [7] defined CT as

“… the thought processes involved in formulating problems and their solutions so 
that the solutions are represented in a form that can be effectively carried out by an 
information-processing agent” (p. 8).



3

Research Status in Computational Thinking in STEM Education
DOI: http://dx.doi.org/10.5772/intechopen.104472

On examining this definition, two aspects emerge that are of importance for 
STEM education.

Computational Thinking (CT) is a thinking procedure; therefore, CT can be 
independent from the use of technology. Supporting this view, Sysło [8] writes 
that CT “is a collection of key mental tools and practices originated in computing 
but addressed to all areas far beyond computer science” (p. 1). Furthermore, there 
is strong evidence that unplugged approaches can be just as effective, if not bet-
ter in advancing computational thinking skills and thereby facilitating students’ 
ability to program [3]. For example, in their study [9] found that when comparing 
plugged to unplugged (non-computer use) approaches as students learned pro-
gramming, those who learned using unplugged approaches were more confident 
in understanding the concepts than those who used the plugged approach. Hence, 
it can be inferred that CT can be used in other STEM fields, where the use of 
computers is not required. It is, therefore, not surprising that [4] in an earlier study 
described computational thinking as, “… a specific type of problem-solving that 
entails distinct abilities, e.g., being able to design solutions that can be executed 
by a computer, a human, or a combination of both”. Thus, to the non-specialist in 
computing, good sense suggests that computational thinking may be explained as a 
way of reasoning and of solving problems in a modern-day world characterized by 
up-to-date technology.

2.2 Importance of computational thinking (CT)

While the genesis of computational thinking can be traced back to Papert [5] 
for his work in Logo programming, it was only when Wing [10], the former Vice 
President of Microsoft Research, published her seminal paper on CT, did research in 
CT begin to gain momentum. As we have been ushered into the 4th Industrial revolu-
tion, this increased attention to CT could not have been timelier. In the last decade, 
there has been a surge of interest in the effects of computational thinking. While 
teaching children thinking is a key competence that education should inculcate, 
developing CT has become even more crucial in this era of digital economy.

The advancement of digital technology has heightened the use of computational 
thinking and this trend is growing across all industries, which certainly has implica-
tions for our students and the labour market. This situation in turn should impact our 
education and STEM curriculum.

Hence, solving unusual problems in the current era of digital technology is an 
important competence. Our current students live a life greatly predisposed to infor-
mation technology (IT), and many will work in areas that involve or are impacted 
by IT. The unprecedented advancement of technology, and its various forms of 
communication via the Internet, have not only permeated our lives in many respects, 
but is hugely impacting the digital economy. To name a few examples; in healthcare – 
operating rooms’ efficiency depends on computing, and it has enabled advances and 
inventions such as contact lenses that detect levels of insulin in people with diabetes; 
in space – there is a move to develop and use a generation of robots to explore where 
humans cannot now; in households – people have begun to automate every-day 
phenomena like the heating and lighting systems, and the use of robots to clean floors 
and carpets; on our road travels – we depend on navigation systems to get us to our 
various destinations, and now manufacturers are experimenting with self-driving 
cars. Hence, computational thinking has been recognised as a twenty-first century 
skill [6, 11].



Advances in Research in STEM Education

4

Wing [7] in a later study asserts that:

“Everyone should be given the opportunity to gain competences in the field of compu-
tational thinking to allow them to successfully participate in a digitalized world”.

This excerpt gives importance to the claim that computational thinking is funda-
mental, not only for computer science but for all sciences in agreement with [12]. This 
claim raises new charges and challenges for schools. Furthermore, the increasing rate 
of technology users or consumers far exceeds that of creators or digital innovators 
disproportionately. This imbalance can have some adverse effects on the labour mar-
ket and consequently the digital economy. How do we close this disproportionate gap? 
This situation, therefore, calls urgent attention to the development of computational 
thinking generally, and more specifically in STEM fields. While much research has 
been generated in computational thinking and in STEM education [1], comparatively 
there are limited studies on the integration of computational thinking and its use in 
STEM fields. The question therefore arises: how do we know whether our students 
really possess this skill to meet the twenty-first century skills set? Moreover, with the 
rise of artificial intelligence awareness, tools, and applications, computational think-
ing is even more crucial in this era. Several studies advocate programming and AI for 
all, inferring that coding, or programming is needed in most STEM related fields. 
What follows, is a discussion of the link between CT, programming, and AI.

2.3 Computational thinking, programming and artificial intelligence

Computing is at its heart a creative subject. The best way to learn is to make 
something by getting involved. Children learn by playing and experimenting with 
technology, in keeping with Seymour Papert’s theory of learning—Constructionism. 
Several efforts to develop students’ CT has tended to use activities or tools that are 
directly linked to programming skills in educational settings (e.g. [13–15]). However, 
this close kinship to computer science or IT, does not automatically imply that compu-
tational thinking is exclusively the domain of computer science or programming. Still, 
it is not injudicious to consider the relationship between CT and programming.

As mentioned earlier, one of the aspects of CT is algorithmic thinking. An algo-
rithm is an unambiguous defined step by step guide to solve a problem or achieve a 
particular objective. Programming, however, may be broadly regarded as a two-step 
process – first, a set of steps to solve a problem, its algorithm and second, the coding of 
the algorithm into a specific system. How one solves the problem to achieve the solution 
involves the creative thinking. One then has the task of making those thoughts come 
into action by translating that algorithm into a set of symbols according to the compu-
tation system one is using, i.e., the language. Both are hard and both require creativity.

So, the best way to learn is by doing and the practical experience of programming 
[is] almost certainly the best way for primary school pupils to learn about comput-
ing and Computational thinking. This has been observed anecdotally and from the 
literature that is beginning to show evidence of this trend.

More recently, Computational Thinking (CT) and programming skills are now 
deemed as being as essential as numeracy and literacy by many scholars [16]. In short, 
getting computers to help us to solve problems is a two-step process. First, we think 
about the steps to solve a problem or the rules that govern a system. Second, we use our 
technical skills to get the computer working on the problem. Computational Thinking 
is the first of these. It describes the concepts, processes, and approaches we draw on, 
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when thinking about problems or systems in a way that a computer can help us with 
these. It is really that first stage that we ought to be concentrating on and it is very much 
of what we do in computing. For example, if one is going to write up something – one 
thinks of the idea, structure, the content, etc. before one starts to type it up.

Having discussed the association between CT and programming, I will now move 
on to discuss their association to AI, a technological revolution in terms of innovation.

Heintz [17], a specialist in AI, indicated in his talk that “Computational thinking 
develops techniques for people to solve problems in a way that allows computers to 
help. Artificial intelligence develops techniques for computers to solve problems.” CT 
captures what we need to be good at to leverage all the artificial intelligence (AI) and 
other computational tools that are available.

What is interesting here is that as we learn more about AI and as these tools are 
developed based on for example machine learning we need to be able to leverage them 
through our CT skills – by being able to understand how the computational processes 
work and how we can benefit from those when we solve problems. There are several 
interesting cases where people use machine learning or other tools as part of their 
own problem-solving process.

Artificial intelligence platforms involve the use of machines to mimic human 
reasoning. In an attempt to mimic human cognition, these platforms model human 
reasoning, problem-solving and intelligence, both social and general of which com-
putational thinking is part.

Referring to Papert’s [5] paper, he said “…technology is something children them-
selves will learn to manipulate, extend, to apply to projects, thereby gaining a greater 
and more articulate mastery of the world, a sense of the power of applied knowledge” 
(p 353). Using the power of computing to make a meaningful social impact, children 
are empowered to make an impact by doing activities situated in context that are 
personally relevant. Hence, in our world of AI, computational thinking skills should 
be a core competence for all students.

Returning to the subject of computational thinking, in the section that follows, I 
review and summarize the global status of CT education.

2.4 Global status of computational thinking (CT) education

There has been much research on interventions to include CT in the curriculum – 
these interventions invariably involve some aspects of programming. However, in his 
paper, Yadav [18] foregrounds how CT nudges students past operational and technical 
skills, creating problem solvers instead of consumers of software and technology. In 
a later study, [19] assert that because of its capacity for automation and enactment, 
programming appears to be a natural vehicle for learning computational thinking, but 
with some amendments in the approach to focus on CT.

A noteworthy finding in Taslibeyaz, Kursun, and Karaman’s [20] study is that 
the development of CT skills is predominantly examined with programming content 
tools, such as Scratch and robotics for school level students. Additionally, it was found 
that studies on the development of CT for university students were carried out in 
other content areas besides programming education. While some studies indicated 
that teaching CT does improve programming education, others have found that 
programming courses develop CT.

Ministries of education in many countries have recognized the importance of 
computational thinking for their economy [16]. In a joint report compiled by JCR, it 
was envisaged that both CT and programming are key competencies for compulsory 
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education. This report indicates the countries that have recognised the importance 
of CT and its implementation in the school curricular. While Table 1 is not meant to 
be exhaustive or comprehensive, it provides an overview of the countries that have 
implemented CT as compulsory education in the school curriculum at the time of 
writing this chapter. The piloting and revision of the implementation of CT has been 
done in the years prior to what is indicated.

England (part of UK) was one of the first countries to include CT as part of the 
mandatory course in the school curriculum as early as 2014. Interestingly, by 2018 all 
50 states in the US had implemented CT education in the school curriculum as policy. 
In countries like Ghana and Nigeria – there is commitment to include CT as a manda-
tory aspect –but it has not yet become policy. In India – in the rural areas Computer 
science (CS) has become compulsory – they have worked with CSpathshala, an ACM 
India initiative to bring a computing curriculum to Indian schools in 11 different 
states. At the time of writing this chapter, it was determined that they are teaching it 
in the mathematic curriculum, while there is a huge drive to include all schools.

While South Africa has the commitment to implement CT in the school cur-
ricula – they have not yet successfully piloted the implementation, which was due 
to have started in 2021 in 1000 schools. It is necessary to note the huge challenges of 

Country (not meant to be exhaustive) Implement Year Current state of new policy 
initiatives

Asian countries (Taiwan, Japan, and Korea) 2020 For primary in 2020 and -2022 for 
secondary

Australia 2018 Digital technologies compulsory 
with CT education

European countries (17 countries—Austria, 
Czech Rep Finland, Denmark, France, Greece, 
Hungary, Ireland, Italy Lithuania, Norway, 
Poland, Portugal, Russia, Sweden, Switzerland, 
Turkey)

2018 Denmark and Norway introducing 
CT education as a permanent 

elective.
Piloting began in 2016

UK (England, Scotland, Netherlands, Wales) 2018 England is the first country to make 
CT education compulsory in 2014

USA 2018 By 2018 all 50 states have policy for 
CT in schools

Hong Kong 2017 CT supplement introduced to 
Primary from P4 to P6

New Zealand 2017 The digital curriculum was 
reformed to include CT

Singapore 2014 CT implemented as optional in 
different education sectors—called 

smart Nation initiative

Ghana Part of a code club – commitment 
to implement CT- no formal policy

Nigeria no formal policy- focus on 
enrichment

India Advocacy phase- CSpathshala 
initiative

South Africa A Pilot was planned for 2021.

Table 1. 
Global status of CT education.



7

Research Status in Computational Thinking in STEM Education
DOI: http://dx.doi.org/10.5772/intechopen.104472

infrastructure and teacher development knowledge that exists. It is envisaged that 
universities as stakeholders for preparing students for the workplace, have a role to 
play in addressing these challenges.

In their report, Bocconi, et al. [4] review the ministries of education of several 
countries regarding the status of CT in the school curriculum. In attempting to 
embed CT, CS, or coding in the school curriculum, Figure 1 summarizes the rationale 
for including CT in the curricula across the globe. It was found that most countries 
introduced CT in mainstream education at secondary level [4]. However, an emerging 
trend indicates integration of CT in primary school levels.

What is important to recognize here, is that fostering logical thinking and 
problem-solving skills are the two most common reasons for including CT in the cur-
riculum, followed by other competences and programming. From the literature, it can 
be summarized that the three main reasons for including CT in compulsory education 
are: developing CT to increase economic growth, occupy ICT related vacancies, and 
groom for future work or occupations [9].

To further determine the status of Computational thinking related to studies in 
STEM education – the fields that drive the economy, a systematic review methodology 
was employed to ascertain the trends of these studies. The details of the review are 
presented in the Methodology section. I synthesized this review with existing ones to 
inform the global status of CT in STEM education and the empirical evidence of CT 
development.

3. Methodology

Following the PRISMA model (Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses) [21], a systematic literature review was conducted. In the current 
study, the following steps were taken to achieve the relevant set of articles for analysis.

1. Specifying the research questions to guide the search.

Figure 1. 
Rationale for integrating CT in the curriculum (adapted from [16]).
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2. Determining the database(s) for the search procedure

3. Specifying the inclusion and exclusion criteria

4. Choosing the studies

5. Conducting a pre-analysis and extraction of data

3.1 The research questions

To guide this review research the following three research questions were formulated:

• What is the status of CT in STEM education research from 2020 to the end of 
2021 based on refereed journal publications?

• What research methods did authors tend to use in conducting CT in STEM 
education research?

• What key themes had emerged in CT in STEM education research based on the 
journal publications?

3.2 Determining the database(s) for the relevant studies

The review focused on publications that appeared beyond specific discipline-
based journals. Due to the plethora of studies generated in the last few years on the 
specific aspects of CT and STEM separately, it was decided to examine the most 
recent research on this exciting and relevant field during the pandemic, CT in STEM 
fields. It was therefore prudent to consider a snapshot of studies that was extracted 
from January 2020 until December 2021.

It was assumed that articles on CT in STEM education have been published in jour-
nals that involve more than one conventional discipline. Since there are too many con-
ventional discipline-based education journals, journals were not selected but emerged 
as part of the search results. Since this review is embedded in the education context, it 
was considered viable to look at the ERIC (Education Resources Information Center) 
database of journals. The ERIC database is a comprehensive database with information 
and studies in all disciplines related to education, consisting of several education jour-
nals. Using the EBSCOhost Research Databases interface, the advanced search option 
was selected to include the database: ERIC. The automation search strategy provided, 
enabled me to expand the search and to apply limitations to suit the study. The results 
of the search yielded source types from 76 academic journals and 76 reports.

3.3 Exclusion and inclusion criteria used

It was necessary to select studies that would be appropriate to the goal of this review, 
based on the review questions. The following criteria were used in selecting the studies:

3.3.1 Inclusion criteria

• Studies must be empirical (quantitative, qualitative, or mixed methods) in an 
educational environment.
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• Any STEM related subjects studied with CT

• The search was expanded to apply related words and equivalent subjects.

• The article is a peer-reviewed study

• The momentum of studies generated regarding CT and studies regarding STEM 
have increased exponentially. Hence, the scoped articles were from 2020 until 
2021.

3.3.2 Exclusion criteria

• Studies written in a non-English language.

• Studies only published as an abstract

• Conference papers—Since journal publications are acknowledged as one 
of the quality sources of research ideas and outputs (e.g., [22, 23]), articles 
published only in journals were considered, all other publications, including 
conference proceedings and grey matter were excluded.

3.4 Identifying articles

As was pointed out in the introduction to this paper, the acronym STEM relates 
to all sciences relating to the core subjects of science, technology, engineering,  
and Mathematics, which are being recognized as a global interdisciplinary field for 
our students to learn. Moreover, computational thinking has also been recognised 
as a twenty-first century skill in the current 4th industrial revolution. Using the 
phrase “computational thinking” together with STEM related fields as identifiers 
following the methodology of other researchers [24, 25], a set of relevant research 
articles were obtained. Specifically, the Boolean phrase used was “Computational 
Thinking AND (mathematics or computer science or engineering or technology  
or STEM)”.

3.5 Pre-analysis and extraction of data

Additional criteria were imposed in the present literature research: the article 
abstracts were screened for empirical interventions and outcomes related to CT.

Based on relevance to the research questions, 30 articles were excluded. The 
remaining 46 were scoped for further information. Studies that did not include the 
specific interventions to develop CT in any STEM field education were excluded from 
the review. The remaining 31 articles were then examined in detail in relevance to the 
criteria and research questions. Each article was read twice to note and understand 
the content, procedures, and methods used, and outcomes. The PRISMA process that 
I followed is depicted in Figure 2.

The 31 articles that composed the final dataset were included in the systematic 
review as shown in Table 2. The studies were examined for contexts, content areas or 
interventions, variables, and their relationships with each other.
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SN Author(s) and year Context/subject level Approach

1 Hébert and Jenson 
(2020) [26]

science Secondary qualitative

2 Lyon and Magana 
(2021) [27]

Engineering Undergraduate/
tertiary

qualitative

3 Ardito, Czerkawski 
and Scollins (2020) 
[28]

Programming/
engineering

Primary Qualitative

4 Zha, Jin and Moore 
(2020) [29]

Programming Pre-service teachers/
tertiary

mixed method

5 Kynigos and Grizioti 
(2020) [30]

programming/
gaming

Secondary qualitative

6 Hunsaker and West 
(2020) [31]

Interdisciplinary 
project—CT and 
coding

Preservice/tertiary qualitative

7 Deniz, Kaya and 
Yesilyurt (2021) [32]

integrated stem Primary/secondary qualitative

8 Lapawi and Husnin 
(2020) [33]

Science module Secondary quantitative

9 Kukul and Çakir 
(2020) [34]

programming primary, 
undergraduate /
tertiary

qualitative

10 Çevik, Baris and Sirin 
(2021) [35]

Science mixed method

11 Ilic (2021) [36] Technologies course pre-service teachers/
tertiary

mixed method

12 Pürbudak and Usta 
(2021) [37]

Information 
Technology

Primary quantitative

Figure 2. 
Process used to obtain studies.
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3.6 Data analysis

To address the research questions, first the keywords were examined to deter-
mine the most common keywords and its importance to the research studies. Other 
descriptive statistics were determined. To address research question 2, all 31 identified 

SN Author(s) and year Context/subject level Approach

13 Ntourou, 
Kalogiannakis and 
Psycharis (2021) [38]

Science Primary quantitative

14 Yildiz and Seferoglu 
(2021) [39]

programming Secondary quantitative

15 Usengül and Bahçeci 
(2020) [40]

programming /
science

Primary quantitative

16 Avcu and Er (2020) 
[41]

programming Primary quantitative

17 Emara, Hutchins and 
Grover (2021) [42]

science, computing Secondary qualitative

18 Eryilmaz and Deniz 
(2021) [43]

programming Secondary mixed method

19 Karakasis and 
Xinogalos (2020) [44]

programming Teachers qualitative

20 Türker and Pala (2020) 
[45]

Programming-
Computer education

pre-service/tertiary mixed method

21 Min and Kim (2020) 
[46]

Computing software Primary qualitative

22 Threekunprapam and 
Yasri (2020) [47]

programming Secondary qualitative

23 Tsakeni (2021) [48] science pre-service teachers/
tertiary

qualitative

24 Delal and Oner (2020) 
[49]

Computing software Primary/secondary qualitative

25 Chongo, Osmanand 
Nayan (2021) [50]

Chemistry Secondary quantitative

26 Hijón Neira, García-
Iruela and Connolly 
(2021) [51]

programming Secondary qualitative

27 Robertson, Gray, 
Martin and Booth 
(2020) [52]

programming Primary qualitative

28 Kopcha, Ocak, and 
Qian (2021) [53]

Primary qualitative

29 Noh and Lee (2020) 
[54]

programming Primary mixed method

30 Avcu and Ayverdi 
(2020) [55]

Secondary quantitative

31 Chongo, Osman and 
Nayan (2020) [56]

STEM Secondary quantitative

Table 2. 
Articles included in the review.
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publications were examined for the approaches used (1) qualitative, (2) quantitative, 
(3) mixed methods, and (4) non-empirical studies (including theoretical or concep-
tual papers, and literature reviews).

Thereafter, the themes related to the interventions or tools were identified and 
used in the review of publications identifying intervention tools and its relationship 
to the variables identified.

4. Results

4.1 Initial findings and descriptive analyses

To obtain an overview of the main themes researched, a word cloud of keywords 
of the 31 articles was performed. The top five keywords that emerged were compu-
tational thinking, programming, coding, learning skills, and education (Figure 3). 
These initial findings inferred the main aspects of CT in STEM are the education of 
CT and its relation to programming and coding.

Regarding the participants in the studies reviewed, it can be seen from Table 2, that 
there were more studies undertaken with primary (14) and secondary (14) students 
than tertiary (6) students or teachers in service (1). In some cases, the participants 
covered all three groups of participants, giving a sum of studies more than the total 
number of articles reviewed. This may be related to the need to develop school pupils’ 
CT skills early before joining the job market or entering institutions of higher learning. 
Regarding university students (tertiary), they have been involved more as research 
subjects in STEM subjects and most studies involved teacher education students to 
determine their knowledge of CT to develop their pedagogical practices. These studies 
focused on educational implementation of computational thinking that was central to 
the study. Considering Table 2, it shows that the studies were carried out in the most 
common context, programming (F=15) and in all other STEM related fields (F= 16).

4.2 Approach used in the data Analyses

This section examines the approaches used to analyze data in the 31 studies that 
were included in the systematic review. Most of the studies were found to use a 

Figure 3. 
Keywords related to all the articles under study.
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qualitative approach (16), some utilized a quantitative approach (8), and others used 
a mixed method approach (7). Where studies used some form of intervention to teach 
CT, a qualitative approach appeared to be appropriate to obtain rich data and under-
standing of the nuances that emerged. Where quantitative analyses were used, it was 
generally regarding the perceptions or a scale of the self-efficacies of the main aspects 
of CT or programming that were needed. The mixed method approach used in some 
studies allowed for a better understanding of their findings by confirming one set of 
results with another, especially when design-based or evaluative research was used.

4.3 Interventions and outcomes

To understand the status of CT implementation in teaching, the contexts of 
interventions and or outcomes in teaching CT in STEM fields were examined. Table 3 
shows the interventions and outcomes of the studies.

While many studies associated CT with programming, other STEM contexts 
were investigated to develop CT. As can be seen in Table 4, almost half of the studies 
reviewed were conducted in a programming context, while the rest of the studies were 
conducted in non-programming contexts, but within the STEM fields of specialisation.

What is interesting is that CT was developed using unplugged activities in some 
studies (2) successfully, which has implications for schools that do not have the 
computing infrastructure.

Studies that involved students from schools, used a variety of tools and inter-
ventions to teach programming with a view to develop CT skills. In most studies 
this was found to be positive. The following interventions were used: robots, Lego 
(Wedo2.0, Mindstorms, robotics), Robotics (2), Hopscotch, Scratch, Andruino 
Scratch, Tinkercard, Educational games (Blocklyscript), and Digital game modding 
(ChoiCho), as can been seen in Figure 3. The outcomes of these studies showed a 
positive effect on CT development.

In addition to these tools, the studies reviewed indicated the teaching strategies 
used to develop CT directly in STEM contexts. These interventions are shown on 
the left of Figure 3 as independent concepts, namely, Engineering design, Science 
module, Instructional design, constructing physical model, Web 2.0 tools for digital 
activities, Unplugged Activities (2) and plugged-in (1), Making projects, Game 
programming, Design-based learning, Mathematic logic, embodied interaction with 
technology, Computational modelling, and Tech with Kids web. While it was deter-
mined that unplugged activities are able to develop CT [47, 49] effectively, in another 
study, unplugged activities coupled with plugged-in activities was found to be more 
effective in improving CT [50].

The claim for introducing CT in compulsory education is based on the notion 
of transferability of cognitive skills (e.g., logical reasoning and problem-solving 
abilities). In reviewing the studies, an important aspect in CT advancement is 
development tools, which concentrates on concepts that assist in understanding 
CT developmental process, like [20]’s study. Following their approach, the associa-
tions between content development tools and concepts, referred to in this article as 
dependent and independent variables were determined. The findings are presented in 
Figure 3. The main themes (variables) that emerged from the review were computa-
tional thinking (CT), programming skills, problem solving, and learning. While some 
of these studies only considered CT skills, others focussed on the concepts (variables) 
associated with CT, such as problem-solving, programming, thinking.
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SN Refs. Interventions Outcome

1 [26] Making and maker spaces for 
making projects supports STEM 
and developed CT

Positive effect

2 [27] design of model-building 
-Throughout the building of the 
model, students exhibited the use 
of computational thinking, mainly 
abstraction, algorithmic thinking, 
evaluation, generalization, and 
decomposition.

Positive effect

3 [28] Findings suggest that this process 
is a gendered one, with the boys 
focused more on the operational 
aspects of building and coding their 
robots while the girls focused more 
on group dynamics. Lego robotics

Different effects on girls and boys- 
using Lego robotics

4 [29] Organisation of the technology 
and instructional methods, such 
as team-based learning, flipped 
classroom, and pair programming, 
to help develop CT using Blocked 
based Hopscotch

Positive effect

5 [30] Using modifying games with 
ChoiCo—elements of context-
aware integrated CT connecting 
otherwise fragmented areas 
such as databases, block-based 
programming, GIS design.

Positive effect of intervention on CT

6 [31] The badges, tutorials and some 
related resources were compiled 
into the Tech with Kids web to 
understand CT.

Positive effect

7 [32] Used computational thinking to 
build animatronic zoo with coding. 
Used engineering design as well as 
coding

CT enabled the design and building

8 [33] 3-week instruction using the science 
module that had embedded use of 
CT skills to teach Science.

CT improved the science achievement

9 [34] game programming activities used 
to scaffold students to learn CT 
skills. This intervention contributed 
positively to students' CT skills

game programming has a positive effect 
on students' CT skills

10 [35] web 2.0 tools used for digital 
activities -a significant increase 
in the participants' technology 
awareness and computational 
thinking

Positive but weak effect on the intended 
skill. Mainly due to covid
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SN Refs. Interventions Outcome

11 [36] The applications conducted in the 
Instructional Technologies course 
and pre-service teachers stated that 
Scratch applications contributed to 
the acquisition of Computational 
Thinking-using Scratch

Significant, positive correlation 
between CT and academic achievement

12 [37] learning styles of Web 2.0 based 
collaborative group activities was 
used to examine the effects on 
academic achievement, online 
cooperative learning attitude level, 
computer thinking skill level

web 2.0 learning style increased CT

13 [38] the use of Arduino and Scratch for 
Arduino (S4A),to study their effect 
on self-efficacy and motivation 
towards Science Education, 
Computational Thinking (CT) and 
about electricity

Positive effect in view of the conceptual 
understanding of electricity and CT

14 [39] To determine the effect of coding 
instruction performed with the 
Lego Mindstorms EV3 robotic 
set on students' attitudes towards 
coding and their perceptions of 
computational thinking skills 
self-efficacy.

positive attitudes towards coding – a 
significant POSITIVE change in CT 
skills and self-efficacy perceptions

15 [40] Attitudes, academic achievements 
and computational thinking 
skills of the experimental group 
students, who received robotic-
assisted science education, toward 
science course differed significantly 
compared to the students in the 
control group LEGOWeDo2.0

Positive attitudes, academic 
achievements, and computational 
thinking skills with robotic-assisted 
science education

16 [41] develop an instructional design that 
focuses on programming teaching 
for gifted and talented students 
and to investigate its effects on the 
teaching process.

Positive effect the instructional design 
was effective on CT and creative 
thinking skills

17 [42] The open-ended, problem-solving 
nature of the task requires groups 
to grapple with the combination 
of two domains (science and 
computing) as they collaboratively 
construct computational models.

CT challenges afford opportunities for 
students to explore resource-intensive 
processes, -trial and error, debugging 
model errors -positive effect

18 [43] To determine the effect of 
Tinkercad use in computer 
programming education on students 
' CT skills and perceptions. they 
were highly motivated for interest 
and appreciation and found 
Tinkercad to be generally useful and 
easy to use

A positive moderate-level relationship 
between their perception of Tinkercad 
and their CT skills.
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SN Refs. Interventions Outcome

19 [44] BlocklyScript an EG aims to 
help students develop their CT 
by learning basic programming 
concepts, designing algorithms and 
correcting mistakes. During the 
designing phase different EGs were 
taken under consideration.

The positive results of this pilot 
evaluation show that BlocklyScript is 
expected to help students understand 
CT

20 [45] the effect of algorithm education 
on pre-service teachers' 
computational thinking skills, 
and computer programming 
self-efficacy perceptions were 
examined.10 different algorithmic 
problems were presented each 
week, and they were asked to solve 
these problems using flow chart

There was no effect on CT in general 
algorithm education had a positive 
and significant effect only on students' 
algorithmic thinking

21 [46] Designed and applied physical 
computing lessons for elementary 
6th-grade students based on the 
software education guidelines. 
supported the active interaction of 
the digital world and the physical 
world by constructing a physical 
model using specific media and 
controlling it with a program.

physical computing lessons materialize 
students' computational concepts 
through computational practices, 
and improve their computational 
perspectives through the use of 
authentic contexts

22 [47] Developed unplugged coding 
activities using flowcharts for high 
school students to learn computer 
science concepts, and to promote 
their CT skills.

self-directed learning approach used 
unplugged activities to promote CT

23 [48] Explored how preservice science 
teachers used computational 
thinking as a problem-solving 
strategy when facilitating IBPW in 
multiple-deprived classrooms.

positive effect – using CT, they solved 
problems that otherwise they could 
not

24 [49] Examined the role of using 
unplugged computing activities 
(based on the Bebras) challenge on 
developing computational thinking 
(CT) skills, to promote CT and 
informatics among school students 
of all ages.

Students' post-test scores were 
significantly higher than their pre-test 
scores

25 [50] Study aimed to identify the 
effectiveness of the Chemistry 
Computational Thinking 
(CT-CHEM) Module on 
achievement in chemistry.

Combination of unplugged and 
plugged-in activities is more effective 
CT improves achievement in 
Chemistry

26 [51] Incorporating a visual execution 
environment (VEE) and Scratch 
project for secondary school 
students as a method to teach and 
assess computational thinking. 
Scratch

Knowledge gain on computational and 
programming concepts and translate 
CT experiences into reality.
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Context Intervention/Tools Frequency

Programming 
Context

Operational aspects of building and coding their robots
Orchestration of the Technology and instructional methods, such 
as team-based learning, flipped classroom, and pair programming
Lego (WedO2.0, Mindstorms, robotics)
Robotics
Block programming- Hopscotch, Scratch
Educational games (BlockyScript)
Creative programming and debugging

15

Non-programming 
Context

The badges, tutorials and some related resources were compiled 
into the Tech with Kids web
Integrated STEM
Mathematical logic
Engineering
Science
Computing Software
Chemistry

16

Table 4. 
Summary of the context of the studies.

SN Refs. Interventions Outcome

27 [52] Programming and Debugging—
correlation with teacher's rating 
of executive functions—(EF) is 
an umbrella term for higher order 
cognitive functions linked with the 
frontal lobes of the human brain.

Cognition of CT correlates with 
programming and debugging activities 
positively.

28 [53] Exploring how the CT of two 
fifth grade learners emerged as an 
embodied phenomenon during an 
educational robotics activity.

Robotics activity and embodiment of 
math concepts, CT emerged

29 [54] Course in programming a robot for 
elementary school students and 
investigated its effectiveness by 
implementing it in actual classes.

Significantly improved CT thinking and 
creativity

30 [55] Examined the correlation between 
the computer programming 
self-efficacy and computational 
thinking skills of students.

Positive effect

31 [56] The relationship between CT skills 
and mathematics achievement was 
statistically significant.

Mathematical logic improves CT skills 
-positive effect

Table 3. 
Interventions and outcomes of the reviewed articles.
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To understand the process of CT skill development, the variables before and after 
the interventions were considered as well as the relationships between the variables. 
The dependent and independent variables affecting CT were obtained from the 
examined studies, separated into themes by content analysis, and then the variable 
groups and their relationships were determined. The relationships between the 
variables are shown in Figure 3.

The studies addressed dependent variables, such as CT skills, problem solving, 
and programming skills to measure CT skills. Most of these interventions were based 
on CT skills and problem-solving variables. However, as shown in Figure 4, CT was 
the dependent variable most frequently studied, followed by programming skills, and 
problem-solving. Non-programming independent variables, such as the use of digital 
making and Mathematics learning, games, and Competitive tactile game were mostly 
used in the studies which included problem-solving skills, as well as CT. The studies 
that included computer programming as an active independent variable examined 
the effects on all dependent variables (CT skills, problem solving, and programming 
skills). Similar, to computer programming, the use of robotics was also associated 
with most dependent variables. In all studies reviewed, where either robotics or com-
puter programming were used as the intervention tool to promote CT, it was shown to 
have had a positive effect on CT skills.

In this review, only one study [45], reported no effect on CT skills. This may be 
related to the duration of the training or intervention, student interest, or the qual-
ity of the course. While most studies examined the effect of the intervention on CT, 

Figure 4. 
Relationship of dependent and independent concepts related to CT intervention.
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there were three studies [27, 38, 50] that used CT as part of the teaching strategy to 
determine its effect of students’ performance in the related subjects, such as engineer-
ing, science, and chemistry. In all three case cases, the outcome was positive.

5. Discussion of results

Several reports have shown the need for the development of computational skills 
among our current students. They further determined the status of implementing 
CT in the school curricular. Many studies have shown that coupled with CT, coding 
or programming or computer science were introduced as compulsory components in 
the school curriculum at different levels. However, Table 1, indicates that while CT 
is the identifying driver, the context in which it was introduced is the programming 
or computer science context. From the current review of studies, it was determined 
that Computational thinking skills can be used in many disciplines, specifically STEM 
disciplines and is beneficial to all students studying in any field.

Whether it is through an individualized CT course or module, an already existing 
subject or just as a once-off event, CT can be taught in an enjoyable and engaging way 
whilst teaching students vital skills which can be applied across the curriculum as well 
as in daily and work life.

There is no doubt that CT is important and must be developed early in our stu-
dents. While there are many unplugged activities that can be used, it has been shown 
that programming is a natural vehicle to develop this skill. In younger learners, use of 
robotic programming or coding as the buzz word can help to inculcate computational 
thinking. As has been determined in the reviewed studies, programming or coding 
and robotics appear to be a major player in the development of CT skills. Since it has 
been agreed that CT should be developed early in the learner, coding or program-
ming should be taught as compulsory aspects in the curriculum to develop CT skills. 
However, [30] argue that in practice, it is mostly taught with a narrow focus with just 
common exercises and testing. An implication is that the teaching strategy needs to 
change to foreground CT development, with appropriate assessments during pro-
gramming and coding teaching.

Most if not all sectors of the job market will require some form of coding or pro-
gramming. Hence, it is important that they can work with algorithmic problem solving 
and computational methods and tools, a process that should begin in schools. The 
successful integration of computational thinking concepts into the curriculum requires 
endeavors in two paths. First, educational policy must be amended to cater to this need 
and secondly, overcoming infrastructure hurdles, such as the need for teacher resources 
and teacher education and training. Some emphasis is placed on teacher education 
regarding the development of CT in STEM related fields [27, 29, 31, 34, 36, 45, 48].

In building problem-solving skills for students, the use of relevant and real 
problems enhances their understanding, to creatively think of computational steps 
towards a solution. Hence, it is important to design a learning tool that allow users to 
teach/learn programming concepts through CT approach while abstracting problems 
that are familiar within a context.

5.1 Limitations

Some limitations need to be acknowledged. Firstly, a small number of publications 
(31) qualified for inclusion, and the database search was restricted to just the ERIC 
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database as explained earlier. Hence, other databases of repute should be used as 
well and more research needs to be carried out to confirm or otherwise, the findings. 
A potential bias for the study is the influence the researcher had upon the analysis, 
despite screening the articles at least three times for the final review. Although the 
current study is based on a limited sample, this work offers valuable insights into the 
status of CT in STEM and lessons in developing CT in our students.

6. Conclusion

The study set out to determine the trends and status of computational thinking 
in STEM fields, by problematizing the lack of development strategies of CT within 
STEM fields. A systematic review was followed. What has become clear is awareness 
of the need for increasing the uptake of STEM subjects and the acknowledgement of 
computational skill as a twenty-first century skill. It has been established that CT is a 
necessary skill to develop in previous studies and in the current view. Several inter-
ventions to teach and develop CT in the STEM fields have been explored, indicating 
robotics as a driver for primary school children to learn CT. It has become abundantly 
clear that programming and coding with robotics appear to be most used for the 
development of CT are key to fostering of CT skills. To conclude, the results of this 
study indicate that there is much work to do regarding teacher education to promote 
CT skills in their curricular. Despite the emerging research specifically in CT in STEM 
fields, more needs to be done. Research in CT disciplinary pedagogical studies and 
transdisciplinary studies need to be conducted.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Impact of Dialogic Argumentation 
Pedagogy on Grade 8 Students’ 
Epistemic Knowledge of Science
Getachew Tarekegn, Jonathan Osborne and Mesfin Tadesse

Abstract

This study explores the effect of dialogic argumentation on grade 8 students’ 
epistemic knowledge of science in physics. A quasi-experimental design was 
employed to compare experimental (239) and control (240) groups’ epistemic 
knowledge of science. A pre-intervention and post-intervention physics reason-
ing test was administered, and small group classroom discussions were also video 
recorded. Physics teachers in the intervention group had trained for three days 
about dialogic argumentation and Talking Physics Students Activities manual was also 
distributed and used in this yearlong intervention. Mann-Whitney U test results 
indicated that the post-test scores of grade 8 students in the argumentation lessons 
significantly increased in their level of epistemic knowledge compared to the non-
argumentation groups, z =−4.509, p = .000, and r = .21, but not in the pre-test scores, 
z =−1.038 and p = .299. However, both pre- and post-test scores of both groups were 
relatively low. The intervention groups showed significant improvements in the 
quality of their argumentation on the ASAC scale, z = 2.111, p = .035, and r = .56, but 
not the control groups, z = 1.068 and p = .285. The study found evidence that argu-
mentation-based lessons improved both the epistemic knowledge and the quality 
of dialogic argumentations of grade 8 students and that students’ level of epistemic 
knowledge and the quality of their dialogic argumentations were strongly correlated.

Keywords: dialogical, argumentation, physics education, epistemic knowledge, 
scientific reasoning

1. Introduction

Research in science education indicates that dialogical argumentation is becom-
ing more popular as a beneficial instructional approach for motivating and promot-
ing students’ reasoning skills and their ability to rebuild basic scientific concepts. 
Dialogical argumentation is a type of classroom debate in which two or more 
arguers hold opposing viewpoints on a given topic. The goal is to use evidence to 
support or disprove claims, to socially build concepts through language mediation, 
and to improve collective understanding [1]. Such discourse, it may be argued, helps 
students improve their competencies to “explain phenomena scientifically, evaluate 
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and design scientific inquiry, and interpret data and evidence scientifically” [2]. 
These competencies, in turn, necessitate the integration of three types of scientific 
knowledge. The first is content knowledge, which is a set of domain-specific concepts 
and theories that serve as the foundation for scientific reasoning. The second type of 
scientific knowledge, referred to as procedural knowledge, is an understanding of the 
procedures and techniques used to back up what science claims to know. Epistemic 
knowledge, the third type, is knowledge of epistemic constructs, as well as the vali-
dation and justification of the claims of science [2–5]. Many studies have attested 
the success of dialogical argumentation in improving conceptual knowledge in 
Africa and elsewhere [6–10]. However, there are few studies in science education 
that focus on the impact of dialogical argumentation on epistemic knowledge of 
science.

This study looks into how students’ epistemic knowledge of science is transformed 
through dialogical argumentation. As reform documents have repeatedly stated, 
epistemic knowledge of science is a critical factor in introducing science-as-a-practice 
in science education [2]. However, the development of scientific knowledge in science 
education has traditionally focused on content knowledge rather than epistemic and 
procedural knowledge. On the other hand, the goals of learning science are shifting 
away from outcomes, such as conceptual learning, problem solving, and science pro-
cess skills, and toward introducing and developing the competencies and tools needed 
for scientific knowledge generation and construction [11]. This shift has highlighted 
the importance of evidence-based argumentation and the role of epistemic knowl-
edge in science.

Developing epistemic knowledge is especially crucial in the cultural context of 
Africa, where knowledge is commonly constructed on the basis of authoritative 
statements, such as those made by teachers, elders, or books. Traditional culture in 
Ethiopia, where this study was conducted, promotes a stereotyped and authoritative 
view of knowledge [12]. As a result, science teachers perceive and describe scientific 
knowledge as everlasting truth, a viewpoint that obstructs teachers’ comprehension 
of how science works and, as a result, the teaching and learning of school science. The 
dominating teacher-centered approach to science teaching, the prevalence of science 
classrooms devoid of scientific inquiry, and rote-memory-based school science tests 
are all-natural extensions of this culture. Africa needs to make significant efforts to 
transform the nature of its science education to profoundly alter both instructors’ 
and students’ innate beliefs about knowledge [7]. To effect a paradigm shift in sci-
ence pedagogy, teachers’ and students’ epistemic knowledge must be significantly 
improved. In conclusion, past research shied away from a thorough examination of the 
progression of the three parts of scientific knowledge, notably epistemic knowledge of 
science. These studies have failed to explore the impact of dialogical argumentation on 
the development of epistemic knowledge. In this study, we look at how middle school 
students’ epistemic knowledge is influenced by dialogical argumentation.

The purpose of this study is, thus, to examine the effect of middle school students’ 
engagement in dialogical argumentation on their epistemic knowledge of science. 
Specifically, the research questions guiding this study are:

1. To what extent does engagement in dialogical argumentation affect middle 
school students’ epistemic knowledge?

2. Is there a relationship between the quality of dialogical argumentation generated 
by middle school students and their level of epistemic knowledge?
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This study was part of a wider research project, namely Transforming Pedagogy 
of STEM Subjects (TPSS), which promotes the transformation of STEM pedagogy in 
middle schools of Ethiopia through dialogical argumentation.

2. Epistemic knowledge and dialogical argumentation

In this section, we review the existing body of knowledge that focuses on dialogical 
argumentation and epistemic knowledge.

2.1 Epistemic knowledge

Epistemic knowledge is the knowledge of how we know what we know [2, 4]. 
Epistemic knowledge is essential to constructing and justifying the knowledge 
produced by science. Such knowledge empowers one’s functional understanding 
of the nature of science [13, 14] and its implementation introduces students to the 
core scientific practices [5]. Knowing and identifying scientific constructs, such as 
hypothesis and theory, as well as justifying ideas with evidence and comprehending 
the justification for various modes of scientific research, are all instances of epistemic 
knowledge [15, 16].

There are several distinct and changeable parameters in the natural world, which 
are referred to as variables. Variables are identified and isolated to understand their 
distinct functions and contributions to the observable world. To understand what a 
given variable contributes to the observed phenomena, it is necessary to control other 
factors and examine the change brought about by that specific variable. The genera-
tion of knowledge in science necessitates an understanding of why a specific method 
is used, as well as how the method is both systematic and repeatable. This type of 
understanding is part of epistemic knowledge [4] and students armed with knowl-
edge can identify entities and events in the physical world, create explanatory models 
of causal links, and explain how they know what they know.

Many academics see science as a body of knowledge and a way of knowing that 
takes time to develop [13, 17]. Before science’s methodologies acquired the current sys-
temic ways of knowing, it had to travel a long and difficult road. Indeed, many stories 
of scientists’ faulty viewpoints and incorrect explanations and reasoning advanced 
to explain many natural phenomena can be found throughout the history of science 
[17]. Justifications for knowledge claims rely primarily on data-based evidence and 
the quality of the reasoning employed to support scientific arguments. Depending on 
the focus of investigations and the nature of the data, such arguments may be hypo-
thetico-deductive (e.g., Copernicus’ argument for the heliocentric system), inductive 
(e.g., the conservation of energy), or inference to the best explanations (e.g., Darwin’s 
theory of evolution or Wegener’s argument for moving continents) [2].

Insights into the role and nature of such arguments are critical for the develop-
ment of scientific literacy, which needs students to understand the constructs and 
distinguishing qualities of science [2]. Understanding the underpinnings of scientific 
observations, facts, hypotheses, models and theories, purposes, goals and values 
of science, and the styles of reasoning used are integral to grasping science. Thus, 
epistemic knowledge enables us to understand the role and goal of inquiry in produc-
ing knowledge, the goal of the inquiry, and the methodology of the inquiry to justify 
the claims to know. We would, therefore, argue that understanding science requires 
understanding how we think in science.
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2.2 Characterizing features of epistemic knowledge

As previously stated, epistemic knowledge is essential to the scientific process 
of knowledge development. Epistemic knowledge provides students with an 
understanding of the constructs employed in scientific reasoning, as well as the 
constituent aspects of these constructs and their significance in explaining scien-
tific knowledge. Students can appreciate the intellectual achievement of scientific 
ideas and their growth using this knowledge. Another benefit of epistemic knowl-
edge is that it allows students to think more deeply about the natural phenomenon 
they are studying through the use of constructs, such as hypothesis, theory, facts, 
models, and theories. These constructs are important for developing model-based 
explanations of how the natural world operates, which is what science is all about. 
Epistemic knowledge also assists students in understanding what constitutes 
a scientific question and what observations may yield relevant data. Here, the 
student’s epistemic knowledge is crucial in selecting the appropriate method of 
empirical investigation and explaining the resulting design. After that, students 
must analyze and interpret data to determine how the data informs their hypoth-
eses and theories. Students also must ask questions, such as: Do they support one 
idea over others, help to refute an idea, or suggest an entirely new explanation? In 
short, epistemic knowledge is the knowledge that explains how scientific claims 
are supported by data and reasoning in science. Furthermore, epistemic knowl-
edge includes an understanding of how measurement uncertainty affects our level 
of confidence in our claims to know. Students must also apply several styles of 
reasoning in science, including deductive, inductive, abductive, analogical, and 
model-based reasoning. Understanding their role in science requires epistemic 
knowledge [2–5, 16, 18, 19].

3. Dialogical argumentation: what is it?

Dialogical argumentation is a discourse that involves reasoning to solve a problem 
collaboratively and resolve a conflict between ideas [20]. Dialogical argumentation 
uses dialogs to justify or refute claims based on evidence, construct ideas socially 
through the mediation of language, and enhance shared understanding [21]. In the 
classroom, students can engage in argumentative discourses either at an individual 
or small group level. During the whole class discussion, individual or group leaders’ 
views can be presented to the group or the whole class, and group leaders or teachers 
reflect and mediate the co-construction of knowledge.

Dialogical argumentation provides an opportunity for students to see that a problem 
or a concept may be comprehended in various ways. Each contender of each compet-
ing view forwards its claims and supports these claims with evidence or reason. Not 
convinced arguers can make counterclaims and justify it with reasons or make rebuttals. 
Through this approach, dialogical argumentation supports students’ scientific literacy, 
conceptual learning, and improves their epistemic understanding. This section presents 
some justifications to support dialogical argumentation in science classrooms.

Several studies thus far have linked argumentation with scientific literacy [22–25]. 
Many curricula reforms encourage the incorporation of scientific issues relevant 
to the well-being of society [26, 27]. Using dialogical argumentation, students can 
evaluate socio-scientific issues and reach evidence-based conclusions. This, in 
turn, contextualizes, humanizes, and socializes science for students [17]. Involving 
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students in dialogical argumentation about socio-scientific issues have many benefits. 
First, students learn to structure their arguments in the context of socio-scientific 
issues. Second, students know how to justify their stances using normative scientific 
criteria. Third, students learn to take well throughout evaluative judgments.

Dialogical argumentation situates talking at the center of classroom discourse. 
Provided that dialogical argumentation is dialogic in nature, it also aligns with the 
socio-cultural view of learning [28, 29]. Alexander [30] mentioned that effective 
learning requires the interconnection between language, thinking, and knowing. 
Therefore, classroom discourses should focus on strategies that promote students’ 
reasoning. Dialogical argumentation is one of such teaching approaches that connect 
these three constructs mentioned earlier together [31]. Moreover, dialogical argumen-
tation challenge what students know. When students reflect their knowledge, cogni-
tive conflict, which is key to conceptual learning, might surface.

Studies in the history and philosophy of science revealed that scientists often 
negotiate meaning in their attempt to understand a scientific event. In addition, 
scientists critically consider and discuss alternative conceptions and competing views 
to convince their claims to the scientific community. In this manner, Kim and Roth 
[28] put argumentation at the heart of the practice of science. Kelly and Licona [32] 
further argue for school science curricula that value and address the various scientific 
practices discussed in the history and philosophy of science studies, such as modeling, 
inquiry, and argumentation that played a paramount role in advancing science. These 
practices should then be represented in school science curricula, with an emphasis 
on involving students in scientific activities [33]. Argumentation has thus emerged 
as a key productive strategy in making sense of physics phenomena and partaking in 
epistemic practices of science.

4. Promoting epistemic knowledge with dialogical argumentation

This study proposes that students’ engagement in dialogical argumentation 
enhances students’ epistemic knowledge of science. As discussed elsewhere, dur-
ing dialogical argumentation, students experience the value to consider alternative 
positions, justifying their own views with evidence to persuade others, and challeng-
ing their arguers’ positions [34]. These experiences create favorable conditions for 
students to facilitate their epistemic understanding. Engaging in considering alterna-
tive views, which are supported by evidence, could induce students to think of the 
idea that there may be more than a single objective reality. In addition, when students 
give and receive a critique of their ideas, students could recognize the value of argu-
mentation and evidence in constructing scientific knowledge. Previous research has 
indicated that students’ engagement in dialogical argumentation improves students’ 
epistemic practices of science, such as providing justifications and justifying claims 
with evidence and reason [35, 36].

Particularly the findings of Iordanou and Constantinou [35] indicated that as a 
result of dialogical argumentation, students use and refer to data to support their 
arguments. In addition, these authors reported a decrease in personal opinions 
during the argumentative discourse. A shift from unsupported claims toward using 
evidence to support their claims and providing interpretations for other evidence was 
observed. The subtle implication of these findings is that argumentation promotes 
epistemic practices of students. In another study, Kuhn, Zillmer [36] Kuhn et al. 
confirms that students show improvements in their epistemic understanding of the 
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normative nature of arguments after engaging in dialogical argumentation. The gain 
in epistemic understanding includes an understanding of what are acceptable claims 
to knowledge and what are acceptable ways of discourse in science. However, these 
studies report the progress of epistemic understanding of argumentation without 
directly measuring epistemic understanding.

Erduran and Dagher [13] claim that including students in argumentation allows 
them to see science as a logical practice and to assess the strengths and shortcomings 
that occurred during the process of knowledge construction in science. In short, 
such rationales position argumentation as an epistemic activity and emphasize the 
importance of incorporating argumentation as one of the foci of science teaching. The 
epistemic process involved in developing and evaluating scientific knowledge claims 
is revealed via argumentation. This epistemic process, in turn, employs epistemic 
criteria to select evidence, assess claims and evidence, produce counter-claims, and 
effectively communicate with others. Hence, it is important to assess the epistemic 
knowledge of students and to investigate the influence of engaging students in 
dialogical argumentation on their epistemic practices of science. Thus, this study will, 
therefore, explore how middle school students’ engagement in dialogical argumenta-
tion influences their epistemic knowledge of physics.

5. Methodology

5.1 About participants

A convenience sampling technique was used to identify the primary schools. 
Twelve primary schools, which use English as a medium of instruction, accessible to 
transport and cooperative to participate in this yearlong study, were identified and 
participated. All these schools are government schools. In total, 14 classrooms were 
randomly selected from these schools and assigned as experimental (N = 7) and 
control (N = 7) groups. From these schools, a total number of 479 Grade 8 students 
were involved in this study. Among these 479 middle school students, 273 (57.0%) 
were female and 206 (43.0%) were male. The treatment group comprised 239 (49.9%) 
students, whereas the control group contained 240 (50.1%) Grade 8 students.

5.2 Research design: mixed methods

We employed a quasi-experimental mixed-method design that combines quantita-
tive postpositivist methods with qualitative constructivist methods. Study subjects, 
eighth-grade students, were split into an argumentation lesson group and a non-
argumentation lesson group, and quantitative data about students’ level of epistemic 
knowledge were collected from both groups before and after intervention using 
Epistemic Knowledge Test items. Students’ argumentations were video recorded 
to gather qualitative data. According to Creswell and Clark [37], a mixed-methods 
experimental (or intervention) design is an “approach in which the researcher embeds 
the collection, analysis, and integration of both quantitative and qualitative data 
within an experimental quantitative research design” (p. 139). To better analyze and 
interpret the effect of dialogic argumentation on students’ epistemic knowledge, this 
study needs not only quantitative data from epistemic knowledge test scores but also 
qualitative data from observations of students’ argumentation. The use of quantita-
tive and qualitative methods together increases the validity of research reports by 
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correlating results from different methods, elaborating results from one method, 
informing the other method, providing a comprehensive account of results reported 
by one method, and even contradicting results reported by one method [38]. These 
features made mixed-methods relevant and appropriate for this study.

Furthermore, the mixed methods experimental (or intervention) design was 
chosen since the goal of the study was to learn not only about the impact of argumen-
tation classes on epistemic knowledge but also about how the intervention works. 
we adopted a concurrent embedded mixed-methods experimental design in which 
quantitative and qualitative data are collected at the same time. To put it briefly, the 
study adopted a mixed-method experimental design by integrating quantitative and 
qualitative approaches to science education research [39].

5.3 Context of the study

This study was part of a wider research project called Transforming Pedagogy 
of STEM Subjects (TPSS), which promotes the transformation of STEM pedagogy 
in Ethiopia through argumentation. The aim of TPSS was to reduce an overreliance 
on teacher-centered, didactic teaching and increase the use of students-oriented, 
dialogical teaching.

TPSS deduced two strategies to achieve its goal. The first strategy was imple-
menting dialogical teaching and the second strategy was implementing dialogical 
argumentation directly into elementary schools through in-service training. The 
participant of this study was part of the group addressed in the second strategy. 
In 2017/2018, TPSS runs a training program for Grade 7 and 8 physics teachers to 

Figure 1. 
Scaffolding activities used for video-recorded students’ discourse: Activity for 1st (measuring temperature) and 2nd 
videoing (force and motion).
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incorporate argumentation and a more dialogic approach to their physics teaching. 
In the three-day training, elementary physics teachers analyzed physics teaching, 
student learning, and the physics curriculum of Ethiopia. Then, they were introduced 
to scientific reasoning and argumentation theory. They had been also trained on 
how to stimulate argumentation in their classroom. TPSS uses scaffolding activities, 
similar to Figure 1, which make students reflect and discuss scientific ideas. This 
motivates students to adopt specific ways of talking and expressing scientific ideas, 
and participate in a structured cultural discourse, that is, scientific argumentation, 
which promotes their learning. The scaffolding activities address common miscon-
ceptions identified via science education research and depend on a variety of styles of 
scientific reasoning typically used in scientific argumentation.

6. Overview of the grade 7 and 8 physics curriculum

Physics is one of the natural science disciplines taught in Ethiopian schools in 
Grades 7 and 8. It was intended that learning physics would help students understand 
the physical world, conduct observations and experiments relating to physical events 
and phenomena, and increase their interest in the natural world. Furthermore, the 
curriculum highlights the significance of physics in the study of other STEM topics as 
well as students’ comprehension of scientific practices. The student-centered teaching 
method aims to help students acquire scientific knowledge, skills, and attitudes and 
build their confidence to apply knowledge gained to solve text-book or real-life prob-
lems. To sum up, the Federal Democratic Republic of Ethiopia Ministry of Education 
has mentioned the following advantages of studying physics at the K-12 levels. These 
include:

• Understanding the functioning principles of many of our everyday utensils and 
gadgets’

• learning about nature and how it works,

• applying physics expertise to other fields and disciplines, and

• addressing practical challenges in the real world [26].

So, to understand nature and natural phenomena, physics should be taught by 
engaging students in scientific practices rather than telling facts to students. The 
school science curriculum framework clearly indicated that it is the learner-centered 
approaches and the constructivist epistemology that the teaching-learning process 
should follow [26, 40]. The Ministry of Education stresses the importance of quality 
teaching and learning materials to bring quality to science and mathematics educa-
tion. Students’ textbooks, students’ workbooks, teacher’s guides, teacher’s hand-
books, syllabi, minimum learning competency guides, audio-video materials, and 
other teaching-learning resources are taken to be important in improving science and 
mathematics education.

Topics covered in the Grade 7 physics textbooks in Ethiopian schools are struc-
tured in eight units: Physics and Measurement, Motion, Force and Newton’s Laws of 
Motion, Work, Energy and Power, Simple Machines, Temperature & Heat, Sound, 
and Electricity & Magnetism. Grade 8 physics textbook is organized into six units 
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and covers the topics: Physics and Measurement, Motion in One Dimension, Pressure, 
Heat Energy, Electricity & Magnetism, and Light.

7. About items that measure epistemic knowledge

The physics reasoning test was developed based on a theoretical rationale pre-
sented by Kind and Osborne [4]. The test includes items for different styles of reason-
ing—hypothetical modeling, experimenting, and mathematical-deductive reasoning. 
In addition, the physics reasoning test is more focused on items allocated to each 
of the three sub-constructs of scientific knowledge, namely—content, procedural, 
and epistemic knowledge. A physics reasoning test that contains 20 questions were 
administered to each group at the beginning and end of the intervention. The phys-
ics reasoning test was prepared to measure students’ scientific knowledge, which 
includes conceptual, procedural, and epistemic knowledge. Since the focus of this 
study is on epistemic knowledge, we identified items that assess the epistemic knowl-
edge of students.

Among physics reasoning test items, 10 items had been identified as an item that 
measures epistemic entity of scientific knowledge based on features identified by 
[2, 4, 5]. These are Item 3, Item 4, Item 5, Item 6, Item 7, Item 8, Item 9, Item 10b, 
Item 11, and Item 12 (see the Appendix). To identify items that assess epistemic 
knowledge, four PhD candidates in Science Education at Addis Ababa University 
were employed. The PhD candidates took courses, namely Scientific Reasoning and 
Argumentation in Science Education and Assessment in Physics Education; hence, 
we considered them appropriate to identify items that measure epistemic knowledge. 
We asked them to categorize each of the 20 items of the physics reasoning test based 
on the kind of scientific knowledge (either content, procedural, epistemic knowl-
edge, or the combination of any of these). The raters evaluated each of the test items 
and identified the knowledge the test item was supposed to measure. We compared 
the scores generated to measure the inter-rater reliability of the categorization of the 
physics reasoning test with Cohen’s kappa, which was .833. This indicates that it is 
good to have an excellent agreement between the identification of each item with the 
knowledge type it assesses.

We automatically assigned an item to its specific knowledge group when an item 
is categorized in that group by three or more raters. When raters were split about a 
particular item, discussions were held to clarify and decide using a panel of experts 
discussion. Twenty-three items were categorized similarly by three or more raters 
while the remaining three items were split. Further discussions were conducted 
and two of the items were assigned in the epistemic knowledge category, while 
the remaining were categorized as procedural knowledge. To sum up, the physics-
reasoning test contains three, 12, and 10 items that measure the content, procedural, 
and epistemic knowledge, respectively. In this study, we used only these 10 epistemic 
knowledge items (EKIs hereafter). The maximum possible score of the 10 EKIs was 15 
points. We present items of EKIs in the Appendix.

The chosen EKIs examine the epistemic construct of deduction as a form of 
argument in the construction of scientific knowledge, the knowledge required for 
evaluating scientific experimentation, and the role of scientific theories and ideas in 
model-based scientific reasoning. The EKIs items are designed to assess how students 
know what they know in science. All of the items are applicable to Ethiopia’s physics 
curriculum for middle school students. To capture the notion of epistemic knowledge, 



Advances in Research in STEM Education

34

we followed the conception of epistemic knowledge as outlined in Refs. [2, 4, 5]. 
Thus, items in EKIs assess students’ reasoning about how they know that a certain 
physics concept and phenomenon is right or wrong, their understanding of how data 
is represented and used to scientifically justify claims and conclusions using evidence, 
and their knowledge about making inferences.

8. The intervention

The intervention in the middle school began with a visit to local education officers 
and school directors, where they were informed of the TPSS aims and research plans. 
We gained authorization from the local education office to perform the study in the 
chosen middle schools during this visit. The selected middle school physics teachers 
were then trained.

Talking Physics is a set of educational materials prepared for training by physics 
education researchers at Addis Ababa University and Durham University. There are 
three types of booklets available from Talking Physics. The first type, Talking Physics: 
In-Service Training, introduces dialogic argumentation as a method of shifting physics 
education away from the traditional teacher-led didactic teaching, which makes stu-
dents passive and limits their reasoning, and toward more student-centered dialogical 
teaching. In TPSS, students involved in dialogical argumentation were encouraged to 
critically analyze ideas using theoretical and empirical evidence. During the training, 
physics teachers examined the nature of physics education, student learning, and the 
physics curriculum, with a focus on upper primary physics. The training also included 
scientific reasoning, argumentation theory, and techniques to encourage dialogic 
argumentation in the classroom.

Talking Physics: Student Activities, the second booklet, covers 52 teaching activities, 
all of which were used in the training. All of these activities were carried out by phys-
ics teachers utilizing the pedagogy that we had urged them to employ in their physics 
classes. The final booklet, Talking Physics: Teacher Guide, advises physics teachers on 
how to modify their classroom instruction. It guides teachers through the process 
of incorporating dialogical argumentation into their classroom instruction. It also 
provides suggestions for time and group structure, as well as techniques for incorpo-
rating dialogical argumentation into their instruction. In addition, for each exercise, a 
correct response is provided.

During the training, we addressed the underlying ideas of all 52 activities, how 
to incorporate these activities into Grade 7 and 8 physics lessons, and the value of 
student talk in physics instruction. Four teacher education colleges coordinated and 
administered the three-day training. Talking Physics: Student Activities booklets were 
distributed to the intervention group at the end of the training.

Teachers used activities to measure students’ scientific knowledge after introduc-
ing a topic or before offering a topic to bring forth students’ scientific understanding. 
Teachers had also described the task to students, telling them what they needed to 
complete and how much time they had. In addition, teachers went around to different 
groups and offered questions to spark debate. Teachers encouraged students to discuss 
their views rather than simply providing the correct answer. Finally, in whole-class 
discussions, teachers summarized group conversations. Whole-class discussions 
were essential to first demonstrate why incorrect responses are incorrect and then to 
provide the correct responses.
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9. Data collected

At two time points in the TPSS intervention year, data were collected using 
pre-tests and post-tests of physics reasoning test and video records of small group 
discussion tasks. The physics reasoning test instruments were developed for assessing 
students’ physics knowledge and skills in scientific reasoning and argumentation, 
respectively. The quantitative data used included the pre-test and the post-test of the 
physics reasoning test to assess students’ epistemic knowledge. To measure the quality 
of students’ dialogical argumentation, we took 28 video recordings of middle school 
students’ group tasks from 14 primary school classrooms. The group discussion used 
tasks that required students to use scientific reasoning and argumentation. The group 
was randomly selected and contained three to six middle school students. Overall, 14 
video records were gathered for each of the activities in the treatment group and 14 
records were gathered for each of the activities in the control group. Students were 
also encouraged to use any language that gives them a more comprehensive way of 
expressing their knowledge. All these video recordings were used in this study.

10. Data analysis

10.1 Inferential statistics used

We checked the assumption for normality, and we found that the students’ 
pre-test and post-test scores of EKIs for both control and experimental groups were 
not normally distributed. Hence, we used the Mann–Whitney U test to compare 
the scores of students’ pre-test and post-test scores of EKIs between control and 
experimental groups (between-subject comparison). We also computed the gains and 
normalized gains of both groups (within-subject comparison). Excel and SPSS (V.23) 
were used to analyze the data and visualize the findings using graphs. In addition, 
this study also explored the quality of dialogical argumentation during students’ 
argumentative small group discussions using features of ASAC for both treatment and 
control groups.

10.2  Assessment of scientific argumentation in the classroom (ASAC)  
observation protocol

Many argumentation frameworks have been developed to analyze episodes of 
argumentation. ASAC was developed by Sampson, Enderle [41]. Sampson et al.’s 
main reason for the development of ASAC was to provide a tool “that can be used 
to assess the nature and quality of argumentation that occurs between students 
inside the science classroom” (pp. 236). ASAC situated argumentation as a process 
and targeted conceptual and cognitive, epistemic, and social aspects of argumen-
tation. The conceptual and cognitive aspects of argumentation attempt to assess 
how students negotiate, make meaning, and develop scientific understanding. 
Seven ASAC items evaluate the level of in-depth scientific discussion, the use of 
alternative claims, the notification of discrepancy and the subsequent adjustment 
of claims or explanations, the level of challenge and negotiation to offered ideas, 
and the line of reasoning. ASAC’s epistemic components of argumentation assess 
how students use evidence, theories, and models, how they evaluate evidence, and 
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how they employ scientific languages in their discussions. The epistemic element 
was comprised of seven items of ASAC. These items assessed features of argu-
mentation, such as how the content was presented, level of evidence usage, the 
relevance of evidence, quality of inference from data, how the argumentation is 
framed, and level of connectedness between inferences and observation. The social 
aspects of argumentation investigate the interaction. Five items examine the social 
nature of argumentation. This includes students’ reflection of what they know and 
how they know, respect for ideas, willingness to contribute, and balanced engage-
ment of group members.

The ASAC observation protocol consists of 19 items on a Likert scale that ranges 
from 0 (Not at all) to 3 (Often), only Item 6 and Item 8 were reversely rated, that 
is, from 3 (Not at all) to 0 (Often). Sampson and colleagues present an elaborated 
discussion about the theoretical underpinnings for ASAC and the methodologi-
cal approaches they followed to confirm the construct validity, criterion validity, 
and reliability of the ASAC tool [41]. Comparison between ASAC and Toulmin’s 
Arguments Pattern (TAP) framework considered ASAC as reliable in assessing the 
quality of students’ argumentation, hence this study used ASAC to examine the qual-
ity of argumentation.

11. Results

This study analyzed the EKIs test scores and the ASAC scores to answer the extent 
and the ways dialogical argumentation affect middle school students’ epistemic 
knowledge. The level of epistemic knowledge was determined using the students’ 
scores in 10 EKIs. The overall physics reasoning was pilot tested and found to be valid 
and reliable (personal communication). The mean EKIs score then was compared 
progressively between the treatment and control group using SPSS.

11.1 Students’ epistemic knowledge of science

Grade 8 students’ epistemic knowledge of science was evaluated using 10 EKIs that 
were identified to measure epistemic knowledge. An independent sample t-test was 
used to determine if there were statistically significant differences in the students’ 
epistemic knowledge levels over the course of the year. A high score in these 10 EKIs 
was regarded as a sign of superior epistemic knowledge. The pre-test and post-test 
mean scores for the treatment and control groups were used to determine the Grade 8 
students’ level of epistemic knowledge.

Figure 1 shows the results of this test. The treatment groups’ level of epistemic 
understanding of science grew from 3.84 (±1.89) pre-test to 5.10 (±2.48) post-test, as 
measured by the mean test score (SD). The control groups’ level of epistemic knowl-
edge, on the other hand, was somewhat lower in the post-test (4.06 ± 2.35) than in the 
pre-test (4.14 ± 2.28). Figure 2 shows that the mean score of students in the interven-
tion group showed a slight increase in the post-test compared to their pre-test score. 
Not much difference was observed between the post-test score compared to their 
pre-test score for the control group. Additional statistical analyses were conducted 
to determine whether the mean EKIs score progressed significantly in the treatment 
group compared to the control group.

Students’ scores were checked for statistical assumptions, such as normality, 
homogeneity, and outliers. Students’ scores in the EKIs were first checked for outliers. 
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A boxplot assessment using SPSS identified seven outliers in the data for each of the 
control groups’ pre-test and post-test scores and four outliers in the data for treatment 
groups’ pre-test scores. Rather than removing the outliers, we substituted the values 
of these outliers with the next largest value (9.1 for control groups and 8.1 for treat-
ment groups) plus small increments to maintain the ranking in the data. The distribu-
tion of students’ scores on 10 EKIs appears to be not significantly different from a 
normal distribution, as evidenced by the histogram and normal Q-Q plot. However, 
Shapiro–Wilk’s test (p < 0.05) revealed that the distribution of pre-test and post-test 
scores of both the experimental and control groups was not normal. Having obtained 
statistical evidence for non-normality, the nonparametric independent samples t-test 
was conducted to determine whether there was a significant difference between treat-
ment and control groups in the pre-tests and post-tests of EKIs.

A Mann–Whitney U test was used to see if there was a statistically significant 
difference in the level of epistemic knowledge between the intervention and control 
groups based on their pre-test mean scores. The distribution (mean rank) of pre-test 
scores was not statistically significant between intervention and control groups, as 
indicated by the Mann–Whitney U test (U = 27,126.5, z = 1.04, p = 0.299, r = 0.05). 
This revealed that at the start of the intervention, Grade 8 students’ epistemic knowl-
edge of science was not substantially different among groups. However, for the post-
test results, the Mann–Whitney U test (U = 35,454, z = 4.5, p 0.001, r = 0.19) revealed 
a statistically significant difference in EKI mean scores between the intervention and 
control groups. These small-to-medium effect sizes suggested a significant difference 
in post-test epistemic knowledge between the intervention and control groups. The 
implication is that engaging in dialogical argumentation has significantly increased 
the level of epistemic knowledge among Grade 8 students. The findings show that 
shifting physics instruction from didactic to dialogic may be beneficial.

Furthermore, Wilcoxon Signed Rank Tests were used to see if there was a statisti-
cally significant difference in the pre-test and post-test mean scores of both the inter-
vention and control groups’ epistemic knowledge. The level of epistemic knowledge 
in the control group was not significantly different on post-test scores than on pre-test 

Figure 2. 
Comparison of treatment and control group on a pre-test and a post-test of mean scores of the 10 epistemic 
knowledge items (n = 239 treatment group and n = 240 control group).
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scores, T = 10,080, z = −0.208, p = 0.835, r = −0.01. However, a significant differ-
ence between pre-test and post-test scores was seen in the intervention group—level 
of epistemic knowledge was significantly higher on the post-test scores than on the 
pre-test scores, T = 17,220, z = 6.18, p = 0.000, r = 0.40. The medium to large effect 
sizes suggested a significant difference in the intervention group’s level of epistemic 
knowledge between pre-test and post-test scores.

Table 1 presented the percentage of the average scores for EKIs before and after 
implementation of dialogical argumentation, the gain in epistemic knowledge based 
on EKIs scores, and the normalized gain. In physics education research, computing 
the normalized gain in studies that use pre- and post-tests are considered as a stan-
dard to evaluate curricula and instructional intervention. Normalized gain is the ratio 
of each student’s improvement divided by capacity for improvement (Hake, 1998). 
Computation of normalized gains in this study reveals the improvement of students’ 
epistemic knowledge of science between their pre-test scores and post-test scores. For 
the treatment group, where dialogical argumentation was used, the gain in epistemic 
knowledge, as evaluated by EKIs, was shown to be significant (8.40 percent gain) 
when compared to the control group (0.53 percent gain). Despite the fact that the 
students’ EKIs scores were found to be very low (usually below the required minimum 
of 50%), we noticed a slight improvement in students’ epistemic knowledge (a low 
gain of G = 0.11) for the treatment group compared to a gain (G = −0.01) for the 
control group.

11.2 Quality of students’ dialogical argumentation

To assess the quality of students’ dialogical argumentation, we recorded 28 small 
group discussions; 14 videos from before and after the intervention that engage them 
in dialogical argumentation for a year. The video records were collected from seven 
treatment and two control groups. Sampson, Enderle [41] developed an assessment 
tool, namely ASAC, which enhances the assessment of dialogical argumentation. 
The ASAC observation protocol considered conceptual, epistemic, and social aspects 
of argumentation as the fundamental construct during its development. Sampson, 
Enderle [41] believed that this tool would allow researchers to assess crucial aspects 
of argumentation, such as its nature and quality, as well as comprehensively analyze 
students’ arguments.

The ASAC tool consists of 19 items, with seven examining conceptual aspects 
of argumentation, seven addressing epistemic aspects of argumentation, and the 
remaining five focusing on the social side of argumentation. Only Item 6 and Item 8 
were reversely rated on a scale of 0 (Not at all) to 3 (Often). In this paper, the ASAC 
observation protocol was used to evaluate and compare the progress of Grade 8 

Method of Teaching Pre-test Post-test Gains G N

Dialogical Argumentation Classroom* 25.60 34.00 8.40 0.11 239

Traditional Instruction Classroom* 27.60 27.07 (0.53) (0.01) 240
*Both pre-test and post-test scores given here are found by changing the student’s mean scores (given in Table 1) into 
percentages.

Table 1. 
Average normalized gain of students’ epistemic knowledge between argumentative and non-argumentative 
classrooms.
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students across all elements of dialogical argumentation as a consequence of peda-
gogy intervention for a year. To establish the reliability of the ASAC rating of the 
episodes of argumentation, the first author and the second-rater, a physics teacher 
educator and PhD candidate in physics education at Addis Ababa University, assessed 
four randomly chosen episodes of student argumentative group discussion. The 
ASAC scorings have acceptable inter-rater reliability, as indicated by Cohen’s kappa 
(κ = 0.775).

The ASAC observation protocol tool was used to rate 28 recorded student argu-
mentative tasks. Table 2 shows the overall ASAC mean scores for each school, as well 
as the mean scores for conceptual and cognitive aspects, epistemic aspects, and social 
aspects of argumentation.

Figure 3 (and Table 2) depicted the trends of change in the mean scores of different 
aspects of argumentation and the overall mean scores of ASAC between pre-test and 
post-test scores of both treatment and control groups. A critical look at the mean scores 
in Table 2 and the time effect in Figure 3 indicates that the overall quality of dialogical 
argumentation had shown progress in the treatment group compared to the control 
group. A Mann–Whitney test was used to determine if there were any significant 
differences in the quality of dialogical argumentation and various aspects of argumen-
tation generated by the treatment and control groups as a result of their participation in 
argumentative and non-argumentative instructions, respectively. Here, all the effects 
are reported at p < 0.05. For the control group, the Mann–Whitney test revealed that 
there was no significant difference in the mean scores of Conceptual & Cognitive 
Aspects (U = 17, r = −0.285, p = 0.285), in the mean scores of Epistemic Aspects (U = 11, 
r = −0.496, p = 0.064), in the mean scores of Social Aspects (U = 21.5, r = −0.853, 
p = 0.693), and in the total mean ASAC scores (U = 15, r = −0.332, p = 0.214). For the 
treatment group, there was no significant difference in the mean scores of Conceptual 
& Cognitive Aspects (U = 14.5, r = −0.35, p = 0.19) and in the mean scores of Social 
Aspects (U = 16, r = −0.299, p = 0.263). Nevertheless, a statistically significant differ-
ence existed in the mean scores of Epistemic Aspects (U = 5.5, r = −0.662, p = 0.013) 
and in the total mean ASAC scores (U = 8, r = −0.564, p = 0.035).

11.3 Correlation between epistemic knowledge and dialogical argumentation

Pearson correlation was used to compare students’ epistemic knowledge, as evalu-
ated by mean scores on epistemic knowledge items, and the quality of their dialogical 
argumentation, as judged by the ASAC observation protocol. The correlation between 
the mean scores of the epistemic knowledge test and the mean scores of ASAC was 
done for 14 school cases. The Pearson’s product–moment correlation analysis indi-
cated a strong and positive correlation between mean scores of epistemic knowledge 
items and mean ASAC scores, r(14) = 0.558*, p = 0.038 (*The correlation is significant 
at the 0.05 level (two-tailed)). Dialogical argumentation accounts for 31.14% of the 
variations in middle school students’ epistemic knowledge of science.

Figure 4 provides a scatter plot between mean scores of epistemic knowledge based 
on mean scores of EKIs and mean scores of ASAC tool and its components of the aspect 
of argumentation. Figure 4 also depicted the best fitting linear line and the proportion 
of variance described by the line (R2 = 0.312). The scatter plot in Figure 4 describes 
the relationship between the development of epistemic knowledge and engagement in 
dialogical argumentation. This indicates that those who score high on ASAC also scored 
high in epistemic knowledge items, and vice versa.
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Items Item Descriptions and 
Dimensions of ASAC

Ctrl-Pre 
Mean(SD)

Ctrl-Post 
Mean(SD)

Intvn-Pre 
Mean(SD)

Intvn-Post 
Mean(SD)

Cca1 The conversation focused on 
the generation or validation 

of claims or explanations

0.43 (0.53) 0.71 (0.49) 0.71 (0.49) 1.43 (0.98)

Cca2 The participants sought out 
and discussed alternative 

claims or explanations

0.29 (0.49) 1(0.82) 1 (0.82) 1.14 (0.69)

Cca3 The participants modified 
their claim or explanation 

when they noticed an 
inconsistency or discovered 

anomalous information

- (−) 0.71 (0.49) 0.71 (0.49) 0.71 (0.49)

Cca4 The participants were 
skeptical of ideas and 

information

0.14(0.38) 0.43 (0.53) 0.43 (0.53) 0.57 (0.53)

Cca5 The participants provided 
reasons when supporting or 

challenging an idea

0.57(0.79) 1.14 (0.69) 1.14 (0.69) 1.57 (0.98)

Cca6 The participants based 
their decisions or ideas on 
inappropriate reasoning 

strategies

0.86(1.07) 2 (0.58) 2 (0.58) 1.86 (0.69)

Cca7 The participants attempted 
to evaluate the merits of each 

alternative explanation or 
claim in a systematic manner

0.29(0.49) 0.86 (0.69) 0.86 (0.69) 1.43 (0.98)

Conceptual and Cognitive 
Aspects

3.57 4.29 6.86 8.71

Ea1 The participants relied on 
the “tools of rhetoric” to 

support or challenge ideas

2.29(0.95) 1.29 (0.49) 1.29 (0.49) 1.29 (0.49)

Ea2 The participants used 
evidence to support and 

challenge ideas or to make 
sense of the phenomenon 

under investigation

- (−) 0.71 (0.76) 0.71 (0.76) 1.43 (0.53)

Ea3 The participants examined 
the relevance, coherence, 

and sufficiency of the 
evidence

0.14 (0.38) 0.43 (0.53) 0.43 (0.53) 1.14 (0.69)

Ea4 The participants evaluated 
how the available data was 
interpreted or the method 

used to gather the data

0.29 (0.49) 0.43 (0.79) 0.43 (0.79) 0.86 (0.9)

Ea5 The participants used 
scientific theories, laws, 

or models to support 
and challenge ideas or 
to help make sense of 

the phenomenon under 
investigation

- (−) 0.29 (0.49) 0.29 (0.49) 0.86 (0.38)
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12. Discussion

This quasi-experimental study aimed at finding the impact of a yearlong engage-
ment in dialogical argumentation on Grade 8 students’ epistemic knowledge of 
science. The quantitative results presented above showed an overall improvement 
in epistemic knowledge. In addition, analysis of video recordings of 28 episodes of 
argumentation revealed improvements in the experimental groups in the quality of 
dialogic argumentations. The improvements in epistemic understanding of science 
and the quality of dialogic argumentation were found to be linearly correlated.

Two research questions guided this study. The main purpose of the first research 
question was to explore Grade 8 students’ prior epistemic knowledge and then 
to investigate whether learning physics through dialogical argumentation would 
change their epistemic understandings. The results indicated that both experimental 
and control groups show low levels of epistemic knowledge. After the intervention, 
the experimental groups showed a small but significant improvement in their level 

Items Item Descriptions and 
Dimensions of ASAC

Ctrl-Pre 
Mean(SD)

Ctrl-Post 
Mean(SD)

Intvn-Pre 
Mean(SD)

Intvn-Post 
Mean(SD)

Ea6 The participants made 
distinctions and connections 

between inferences and 
observations explicit to 

others.

0.14 (0.38) 0.57 (0.53) 0.57 (0.53) 1.14 (0.9)

Ea7 The participants used the 
language of science to 
communicate ideas.

0.14 (0.38) 0.57 (0.79) 0.57 (0.79) 1.57 (0.79)

Epistemic Aspects 3.00 4.29 4.29 8.29

Sa1 The participants were 
reflective about what they 
know and how they know.

1 (−) 1.14 (0.38) 1.14 (0.38) 1.43 (0.53)

Sa2 The participants respected 
what each other had to say.

1.43 (0.53) 1.43 (0.53) 1.43 (0.53) 1.57 (0.53)

Sa3 The participants discussed 
an idea when it was 
introduced into the 

conversation.

0.43 (0.53) 1.14 (0.69) 1.14 (0.69) 1.86 (0.38)

Sa4 The participants encouraged 
or invited others to share or 

critique ideas.

0.43 (0.53) 1.43 (0.53) 1.43 (0.53) 1.57 (0.53)

Sa5 The participants restated or 
summarized comments and 
asked each other to clarify or 
elaborate on their comments.

0.57 (0.79) 1 (0.58) 1 (0.58) 1.14 (0.69)

Social Aspects 3.86 3.57 6.14 7.57

ASAC Observation 
Protocol Total Score

10.43 12.14 17.29 24.57

Table 2. 
Mean ASAC scores of both treatment and control groups before and after a yearlong intervention in dialogical 
argumentation.
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of epistemic understanding compared to the control group. These findings sug-
gested that dialogic argumentation did facilitate the growth of students’ epistemic 
understanding of science. Similar positive effects of argumentation on students’ 
epistemic cognition have been reported in the literature [8, 42, 43]. That is, this 
result is consistent with previous findings that indicated that argumentation could 
provide a powerful context for improving students’ epistemic understanding 

Figure 3. 
Differences in the level of conceptual and cognitive, epistemic, social aspects of argumentation, and the overall 
ASAC scores between treatment and control groups across time (pre-test and post-test).

Figure 4. 
A scatter plot of mean scores of epistemic knowledge items and mean overall scores of ASAC observation protocol.
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of science [44, 45]. The main purpose of the second question was to investigate 
whether continuous engagement in dialogic argumentation would improve the qual-
ity of student-generated dialogic argumentations and whether the level of epistemic 
understanding would correlate with the quality of dialogic argumentation. In this 
study, no explicit instruction was given on how to improve the quality of student 
argumentation, though we had trained elementary school teachers about dialogical 
argumentation.

The quality of students’ dialogic argumentations remained very low and 
unchanged for the conceptual and cognitive aspects of dialogic argumentation 
and social aspects of dialogic argumentation. However, though the quality of the 
epistemic aspect of argumentation was still low, statistically significant scores were 
observed in favor of the experimental group compared with the control group. 
This was mainly due to students’ poor performance with regard to Item 3 and Item 
4 of the conceptual and cognitive criteria and with regard to Item 10, Item 11, and 
Item 12 of the epistemic criteria in the ASAC protocol. They had the tendency to 
use commonsense reasoning to support or challenge claims rather than draw on 
the available evidence and principles, laws, theories, and formulae (Item 10). The 
second problem was the naïve use of evidence, that is, no or minimal attempts to 
examine its relevance, coherence, and sufficiency to the wave phenomenon being 
discussed (Item 10), and the third was making vague inferences (Item 13). Though 
the Mann–Whitney U test indicated that there was a statistically significant differ-
ence in the epistemic aspects of argumentation between experimental and control 
groups, the raw scores were still low. These results meant that Grade 8 students’ 
understanding of the way of knowing science and their skills for arguing with 
supportive evidence and rationale were at a low level. Other researchers also noted 
that students are unfamiliar with the “norms of scientific argumentation” and 
misunderstand what counts as good evidence and reasoning in science (e.g., Walker 
and Sampson [10], Sampson and Clark [46], Simon, Erduran and Osborne [47]) 
reported similar problems.

Generally, the quality of dialogic argumentation improved. This was expected 
because dialogic argumentation is a cognitive process that needs the practice to 
understand the epistemological foundations of science and to develop the ability to 
reflect on theories and evaluate them using evidence [3, 48, 49]. Nonetheless, this 
result suggests that sustained engagement in dialogical argumentation has a posi-
tive impact on argument quality. This is consistent with Osborne and Erduran’s [34] 
observation that under adequate instructional settings, students can considerably 
enhance their ability to argue.

A few studies have also explored the relations between epistemologies and par-
ticular scientific practices, such as argumentation [42, 43, 50]. These studies generally 
focus on the impact of epistemic knowledge on students’ argumentation abilities. For 
example, Mason and Scirica [43] found that the quality of students’ arguments, coun-
terarguments, and rebuttals correlated with their level of epistemological sophistica-
tion. The current study also found a positive or direct association between students’ 
epistemic knowledge and the quality of their argumentations.

There are some limitations to the current study. The first is the random selection 
of the groups who participated in a video-recorded small group discussion task. The 
selected group may not be representative of the classroom. Consequently, it may not 
depict the complete picture of the classroom. Being aware of this limitation, we had 
informed teachers to compose a group representative of the classroom. The teachers’ 
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verdicts were used to the trustworthiness of the selected group’s representation. The 
other limitation could be the influence of instructional approaches used in other 
school subjects. In this yearlong study, only physics teachers used dialogical argu-
mentation, whereas biology and chemistry teachers were free to use any instructional 
approach. Thinking that biology and chemistry are part of science, there may be 
situations that affect the Grade 8 students’ development of argumentation skills and 
their epistemic knowledge.

To summarize, this study clearly reveals improvements in the level of student 
argumentation ability as a result of yearlong participation in dialogical argumenta-
tion. Similarly, the study demonstrates not only the existence of a positive cor-
relation between students’ level of epistemic knowledge and the quality of their 
dialogic arguments but also that the correlation was strong. Though the relation-
ship between student argumentation and their epistemic knowledge remains 
controversial, the outcomes of this study give additional evidence for the presence 
of a positive association between epistemic knowledge and the quality of dialogic 
argumentation.

13. Conclusions

Extensive searches for similar findings in relevant science education and learn-
ing science literature revealed that the effect of students’ engagement with dialogic 
argumentation on epistemic knowledge or vice versa appeared to be understudied 
so far, both in elementary and secondary school physics and in physics teacher 
training settings. Furthermore, to the best of the researchers’ knowledge, there 
is no evidence that the quality of dialogic argumentation is linked to the develop-
ment of epistemic knowledge. Using dialogic argumentation to improve Grade 8 
students’ epistemic knowledge and matching epistemic practices in science classes 
with the epistemic practices of the scientific community has been a necessary but 
difficult job [15].

This study included 14 upper primary schools from Ethiopia’s three regional states 
(Addis Ababa, Amhara, and South Peoples). The research was conducted as part of 
the TPSS project, which ran from 2016 to 2018. Data were gathered by administering 
physics reasoning tests, which included epistemic knowledge items (EKIs), video 
recordings of students’ small group discussions, video recordings of whole-class 
teaching, and audio recordings of teacher interviews before and after the interven-
tion. Teachers in the intervention groups received a three-day training in dialogical 
argumentation. During the training, these teachers were exposed to the Talking 
Physics manual (created by the TPSS project), with follow-up talks on how to imple-
ment the manual’s activities.

This study’s results indicated that dialogical argumentation was helpful in 
increasing Grade 8 students’ epistemic knowledge in physics as well as their 
competence to reason scientifically during arguments. The significant correlation 
between students’ level of epistemic knowledge and progress in the quality of their 
dialogical argumentation would imply that dialogical argumentation indeed helps 
Grade 8 students improve their epistemic knowledge in physics. We statistically 
compare the mean scores of EKIs for the two groups and observe that there are no 
plausible reasons why the means of the two groups might be different, other than 
the possibility that the argumentative instructions do have a differential impact 
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on students’ epistemic knowledge of science compared to the non-argumentative 
instruction.

The findings from this study have implications for the teaching of science 
at middle schools. In most middle schools in Ethiopia, science lessons are often 
taught through lectures and demonstrations. Much emphasis is given to verifying 
scientific laws and theories, that is, the content and conceptual aspect of scientific 
knowledge. This suggests that little attention is given to engaging students in a 
discursive interaction to construct scientific knowledge. Therefore, physics teach-
ers should provide an opportunity to their students to entertain competing views 
of a certain physical phenomenon when teaching physics and should encourage 
students’ dialogical discourse. In this study, Grade 8 students demonstrated small 
but significant improvement in their epistemic knowledge after they had been 
exposed to dialogical argumentation compared to other Grade 8 students who were 
not exposed to dialogical argumentation. The low level of both groups of students’ 
epistemic knowledge of science in the pre-test indicates that their physics lessons 
do not adequately address and not well integrated the ways of knowing science. 
Nevertheless, the small and significant improvement of students’ epistemic knowl-
edge in the experimental group because of dialogical argumentation lessons reveals 
that argumentation is a viable approach to equip students about the knowledge 
generation and construction mechanism in science. This implies that middle school 
physics teachers could scaffold their students’ epistemic understanding of science 
by shifting their teaching toward a dialogical pedagogy. Engaging students in 
dialogical argumentative tasks will provide the necessary experiences to develop 
and master the epistemic entities of scientific reasoning. This is also consistent 
with global efforts to promote student-centered practices through methodological 
shifts in science instructions. It should also be noted that the positive results in 
the current study were obtained even though there is a considerable emphasis on 
teaching through transmission in Ethiopia. The results of this study corroborated 
prior findings that the transmission mode of teaching is ineffective in promot-
ing science teaching and learning and should be replaced with student-centered 
instructional strategies, such as dialogic argumentation. Students can use dialogi-
cal argumentation to develop an epistemic understanding of the role of scientific 
evidence and how science operates. As a result, students will be better prepared to 
make informed decisions concerning various scientific knowledge claims and their 
applications.

In a summary, this research revealed that students’ participation in argumentative 
instructions significantly improved their epistemic knowledge and argumentation 
quality. Furthermore, the study found that a significant change in the quality of 
argumentation, as measured by ASAC scores, is associated with a significant change 
in students’ ASAC epistemic scores. Other areas of ASAC, such as conceptual and 
cognitive aspects, and social aspects, showed no significant changes.

A.Epistemic knowledge items from physics reasoning test

Item 3
Scientists claim the temperature does not change when ice is melting or when 

water is boiling.
Which graph below supports the scientists’ claim?
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Item 4
 Scientists say matter can turn from solid to liquid. 
How do we know they are right?

A. Because ice can melt to water

B. Because ice can be crushed to powder

C. Because ice expands when it freezes

D. Because ice can be hard as rock

Item 5
Scientists say sound is caused by vibrations
How do we know they are right?

A. Because vibrations can make things break

B. Because you can feel vibrations in the strings of a guitar or a kirar

C. Because we can hear sound coming from a guitar or a kirar

D. Because loud sound can make the ears hurt
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Item 6
Scientists say the Earth has a magnetic field.
How do we know they are right?

A. Because we can find magnetic stones in nature

B. Because we can see magnets attract each other

C. Because we can see that the Sun attracts the Earth

D. Because we can see the needle on a compass always pointing to the North

Item 7
Some students think sound travels faster than light. 
How do we know they are wrong?

A. Because you can see a lightning before you can hear the thunder

B. Because light travels all the way from the Sun to the Earth

C. Because you can still hear sounds when it is dark

D. Because sound travels faster in water than in air
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Item 8
Some students think the Moon, like the Sun, is producing its own light. 
How do we know they are wrong?

A. Because the Moon is seldom seen at daytime

B. Because we feel no heat from the Moon

C. Because shadows caused by moonlight are very weak

D. Because the part of the Moon not lit by sunlight is dark

Item 9
Debre thinks boats float because they are made of light material.
Decide if the observations below support or oppose what Debre thinks  

(tick one box for each observation)

Item 10
The table shows average temperature at different places in Ethiopia

Observation Supports Debre Oppose Debre

When you drop a stone in water it sinks, but a
piece of wood floats

□ □

Some boats are made of steel, but still float □ □

Some stones are very light, but still sinks □ □

Location Average temperature (°C) Altitude (meters above sea level)

Arba Minch 21.8 1278

Dilla 20.6 1572

Bahir Dar 19.6 1797

Hawassa 19.2 1710

Gondar 19.1 1966

Addis Ababa 15.9 2324

Debre Markos 15.9 2462

Dessie 15.2 2491
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a. What is the average temperature in Gondar_________________°C?

b. How does temperature change with altitude?

A. Higher altitude has higher temperature

B. Higher altitude has lower temperature

C. There is no clear pattern between altitude and temperature

Item 11
Some students investigated two ways of heating water. One way was hot plate and 

the other was Bunsen burner.
They heated the same amount of water and measured temperature every 2 min-

utes. The measurements are presented in the graph: 

a) Which heat source (hot plate or Bunsen burner) heated the water fastest?
__________________________

b) What was the difference in temperature after 10 minutes?
__________________________

Item 12
The table compares properties of three materials: Wood, rock and iron

Property Material 1 Material 2 Material 3

Sinks in water? Yes No Yes

Burns easily? No Yes No

Attracted by a magnet? Yes No No
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Decide which materials are wood, rock and iron (write the number)
Wood is material number _____________
Rock is material number _____________
Iron is material number _____________
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Abstract

This chapter reports the views of South Sudanese secondary school teachers about 
the use of humour in the mathematics classroom as a teaching and learning tool. The use 
of humour as a pedagogical toolkit in a mathematics classroom is something that has not 
yet been seriously or widely considered and how the teachers, especially South Sudanese 
teachers, would react to the use of humour in the classroom was not yet known. An opin-
ion survey containing six (6) close-ended questionnaire items or statements related to 
the use of humour in the classroom was distributed to ten (10) secondary schools located 
within and around Juba city. About sixty-five (65) South Sudanese secondary school 
teachers responded to the survey. Posed was a research question intended to explore the 
general views, attitudes, or opinions of South Sudanese secondary school teachers: What 
do South Sudanese secondary school teachers think about the use of Humour-Supported 
Instructional Approach (H-SIA), a proposed-alternative method of teaching and learn-
ing mathematics at secondary school level? Findings of this opinions survey indicate that 
South Sudanese secondary school teachers’ overall average views are positive toward the 
use of humour in the classroom setting. The average majority of the surveyed secondary 
school teachers appeared keen and seemed eager to welcome experimentation with new 
ways of teaching and learning in the classroom. Hence, it is recommended that class-
room teachers be always encouraged and allowed a certain degree of freedom to explore 
and try out new ways of teaching and learning. It is suggested, however, that teachers be 
first provided with necessary proper training about how to use humour appropriately, 
effectively, and creatively in the classroom environments.

Keywords: teachers’ views, classroom humour, mathematical humour,  
pedagogical toolkit, teaching and learning mathematics

1. Introduction

This chapter reports an aspect of mathematics teachers’ views about the use 
of humour in mathematics classroom that emerged during the pilot phase of a 
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larger study on a newly proposed method of instruction called Humour-Supported 
Instructional Approach (H-SIA) [1]. In such a study [1] where mathematics itself 
was described or perceived as an infinite task, process, or procedures performed by 
a finite person, performer, or operator, the purpose of the method (H-SIA) was to 
attract and enhance students’ interest in mathematics using the concept of humour 
as a teaching and learning tool. Viewed from this perspective or perception of math-
ematics as an infinite process with an infinite number of objects to operate with (e.g., 
it may take nearly an infinite amount of mathematical operations or procedures just 
to figure out what is happening in a tinny place such as an open interval on a line 
or a surface of a tinny disc or ball), it is not difficult to see why there always been 
legitimate issues, concerns or problems associated with the teaching and learning of 
mathematics as subject matter. Hence, most students always privately complain about 
the difficulties involved in learning, teaching and even mastering such an infinite 
task, procedures, or infinite operations; although some students sometimes openly 
complain but often in the guise of boredom (lack of interest) in various mathematics 
classroom settings, perhaps fearful of the negative stereotypes associated with the 
illusive labels of the so-called IQ concept or myth. Dealing with an infinite task is 
always a delicate business or issue and it is therefore not surprising why we always 
hear various students’ stories about mathematics classrooms that are so boring, about 
mathematical experiences that are so humiliating, or about mathematics tasks that 
are so pointless [2]. Hence, it pays to lighten up the subject with humour or in other 
ways that are appreciated by the students [3, 4] as humour itself is known to play an 
important role in people’s overall well-being in their daily-life activities [5].

Humour as a teaching technique or strategy has been widely defined as anything 
perceived or recognised by students to be funny, comical, or amusing; or the quality 
that makes something funny, laughable or amusing [6, 7]; and is more recently gener-
ally defined as an skillset, away to communicate, an educational strategy, a personal 
perspective or a positive emotional and behavioral response [8]. In this study, however, 
humour was specifically defined relative to mathematics content area as “mathemati-
cal humour” [9], a mathematics content-related humour often derived from math-
ematical concepts being discussed, combined with general humour ideas, particularly 
the incongruity theory of humour characterised by elements of surprises and unex-
pected twists or turns [5]. This opinions survey about teachers’ views or attitudes was 
motivated by a South Sudanese volunteer mathematics teacher who initially agreed to 
take part as a co-teacher-researcher during the experimentation and implementation 
phase of H-SIA [10], but who later opted out of research participation. This left the 
researchers to wonder whether the teacher’s apparent quitting has anything to do with 
South Sudanese teachers’ overall general views, attitudes or opinions toward the use of 
humour in the classroom as a teaching and learning tool. While the mostly-welcoming 
views of students-learners toward the use of humour in the classroom settings are 
well documented [11, 12], the general views, opinions, or attitudes of the classroom 
teachers themselves are not yet widely explored [13–15]. The researchers then posed a 
guiding question intended to explore the general views, attitudes, or opinions of South 
Sudanese secondary school classroom teachers: What do South Sudanese secondary 
school teachers think about the use of H-SIA? The H-SIA was a proposed-alternative 
method of teaching and learning mathematics at the secondary school level for 
displaced South Sudanese students living in re-settled communities.

The purpose of the proposed method (H-SIA) was to generate and maintain 
interest in mathematics for these types of students. These students were among 
the internally displaced people living in temporary resettlement camps or shelters 
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called Protection of Civilians sites (POCs) under the protection of the United Nation 
Mission in South Sudan (UNMISS). The students were displaced by the South 
Sudanese civil war and were taught in five secondary schools, namely Hope, Mat 
(Union) 1 & 2, Future, and Equity Senior Secondary Schools. These secondary school 
students were taught by a group of volunteer teachers who double as primary school 
teachers in adjacent UNICEF sponsored feeder primary schools. These students were 
chosen for this study because of their exposure to traumatic situations such as forced 
displacement, committed atrocities, poverty, and living in an insecure environment 
characterised by threats and intimidations. These students were perceived to be more 
concerned with issues of daily life activities for survival rather than the learning of 
mathematics in the classroom setting.

2. Background for the study

While the role of humour in the classroom appears to have been generally ignored, 
which implies that its use in the classroom is often rare if not almost none existence  
[4, 15–26], humour in its explicit-verbal forms such as storytelling or narrative has been 
used almost from the beginning of human existence as social beings. Storytelling tech-
nique, funny-humorous stories or narratives [10, 23, 27] as an expressive-verbal form of 
humour has been used since time immemorial as a powerful tool for grabbing the audi-
ence’s attention and for passing on knowledge from generation to generation, culture 
to culture, and individual to individual. Even today, with the invention of powerful 
technological tools such as PowerPoint presentations, overhead projectors, chalkboards, 
or even the highly hyped smart boards, storytelling or narrative as a verbal form of 
humour remains an effective and persuasive channel for knowledge transmission [14].

Storytelling, funny-humorous stories, or exciting narratives [5, 28–30] as an 
expressive-verbal form of humour is one of the many old known classroom techniques 
and strategies, but one that seemed to be used only by very few passionate, creative and 
effective classroom teachers to motivate or inspire their students in the learning process 
[31–34]. Using humour as a teaching and learning technique or strategy [16] is neces-
sary even more so in an environment such as the mathematics classroom where things 
tend to be run in a machine-like-robotic fashion with little or no regard to human 
feelings or emotions. Therefore, classroom humorous materials such as instructional 
humour [35], storytelling, stories or narratives [36–39] along with many other appro-
priate various types of humour can be creative way in humanising mathematics and 
the mathematics classroom [40–42]. Instructional humour, that is, humour related to 
content material such as mathematical humour [43–51] can be useful and effective in 
motivating and inspiring students to learn. While mathematical humour can convey to 
students the teaching qualities such as the teacher’s authentic passion for the subject, 
enthusiasm, and curiosity for teaching and learning, it can also help in fostering not 
only the much desired cognitive factors but also the often neglected affective learning 
domains of the subject that are essential for student’s social development.

Somehow explicit yet appropriate-contextualised examples of mathematical 
humour (right off the bat) for secondary school context would be a thief, a shop-
keeper, and the total amount stolen: In this case, a thief first stole a 100 dollars from 
your shop and then came back moments later and bought stuffs worth 75 dollars and 
you gave him back a 25 dollars change, what is then the total amount of money stolen 
from you? A chicken and half that lays one and a half eggs a day: If a chicken and half 
lays one and half eggs a day, what is then the total number of chickens after certain 
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number of days, months, years, and even at eternity? Or the famous hypothetical clas-
sic example of the identical pair of twins paradox in physics (special relativity) used to 
illustrate that the attractive concept of simultaneity is nothing more than as a matter 
of converged-diverse personal opinions, where one of the twins (Albert) is supposedly 
born in New York while the other twin (Alvin) in Tokyo: This has to be admittedly 
one of those hilarious-classic grand mothers’ borderline humour but appropriately 
contextualised jokes where the twins’ mother is supposedly so huge and gigantic such 
that she is more than capable of delivering these two-cute-identical babies at the same 
time, but at different places further apart. Here, a contextualised-mathematics prob-
lem for the secondary school level would be figuring out the total distance or separa-
tion, given the average speeds for the first and second halves of the journey between 
the two cities; and after that, the most curious students would then be challenged to 
derive the familiar half way formula from the total separation or distance between the 
two cities (New York and Tokyo). For more detailed discussion of various examples of 
mathematical humour relative to the content materials being discussed or the typical 
appropriate-classroom humour, readers can refer to the following related articles:  
[1, 4, 6, 12, 14, 18, 25, 50, 52]. In fact, there are many-various opportunities out there 
for wonderful stories or funny-humorous stories related to mathematics that are 
appropriate for secondary school contexts and beyond such as, for example:

Decartes’ proof of existence of God, Pascal’s famous wager, Plato’s world of forms, 
and Newton’s attempt to verify biblical chronology, Liebniz’s detailed theodicy, 
current attempts to describe a divine domain in terms of meta-system, and mystical 
speculation on the infinite. ([45], pp. 62–63).

Instructional humour or classroom humour [24] such as mathematical humour 
[1, 5] is humour derived from the mathematics concepts being discussed combined 
with general humour ideas, particularly the incongruity-resolution theory of humour 
often characterised by elements of surprises, exaggerations, unexpected twists or 
turns [22, 30–34, 38, 51, 53]. Infused and laced into H-SIA lessons as a form of related 
humour are pseudo-mathematical proofs or funny-humorous demonstrations–such 
as, for example, the latest-recent mathematical attempt, claim, or partial proof for 
the existence of some sort of “the real part of God,” although not yet its complete, 
complex or whole part [35], a reminiscent of such similar attempts in the past into 
mathematical theology adventures by the legends before us–attempts which are more 
often than not riddled with hidden commonly made mistakes and/or ambiguous-
unexamined tacit assumptions (e.g., division or multiplication by a disguised zero) 
which fall into these categories of incongruous elements of surprises, irony, exaggera-
tions, unexpected twists or turns. However, according to Weber [22], false proofs or 
demonstrations are “funny only if there is some interpretation scheme by which they 
could plausibly make sense” (p. 58). In addition, all the mathematical humour used in 
the classroom setting must be either below and/or contextualised at the level of math-
ematics concepts being taught so that such mathematics jokes are well understood by 
the students-learners [1].

The primary aim of using humour as an instructional approach in mathematics 
classroom is to lighten or fire-up students’ learning experience, inspire or motivate 
students to develop liking (interest) for the subject matter, and perhaps foster stu-
dents’ social skills students’ social development is an aspect that is often ignored in 
the mathematics classroom, but one that is equally as important as student’s cognitive 
development often promoted in such environment.
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This new orientation in teaching [1], where related-instructional humour is 
infused and laced into lesson plans, could even be seen as essential to students popu-
lation such as those in displaced and re-settled communities of South Sudan. These 
students have experienced severely disrupted socio-cultural-economic lives [35, 49] 
and are perceived to be more consumed by their day-to-day survival concerns rather 
than the learning of mathematics in the classroom setting.

Guiding this study is the theory of the teacher’s communication competence in the 
classroom setting [17, 26, 37–41] which falls under constructivism. This theory argues 
that most creative, imaginative, and effective teachers always acquire and possess 
certain communication traits, qualities, or characteristics such as teacher’s classroom 
immediacy, teacher’s instructional quality, teacher’s clarity in organisation skills, 
and teacher’s socio-communication style in the classroom [37, 42, 43]. Among these 
effective teaching qualities, traits or characteristics is a teacher’s humour orientation 
or the use of humour as a teaching and learning tool [31, 53]. When students view 
their teachers as using humour frequently, effectively, and appropriately, they also 
view them as more immediate, approachable, and friendly in the classroom. Hence, a 
teacher’s perceived acceptance of the use of humour as a teaching and learning tool in 
the classroom is an indication of a teacher’s overall communication competence and 
good teaching practices [45–47].

3. Relationship of the study to STEM education

Science, technology, engineering and mathematics (STEM) education is always 
described as an integrated-specialised way of teaching and learning with many 
various associated-acceptable definitions [48, 49]. However, the most preferable 
definition by STEM scholars is that STEM itself (known by the acronym science, 
technology, engineering, and mathematics) is a learning collaborative environment 
where students broaden their knowledge and learn through the process of explo-
ration, invention, and discovery using real-world problems and situations [49]. 
The relationship of this study, however, about the use of humour in mathematics 
classroom is not only about the fact that mathematics as a subject matter itself is an 
embedded-integral part of STEM education as indicated by the STEM acronym in 
STEM literature, but also the fact that the use of humour or the application of the 
concept of humour in STEM education classroom settings would help connect the 
more specialised STEM education to other wider equally-valuable various knowl-
edge domains out there, other non-STEM disciplines such as health, humanities, 
philosophy, psychology or creative arts to mention but few. The idea is that there 
may be other non-STEM alternative disciplines that might have been perhaps inten-
tionally or unconsciously left out un-prioritised, underfunded, or undervalued, but 
that are equally contributing in various proportions in our attempt to understand or 
get a glimpse of the whole picture of our universe, or the multiverses as the saying 
goes. While STEM education is no doubt valuable in its own rights and efficient as it 
helps in quickly achieving the much desired economic prosperity, it is by itself alone 
not sufficient education, especially if promoted in an apparent expense or negli-
gence of the other equally-valuable disciplines such as the creative fine arts, since 
those other forms of non-STEM education out there are also needed for the people’s 
overall general well-being as fully developed human beings with an extra sense of 
humour. This is because having a sense of humour is documented in the literature as 
a sign of human strength, intelligence, wisdom and psychological maturity [5].
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The use of humour as a teaching and learning technique in STEM education class-
room settings is often rare if not almost non-existence as the humour use appears to be 
only implied or implicitly embedded in STEM’s various educational robotic platforms, 
tools, or sources [49, 50], along with the associated educational robots, probably in 
the implicit forms of perhaps funny-humorous cartoons, interactive-computer games 
or collaborative group work. Therefore, there is still a need for explicit-appropriate 
humour use (such as the content-specific related-humorous stories, serious intel-
lectual discussion or conversation, and even some civilised level of heated conceptual 
debates) from real sources or human beings combined or in conjunction with the use 
of educational robotic tools or sources in the STEM educational robotic platforms and 
STEM-related classroom settings. Literature review shows that the use of the concept 
of humour as teaching and learning tool in its various forms is more promoted, devel-
oped and therefore more advanced in the other non-STEM educational disciplines 
than it appears in the STEM education integrated subject areas such as mathematics 
classroom setting, where the use of humour (when present) is more often combative–
rather than supportive–usually in the primitive forms of competitive riddles, numbers 
or wordplays [4]. The point or argument being expressed here is that all educational 
disciplines (whether STEM or non-STEM) are equal in terms of their contributions 
and values as they represent different dimensional-distinct abilities of various knowl-
edge domains out there; and therefore focusing exclusively on just a few may only 
create certain levels of disabilities or deficiencies in others, deficiencies which can be 
minimised, supplemented or enhanced by the application of the concept of interdis-
ciplinary integration, relationship or connection such as the use of humour (often 
associated with non-STEM education) in the STEM education classroom settings.

4. Methodology

Because the posed research question involved the exploration of views, attitudes, 
or opinions of teachers, the methodology found more suitable, appropriate, and 
adapted for this study was an opinion survey with close-ended questionnaire items 
or statements. About six (6) close-ended questionnaire items or statements (Table 2, 
first column) were prepared to survey the views, opinions, and attitudes of South 
Sudanese secondary school teachers about the use of humour in the classroom set-
ting. A total of ten (10) secondary schools located within and around Juba city were 
surveyed, namely Juba Day secondary school, Juba Commercial, Nile Model, Rokon 
secondary, Supiri secondary, Rejaf secondary, Mat (Union), Hope and Future second-
ary schools. Sixty-five (65) South Sudanese secondary school teachers from ten (10) 
different secondary schools, three (3) of which were located in displaced and re-
settled communities, were asked to respond to the questionnaire items or statements 
shown in Table 2. This survey was in response to one of the volunteer teachers who 
first agreed to participate as co-teacher-researcher during the pilot study, but ended 
up opting out of the participation. This made the researchers to be curious and con-
cerned about the general opinions or attitudes of South Sudanese secondary school 
teachers toward the use of humour in South Sudanese secondary school classrooms.

The questionnaire items or statements displayed in Table 2 (first column) apply to 
the teaching and learning of mathematics because mathematics teachers are expected 
to be competent communicators in the subject matter, an acquired skill most math-
ematics teachers are not known to have mastered quite well. Mathematics teachers 
are often blamed and even accused, through teachers’ evaluations or in the courts of 
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public opinions, by many of their students [6, 7, 14, 45, 47]. They are often blamed for 
not always well explaining or even sometimes failing to satisfactorily explain even the 
lower level mathematics concepts in ways that are easily understood by the students-
learners, lower-level concepts but important logical mathematics concepts such as, 
for example, why division by zero in never allowed, why negative times negative is 
always positive, why is any number raised to zero power is always one but never zero, 
or what exactly (if anything) is a zero raised to a zero power. Most of these allegations 
is due to mathematics teachers’ widely perceived lack of communication competence 
in the subject matter [45], which is compounded by the perceived difficulties of 
teaching and learning the subject matter [47, 51]. A teacher’s perceived competency 
in the use of appropriate types of humour [7, 31, 43, 54] in the classroom setting is an 
indication of a teacher’s overall communication competence. Hence, the questionnaire 
items or statements displayed in the first column of Table 2 apply to the teaching and 
learning of mathematics in the classroom setting.

The six (6) close-ended questionnaire items or statements were initially adapted 
from the literature-based Interpersonal Communication Competence Scales (ICCS) 
[17, 24, 26, 29, 37, 55–57] which were customised to form part of the Student Opinions 
Survey Questionnaires (SOSQ ), a 35 questionnaire items-instrument with both close 
and open-ended questions or statements (parts A & B) intended to measure South 
Sudanese secondary school student’s overall interest in the course materials [1, 10]. 
These items were developed to assess teacher’s communication competence as one 
of the components-dimensions of interest in mathematics from the perspectives of 
the students-learners and were adapted here to also assess South Sudanese secondary 
school teachers’ opinions, attitudes or views toward the use of humour as a teach-
ing and learning tool. The close-ended section of SOSQ, part A, namely Adapted 
Literature-Based Interest Survey (Scale) Questionnaires (ALBISQ ), from which 
the six (6) close-ended items or statements were adapted, had an overall alpha of 
0.87, which shows a high degree of internal consistency of the items comprising that 
instrument. When tested for internal consistency (see Tables 1 and 2), the six (6) 
close-ended questionnaire items or statements showed an alpha of about 0.74, which 
is lower than the overall alpha of 0.87, but understandably so since the Cronbach’s 
alpha coefficient is known to get lower as the number of items or statements gets 
fewer [17].

The views, opinions, or attitudes of South Sudanese secondary school teachers 
were captured using the above mentioned six (6) close-ended questionnaire items or 
statements (Table 2), and adapted Likert–like five-point scale instrument calibrated 
with semantic-differential statements and indicators such as strongly negative or 
strongly positive, etc., and was analysed according to SOSQ method of analysis [1, 10]. 
Each teacher’s opinions responses which indicated either positive or negative views, 
opinions, or attitudes on each of the six (6) questionnaire items or statements were 
coded, organised, and quantified by assigning numerical values or codes to qualitative 
indicators as follows: Strongly Agree/Negative (1), Disagree/Negative (2), Neutral  
(3), Agree/Positive (4), and Strongly Agree/Positive (5). The resulting numerical 

Cronbach’s Alpha No. of items

0.735 6

Table 1. 
Reliability statistics.
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values or codes for each of the six (6) questionnaire items or statements correspond-
ing to teachers’ responses were then arranged and organised in a way that allows 
descriptive patterns of views, opinions, or attitudes to emerge as generalised average 
rows and columns percentages (see Table 4, and its attached-explanation in the 
Appendix), somehow a continuous analogue of a discrete five-point Likert’s like-
continuum scale. The rows percentages indicate an individual teacher’s self-reported 
scores while the columns’ percentages show the group’s average-self-reported scores 
corresponding to each of the six questionnaire items or statements (From here on, 
drop referring to Appendix while maintaining the Table 4 referencing).

5. Results of the survey

Table 3 below, and drop Appendix referencing after (Table 4, Appendix) as 
average-columns-percentages responses corresponding to survey questionnaire items 
or statements (Q1-6 or S1-6) about the use of humour in the classroom as a teaching 
and learning tool. Interpreting and reading Table 3, for example, 86% of the average 
opinions of the sampled South Sudanese secondary school teachers agreed that the use 
of humour in the classroom helps reduce tension, anxiety, or stress (Q1, column 2). 
Similarly, 81% of the sampled teachers’ average opinions agreed that humour should 
not be used to embarrass, ridicule, or humiliate a student (Q5, column 6) and so on. On 
this opinion scale continuum, 20% cut off would have been the lowest self-reported 
score indicative of the would be most the negative view recorded, 60% the average-
neutral view or undecided responses (60% instead of 50% as this scale is skewed to 
the right by 10%) and 100% the highest possible maximal positive view achieved by 
some individual teachers: All the average-column-percentages in Table 3 are all above 
the average neutral view (60%) and the overall average mean for all the columns is a 
favourable 83% average positive view or teachers’ agreement toward the use of humour 
in the classroom setting as a teaching and learning tool.

We do not have results for the opinions of the individual teacher–the co-
teacher-researcher–who opted out of the research participants and whom apparent 
quitting motivated this survey in the first place. We tried but could not reach him 
as he relocated to a different state during a follow-up interview designed to record 
his individual opinions, a follow-up which we could not do immediately upon his 
drop out because it would appear like coercion since his participation was volun-
tary. Although the posed research question explored the general views of South 
Sudanese secondary school teachers, the opinions of this particular-individual 
teacher would be interesting to know. All the individual opinions of the surveyed 
65 secondary school teachers appear as rows of percentages in Table 4; and their 
overall general views relative to the six [7] questionnaire items or statements 
appear as columns percentages in Table 4, which are captured and summarised 
below as Table 3.

N = 65 Q1 Q2 Q3 Q4 Q5 Q6 Mean

Percentages (%) 86 82 84 82 81 81 83

Table 3. 
Summary of the South Sudanese secondary school teachers’ views toward the use of humour in the classroom as a 
teaching tool, technique, or strategy.
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Teacher Q1 Q2 Q3 Q4 Q5 Q6 Total Percentages 
(%)

1 1/5 2/5 4/5 4/5 2/5 2/5 15/30 50

2 3/5 4/5 2/5 4/5 3/5 4/5 20/30 67

3 4/5 5/5 4/5 4/5 5/5 4/5 26/30 87

4 1/5 2/5 2/5 2/5 5/5 1/5 13/30 43

5 5/5 4/5 5/5 5/5 4/5 4/5 27/30 90

6 5/5 5/5 5/5 5/5 5/5 5/5 30/30 100

7 4/5 4/5 4/5 4/5 4/5 4/5 24/30 80

8 4/5 4/5 4/5 4/5 4/5 4/5 24/30 80

9 5/5 4/5 4/5 5/5 5/5 4/5 27/30 90

10 4/5 4/5 4/5 4/5 4/5 4/5 24/30 80

11 5/5 4/5 5/5 5/5 5/5 5/5 29/30 97

12 5/5 5/5 5/5 5/5 5/5 4/5 29/30 97

13 4/5 5/5 4/5 5/5 5/5 5/5 28/30 93

14 4/5 4/5 4/5 4/5 5/5 4/5 25/30 83

15 4/5 4/5 5/5 4/5 5/5 5/5 27/30 90

16 5/5 5/5 4/5 4/5 5/5 4/5 27/30 90

17 5/5 4/5 5/5 4/5 3/5 4/5 25/30 83

18 4/5 4/5 2/5 4/5 4/5 4/5 22/30 73

19 5/5 4/5 5/5 4/5 4/5 5/5 27/30 90

20 4/5 5/5 4/5 4/5 3/5 4/5 24/30 80

21 5/5 4/5 5/5 4/5 4/5 5/5 27/30 90

22 4/5 2/5 4/5 2/5 4/5 4/5 20/30 67

23 1/5 1/5 4/5 1/5 5/5 1/5 13/30 43

24 5/5 4/5 4/5 4/5 5/5 1/5 23/30 77

25 4/5 5/5 1/5 3/5 1/5 2/5 16/30 53

26 4/5 4/5 4/5 4/5 5/5 5/5 26/30 87

27 4/5 4/5 4/5 4/5 5/5 4/5 25/30 83

28 4/5 4/5 4/5 4/5 2/5 4/5 22/30 73

29 4/5 4/5 4/5 4/5 2/5 4/5 22/30 73

30 5/5 4/5 5/5 4/5 4/5 4/5 26/30 87

31 4/5 5/5 4/5 5/5 4/5 5/5 27/30 90

32 4/5 4/5 4/5 2/5 5/5 2/5 21/30 70

33 5/5 5/5 5/5 4/5 5/5 5/5 29/30 97

34 5/5 5/5 4/5 4/5 4/5 4/5 26/30 87

35 3/5 3/5 3/5 4/5 5/5 5/5 23/30 77

36 4/5 5/5 4/5 4/5 4/5 3/5 24/30 80

37 5/5 4/5 5/5 4/5 4/5 5/5 27/30 90

38 5/5 4/5 5/5 3/5 5/5 4/5 26/30 87
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6. Discussion of the results

The results above appear to indicate that the average majority of South Sudanese 
secondary school teachers are open and eager to experiment with new teaching tools 
or different types of teaching techniques and strategies such as the use of humour 
in teaching and learning. This keenness or eagerness to welcome new teaching and 

Teacher Q1 Q2 Q3 Q4 Q5 Q6 Total Percentages 
(%)

39 4/5 4/5 5/5 4/5 2/5 5/5 24/30 80

40 5/5 4/5 4/5 4/5 5/5 4/5 26/30 87

41 5/5 4/5 4/5 5/5 5/5 4/5 27/30 90

42 5/5 5/5 5/5 5/5 4/5 5/5 29/30 97

43 4/5 4/5 4/5 3/5 4/5 4/5 23/30 77

44 5/5 5/5 4/5 4/5 5/5 5/5 28/30 93

45 4/5 5/5 5/5 5/5 5/5 5/5 29/30 97

46 5/5 4/5 5/5 4/5 2/5 5/5 25/30 83

47 4/5 4/5 4/5 4/5 2/5 4/5 22/30 73

48 4/5 4/5 4/5 4/5 4/5 5/5 25/30 83

49 5/5 4/5 5/5 4/5 2/5 5/5 25/30 83

50 5/5 5/5 2/5 4/5 5/5 4/5 25/30 83

51 5/5 4/5 5/5 5/5 5/5 4/5 28/30 93

52 4/5 4/5 4/5 4/5 2/5 3/5 21/30 70

53 5/5 5/5 5/5 5/5 5/5 4/5 29/30 97

54 5/5 4/5 4/5 4/5 4/5 4/5 25/30 83

55 5/5 4/5 5/5 5/5 4/5 5/5 28/30 93

56 5/5 5/5 5/5 5/5 5/5 5/5 30/30 100

57 4/5 4/5 5/5 4/5 5/5 4/5 26/30 87

58 4/5 5/5 5/5 5/5 5/5 4/5 28/30 93

59 4/5 4/5 4/5 4/5 4/5 4/5 24/30 80

60 5/5 4/5 4/5 5/5 4/5 5/5 27/30 90

61 4/5 5/5 4/5 4/5 5/5 4/5 26/30 87

62 5/5 5/5 5/5 5/5 2/5 5/5 27/30 90

63 4/5 4/5 4/5 4/5 4/5 4/5 24/30 80

64 5/5 4/5 4/5 4/5 2/5 3/5 22/30 73

65 2/5 2/5 4/5 5/5 4/5 4/5 21/30 70

Total 278/325 267/325 272/325 266/325 263/325 264/325 1610/1950 5366/65

Percentages 
(%)

86 82 84 82 81 81 83 83

Table 4. 
Views of South Sudanese secondary school teachers about the use of humour in the classroom as a pedagogical 
toolkit for teaching and learning mathematics in South Sudan.
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learning tools may be either because in South Sudan (being one of the newly emerg-
ing developing countries) people including teachers are hungry for education in order 
to catch up with the rest of the world [36, 58, 59]; or it could be due to the fact that 
classroom teachers have often been documented to always-generally show positive 
attitudes rather than negative opinions toward any research based-evidence, sugges-
tions or new teaching and learning tools [13, 49]. This survey appears to imply that 
if offered any opportunities for professional growths or developments, the average 
majority of South Sudanese secondary school teachers may focus not only on what 
to teach (content-wise) but also explore the necessary-related pedagogy factors or 
dimensions such as the arts and science of how to teach creatively, imaginative, effec-
tively, appropriately and reflectively in the classroom [19, 55, 56]. Teachers who tend 
to focus only on what to teach while ignoring or neglecting the how to teach aspects 
risk increasingly becoming perceived as just the content persons instead of being 
positively viewed as well-rounded professional educators. A content person, sometimes 
called a restricted or limited professional [60], is a common-low opinion jargon used 
in education circles or literature to describe teachers who either ignore, neglect, or 
just fear to explore the other necessary aspects of teaching (e.g., the how to teach 
factor) such as the teacher’s creative yet effective pedagogical toolkit for teaching and 
learning a subject matter.

There are in general three types of teachers practicing in the classroom setting, 
namely the unprofessional, limited-restricted professional, and extended profes-
sional [60]. The extended professional is a continuously developed classroom teacher 
who regularly attends and actively participates in professional gatherings such as 
workshops, seminars, or academic conferences. In contrast, the unprofessional type 
of teacher is characterised by chronic absence from the work place, showing up to the 
class with unprepared or unrevised lessons, is often isolated from colleagues while at 
the same time hostile to students, and relies on the heavy use of corporal punishment 
as teaching techniques or strategy: These types of teachers tend to teach through 
threats, fear, and intimations as a teaching and learning strategy. The other third type 
of teachers, described as the limited-restricted professionals, are concerned mostly 
with the mastery of the content materials and/or skills often in the form of drills, 
repeated recitations, or rote memorisation techniques or strategies. These third types 
of teachers are either self-centered or concerned only with basic competence and tend 
to blame students for the failure to learn the materials. These types of teachers appear 
to have little or no continuous professional growth or development and are more often 
than not unimaginative. Hence, they are rigid as they appear to rely heavily on daily 
classroom routines as a form of teaching and learning strategy or technique in the 
classroom setting [60].

In contrast to the unprofessional or restricted types of teachers, the types of 
teachers known as extended professionals are the ones who would be expected to go 
beyond the technical competency of the subject matter. This is because these types of 
teachers would master not only what to teach but also how to teach effectively. They 
would take active responsibilities not only for themselves but also for their students-
learners. In sum, these teachers are more often than not student-centered, adaptive, 
reflective, highly flexible, and independently or developmentally minded as well as 
creative thinkers [60]: These are the ones who would be expected to go the extra mile 
in terms of exploration, utilising or welcoming of humour as a possible pedagogical 
teaching and learning tool. This survey appears to show that the average majority 
of South Sudanese secondary school teachers have the potential to become student 
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centered-practicing extended professionals as indicated by their positive attitudes, 
opinions, views, or beliefs toward the proposed and alternative new ways of teaching 
and learning in the classroom setting. South Sudanese secondary school teachers may 
have diverse academic, professional, and cultural backgrounds, but their converging 
average positive attitudes or views toward the use of humour in the classroom setting 
are encouraging.

7. Recap or wrap-up remarks

This opinions study surveyed the views of South Sudanese secondary school 
teachers toward the use of humour in the classroom as a teaching and learning tool. It 
was observed that the average majority of South Sudanese secondary school teachers 
are not only open but keen and eager (as suggested by their overwhelmingly positive 
average opinions) to welcome new ways of teaching and practicing in the classroom. 
The expressed views, attitudes, or opinions (referring to Tables 3 and 4) are indica-
tive of positive disposition toward the use of appropriate types of humour in the 
classroom setting. Hence, a newly proposed-alternative and equivalent method of 
teaching mathematics such as H-SIA appeared to be welcomed by the average major-
ity of South Sudanese secondary school teachers. However, the extent to which the 
South Sudanese secondary school teachers are able to put the disposition (humour) to 
practice in the classroom setting is not yet known.

This opinion survey was, however, limited only to 65 South Sudanese secondary 
schools teachers from ten (10) secondary schools located within and around Juba city. 
Three out of ten (3/10) of these surveyed schools were located in displaced and re-settled 
communities. The survey would have been more convincing had it included representa-
tive samples from all the former ten states of South Sudan, which were then momentarily 
inflated into more than thirty-two (32) politically motivated-controversial states before 
their reinstatement back last year into the original ten (10) states plus three (3) more 
administrative areas. There are approximately about 70 secondary schools located within 
and around Juba city, with fifteen (15) of them being public or government-run schools 
while the rest of these schools are privately sponsored. The next study could take a look 
at a larger randomised sample of South Sudanese secondary school teachers and classify 
the teachers’ views, opinions, or attitudes by the corresponding subject matters. Further 
study can also attempt to identify what percentage (if any) of South Sudanese secondary 
school teachers actually use humour in their teaching practices.

It is then recommended that classroom teachers, particularly mathematics teach-
ers, be encouraged and always allowed a certain degree of freedom to explore and 
experiment with new ways of teaching and learning such as the use of humour as a 
teaching and learning tool. However, in order for this to be implemented effectively, 
it is suggested that classroom teachers be first properly trained on how to use humour 
appropriately, creatively, and effectively in the classroom setting.
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Appendix

Table 4 shows the details of the data analysis about how the teachers’ self-reported 
Likert’s styled scores (reflecting teachers’ views, opinions, or attitudes) were arranged 
by questionnaire items or statements (e.g., Q1-6 or S1-6), the quantified teachers’ 
views arranged in a rectangular array spreadsheet–excel like format, and then organ-
ised into descriptive patterns of generalised-iterated rows and columns sums average 
percentages (Tap et al., 2019, 2020), where the sums of the rows show individual 
teacher’s average percentage on each of the six questionnaire items or statements. 
Meanwhile, the sums of the columns show groups’ or teachers’ average percentages on 
each of the six items or statements (Q1-6). On this somehow continuous analogue of a 
discrete Likert’s five-point scale of South Sudanese teachers’ opinions scale (SSTOS), 
the lowest opinion (which was never expressed or recorded) would have been at 
20% (65/325) cut off, the medium cut off, neutral or undecided opinion was at 60% 
(195/325) cut off and the highest possible opinion (which was achieved by some indi-
vidual teachers or outliers) was at 100% (325/325). To make the Tables more readable, 
the average percentages were rounded to the nearest whole numbers.
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Chapter 4

Impact of Integrated Science and 
Mathematics Instruction on Middle 
School Science and Mathematics 
Achievement
Zenaida Aguirre-Muñoz, Brian Dang and Elias S. Loria Garro

Abstract

Despite the impetus from professional organizations for science and math  
integration, evidence in support of such efforts in raising both science and mathemat-
ics achievement is scarce, particularly for underrepresented students. The available 
literature is mixed especially regarding impact on mathematics outcomes. This 
exploratory study documents the impact of the Middle School Math and Science 
(MS)2 Integration project based on the results of the internal evaluation of an inten-
sive teacher training model for integrated science and mathematics in middle school. 
Multivariate analysis of variance shows (MS)2 positively impacted middle school stu-
dents’ science and mathematics knowledge in this sample of diverse students. Overall, 
the (MS)2 group outperformed the comparison group. There was also evidence that 
students who received (MS)2 integrated instruction in science classrooms slightly 
outperformed those who received (MS)2 integrated instruction in math classrooms. 
Multiple regression results indicated that (MS)2 group membership and opportunity 
to learn through integrated instruction were significant predictors of students’ science 
and mathematics scores. Although students in (MS)2 classrooms were more likely to 
have higher achievement scores, the frequency of integrated instruction opportuni-
ties also significantly predicted student achievement, particularly in mathematics 
classrooms. Ethnicity and gender were not significant predictors of student scores. 
Implications are discussed.

Keywords: integrated science and mathematics instruction, mathematics achievement, 
middle school, science achievement

1. Introduction

Science and mathematics integration has become increasingly popular in recent 
years. In the USA, the National Council of Teachers of Mathematics [1] and the 
National Science Teachers Association (NSTA) [2], continuously highlight the 
benefits of integrating science and mathematics to improve the quality of educa-
tion. Education researchers have advocated for the implementation of educational 
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initiatives that emphasize a science and mathematics integrated curriculum, such as 
the Mathematics Common Core State Standards (CCSS-M) and the Next Generation 
Science Standards (NGSS) [3]. A well-recognized benefit of integrated instruction 
is its alignment with student-centered approaches to learning that promote critical 
thinking (e.g., [4–6] interest [7], motivation [8] and cognitive engagement [9–11]. 
Indeed, integrated STEM (science, technology, engineering, and mathematics) can 
shift and shape STEM beliefs and engagement [12]. Despite the promise of these 
efforts, additional evidence of its impact on student science and math achievement is 
needed [13, 14].

Thus, the main purpose of this study was to examine the impact of integrated 
science and mathematics instruction on middle school student achievement and to 
examine if the impact varies by classroom disciplinary context (i.e., whether inte-
grated instruction occurred in mathematics classrooms or science classrooms) or by 
student gender. A secondary purpose is to examine the extent to which integrated 
science and mathematics instruction is a predictor of student science and mathemat-
ics achievement beyond student ethnicity, gender, or classroom disciplinary context. 
These analyses will also provide information about the degree to which the impact of 
integrated instruction is shared equally among student of different ethnicities and 
genders.

1.1 What is integrated instruction?

Although there are several definitions of science and mathematics integration, 
three definitions serve as the foundation for the definition applied in this study. Ref. 
[15] proposed the Berlin-White Integrated Science and Mathematics (BWISM) model 
that emphasizes the need to integrate big ideas that are common in both science and 
mathematics to enhance integration of the curriculum. A second definition, proposed 
by [16] underscores integrated instruction happens when there is alignment between 
content of the CCSS-M and NGSS. For instance, two disciplinary practices that align 
with the CCSS-M and NGSS are the use of arguments. The NGSS promotes activities 
in which students engage in arguments from evidence, while the CCSS-M encourages 
students to make viable arguments and critique the reasoning of others when learning 
new mathematical concepts [13]. Therefore, teachers can design activities in which 
students make interdisciplinary connections to further understand specific topics 
pertaining to both science and mathematics. These two integration perspectives draw 
attention to the synergistic relationship between science and mathematics content 
and disciplinary practices. These synergistic relationships refer to concepts that 
mutually correspond to both science and mathematics, which may also overlap in dis-
ciplinary norms, cognitive demand, or complex problem-solving [13]. For instance, 
teachers can integrate science and math instruction by teaching students inductive 
and deductive reasoning strategies to find patterns in both science and mathematics 
activities [15]. In this context, teachers exploit mathematical concepts such as dif-
ferential equations (functions) to teach about exponential growth and decay within 
ecosystems in relation to specific populations.

Consequently, instruction that emphasizes synergistic relationships between sci-
ence and mathematics provides students with interdisciplinary connections that helps 
them understand and make deeper connections with content concepts [17–19]. The 
third definition proposed by [20, 21] highlights the importance of using the integra-
tion continuum model to assess progress towards fully integrated practice. This model 
reflects overlapping elements between mathematics and science in instruction. That 
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is, movement along the continuum represents different levels of integration whereas 
the ends of the continuum signal non-integrated practice [21]. Informed by these 
approaches to integration, we define integration as instruction that “coordinates the 
teaching of science and mathematics through engagement with disciplinary practices 
and/or coordinating concepts” [13].

1.2 Impact of math science integration

Advocates for integrated instruction argue that (a) deep understanding depends 
upon connections between ideas and (b) integrated instruction better resembles 
problems people will face in the real-world [22]. Previous studies provide the theoret-
ical justification as well as initial empirical evidence that integrated instruction leads 
to increases in math and science achievement [23, 24], student interest [25, 26], and 
creativity [27]. More recent quasi-experimental methods and randomized controlled 
trials provide further empirical evidence that the use of integration increases student 
interest [28], math and science achievement [29], and problem-solving skills [30]. 
For example, [30] separated 4th grade students into an integrated math-science group 
and a control group (N = 117). Both groups of students studied the same topics for 
8 weeks and took a problem-solving skills pre-test and a post-test. Results indicated 
that the integrated instruction group had a larger increase in problem solving skills 
than the control group. Similarly, [29] collected science assessments and attitude 
surveys from students in 8th grade math-science integrated classrooms and compared 
them to non-integrated classrooms (N = 1695). They found students in integrated 
classrooms had higher confidence in graphing, understanding of math-science 
integrated concepts and female students outperformed male students in science. We 
build on these studies by examining the impact of integrated instruction on science 
and mathematics achievement and explore the relationship between opportunity to 
engage in integrated instruction and achievement. We also examine if these opportu-
nities had a differential impact based on student ethnicity or gender.

1.3 Context for the study

This study was part of a larger research study investigating the effectiveness of 
an intensive middle school integrated science and mathematics teacher development 
project: The Middle School Math and Science Integration program (MS)2. This larger 
project was a three-year state-wide teacher development program providing teachers 
with a master’s degree in multidisciplinary science and mathematics instruction in 
a hybrid environment. Program coursework and activities were designed to develop 
teachers’ content and pedagogical knowledge to implement integrated instruction. 
Teachers took synchronous online courses over the fall and spring semesters and 
engaged in intensive face-to-face instruction over extended summer sessions. Initial 
evidence of positive impact on teacher learning and practice has been published else-
where [13]. The focus of this paper is to report on the impact of integrated instruction 
on middle school students’ science and mathematics achievement.

The main goal of the larger teacher-training project was to increase teachers’ 
pedagogical content knowledge (PCK) [31] Three education courses aimed to: (a) 
expose teachers multiple integration approaches; (b) provide multiple models of fully 
integrated lessons; and (c) provide meaningful opportunities to situate these lessons 
in culturally and linguistically diverse classroom contexts. Two mathematics and 
seven science content courses served to engage teachers in complex science and math 
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content and problem solving intended to support teachers’ development of content 
knowledge needed to construct and implement effective integration lessons. Three 
of the content science courses were taught in an integrated manner. In these courses, 
a science professor (i.e., biology or physics professor) co-taught with a mathematics 
professor to provide teachers with experience in integrated instruction at the profes-
sional level. Thus, were simultaneously enrolled in both a science and mathematics 
course that were designed to complement the content of the other discipline.

To support learning of science and mathematics disciplinary practices, teach-
ers were also provided with opportunities to engage in mathematics and scientific 
communities through local and national research lab participation. Required research 
lab experiences further supported the development of these habits of mind (e.g., 
healthy skepticism, curiosity, appreciation for new ideas, etc.) and grounded their 
pedagogical content knowledge (PCK). If teachers are to create authentic communi-
ties of practice in their science and math classrooms, they need direct experiences 
in discipline-based communities of practice. These experiences have been linked 
to improved science teaching quality and improved student performance [32]. In 
their second year of program participation, teachers were invited to participate in 
research either locally or in national research labs. Finally, teachers collaborated with 
other teachers and STEM faculty to develop artifacts they used in their classrooms. 
Development of these materials also supported development of PCK contextualized 
to their classroom environments. A sample of teachers from this larger project was 
recruited to participate in the current study. We report on the impact of integrated 
science and mathematics instruction on student learning. The specific research 
 questions addressed here include:

1. What is the impact of math and science integrated instruction on student 
achievement? Does math or science achievement vary by disciplinary context?

2. What classroom (disciplinary context and level of integration opportunities) 
and student factors (ethnicity, gender) significantly predict science and  
mathematics achievement?

2. Methodology

A 2 [instruction group: [(MS)2 or comparison] by 2 (discipline context: math 
or science classroom) by 2 (gender: male or female) factorial research design was 
implemented to answer the research questions. Table 1 presents the research design 
and sample sizes for each cell. For the first research question, a multivariate analysis of 
variance (MANOVA) with instruction group, discipline, and gender as fixed factors and 

(MS)2 (MS)2 Control Control

Male Female Total Male Female Total

Math Class 66 79 145 81 56 137

Science Class 52 68 120 76 66 142

Total 118 147 265 157 122 279

Table 1. 
Design and cell sample sizes.
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mathematics and science achievement scores as dependent variables. For the second 
research question, two multiple regression analyses were performed with five predictor 
variables (instruction group, discipline context, integration opportunities, ethnicity, 
and gender) and mathematics or science achievement scores were the outcome variable.

2.1 Participants

2.1.1 Students

A total of 544 students [265 (MS)2 and 279 comparison] representing 19 diverse 
classrooms [9 (MS)2 and 10 comparison] from 19 schools in ethnically diverse schools 
throughout a state in the southwest of the United States participated in the study. Of 
these students, 50.5% (275) are male and 49.4% (269) are female. Student ethnicity/
race was reported as follows: 36.2% (197) Latinx; 27.5% (150) African American; 25.7% 
(140) White; and 10.5% (57) other. Students were also roughly evenly distributed 
between math and science classes with 51.8% enrolled in a mathematics class and 48.2% 
enrolled in a science class. The great majority of students (97.6%) received free and 
reduced lunch. The comparison group was matched based on socio-economic status.

2.1.2 Teachers

Nineteen [9 (MS)2, 10 comparison] middle school mathematics [9: 4 (MS)2, 5 
comparison] and science [10: 5 (MS)2, 5 comparison] teachers participated in the 
study. One of the (MS)2 teachers moved to another state in the middle of the year and 
thus was dropped from the study. Comparison group teachers were identified based on 
matching on three key teacher characteristics: years teaching in the discipline (math 
or science), gender (male or female), and completion of a master’s degree related to 
the discipline they taught or an education-related degree (e.g., MA in Curriculum and 
Instruction). At the time demographic information was collected, about 32% of these 
teachers [6: 3 (MS)2 and 3 comparison teachers] regularly taught two or more middle 
school grades, all taught 6th for at least one class period. Years of teaching experience 
ranged from 2 to 15, with an average of 7.23 years for the (MS)2 teacher and 6.67 for the 
comparison teachers. All participants [(MS)2 and comparison] hold certification in the 
content they taught. Teachers taught in schools where at least one third of the school 
student population is economically disadvantaged as indicated by state designation 
criteria (i.e., percent receiving free or reduced lunch). In addition, all the teachers at 
the start of the program taught in stand-alone mathematics or science classrooms. 
(MS)2 teachers enrolled in and completed the program (MS in Science Education) 
because of their interest in integration. (MS)2 teachers were asked to implement 
integrated instruction in their most ethnically diverse class. Teachers were identified 
based on having at least one class that had at least 50% students of color enrolled.

2.2 Instrumentation

2.2.1 Iowa test of basic skills (ITBS)

To determine the impact of integrated science and mathematics instruction, the 
Iowa Test of Basic Skills (ITBS)-are multiple-choice, standardized achievement tests 
for students in kindergarten through eighth grade- was administered to all students. 
The science and mathematics batteries were administered to students in April. 
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Students were given 60 minutes to complete the mathematics test and 60 minutes to 
complete the science test.

2.2.1.1 ITBS math

The math survey battery (63 items total) is comprised of three sections: (1) 
concepts and estimation section; (2) problem solving and data interpretation; (3) 
computation. The concepts and estimation section is comprised of 27 items that 
measure concepts such as numeration, properties of number systems, and number 
sequences; fundamental algebraic concepts; and basic measurement and geometric 
concepts- probability and statistics. The 20, estimation knowledge and skills items 
measure (a) standard rounding—rounding to the closest power of 10 or, in the case 
of mixed numbers, to the closest whole numbers; (b) order of magnitude involving 
powers of 10; and (c) number sense, including compatible numbers and situations 
that require compensation. The problem solving and data interpretation includes 6 
items that measure “problem-solving process” or “strategy.” Such items measure steps 
of (1) getting to know the problem, (2) choosing what to do, (3) doing it, and (4) 
looking back. The data interpretation skills assessed in this test are reading amounts, 
comparing quantities, and interpreting relationships and trends in graphs and tables. 
The computation section includes 10 items that assess a single operation—addition, 
subtraction, multiplication, or division on whole numbers, fractions, and decimals.

2.2.1.2 ITBS science

The science test consisted of 60 items from two ITBS forms to target more of the 
6th grade curriculum. Items targeted content and process pertaining to four domains: 
scientific inquiry, life science, earth and space science and physical science. Scientific 
inquiry targets understanding methods of scientific inquiry and process skills used 
in scientific investigations. Life science assesses knowledge of characteristics of life 
processes in plants and animals; body processes, disease, and nutrition; continuity of 
life; and environmental interactions and adaptations. Earth and space science assesses 
the Earth’s surfaces, forces of nature, conservation and renewable resources, atmo-
sphere and weather, and the universe. Physical science targets basic understanding of 
mechanics, forces, and motion; forms of energy; electricity and magnetism; proper-
ties and changes of matter.

2.2.1.3 ITBS reliability and validity

Several dozen validity studies indicate the ITBS instruments have strong techni-
cal quality (e.g., [33, 34]) with K-R20 coefficients ranging from 0.87 to 0.933 for the 
mathematics and 0.90 for science batteries. Past studies also show high correlations 
with state assessments, 0.76–0.81 (e.g., [35]) and measures (e.g., [36]) as is predictive 
of grade point average (e.g., [37]).

2.2.2 Integrated science and mathematics opportunity to learn student (OTL) survey

Students were asked to report on the frequency of integrated instructional oppor-
tunities. The integrated instruction OTL survey was comprised of eight items asking 
how often content concepts represented integrated topics, how often the teacher 
explained how concepts were integrated, how often the teacher provided feedback 
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prompting making connections between content areas and how often the lessons 
involved science inquiry or project-based learning. Students reported their response 
on a five-point scale ranging from “1” representing never or hardly ever, to “5” rep-
resenting “every day.” Internal consistency for this survey was .88, indicating strong 
reliability. Internal consistency on these items was strong (.92, Cronbach alpha).

2.3 Procedures

2.3.1 Teacher training

(MS)2 teachers were trained on math and science integration as part of a hybrid 
master’s program [13]. Teachers participated in a two-year state-wide program that 
provided teachers with a master’s degree in multidisciplinary science and mathemat-
ics instruction in a hybrid environment. Program coursework and activities were 
designed to develop teachers’ PCK to implement integrated instruction. Teachers 
took synchronous online courses during the fall and spring semesters and engaged in 
intensive face-to-face instruction during two summer sessions. A total of 12 courses 
included three education courses noted in the Context for the Study section above. 
Two mathematics courses targeted middle school mathematics and were integrated 
with biology content. Seven science content courses engaged teachers in complex 
science problem solving. These content courses supported teachers’ growing develop-
ment of content knowledge needed to construct and implement effective integration 
lessons. Six of the nine content courses were taught in an integrated manner with 
mathematics and science purposes of teaching integrated topics.

2.3.2 Lesson development

In each of the content courses, teachers developed integrated lesson plans in learn-
ing circles. Each learning circle consisted of one mathematics middle school teacher, 
one middle school science teacher and one faculty member. These triads developed 
integrated lesson plans in each of the content courses and the faculty member pro-
vided feedback on the integrity of the content concepts targeted by the lessons and 
the appropriateness for math and science integration. We have reported elsewhere 
that initially these lessons did not represent fully integrated content, but as they 
progressed in the program, the level of integration reflected synergistic concepts and 
improved student feedback [13]. Teachers used the lessons they developed during the 
master’s coursework throughout the yearlong implementation of this study.

Comparison group teachers received 6 hours of regular district training in science 
inquiry and problem-based learning and attended the mandatory district training 
throughout the year of the study. Teachers administered the science and mathematics 
integration opportunity survey as well as the mathematics and science assessments in 
May of the year the study took place.

3. Results

3.1 Impact on student learning

The MANOVA results indicated there were statistically significant differences 
in achievement based on instructional group, F(2, 535) = 1004.48, p < 0.001; Wilk’s 
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Λ = 0.210, partial η2 = 0.790. Prior to examining the between-subject effects, the 
homogeneity of variance assumption was tested for both achievement measures. The 
Levene’s F tests were statistically significant (p < 0.05), suggesting that the variances 
associated with math and science achievement were not homogenous. However, an 
examination of the standard deviations revealed that none of the largest standard 
deviations were more than four times the size of the corresponding smallest standard 
deviation (Table 2), indicating that the between-subject effects would be robust in 
this case [38].

Between subject effects showed the instructional group had a significant effect on 
both math and science achievement, F(1, 536) = 1057.19, p < 0.001; partial η2 = 0.663 
and F (1, 536) = 1516.57, p < 0.001, partial η2 = 0.739, for math and science achieve-
ment, respectively. Math and science mean comparisons show the (MS)2 group 
outperformed the comparison group regardless of gender and disciplinary context 
(Figure 1). Effect sizes (partial η2) are large indicating the instruction group effect 
accounts for a large proportion of the variance in student scores. Disciplinary con-
text did not significantly affect students’ mathematics ITBS scores (p = 0.229). The 
disciplinary context main effect for the science ITBS scores, however, was nearly 
significant (p = 0.051). Given the observed power was below optimal levels (0.424), 
this result may be attributable to sample size [39]. Mean score differences in science 
achievement between students in math and science classes (Figure 1) was 0.12 which 
is not meaningfully different. Gender differences were also not significant (p’s > 0.05). 
Thus, student math and science performance was comparable whether they were in 
math or science classrooms or whether they were male or female students.

Math Achievement

Variable Math Class Science Class

(MS)2 Group Control Group (MS)2 Group Control Group

x SD x SD x SD x SD

Male 46.95 9.35 26.37 3.13 45.63 8.93 26.80 3.03

Female 46.46 11.33 26.13 2.901 49.81 9.94 26.73 3.13

Total 46.68 10.44 26.27 2.03 48.00 9.708 26.77 3.07

Science Achievement

Variable Math Class Science Class

(MS)2 Group Control Group (MS)2 Group Control Group

x SD x SD x SD x SD

Male 59.00 5.69 47.01 2.652 61.37 1.59 46.17 4.30

Female 59.87 4.48 47.54 4.17 61.60 1.90 47.00 5.06

Total 59.48 5.07 47.23 3.35 61.50 1.77 46.56 4.67
1The assumption that the largest standard deviation is not more than four times than the size of the corresponding smallest 
standard deviation is met [38]. In this case, 2.90 is the smallest SD and 11.33 is the largest SD. Since (2.90 × 4) = 11.6 
and 11.6 > 11.33 the assumption is met.
2The assumption that the largest standard deviation is not more than four times than the size of the corresponding smallest 
standard deviation is also met. In this case, 2.65 is the smallest SD and 5.69 is the largest SD. Since (2.65 × 4) = 10.6 and 
10.6 > 5.69 the assumption is met.

Table 2. 
Means and standard deviations for math and science achievement.
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For math achievement, the instruction group by disciplinary context interaction 
was not significant, F(1, 536) = 0.154, p = 0.695, partial η2 < 0.001. However, for sci-
ence achievement, the instructional group by disciplinary context interaction effect 
had a significant effect on science achievement, F(1, 536) = 15.502, p < 0.001, partial 
η2 = 0.028. Cell mean comparisons show the (MS)2 group performance advantage 
depended slightly on disciplinary context (Figure 2). That is, (MS)2 students in 
science classes performed slightly higher on the science ITBS (x = 61.50) than (MS)2 
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Figure 1. 
Instruction group, disciplinary context, and gender comparisons for mathematics and science achievement. Note: 
*statistically significant at the 0.001 level; gray line represents the grand mean.
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students in math classes (x = 59.48). However, the effect size was small indicating the 
magnitude of this difference is relatively small. Comparison group students’ achieve-
ment did not differ based on whether they were in math or science classes (Figure 2). 
No other interaction effects were statistically significant (p’s > 0.05). Boys’ and girls’ 
performance was comparable regardless of whether they were enrolled in a math or 
science class, and performance was also comparable across instruction groups. The 
three-way interaction was also not statistically significant (p > 0.05).

3.2 Predictors of math and science achievement

Two separate multiple regressions were conducted to identify significant predic-
tors of math and science achievement. The Breush-Pegan and Koenker test was 

Figure 2. 
Interaction effects for science and mathematics achievement. Note: * statistically significant at the 0.001 level; gray 
line represents the grand mean.
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significant for both the science and mathematics scores, indicating the heteroskedas-
ticity in the data. To correct for the non-constant variance in the regression results 
(heteroscedasticity), a heteroskedasticity- consistent estimator (HC3 method) was 
used to calculate robust standard errors in both regression analyses. The predictor 
variables for both analyses included three classroom factors (instruction group, 
disciplinary context, integration opportunities) and two student factors (ethnicity, 
gender). Two of the three classroom variables (instruction group and integration 
opportunity) were found to be significant predictors of students’ science scores  
[F(9, 534) = 205.378, p < 0.001)] with an R2 of 0.772 indicating the model accounted 
for 77.2% of the variance in science scores. Students’ predicted science achievement 
scores was equal to 44.028–9.758 (instruction group) + 1.856 (integration opportu-
nity) where instruction group was coded as 0 = (MS)2 and 1 = control group, and 
integration opportunity was measured on a five-point Likert scale (1 = very few or 
no integration opportunities, 5 = daily integration opportunity). Results show that 
science scores were 9.758 points higher for students in the (MS)2 group and their 
scores increased by 1.856 points for every one-point increase in reported integration 
opportunity. Neither student ethnicity nor student gender were significant predictors 
of the science achievement. Disciplinary context was also not a significant predic-
tor of science achievement. Further, none of the interaction terms were significant 
predictors of science achievement.

Like the science achievement results, two classroom variables (instruction group, 
integration opportunity) significantly predicted mathematics achievement scores 
[F(9, 534) = 195.794, p < 0.001)] with an R2 of 0.764 indicating the model accounted 
for 76.4% of the variance in student math scores. Students’ predicted math achieve-
ment score was equal to 18.178 + 9.271 (instruction group) + 5.293 (integration 
opportunity). Instruction group and integration opportunity were coded the same as 
in the science achievement analyses. Math scores were 9.271 points higher for the stu-
dents in the (MS)2 group and increased by 5.372 points for every one-point increase 
in reported integration opportunities. Like science scores trends, neither student 
ethnicity nor student gender were significant predictors of the math achievement. 
Disciplinary context nor any of the interaction effects were significant predictors of 
math achievement.

4. Limitations

There are design limitations that should be considered when interpreting the 
results of this study. Since all of the (MS)2 teachers showed interest in integration 
when enrolling in this program, there may be a selection bias for the intervention 
group influencing the results. Another limitation is the lack of additional informa-
tion related to student background, such as prior math and science achievement. 
This limited our ability to test for potential initial differences between instruction 
groups, meaning that the generalizability for this study is limited. Initial differences 
between the groups cannot be fully attributed to effectiveness of the (MS)2 group 
since the groups may not have been equivalent. Further, given the homogeneity issues 
noted in the MANOVA results section, the results may be biased. However, since the 
sample sizes of the instruction group and comparison group are comparable (265 and 
279) the analysis of variance can be considered robust for violation of homogeneity 
of the variances [40]. Another potential study limitation is that results may not be 
generalizable to students outside of the region within the United States the study was 
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conducted. Therefore, additional studies should focus on replicating this current 
project using a national representative sample. Despite these limitations, the large 
effect sizes suggest the approach is promising.

5. Discussion

This study sought to examine the extent to which integrated science and math-
ematics instruction impacted student science and math achievement and to explore 
the extent to which opportunities to engage in integrated science and mathematics 
instruction significantly predicted student achievement above and beyond student 
gender, ethnicity, and disciplinary context. The results show (MS)2 positively 
impacted middle school students’ science and mathematics knowledge in this sample 
of students. Students who received (MS)2 outperformed students in the comparison 
group on science and mathematics achievement tests.

5.1 Interaction effects

The significant disciplinary context by instruction group effect for science 
suggests that students who received (MS)2 integrated instruction in science class-
rooms slightly outperformed those who received (MS)2 integrated instruction in 
math classrooms. This interaction effect was not found for mathematics achieve-
ment. This pattern suggests that the impact of integrated instruction differs for 
mathematics achievement depending on whether the instruction was delivered in 
a science or mathematics classroom. Stronger science achievement was observed in 
(MS)2 science classrooms than (MS)2 mathematics classrooms; but the mathemat-
ics achievement impact was comparable in both contexts. This finding may be a 
result of differences in pedagogical practices, learning objectives, or skill require-
ments that are different in science and mathematics classrooms. Given science 
classrooms would target more science content than mathematics classrooms, it is 
not surprising that students in science classrooms slightly outperform students who 
received integrated instruction in mathematics classrooms. Thus, this finding likely 
reflects the differences in content standards for which science and mathematics 
teachers are responsible. On the other hand, a disciplinary context by instruction 
group interaction effect for mathematics achievement was not observed. Therefore, 
one could argue that an interaction effect should have been observed given the 
emphasis in mathematics in math courses. Yet, mean scores on the mathematics 
ITBS were comparable whether students received (MS)2 instruction in a math or 
science classroom.

This pattern could be attributable to the science emphasis in the (MS)2 profes-
sional development experience. Teachers in the (MS)2 group took more science 
than mathematics courses. This imbalance in content emphasis may have contrib-
uted to the lack of instructional group by disciplinary context interaction effect for 
mathematics achievement. Therefore, future studies should examine the impact 
of different proportions of science and mathematics content exposure teachers 
receive on their students’ achievement outcomes. These differences could also be 
attributable to student level factors such as task orientation [41] or school level 
factors such as socioeconomic composition [42]. Future studies should scale up 
efforts to examine the role of these factors in mediating the impact of integrated 
instruction.
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5.2 Magnitude of impact on mathematics achievement

What was not expected was the findings related to mathematics achievement. The 
effect size for the (MS)2 impact on mathematics achievement (η2 = 0.663) was larger 
than reported impacts in past research [43]. Although there is limited research on the 
differential impact of integrated instruction on mathematics achievement, past research 
has suggested that integrated instruction may be problematic for mathematics content 
learning [44, 45]. For example, in a meta-analysis conducted by [43], 9 of 13 studies had 
effect sizes for mathematics achievement of 0.2 or less. In contrast, 6 of 13 studies had 
effect sizes for science achievement of .50 or greater and nine studies having effect sizes 
above 0.20. Further, other scholars have argued that an integrated approach may not be 
consistent with mathematics epistemic knowledge which, in turn, restricts mathematics 
learning [46]. The higher impact observed for mathematics achievement may have been 
due to the prolonged training teachers received in the project or the multiple opportuni-
ties teachers were provided to engage with faculty in science and mathematics research 
laboratories. These experiences may have contributed to differences in teaching prac-
tices that contributed to greater gains in student mathematics achievement. Though, 
as noted above, the proportion of mathematics to science content engagement in the 
training may not be ideal for developing teachers’ mathematics PCK.

5.3 Predictors of science and mathematics achievement

The regression results provide a potential explanation for the higher effect sizes 
observed in mathematics achievement. Recall that (MS)2 instruction increased 
student mathematics and science achievement scores by 9 to 10 points. The relative 
consistency in the provision of integrated opportunities also significantly improved 
student math and science scores. We also observed the magnitude of the impact 
on the math scores was higher than the science scores. Integrated opportunities 
increased mathematics scores by over 5 points for each level of increase of integra-
tion opportunity, compared to a 1.9-point increase in science scores. Students in our 
sample, particularly the (MS)2 group, may have had more consistent opportunities to 
engage in science and mathematics integrated instruction than students from other 
studies. Minimally, the regression results suggest that another source of variability 
of impact on mathematics achievement is related to the frequency of opportunities 
students are provided to engage in integrated lessons. It is possible the larger effect 
sizes are attributable to the quality of instruction students in (MS)2 group received 
as resulting from the extensive training (MS)2 teachers received. Although we would 
expect the intensive training teachers received would impact their commitment to 
provide consistent opportunities for integrated instruction, student reports of inte-
grated instruction opportunity was a significant predictor of mathematics achieve-
ment which suggests variability in the frequency of these opportunities in the (MS)2 
sample. This finding underscores the impact of consistent opportunities to engage 
in integrated instruction is also important in raising student scores, particularly for 
mathematics. Future studies could examine this impact more directly by varying the 
consistency in the frequency of integrated opportunities.

5.4 Differences across gender and race/ethnicity

We also found that gender and race/ethnicity did not significantly predict student 
outcomes despite consistent research showing both gender [47] and race/ethnicity 
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gaps [48] in math-science achievement in the US. Ethnicity and gender did not sig-
nificantly predict science and mathematics achievement in the integrated instruction 
groups regardless of whether they were in an integrated math or integrated science 
class. This finding suggests that integrated science and mathematics instruction 
can lead to more equitable outcomes in mathematics and science achievement and 
therefore should be considered as a promising approach to reducing achievement 
gaps. These findings are encouraging given that others have found the impact is not 
uniform across groups of students. For instance, in a large scale, quasi-experimental 
study, [48] found achievement disparities persisted, advantaging Anglo-American 
students, despite the integrated SE instruction. [48] also found a significant relation-
ship between quality of SE integration and student outcomes. They concluded that 
low integration quality largely contributed to the lack of impact on student outcomes. 
The authors also acknowledged that the lack of instructional scaffolds for diverse 
learners likely contributed to group disparities.

6. Implications

The results of this study suggest integrated science and mathematics instruction 
is a possible strategy for improving student math and science achievement. Given the 
increasing evidence supporting the argument that integrated instruction promotes 
critical thinking, motivation, and persistence in STEM, it is critical to support teach-
ers and schools in developing this approach to STEM instruction. Integrated instruc-
tion appears to provide the experiences that shape student interest; over time, these 
opportunities can lead to sustained interests in STEM which is important in develop-
ing positive STEM identity and self-efficacy [7].

However, integrated instruction requires significant investment in the develop-
ment and dissemination of quality professional development for teachers. Teachers in 
the (MS)2 group received 2 years of professional development and they engaged with 
science and mathematics professors in designing curricular materials, practicing the 
presentation of synergistic concepts and principles, and conducting authentic disci-
plinary practices in university and national laboratories. This degree of investment is 
likely not possible in schools in the USA. Therefore, it is important for school districts 
to partner with university programs to provide experiences that meaningfully engage 
them in disciplinary practices with STEM professionals.

Further, teachers seeking to use integrated science and mathematics instruction 
need administrative support. In practice, this means administrators should allot time 
for teachers to collaborate with each other on the development of integrated lessons 
that work for science and mathematics classrooms. This structured time provides 
opportunities for science and mathematics teachers to gain from each other’s exper-
tise and experience. In addition, during appraisals and observations of teachers, 
administrators should also recognize teacher investment in integrated instruction and 
provide feedback in terms of the consistency of integration opportunities provided to 
students as well as the quality of math-science integration. Therefore, there is a need 
to expand current evaluation and observation tools to include an integrated instruc-
tion domain. For instance, the Texas Education agency (TEA) implemented the Texas 
Teacher Evaluation and Support System (T-TESS), which captures the quality of 
teacher instruction and its effectiveness in students’ outcomes. This measure includes 
three main components: goal-setting and professional development, the evaluation 
cycle (informal and formal observations), and a student growth measure. Therefore, 
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evidence of student opportunities to be engaged in integrated instruction can be 
collected by surveying the students’ perceptions of integrated instruction includ-
ing how often these opportunities were provided to them and the degree to which it 
helped their understanding of math and science content as a way to gauge students’ 
perceptions of the impact of these opportunities. Past large-scale studies investigat-
ing student perceptions of teaching quality as predictors of science achievement are 
mixed [49, 50] however, these studies use general surveys of student perceptions. This 
study surveyed student perceptions of the frequency of integrated instruction, not 
general quality perceptions.

7. Conclusion

Overall, the results of our study suggest that integrated science and mathematics 
instruction can yield strong results in mathematics and science learning for all stu-
dents. The large effect sizes indicate integrated science and mathematics instruction is 
promising in raising achievement for students from diverse ethnic and socioeconomic 
backgrounds, provided schools invest in supporting teachers in developing their 
ability to provide all students with meaningful and consistent integrated science and 
mathematics opportunities.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Grade 10 Girls’ Experiences in 
Choosing STEM Subjects in 
Rakwadu Circuit, South Africa
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Abstract

The lopsided participation of females in science, technology, engineering, and 
mathematics (STEM) professions is an issue of global concern. Very few girls choose 
to study sciences in secondary schools in South Africa. Understanding girls’ experi-
ences in choosing science subjects may assist various education stakeholders to ensure 
that their roles motivate more girls to choose sciences. This study explored grade 10 
girls’ experiences in choosing STEM subjects. A case study was designed using 10 girls 
out of 145 who had chosen to study STEM subjects from three secondary schools in 
Limpopo Province, South Africa. Data were collected through semi-structured inter-
views and were analyzed thematically. Five themes emerged regarding Grade 10 girls’ 
experiences in choosing to study STEM subjects—self-determination, anticipated 
value, the class environment, home influence, and social influence. Parental guid-
ance of “girl-child” was very limited. The findings highlight that many girls in rural 
schools in Limpopo did not choose STEM subjects in Grade 10. These findings have 
far-reaching implications for all education stakeholders in the country and beyond.

Keywords: motivation, support, gender, self-determination, performance

1. Introduction

For years, countries have been concerned with the number of female students 
studying science, technology, engineering, and mathematics (STEM) subjects in 
secondary schools [1]. To study STEM, learners need to study physical science, which 
includes physics and chemistry. Learners who study physical science are encouraged 
to take mathematics and technology at high school as part of STEM subjects. There 
are worldwide initiatives to enhance learners’ interest in STEM subjects [2], yet few 
girls choose to study sciences [3, 4]. Even though boys and girls have equal opportu-
nities to study physical science, there are gender differences that influence subject 
choices in secondary schools and ultimately STEM careers. Although motivation in 
schools is important, it is often overlooked [5], and the factors that motivate girls to 
study physical science are not well studied and remain an area of concern [6, 7].

In South Africa, all subjects in Grades 7 to 9 are compulsory, including natural 
science, which incorporates physical science, life sciences, and earth sciences [8]. 
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In Grade 10, learners choose subjects they wish to pursue up to Grade 12. It is a stage 
that defines the path toward STEM careers they want to pursue [4]. King and Glackin 
in their study [9] have shown that most students develop interest and attitudes toward 
STEM subjects at the age of 14. As a result, exposure to STEM subjects at this age may 
be crucial in shaping attitudes and interests. Researchers during teaching practice 
sessions noticed a very small number of girls studying physical science, which hence-
forth is referred to as STEM subjects, for Grade 10. The first author, a STEM teacher 
and a lady, was concerned with the few girls to study physical science. Girls do not 
choose physical science, and this alienates them from STEM careers. Once they decide 
not to choose physical science in secondary school, it may be difficult for them to 
enter a STEM degree in tertiary institutions [10]. It is no wonder the low participation 
of girls and women in STEM is a never-ending story [6].

Although total enrolment of girls in schools has increased [11], fewer girls than 
boys choose physical science in South African secondary schools [12]. This low enrol-
ment in physical science can be partly explained by the girls’ poor performance in 
sciences. The trends in mathematics and science study (TIMMS) [13] show that girls’ 
science performance was poor [13], and this situation has not improved. Bottia  
et al. [14] attributed the poor performance to girls’ attitudes, interests and while 
Tzu-Ling [15] attributed it to motivation toward STEM subjects. Studies suggest 
a lack of role models [16, 17], lack of information about STEM [18], females’ lack 
of confidence in sciences [19], and the lifestyles related to gender [20]. Also, a few 
women scientists can encourage girls to study STEM subjects [21]. Finally, the low 
numbers of girls studying STEM subjects ultimately result in few females in STEM 
careers [22, 23]. One wonders what could be the challenges. How can those challenges 
be overcome? It was envisaged that understanding girls’ experiences in STEM subjects 
in secondary schools could shed light on the surrounding challenges for stakeholders 
to identify possible solutions [1]. In South Africa, culture and the environment influ-
ence girls’ choices of subjects to study. Secondary school learners in their teens show 
gender differences in their behaviors [23, 24] and choices. It is most likely that these 
differences in masculinity and femininity manifest where more boys than girls choose 
STEM subjects, thus sustaining the hegemony of male stereotypes [25–27]. Sekuła 
et al. [28] contend that females in STEM are like strangers or intruders of the male-
dominated terrain. While numerous studies have identified factors that affect girls’ 
decisions to pursue STEM subjects [15, 29–31], the findings have not been exhaustive, 
and some factors may be context-specific. Girls’ experiences in choosing and learn-
ing STEM subjects in rural areas of South Africa are unknown. There is no published 
work on South African Grade 10 girls’ experiences regarding choosing STEM subjects. 
The study explored Grade 10 girls’ experiences of choosing physical science (a STEM 
subject) to narrow this gap. To achieve the above purpose, the research posed the 
following question—What are the experiences of girls in studying STEM in rural sec-
ondary schools of Limpopo, South Africa? Also, there were probe questions—What 
attracted you to choose science? What help did you get from your parents? Do you 
have a STEM female role model in your school or community? What career do you like 
to take? What challenges do you experience when studying science?.

2. Literature review and theoretical framework

STEM subjects are fundamental for developing national economies, yet the per-
formance in mathematics and sciences that lead to STEM has been poor for the South 
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African learners [32]. The situation is worse for the secondary school girls who perform 
poorly in STEM and do not choose the subject. In addition, girls who perform better in 
science do not choose STEM subjects, hence causing a leakage of girls leaving STEM [33].

2.1 Gender disparities in STEM

Gender differences continue to exist in participation in STEM subjects  
(Catalyst, 2019), where many girls do not choose STEM subjects due to negative atti-
tudes toward the subjects [23, 25]. Comparatively, boys show more positive attitudes 
toward science than girls [15]. The gender disparity contrasts the United Nations 
Sustainable Development Goal (SDG-4), which requires that all boys and girls be at 
the same level in accessing quality primary and secondary education by 2030 [34]. 
Judging from the current state of affairs in education, this may not be achieved. 
Furthermore, the SDG-5 necessitates gender equality to empower all girls and women 
in the education sector. As suggested by Kind et al. [35], gender disparity in STEM 
can be attributed to attitudes toward science demonstrated through seven tenets—(a) 
learning science in school, (b) practical work in science, (c) science outside of school, 
(d) importance of science, (e) self-concept in science, (f) future participation in sci-
ence, and (g) combined interest in science. A study conducted in South Africa found 
that boys were more interested in studying STEM subjects than girls [36]. In addi-
tion, the choosing of STEM subjects may be attributed to cultural and social factors, 
school science curriculum, or people’s perceptions toward STEM subjects [37]. The 
gender disparity in STEM is a multi-faceted issue that needs all stakeholders to work 
together to change the gender gap in STEM subjects at the secondary school level and 
indeed at all other levels of education. It is no wonder it involves two worlds. First, the 
private and the public. The private comprise families and the educational institutions 
that enhance skills and knowledge. Subtly, it is a place where perceptions regarding 
traditional gender roles are strengthened. Second, the public domain comprises the 
workplace, which unfortunately encourages male–female gender roles [38].

2.2 Learners’ performance in STEM

Learners’ poor performance is a persistent challenge in Limpopo, South Africa 
[24, 39]. Although the number of girls in physical science has increased in recent 
years [11], the number of girls choosing physical science in South African secondary 
schools is far less than the number of boys [12], and indeed both in developed and 
less developed countries [40]. The low percentage suggests that most girls are not 
motivated enough to study science subjects, resulting in poor performances [41–44]. 
Conversely, Stoet and Geary [45] show that boys and girls perform equally well in 
STEM subjects. Notwithstanding motivation and good grades, girls may not choose 
STEM subjects due to personal (micro-level), family and societal (mezo-level), and 
cosmopolitan culture (macro-level) reasons [45]. These three cover all spheres of a 
learner and spill in the careers aspirations. For example, apart from personal issues, 
family and institutional differences exist. Some families are more inclined to study 
STEM subjects than others [46], although this may vary from context to contest [47]. 
Studies in the United States of America (USA) support that family differences exist. 
For example, if a girl is first or last born in the family has different results as far as 
STEM subjects are concerned. The treatments children receive in the family have a 
bearing on their performance in school subjects. Hence, the position of the siblings 
and parental preferential treatments have an impact on STEM performances.
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2.3 Learner enrolment

The unequal participation of girls in STEM subjects has remained a global 
challenge. In France, girls constitute 44.2% of physical science learners [46]. In the 
United States of America, the Girls, Mathematics and Science Partnership (GMSP) 
handled matters dealing with girls’ participation in science [48]. Similarly, in 
Malawi, Ghana, Nigeria, and South Africa, there are gender disparities regarding 
learners’ participation in scientific and technological subjects [49]. In Africa, 22% 
of girls attend secondary school and only 10% of the 22% study science [50]. This 
implies few girls study sciences and few could enroll in universities and take careers 
in STEM [22].

2.4 Factors influencing girls’ choices of science subjects

Considerable literature has been published on factors influencing girls not to 
choose science subjects. The factors include lack of role models [51–54], lack of infor-
mation about sciences, and scientific careers for learners in rural areas [55, 56]. Girls’ 
lack of personal efficacy in science careers [57–59] attests that female role models can 
inspire girls to develop an interest in science careers.

Although countries differ in their social and economic status, they all experi-
ence gender differences. These differences are stratified in all levels of growth and 
development. In this study, the researchers focused on secondary schools. They are 
adolescents who are soon to leave childhood and join adulthood. Learners at this 
level are at crossroads. They require guidance in the now and the future choices. The 
researchers are reminded of the type of education that is offered. It is narrow and does 
not cater to the present and the future. It does not deal with the whole body, mind, 
dimensions and spiritual [60]. It implies that the narrowness of mind may influence 
girls’ choices in STEM. Other factors include gender stereotypes content and teach-
ing styles that elevate males over females [27, 61, 62]; differences in aspiration where 
many boys aspire and choose STEM subjects because few girls choose STEM subjects; 
teaching methods that favor boys and not girls [63, 64]; individual beliefs and family 
friends [45, 65]; school subject environment [27], and future career aspirations [15]. 
In summary, these factors are on three levels—a personal (micro), a family, school 
and friends (mezo), and cosmopolitan or ambient culture (macro).

2.5 Theoretical framework and learner experiences in STEM

Two theories guided the study—1) the Social Cognitive Theory (SCT), [66], and 
2) the Situated Expectancy-Value Theory (SEVT) [67]. SCT describes self-efficacy, 
outcome expectancies, and goals constructs [67, 68]. It is a triadic model compris-
ing three tenets—reciprocal causation, individuals as actors, and environmental 
products. Thus, SCT describes behavioral changes that an individual makes. The girls’ 
experiences reflect a behavioral change to study STEM in this study.

The Situated Expectancy Value Theory (SEVT) [69] extends the work of Eccles 
[70] in dealing with choice making. SEVT has five key elements, which are as follows:

1. Individuals are motivated by achievement-related choices,

2. Proximal social cognitive aspects and dealing with within and between  
individual decision making is based on experiences.
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3. Individuals’ experiences and interpretation of experiences guide their choices,

4. Social and experiential, the cognitive, affective, and behavioral components 
influence individuals choice,

5. Choices are limited by prior experiences, cultural values, norms, and individuals’ 
characteristics. In choice-making, SEVT is robust because it is situation-specific 
and based on cultural norms.

Girls’ choices to study STEM subjects in South Africa are guided by various 
factors, including the situation and the culture, to relate their experiences regarding 
STEM. Thus, these two theories were selected because they deal with the individual’s 
situated environment that guides behavioral changes. In their teens, high school 
learners are showing gender differences in their behaviors [23, 24]. It is most likely 
that these differences in masculinity and femininity manifest in the subject choices 
where more boys than girls choose physical science, thus, sustaining the hegemony of 
male stereotypes. Girls’ experiences in choosing and learning STEM subjects in rural 
areas of South Africa are scanty. Therefore, this study contributes to understanding 
girls’ experience in choosing STEM, which could interest politicians, researchers, 
academics, and education stakeholders to ameliorate the situation.

3. Methodology

3.1 Design

This study utilized an exploratory case study design to investigate Grade 10 girls’ 
experiences in choosing to study STEM subjects. According to Cohen et al., [71], a 
case study is beneficial because it draws data from people’s experiences and prac-
tices. A purposive sample [72] of 10 Grade 10 girls (age 14–16) from three schools 
in Rakwadu Circuit, South Africa, was used based on their choices to study STEM 
subjects.

3.2 Sample

Grade 10 girls from three schools, A, B, and C (4, 3, and 3) were selected. Learners 
one to four from school A were coded as L1A to L4A, learners one to three from school 
B were coded as L1B to L3B, and learners one to three from school C were coded as 
L1C to L3C. The three schools had 216 learners in grade 10, 145 were girls, and only 
10 chose to study physical science. In this case, only 10 girls chose to study STEM 
subjects leaving out most of them (135) to study other subjects. For ethical consid-
erations, all minor participants were issued with consent letters to be signed by their 
parents/guardians to allow their children to take part in the study. Permissions were 
granted from schools, the Circuit Education office, and the University of Limpopo 
Research Ethics Committee.

3.3 Data collection

Data were collected through semi-structured interviews. Semi-structured inter-
views [72] were used because they offered the interviewer a chance for in-depth 
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discussions, follow-ups, and probing questions to clarify the responses [73]. All 
interviews were audio-taped, and each interview lasted for one hour, which was 
enough without causing fatigue to the learners [71]. Harm was avoided by explaining 
that the study had no impact on their academic performance and that learners could 
at any time withdraw from the interviews [74, 75]. Member check was performed 
with the participants to ensure that the captured information correctly reflected their 
views [76].

3.4 Data analysis

Data from the interviews were analyzed thematically to provide descriptions of 
the findings [44, 77]. The thematic analysis process involved identifying patterns 
across data sets that were important in describing a phenomenon associated with 
the research questions [78]. The interviews were transcribed verbatim, and the 
transcripts were read line by line several times to gain insights into the participants’ 
responses. The researchers generated a codebook to make themes based on the 
theories and collected data [79, 80]. In theory-based, two researchers and one expert 
coded the data and compared codes. All three researchers used similar codes to form 
categories, and the last categories were organized into themes [81]. Where there were 
disagreements, a consensus was reached using the inter-observation agreement [82] 
formula, where agreements were divided by the sum of agreements and disagree-
ments. The product was multiplied by 100%, and a value of 90% was appropriate for 
this study. Thus, a codebook was used to analyze data deductively, while the collected 
data were analyzed inductively, where the researchers read paragraph by paragraph to 
find out the general pattern.

4. Results

The girls’ responses are categorized into five major themes—personal factors, 
anticipated value, class environment, home influence, and social influence. The 
themes are presented below with exemplars of comments from the participants.

4.1 Theme 1: Self-determination

Self-determination included positive attitudes, interest in the subject, and 
performing well. When learners were asked why they chose STEM subjects, they 
indicated that physical science was an interesting subject they enjoyed. Two sample 
excerpts from participants:

L1A: “Physical science is interesting, and I enjoy it. I understand science concepts.
L2B: “I always wanted to study physical science. People say it is a difficult subject, but 

I find it to be easy. Unlike mathematics, physics is simple, and I understand it better than 
mathematics. I perform well in the tests and assignments. Physics is an enjoyable subject.”

The girls expressed determination to take on science careers, where physical 
science was a prerequisite. Participant L4A explained: “I chose physical science because 
I want to be a Medical Doctor. I must have physical science as a subject because it is a 
prerequisite for entrance into Medicine.”

One participant indicated that whereas her father wanted her to be a nurse, she 
was determined to study hard to become an electrical engineer.

L3C: “I chose physical science because I want to do civil engineering at the university.”
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4.2 Theme 2: Anticipated value

All the 10 study participants indicated that they were motivated by future careers 
to study physical science. All participants stated that physical science was imperative 
for STEM careers (Table 1).

L3C: I know there are opportunities for well-paid jobs when one does sciences. I can 
secure a scholarship for further studies”.

I think I will get a good-paying job. L2C: “I think our lives would not be the same if 
people were not studying physical science because people who invent things are scientists.”

4.3 Theme 3: The class environment

The majority of participants indicated that they received continuous support from 
educators. L3B stated: “My teachers encouraged me to choose physical sciences and math-
ematics since I performed well”.

L4A: “Our teacher is friendly and wants us to succeed. He provides extra time to 
complete our work.

All the participants appreciated the role of group work in learning physical 
science.

L3A: “Working as a team helps us to grasp concepts.”
They also singled out some discouraging classroom experiences.
L2A stated: “It is discouraging when the teacher concentrates on those who understand 

concepts faster than others, those who are smarter.” This was further highlighted by L3C: 
“If teachers consider you to be a slow learner or less intelligent, they do not give you much 
time, and sometimes they can insult you with words like…maths and physical science are for 
smart students… Such words discourage, but because I love Physics, I will work hard.”

Other disobliging experiences included a lack of resources, such as laboratories, 
science equipment, computer centers, and an internet connection, which made learning 
physical science hard. L1A said: It is difficult to learn physical science in classes where there is 
no science equipment. There is no laboratory to do practical work at our school, and it is some-
times difficult to understand concepts. However, I continue learning science because I enjoy it.

L1C: “But the challenge in my school is learning science without doing experiments.”
All participants from the three schools lacked laboratories, libraries, or had no 

access to the internet.

Future career Number (%)

Engineer 2 20

Doctor 2 20

Pilot 2 20

Pharmacist 1 10

Optometrist 1 10

Biotechnologist 1 10

Nurse 1 10

Total 10 100

Table 1. 
Careers for learners.
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4.4 Theme 4: Home influence

The majority (eight out of the 10) study participants showed that they did not 
get help from the family when choosing subjects to study or doing physical science 
assignments at home. Of the 10 participants, only two (20%) received some help 
from family members (Table 2).

Table 2 indicates that only 20% of parents/family members played a role in the 
girls’ choosing of physical science. Excerpts from participants:

“My father is a Teacher, when I do not understand some of the things or questions he 
helps me. But he does not know most of the things because he is not a physical science 
teacher… My parents motivated me to choose the science stream. My father wanted me 
to do actuarial science but I want to be doctor.”

One participant’s father wanted her to become a nurse.
The two participants who declared to have received family support had some 

educated members at home; other girls indicated their parents did not have much 
education.

L1A: “My parents do not know science. My mother did not study science and my elder 
brother completed Grade seven.”

L2B: “My parents passed away and I had no one to assist me because I am the eldest in 
the family and I have to take care of my siblings.”

L3C (whose parents were migrant workers): “No one helps me with my school work. 
When I come home, I have to fetch water, clean the house, and cook. When I finish my 
chores, I study and write homework.”

L2A: “When I come back home from school, I have to do house chores.”

4.5 Theme 5: Social influence

Learners indicated the influence of role models within the community was 
important. Teachers of STEM subjects can also be role models for high school learners 
to emulate. Few role models, such as a medical doctor, friends, and teachers, were 
reported here below:

L1C “I want to become a medical doctor because there were role model doctors in the 
community. They are my role models to emulate.”

L3A: “My friends who are not doing physical sciences say it is a difficult subject. Those 
who are in my science class, we help each other every time we have tasks to do at home. 
Sometimes we do our homework together here at school.”

L3C: “I chose physical sciences because I want to do civil engineering at the university, 
I attended career guidance and it was interesting to see what civil engineers do.”

L4A: “Our teacher is a nice person. He always wants the best from us. When we do not 
understand something he stays with us so that we can understand.”

Grade Support % No support %

Grade 10 2 20 8 80

Table 2. 
Support received from learners’ homes.
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5. Discussion

The study explored Grade 10 girls’ experiences in choosing physical science in 
South Africa. The study established that girls who studied physical science in Grade 
10 were very low in the selected schools. Five themes from girls’ experiences to 
choose STEM subjects were self-determination, anticipated value, class environment, 
home environment, and social influence. The study participants expressed a posi-
tive attitude and interest in science. The positive attitudes of girls in physical science 
contradict studies that allude to girls’ negative attitudes toward science [83].

The girls’ choices of physical science indicated self-determination. It is no wonder 
they exhibited positive attitudes toward the subject. Machingambi [84] suggests that 
positive attitudes may affect performance, while negative attitudes may lead to a lack 
of interest. The girls’ excellent performance increased their confidence to choose 
physical science, suggesting that girls in South Africa are guided by the situation 
and the culture to choose STEM subjects. These observations agree with the Situated 
Expectancy-Value Theory (SEVT), where self-determination abetted girls’ interest in 
STEM subjects to break the social norm of not choosing STEM [69].

The study findings are consistent with DeWitt [85], who concluded that girls who 
held science aspirations perform well. Archer et al. [86] concluded that “science capi-
tal,” which includes economic, social, and cultural capital that relates to science would 
be necessary to fill the gap of the less represented females in STEM. Thus, learners 
may have to develop inner confidence, positive beliefs, and environmental contexts 
regarding their academic abilities [87–89]. These findings also align with the Social 
Cognitive Theory (SCT) concerning the learners’ environment, where it is postulated 
that science, in most cases, is for males. The observed mismatch between femininity 
and science is a well-known fact that negatively impacts girls [86]. Girls at 13 change 
their attitudes toward science, exacerbating gender parity [72]. Despite popular 
gender stereotyping, the girls in the study expressed self-determination in pursuing 
physical science to get into predominantly masculine STEM professions [90]. Thus, 
the social aspects are clear in the three tenets of SCT—1) the personal, which operates 
at an individual level; 2) the socialization of an individual within the environment; 
and 3) the collective level, where all people work in unison to shape the decisions in 
their societies [91]. All these three tenets apply to learners who are social beings that 
make choices regarding the subjects to study in high school.

All the girls in the study had chosen STEM subjects, and their choices were implied 
in anticipation of lucrative jobs if they pursued STEM careers. The findings correlate 
with Mghweno et al. [92], who contend that career is a determinant factor in high 
school subject selection. However, the finding of girls’ deliberate choices contradicts 
Dabula and Makura [93], who showed that career choices for many secondary school 
learners were accidental and were imposed by external forces in the South African 
context.

While the study participants pointed out some aspects in the classroom that 
motivated them to choose physical science, such as support from teachers and peers, 
many negative experiences were dissuading. Some of the negative influences included 
educators’ scornful remarks and the lack of vital science resources. All the schools 
that participated in the study did not have laboratories and lacked basic science 
equipment, libraries, and internet connectivity. These poor resources disadvantaged 
learners because they did not develop practical skills. Despite the lack of resources, 
Kibirige and Bodirwa [94] show that scientific investigations can be done using 
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technology to increase learners’ interests and learning outcomes. With the increase in 
technology, it may be possible for girls to cope with science without proper physical 
resources. Our observations agree with the Social Cognitive Theory (SCT), which 
deals with an individual and the environment. The effect of the school-based factors 
agrees with Anders et al. [95], who found that in England, the type of school environ-
ment learners finds themselves in played a significant role in choosing subjects. Thus, 
school environment factors, such as curriculum, teachers, level of resources, and 
structures, may motivate or demotivate girls from choosing STEM subjects in high 
school [96].

Besides school factors, the home environment affected some girls’ choices of 
physical science. In this study, only 20% of the parents supported girls in choosing 
sciences and could assist them with homework. The low family support can be attrib-
uted to the social and economic characteristics of the parents. Although research in 
the United States indicated that socio-cultural factors influence girls’ participation in 
science [97], Ramnarain [98] in South Africa views personal (intrinsic) and external 
(extrinsic) factors that are associated with the Social Cognitive Theory (SCT) as 
integral parts of science inquiry learning.

Furthermore, Mujtaba and Reiss [96] asserted that significant factors are 
associated with extrinsic motivation. For instance, some girls indicated that they 
chose STEM subjects because they wanted to be like female doctors who were 
their role models in the community. Considering their reasons for choosing STEM 
subjects, girls in the study perceived the critical value of science, which may have 
motivated them. This finding is consistent with Hyde and Janet [97] and Wise and 
Simmons [99], who indicated that learners acknowledged the value of science. 
Thus, the quantity and quality of the content may enhance learners’ interest and 
increase their self-efficacy [8]. Research from Greece shows that teachers can exert 
influence on learners to gain interest in STEM subjects. Studies show that pre- and 
primary school learners can be taught STEM subjects because they can compre-
hend science concepts more than anticipated [100–102]. Early learners’ exposure 
to STEM increases their chances of espousing STEM careers [100]. Chatzopoulos 
et al. [103] contend that using DuBot based on Action Research, using visuals on 
a tablet, smartphone, and personal computers, and using low-cost materials can 
motivate learners. These types of innovations are useful for STEM teachers to emu-
late to enhance motivation of their learners to choose STEM careers and contribute 
to narrowing the gap between genders [101]. Unfortunately, despite the positive 
intentions of the teacher to use STEM methods, there are few teachers in pre- and 
primary schools and high schools who use STEM methods to teach science [104].

As the gender gap persists in STEM subjects, Marie et al. [105] contend that 
the focus should be on identifying factors that influence the girls’ career choices 
and developing relevant programs that enhance girls’ interest in STEM subjects. 
Career preparation in secondary schools is essential for career development [106] 
because learners align their subjects with the anticipated career [4]. Interventions 
should focus on lower grades to avoid girls’ leakage at Grade 9 in South Africa. 
Notwithstanding the huge numbers of girls in Grade 10 that did not choose STEM 
subjects in Limpopo, there is a need to find out if this scenario reflects a national 
trend. Thus, more studies are needed to identify why many girls do not choose STEM 
subjects. The findings of this study have far-reaching implications for all educational 
stakeholders, such as subject teachers, curriculum advisers, textbook authors, to 
include relevant materials for the “girl-child” to be motivated to choose STEM 
subjects.
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6. Limitations

The limitation was the small sample of Grade 10 girls from a rural area in South 
Africa. Therefore, the findings cannot be generalized. The study could be replicated 
using qualitative and quantitative approaches with larger samples of girls in rural, 
semi-urban, and urban areas. Girls who did not choose STEM subjects and teachers 
who were not interviewed in this study could be included in future studies to corrobo-
rate learners’ responses. Despite those limitations, the findings from this study render 
credence to girls’ experiences in choosing to study STEM subjects in South Africa.

7. Conclusion and recommendations

The study reveals that the experiences and factors that motivate girls to choose 
to study STEM subjects are diverse. They included self-determination, aspirations, 
anticipated value, the class environment, home environment, and social influence. 
According to Almukhambetova and Kuzhabekova [45], these factors can be summed 
into three general levels—micro, mezo, and macro. How can we improve girls’ 
choices to study STEM subjects? How can we assist girls to improve their aspirations? 
Since the gender gap or disparity in STEM is a global challenge, which method can 
be applied that will suit all nations? These questions provoke humanity to look for 
real-life solutions. A one-man and a single approach may be futile. Therefore, a team 
of education stakeholders equipped with multi-faceted approaches is necessary. These 
approaches will have significant implications for STEM teachers in the country and 
beyond.

The study recommends that the interventions must be done at the school level to 
support learners in lower grades with career guidance, for science teachers to affirm 
learners’ self-efficacy, and for policymakers to guarantee the availability of the 
science resources that make science learning more interesting. Educators need to be 
equipped with skills to support learners emotionally and academically to make STEM 
subjects attractive. Also, parents need to be sensitized to increase their involvement in 
“girl-child” education.
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Chapter 6

The Power in Groups: Using Cluster 
Analysis to Critically Quantify 
Women’s STEM Enrollment
Ann M. Gansemer-Topf, Ulrike Genschel, Xuan Hien Nguyen, 
Jasmine Sourwine and Yuchen Wang

Abstract

Despite efforts to close the gender gap in science, technology, engineering, and 
math (STEM), disparities still exist, especially in math intensive STEM (MISTEM) 
majors. Females and males receive similar academic preparation and overall, perform 
similarly, yet females continue to enroll in STEM majors less frequently than men. 
In examining academic preparation, most research considers performance measures 
individually, ignoring the possible interrelationships between these measures. We 
address this problem by using hierarchical agglomerative clustering – a statistical 
technique which allows for identifying groups (i.e., clusters) of students who are 
similar in multiple factors. We first apply this technique to readily available institu-
tional data to determine if we could identify distinct groups. Results illustrated that it 
was possible to identify nine unique groups. We then examined differences in STEM 
enrollment by group and by gender. We found that the proportion of females  
differed by group, and the gap between males and females also varied by group. 
Overall, males enrolled in STEM at a higher proportion than females and did so 
regardless of the strength of their academic preparation. Our results provide a novel 
yet feasible approach to examining gender differences in STEM enrollment in post-
secondary education.

Keywords: STEM, gender, cluster analysis, female, enrollment

1. Introduction

Gender disparities in STEM enrollment in college continue to receive a significant 
amount of attention [1]. Research investigating reasons for this disparity in enroll-
ment by gender highlights three consistent themes: a) females who are less academi-
cally prepared in math and sciences than males are less likely to enroll in STEM;  
b) despite comparable academic preparation, females, on average, enroll in STEM 
majors in smaller percentages than males, and c) females’ participation varies by 
major, with some majors, such as biology seeing a higher proportion of females than 
in math intensive fields (MI STEM) such as engineering or computer science [2–5]. 
Despite the abundance of research on this topic, there lacks a more detailed yet 
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cohesive look at the interrelationships among high school academic preparation, ACT 
scores, and STEM enrollment.

This study utilized hierarchical agglomerative clustering to analyze high school 
and college data from a cohort (n = 3104) of students at a large, public research 
institution in the Midwest. Students entering this institution tend to arrive with a 
broad academic background and varying levels of readiness to pursue a STEM degree. 
Students receive guidance from professional academic advising staff and faculty 
about course enrollment and academic trajectories. Frequently these decisions are 
made by considering one or two individual data points such as a students’ GPA or 
ACT score, yet research in this area consistently demonstrates that it is a combination 
of several of these factors that more accurately represents students’ preparedness and 
ability to succeed [6–8]. By clustering, our data analysis will provide more nuanced 
insights than traditional statistical analyses. Traditional analyses tend to focus on 
averages and distributions of individual student characteristics across all students. 
Clustering algorithms seek to identify natural groupings (clusters) of students such 
that students within a cluster are academically more similar to each other regarding 
their pre-collegiate training than they are to students from any other cluster. Thus, 
clustering better accounts for the interrelationships of several factors and offers much 
more robust information than the more common approach to examining individual 
variables.

As it relates to our study, we were interested in the potential for this technique 
to provide a more in-depth understanding of female students’ enrollment in STEM 
based on several factors of academic preparation. This approach has been used to 
study gender inequality in the STEM workforce (see, for example, [9]); we apply a 
similar method to examine gender disparities in STEM choice.

We begin by investigating the potential of identifying unique groups of students 
using hierarchical agglomerative clustering. We then examine enrollment in STEM by 
gender and clusters. The following questions guide our analyses:

1. What are pre-collegiate grades, academic rank, and academic mathematical 
and science courses, of males and females in NonSTEM, math-intensive STEM 
(MISTEM), and other STEM (OSTEM)?

2. Can hierarchical agglomerative clustering meaningfully identify unique groups 
of students based on precollege student characteristics? If yes, do gender  
differences in academic background exist?

3. Given cluster membership, are there gender differences in enrollment into 
STEM, specifically into MISTEM and OSTEM majors?

The results of our study have implications for secondary and postsecondary 
education. A more robust understanding of the interrelationships among variables 
that contribute to enrollment in STEM areas can be used to develop strategies that can 
enhance STEM enrollment. Postsecondary institutions can gain a better and more 
sophisticated understanding of the academic readiness of a cohort of incoming stu-
dents. This information can be used strategically by institutions and departments to 
tailor course offerings to the immediate academic needs of students allowing for pos-
sibly critical adjustments in the present time. This approach can also be used to better 
understand not only enrollment, but also retention and completion of STEM degrees. 
Further, using the clusters to measure the pursuit of STEM degrees, retention, and 
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completion of STEM degrees permits a novel use of clusters as a statistical predictive 
model in STEM education. Our data analysis approach is innovative and differs from 
traditional statistical analyses by using hierarchical agglomerative clustering that 
allows students with similar characteristics to be grouped together. Through the use of 
clustering, this study more closely examines gender differences in academic prepara-
tion, STEM interest, and enrollment in STEM.

2. Literature review

Females have been narrowing the gaps in math and science achievement and 
have seen more participation in STEM enrollment and careers [10]. However, the 
rate of participation is still drastically disproportionate, with only 27% of all STEM 
careers being occupied by women [11]. These statistics also vary based on major. For 
example, women represent over half of all bachelor’s degree recipients in biology but 
are significantly underrepresented in physical sciences, engineering, mathematics, 
and computer sciences (MISTEM) [12–14]. Even at selective institutions with a large 
pool of interested students willing to enroll, females represent between 15 and 28% 
for Bachelor’s degrees and only 13–20% for Ph.D.s in math departments [15]. We drew 
upon past literature to better understand differences in STEM and guide our selection 
of variables.

2.1 Pre-collegiate preparation and STEM enrollment

According to Weeden, Gelbgiser, and Morgan [16], between 19% and 32% of 
the gender gap for STEM degree completion can be attributed to the gender gap in 
STEM career interest in high school. Additionally, only 13% of female high school 
graduates expressed an intent to pursue a STEM career compared to 26% of their male 
counterparts [16]. This gap in interest as early as high school indicates that the STEM 
career gap is not solely caused by attrition in college or women exiting STEM careers 
post-graduation alone.

In high school, females consistently outperform males in their core classes, 
including math and science [17–19]. Despite earning high grades, females do not 
perform quite as well on high stakes standardized tests in math and science, scoring 
0.7, 0.2, and 0.4 fewer points than males on the math, science, and STEM portions 
of the ACTs, respectively [20]. In spite of earning better grades in math and science, 
course selection among males and females shows some discrepancies. For example, 
female graduates took roughly the same number of advanced math courses as their 
male counterparts, experiencing an overrepresentation only in Algebra II. Science, 
however, shows more variations, with ten percent more females taking Advanced 
Biology, about six percent more females taking Chemistry, about 6 percent more 
males taking Physics, and males enrolling in engineering courses five times higher 
than females [21]. Furthermore, correlational research supports that participation 
in Advanced Placement (AP) STEM courses and STEM career interest are associated 
[22] and that students with high math abilities and exposure to rigorous courses were 
more likely to enroll in STEM majors [23].

GPA is positively correlated with the pursuit of a STEM major [24], and it is a 
better predictor for college success than the ACTs [25]. The rigor of math and science 
courses is a better predictor for enrollment in a STEM major than the number of 
courses alone [26]. Class rank, on the other hand, is more complex. When ranks are 
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calculated by subject (i.e., math and reading) and communicated to students, ranking 
can have statistically significant effects on students’ career choices. For example, a 
study conducted in Ireland found that students ranked highly in math had a positive 
association with STEM career choice and a negative association with careers in the 
arts and social sciences, while those who were highly ranked in English had a positive 
association with arts and social sciences and a negative association with STEM careers 
[27]. A study performed in Florida found that high school class rank and GPA, which 
are higher for females, were the best predictors of collegiate GPA and the number of 
credits earned in college [28]. But, as detailed above, males and females experience 
similar pre-collegiate STEM preparation in many respects with small differences in 
math, science, and STEM test scores and some discrepancy in enrollment of advanced 
science courses. Despite these similarities, males are twice as likely to intend to 
declare a STEM major than females. A closer look at STEM enrollment is required.

2.2 STEM enrollment

In high school, females are less likely to be interested in STEM and more likely to 
lose interest over time [29]. Controlling for math achievement and aptitude, females 
are still less likely than males to be interested in STEM [30]. In fact, one of the best 
predictors for enrollment and persistence through a STEM major is an individual’s 
desire to pursue a STEM career in high school, with those expressing interest in high 
school completing degrees at three times the rate of those who do not express this 
interest in high school [31]. Among females who intend to major in a STEM field in 
college, nearly half of them switch majors to non-STEM fields compared with only a 
third of males [21].

That is not to say women are not enrolling in STEM majors; in fact, women earned 
53% of STEM degrees (short of their 58% share of all degrees that would be propor-
tional to their overall makeup of the workforce) [32]. However, there are significant 
disparities among the types of STEM degrees women choose to pursue. For example, 
women are overrepresented in health-related STEM careers with, 85% of Bachelor’s 
degrees being awarded to women, but they are awarded less than 45% in Mathematics 
and Physical Science and less than 25% in Engineering and Computer Science [32]. 
Because interest in STEM begins before students enroll in postsecondary education 
and gender gaps in STEM still persist, we consider new ways to understand reasons 
for these gaps based on high school preparation.

3. Methods

3.1 Data source and sample

Data for this study were provided by the institution’s Office of the Registrar at 
one large public, research-intensive institution. To ensure our research conformed 
to standards and guidelines of ethical research practice, we received approval from 
the Institutional Review Board at the study’s institution. Per written agreement with 
the Office of the Registrar, all students enrolled in an introductory level mathematics 
or statistics course in the Spring 12, Fall 12, or Spring 13 semester were eligible for 
the parent study. Students were given the opportunity to opt out of the study, and of 
16,401 eligible students, 32 chose to opt out. We focused on these courses as they often 
serve as gatekeeper courses to a STEM degree.
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Because we were interested in the relationship between high school preparation 
and enrollment in a STEM major, we focused only on first-semester, degree-seeking 
students who entered the institution directly from high school and were enrolled in an 
introductory level math course. We excluded students who transferred from another 
post-secondary institution because we did not have access to pre-college data for 
many of these students. Students who were classified as non-degree-seeking or inter-
national were also removed prior to the analysis as these students are likely to differ 
in their academic background or degree goal. Of the initial 3219 eligible students, we 
had complete data on the variables of primary interest for 3104 students.

Using the STEM Designated Degree Program List (2012 revised list) provided 
by the Department of Homeland Security, we categorized students into STEM 
and NonSTEM majors. We further split STEM majors into math-intensive STEM 
(MISTEM) and Other STEM (OSTEM) majors. For the purpose of this study, a 
STEM major was considered math-intensive if it required at least one semester of 
science or engineering calculus. This definition is similar to the definitions used by 
Ceci and Williams [33] and by Bressoud [34]. This differentiation served distinct 
purposes: (a) the gender gap has historically been more pronounced in MISTEM 
majors such as engineering, computer science, or physics, whereas fields like biology 
or chemistry (OSTEM) have increasingly grown the proportion of women to the 
extent that women are now in the majority of degree earners [35]; (b) definitions 
of STEM vary greatly and can range from more inclusive by considering fields such 
as psychology, dietetics majors or kinesiology as STEM fields to less inclusive lists, 
which consider mainly engineering, mathematics, physics, natural sciences, and 
computer sciences. Distinguishing MISTEM majors define majors represented in 
most STEM field definitions.

Our analysis included the following variables: gender, major, high school rank 
(HS Rank), grade point average (GPA), number of high school credits earned in 
mathematics courses, including algebra, geometry, trigonometry, and calculus, and 
credits earned in biology, chemistry, and physics, ACT composite, ACT English, and 
ACT Math scores. The ACT is a national standardized test commonly used in college 
admissions decisions.

3.2 Statistical methodology

Using student demographic characteristics and pre-college academic background 
variables, we conducted an agglomerative hierarchical cluster analysis. “Cluster anal-
ysis is a data-mining technique that allows researchers to cluster a set of observations 
into similar (homogeneous) groupings based on a set of features” [36]. It accounts for 
the different high school experiences and preparation with which students enter their 
first year of college and can provide a more complex description of students than a 
comparison on a variable-by-variable basis. Clustering students reduces the focus on 
mean comparisons, which captures a population’s average behavior, but less on how 
students compare at the individual level. Although cluster analysis has been used in a 
variety of academic settings, its use to investigate female enrollment discrepancies in 
STEM vs. non-STEM fields is novel. Cluster analysis has been used to develop class-
room observation tools [36], reveal different learner profiles based on motivation, 
achievement, needs satisfaction, etc. [37], and the differences between females and 
males who succeed within higher technical education [38]. Using similar methods as 
these studies, we will compare clusters of similar students to determine any trends 
among factors such as gender, preparation, and STEM enrollment.
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3.3 Data analysis

All statistical analyses were run in SAS/STAT software, Version 9.4 of the SAS system 
and RStudio Version 1.3.1073. To address the first research question, we calculated the 
means and standard deviations of each of the variables used in the cluster analysis by 
type of major (NonSTEM, MISTEM, OSTEM) and by gender. To address the second 
research question, we utilized PROC Cluster and Ward’s minimum-variance method 
[39]. Ward’s minimum-variance method is based on the total error sum of squares that 
arises by grouping observations into distinct clusters where the total sum of squares 
corresponds to the sum of the within-cluster sum of squares [40]. Merging a set of 
observations into a cluster can be considered a loss of information. Ward’s method 
seeks to minimize the loss of information from merging any two clusters at a given step 
in the clustering algorithm. That is, the two clusters whose merging will lead to the 
smallest increase in the total error sum of squares will be combined into a new cluster 
[40]. Initially, each student represents a single cluster. At each step of the algorithm, two 
existing clusters are merged until only one cluster remains. The number of clusters is 
unknown prior to the analysis and an appropriate cluster solution is typically based on a 
set of clustering criteria such as the cubic clustering criterion (CCC), the Pseudo-F, and 
Pseudo T2 statistic [41, 42].

In order to see if the gender disparity in STEM enrollment is associated with 
gender or merely high school preparation, we clustered students according to their 
high school science, mathematics, and standardized test score data. Taking calculus 
in high school is a strong predictor of STEM interest and success [43]. Therefore, we 
separated students into two groups prior to clustering: students with calculus in high 
school (Calc group) and students without (NonCalc group). We then ran a separate 
cluster analysis based on high school rank, ACT English, ACT Math, and the sum 
of high school science credits in biology, physics, and chemistry. We decided on an 
initial number of clusters in each group based on the CCC, Pseudo-F, and Pseudo-T2 
clustering criteria. To address the final research question, we examined the propor-
tion of males and females in each cluster that chose a major in NonSTEM and STEM. 
We then limited our sample only to those who chose STEM and examined the propor-
tion of males and females in each cluster who chose MISTEM or OSTEM.

3.4 Limitations

We wish to acknowledge some methodological limitations. To be included in the 
sample, a student had to take a mathematics or statistics course during their first 
semester in college. We are therefore missing students who may have transferred 
credits into college or postponed taking a mathematics or statistics course in their first 
semester. Our sample also only included students who chose to major in STEM in their 
first semester. Additional research that examines students who may decide to major in 
STEM after their first semester would provide additional insights.

A cluster analysis using different variables would likely result in different clusters. 
For example, if we were to treat the numbers of biology credits, chemistry credits, 
and physics credits as separable variables rather than use their sum, clusters would 
likely form around differences between students with respect to the individual 
variables such as students with many biology credits versus students with few biology 
credits. We chose the sum of all science credits for two reasons. From a methodology 
point of view, the sum of science credits is more preferable as a variable because it has 
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a greater range of values. Secondly, the choice of variables depends on the characteris-
tics deemed meaningful to identify differences between students.

Additionally, we wish to acknowledge the limitations and ethical considerations of 
using quantitatively techniques to group students and subsequent interpretations of 
these efforts. Quantitatively analysis affords an opportunity to see patterns that may 
otherwise be unclear, yet this approach can also minimize nuances within clusters and 
overlook significant implications of variables that were not included. For example, 
our study focused on gender but did not consider variables such as socioeconomic 
status, nationality or race, or secondary school quality. Our results also should not be 
used to imply causality or judgment [44, 45]– we seek to understand possible associa-
tions between variables but cannot conclude that one set of patterns causes a specific 
outcome or that one is qualitatively better than others.

4. Results

4.1  Research question 1. what are advanced placement scores, pre-collegiate 
grades, academic rank, and academic mathematics and science courses, of 
males and females in NonSTEM, math-intensive stem (MISTEM), and other 
stem (OSTEM)

Across all fields, NonSTEM, MISTEM, and OSTEM, female students are equally 
prepared as men in the mathematics and sciences courses (see Table 1). Females have 
consistently higher high school ranks and GPA scores compared to their male peers, 
which is consistent with the results of the American Association of University Women 
Educational Foundation [17], Degol et al., [18], and Voyer and Voyer [19]. Females 
who enroll in MISTEM also score on average as well as their male peers and slightly 
outperform them on the English ACT placement test. Men enrolling in NonSTEM and 
OSTEM majors show a slight advantage on the Math ACT placement test, which is 
consistent with prior research [20].

4.2  Research question 2: can hierarchical agglomerative clustering meaningfully 
identify unique groups of students based on pre-college student 
characteristics? If yes, do gender differences in academic background exist?

Based on the clustering criteria, four or five clusters were reasonable choices 
for students with and without calculus. To arrive at the most meaningful number 
of clusters for each group, we plotted each clustering variable using side-by-side 
boxplots (see Figure 1). Each boxplot shows the distribution of the variables for all 
students in the respective cluster, while the horizontal line inside the box represents 
the median value observed for these students. We based our decision on the final 
number of clusters for each group of students on what we considered to be meaning-
ful differences in the distribution and median value for each cluster in the context 
of our research questions [46]. Due to the agglomerative nature of the clustering 
procedure, a solution consisting of four clusters arises from the merging of the two 
closest clusters in the solution consisting of five clusters while the remaining clusters 
remain unchanged. Thus, we will decide, for example, on four clusters if merging the 
two closest clusters in the five-cluster solution does not result in a sufficiently large 
loss of information but changing from four to three clusters would. In essence, we 
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are looking for a solution that is both inclusive and parsimonious. For this reason, 
we included the three- and six-cluster solutions in the decision-making process. For 
simplicity, we discuss the different cluster solutions in terms of one cluster being split 
as opposed to two clusters being merged.

4.2.1 Clustering for students with calculus

We begin with the interpretation of the three-cluster solution and describe which 
of the three clusters is divided in the transition from three clusters to four.

Variable NonSTEM
NF=537, NM=542

MISTEM
NF=273, NM=1385

OSTEM
NF=216, NM=151

High School Female Male Female Male Female Male

GPA 3.62
(0.36)

3.38
(0.42)

3.81
(0.38)

3.63
(0.4)

3.65
(0.34)

3.5
(0.4)

Rank 77
(14.89)

68.1
(16.23)

83.9
(14.36)

76.6
(16.17)

77.9
(14.46)

72.3
(17.17)

Calculus Cr 0.4
(0.8)

0.5
(0.91)

1.3
(1.17)

1.2
(1.18)

0.6
(0.98)

0.5
(0.89)

Algebra Cr 4
(0.26)

4
(0.28)

4
(0.35)

4
(0.21)

4
(0.26)

4
(0.27)

Geometry Cr 2.6
(0.51)

2.6
(0.5)

2.7
(0.46)

2.8
(0.45)

2.6
(0.49)

2.6
(0.51)

Trigonometry Cr 1
(0.68)

1
(0.66)

1.2
(0.57)

1.2
(0.6)

1
(0.63)

1
(0.67)

Statistics Cr 0.3
(0.64)

0.4
(0.78)

0.4
(0.77)

0.3
(0.69)

0.3
(0.67)

0.2
(0.57)

Adv. Math Cr 1.3
(1.05)

1.2
(0.99)

1.8
(0.95)

1.7
(0.90)

1.3
(1.31)

1.3
(1.12)

Physics Cr 1
(1.03)

1.3
(1.05)

1.9
(1.09)

2
(1.05)

1.1
(0.99)

1.5
(1.01)

Biology Cr 2.7
(1.07)

2.5
(0.95)

2.6
(1.19)

2.4
(0.91)

3.1
(1.36)

2.8
(1.32)

Chemistry Cr 2.1
(0.63)

2
(0.71)

2.4
(1.03)

2.3
(0.95)

2.2
(0.69)

2.1
(0.94)

Science Cr 5.8
(1.6)

5.9
(1.47)

6.9
(2.01)

6.7
(1.66)

6.4
(1.83)

6.4
(1.92)

ACT

Math 23.3
(3.71)

24.3
(3.68)

27.3
(4.27)

28.1
(3.89)

23.3
(4.1)

24.8
(4.12)

English 24
(4.56)

22.9
(4.28)

26.7
(5.06)

25.4
(4.6)

23.6
(4.57)

23.4
(4.8)

Composite 23.8
(3.48)

24.1
(3.47)

26.9
(4.01)

26.9
(3.63)

23.9
(3.77)

24.6
(3.62)

Table 1. 
High School mathematical and science background of incoming students by enrollment into MISTEM, OSTEM 
and NonSTEM. All values are rounded to the nearest decimal place.
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For students with calculus (N = 1280), a three-cluster solution identifies three 
types of students. A first cluster consists of 627 students with noticeably lower HS 
ranks, ACT English and ACT Math scores compared to the students in the remaining 
two clusters. Among the latter, the more academically prepared students, two groups 
emerge; a cluster with students who have substantially more science credits and a 
slightly better but noticeable ACT Math score (N = 335) compared to the students in 
the second group (N = 318). Both groups have comparable ACT English scores and HS 
Ranks.

The four-cluster solution arises from splitting the lower performing group of 627 
students into two distinct groups based on differences in ACT scores and HS Ranks. 
Students in both groups have the lowest HS ranks out of all calculus students but the 
first group (N = 213) performs substantially better on the ACT English and ACT Math 
exams than the second group (N = 414). We deemed this split meaningful. A plausible 
interpretation could be that the second group (N = 414) consists of students who 
tend to underperform on standardized tests for a variety of reasons. Alternatively, 
the smaller group of students (N = 213) excels on standardized exams relative to their 
overall high school performance as reflected by high school rank. Due to the hierar-
chical nature of the clustering algorithm, the other two clusters remained unchanged.

In a five-cluster solution, the group of 414 students is broken up into students 
with slightly higher ACT scores, noticeably more science credits, and better HS ranks 
(N = 99) compared to the second group (N = 315). Although this distinction might 
be relevant, it was not relevant for our research questions, and we decided against 
this additional split; both groups of students maintained their relative, below-average 
performance on the ACT exams. Consequently, we determined four clusters to be the 
most appropriate number of clusters for students with calculus. For this reason, we 
did not consider the six-cluster solution.

4.2.2 Clustering students without calculus

For students without calculus (N = 1284), a three-cluster solution distinguishes 
three groups. Students in group 1 (N = 663) have overall the lowest high school ranks 
but perform otherwise similar to students in a second group (N = 423) with respect 
to the number of science credits taken in high school and scores on the ACT exams. 

Figure 1. 
Finalized cluster solution.
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The third group (N = 738) outperforms the first and second group in the number of 
science credits and on the ACT components but shares HS ranks similar to those in 
the group of 423 students.

In a four-cluster solution, the third group of 738 students is divided into two sepa-
rate groups. The first group (N = 603) includes the best students with respect to HS 
rank and ACT English and Math scores, but students in this cluster tend to have taken 
fewer science credits. The remaining students (N = 135) have the most science credits 
among all students without calculus. Their ACT scores and HS ranks are, however, 
much lower compared to the top students, and they also tend to have lower HS ranks 
compared to the second group (N = 423) in the three-cluster solution.

To move from four clusters to five the group of students with below average ACT 
scores and lower HS ranks (N = 663) are divided. This split reflects the same pattern we 
saw in the group of students with calculus. The 663 students are separated into a group 
of students (N = 258) who have overall the low high school ranks but who score better 
on the ACT English and Math placement tests and a second group, whose students have 
higher high school ranks but do not perform below average on the placement tests. 
Because we already saw a similar distinction among the calculus students, we consider 
the five-cluster solution meaningful and retain it over the four-cluster solution.

The six-cluster solution focused on the cluster previously consisting of the overall 
most prepared students (N = 603). These students are broken up into two clusters. 
The smaller of the two clusters retains the best students overall (N = 228), while 
students in the second cluster (N = 375) perform slightly worse than the top students, 
they still do better than the cluster of N = 423 students. Because both groups still 
outperform any of the remaining clusters overall, we decided against this additional 

Cluster Name N Cluster description

1 Calc. Strong, Less 
Science

318 Highest ACT English and HS Rank, Second highest ACT 
Math scores, below average (less than 6) science credits

2 Calc, Average 414 Typically, about average, showing slightly above average HS 
Rank and science credits but tend to fall short of average ACT 

English and Math scores

3 Calc, Strong 
Overall

335 Best students overall with all students having taken above 
average number of science credits

4 Calc, Low HS 
Rank

213 Students with far below average HS Ranks that have above 
average ACT English and Math scores

5 No Calc, Average 423 Above average HS Rank, very few science credits, below 
average ACT English and Math scores

6 No Calc, Low 
ACTs

405 About 50% of students have HS rank 1 standard deviation 
below average, lowest ACT English and Math scores

7 No Calc, Strong 
Overall

603 Strongest performers out of all non-calculus groups but 
students do not score as high as two top calculus clusters

8 No Calc, Low HS 
Rank

258 Lowest HS Rank, below average science credits but almost 
all students have ACT English and Math scores within 1 

standard deviation below average

9 No Calc, Average, 
More Science

135 Worst performers on ACT English and Math, low HS Rank 
but take many science credits, credits comparable to the top 

cluster (Cluster 3)

Table 2. 
Description of clusters and respective sample sizes.
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split and retain the 5-cluster solution as the final number of clusters. A description of 
the finalized cluster solution is given in Table 2.

4.2.3 Gender distribution across clusters

Our analysis revealed that we could use clustering to find meaningful differences 
in groups. We then examined the proportion of female students in each cluster. Out 
of 3104 students, 1026 are female representing 33% of the students in the sample. 
Assuming that there are no systematic differences in the academic background 
between females and males, we expect to see about 33% of each cluster to be female 
students. Figure 2 shows a visualization of the proportion of females in each cluster. 
In Cluster 7 (No Calculus, Low ACTs), the proportion is close to the target value of 
33% with 34.3%; females are slightly below 33% in Clusters 1–3 (Calculus, Strong 
Less Science – Strong Overall). On the other hand, females are overrepresented 
in three out of the five non-calculus clusters and underrepresented in Clusters 4 
(Calculus, low HS rank) and 8 (No Calculus, low HS rank). Although these students 
had lower HS ranks they still scored well on the ACT English and Math tests relative 
to students in clusters that proportionally contain more female students (Clusters 5, 6, 
and 9). Students in Cluster 8 (No Calculus, Strong Overall) are very similar to stu-
dents in Clusters 1–3 when it comes to high school rank and performance on the ACT, 
except they did not have calculus in high school. The proportion of female students 
in a calculus cluster being average or below average shows that proportionally, fewer 
female students take calculus in high school (33%) than their male peers (45%).

4.3  Research question 3. Given cluster membership, are there gender differences 
in enrollment into STEM, specifically into MISTEM, and OSTEM majors?

In the overall sample, 48% of females chose to major in STEM and 74% of males 
chose to major in STEM. Of those who majored in STEM, 90% of males and 56% of 
females enrolled in MISTEM.

Using the cluster solution identified in Table 2, we examine the proportion of 
female students by cluster. As mentioned previously, if differences in enrollment by 
gender are within natural variation, we can expect about one-third of the students to 
be female in each cluster.

Even though the proportion of females in Clusters 1–3 and 7 are similar and close 
to average (see Figure 2), the enrollment in STEM majors is strikingly different. 
For example, females with a calculus background are consistently more likely than 
females without a calculus background to choose a STEM major. This is evident when 
comparing Cluster 7 to Clusters 1–4: female students with no calculus background are 
less likely than male students to enter STEM.

Within the same cluster, thus with similar academic background, a smaller pro-
portion of female students enroll in STEM than male students (see Figure 3). When 
we compare across gender and clusters, we see differences in this gap. For example, 
for Cluster 3, there is less than a 13% difference between males and females (94% vs. 
81%); however, in Cluster 7, this gap increases to 31%.

The lower enrollment rate for females is especially evident for students in the 
NoCalc, Strong Overall cluster. We mentioned before that this NoCalc cluster is simi-
lar in background to the calculus clusters, the only difference being that the students 
did not have calculus in high school. Males in this cluster, however, enroll in STEM at 
a similar proportion to their female peers who did have calculus.
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4.3.1 MISTEM and OSTEM

We then restricted ourselves to students enrolled in STEM in each cluster. 
Among those, Figure 4 shows that a higher proportion of male STEM students 
choose MISTEM than female STEM students. The trend is very apparent in the 
NoCalc clusters but is also present in the calculus clusters. Another way of say-
ing this is that more female STEM students choose OSTEM than male students, 
especially the NoCalc Students. There are two interesting clusters to contrast: the 
NoCalc, Strong Overall and NoCalc, Average More Science. They have the same 
proportion of females enrolling into STEM; however, a much higher proportion of 
females in NoCalc, Strong Overall choose MISTEM than the NoCalc, Average More 
Science cluster.

Most male students in STEM, independently of their cluster membership, chose to 
go into MISTEM majors. Female students with a calculus background are more likely 
to go into MISTEM than female students without calculus in high school. The percent-
age of females in MISTEM is high for the NoCalc, Low ACT cluster, but because we 

Figure 2. 
Distribution of gender across clusters.

Figure 3. 
Enrollment into STEM by gender.
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limited ourselves to females who chose STEM within the cluster and the females are 
underrepresented in this cluster, we find an even smaller proportion of females chose 
STEM.

5. Discussion and implications

Despite significant efforts to minimize the gender gap in STEM, differences in 
interest and enrollment between men and women still exist. Ensuring a globally 
skilled workforce that meets the needs of the 21st century requires a post-secondary 
education in STEM fields, yet the interest to pursue STEM begins prior to enrolling 
in college. Therefore, efforts examining pre-collegiate preparation and STEM enroll-
ment are critical.

We first examined the individual pre-collegiate variables of males and females. 
Similar to other research in this area [17–19], we found that overall, females and males 
have similar preparation although males are more likely to take calculus than females 
[16]. Examining these individual variables may lead to an assumption that these 
similarities in preparation are consistent across individuals and groups. However, by 
employing a more advanced statistical technique such as cluster analysis, we notice 
that when accounting for several pre-collegiate factors simultaneously uncovers (or 
reveals) marked differences in enrollment patterns within and across gender. For 
example, if we were to investigate just one variable, such as ACT scores, we get a dif-
ferent picture than when we combine variables such as standardized test scores with 
rank and/or GPA. For example, in our findings the combination of other factors such 
as enrollment in science courses, standardized test scores and high school rank results 
in variations in enrollment in STEM. Relatedly, the grouping of variables reveals dif-
ferences in STEM participation more broadly and in the types of STEM, i.e., MISTEM 
and OSTEM.

Females consisted of 33% of our overall sample, yet, their representation in each 
cluster varies from 12% in Cluster 4 to 49% in Cluster 5 (Figure 2). Females never 
reached 33% in any of the calculus clusters. Enrollment in STEM and type of STEM 
(MISTEM, OSTEM) also varies by cluster. The results in Figure 3 add/continue the 

Figure 4. 
Proportion of STEM students enrolled in MISTEM by gender.
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pattern of female underrepresentation in STEM. Although males and females follow 
overall a similar trend across clusters, female enrollment in STEM is consistently 
below male enrollment, confirming previous results that females chose STEM at 
lower rates than their male peers even when they are equally prepared [3]. The consis-
tency across clusters also confirms that this holds true for all levels of preparedness in 
terms of academic high school background. Patterns for males and females, however, 
were not entirely parallel and equal. While Cluster 3 shows the highest, and Clusters 
5 and 8 the lowest enrollment in STEM for both genders differences can be found in 
Clusters 6 and 7. For men there is little difference between Clusters 5 and 6 and larger 
differences between Clusters 6 and 7. For females, these percentages increase steadily 
from Cluster 5 to Cluster 7. Cluster 7 tells us that, despite being strong students, 
females who do not have Calculus in high school are much less likely to choose STEM 
than male students with the same background.

Further differences exist in enrollment by type of STEM. Figure 4 shows percent-
ages for enrollment into MISTEM above 60% for both genders in all calculus clusters. 
But females in non-calculus clusters show much more variation. Although females 
in Clusters 5 and 8 are equally unlikely to enroll into STEM having the lowest enroll-
ment rate overall, there is a clear difference in the rate at which females in Cluster 8 
enroll into MISTEM compared to Cluster 5. Interestingly, females in Cluster 8 enroll 
into MISTEM in rates comparable to females in any of the calculus clusters. Female 
students in Clusters 5, 6 and 9 are more likely to enroll into OSTEM than MISTEM 
while 75% or more of male students choosing STEM still enroll into MISTEM in those 
clusters. Overall, male students in STEM overwhelmingly choose MISTEM ranging 
between 73% in Cluster 6 to 94% in Cluster 8.

Our analysis limits our ability to understand why these differences occur. However, 
past research may lend some insights. For example, females are more likely to possess 
both high verbal and high math skills, whereas males are more likely to possess solely 
high math skills [47]. Due to the discrepancy between math and verbal skills, males 
tend to choose STEM careers, whereas females, who have a choice between verbal 
and math-centric careers, tend to choose non-STEM-related fields, opting instead for 
challenging fields that are more applied and practical rather than theoretical [46]. Of 
course, there are also work and lifestyle factors to consider; women are looking for 
work-family balance and value it more highly than men [48]. In addition to lifestyle 
values, there are also differences between social and moral career preferences with 
women tending toward occupations with a social, community, or altruistic compo-
nent and men tending toward careers that require working with objects [49].

Although our study cannot account for the reasons differences exist, the results 
have implications for research and practice. Our study illustrates a method that can be 
adopted by institutional leaders for use on their own campuses. Although this study 
was limited to one institution, we utilized commonly collected pre-collegiate data. 
Because of the availability of this data on most campuses, this study can be replicated 
in a variety of campus contexts. Institutions vary in their enrollment criteria and 
student populations; cluster analysis techniques afford the ability to select relevant 
variables and determine if unique groups emerge. Researchers have noted the impor-
tance of variables such as students’ race, ethnicity, and nationality and non-cognitive 
variables such as self-efficacy [50]. Future research could incorporate these additional 
variables.

Identifying these clusters is an important first step in a more comprehensive 
understanding of STEM interest and success. Once established, future efforts could 
examine the persistence and graduation rates of students in these clusters. The 
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research on the relationship between individual measures of academic preparation 
and persistence and graduation in STEM has produced mixed results. Examining the 
combination of these measures through cluster analysis would lead to a more nuanced 
understanding of the role of academic preparation in STEM enrollment. For example, 
if there was a consistent relationship found between completing calculus and gradu-
ation in STEM, regardless of other factors, the availability and enrollment in calculus 
courses in high school should be encouraged.

Qualitative research methodologies could help address the questions of “why?” 
Individual interviews or focus groups with students in each cluster could be con-
ducted to understand student choices in academic preparation or what aspects of their 
academic preparation contributed to their enrollment and success in STEM.

6. Conclusion

Minimizing the gender gap in STEM fields continues to be necessary to meet the 
needs of the global workforce. Academic preparation prior to enrolling in a post-
secondary institution influences students’ intent to pursue STEM; yet research efforts 
that investigate this relationship often are limited by focusing on individual variables. 
Our study uses an advanced statistical technique - hierarchical agglomerative cluster-
ing - that considers multiple factors simultaneously. This technique groups students 
into distinct categories based on a combination of academic preparation measures and 
by doing so, paints a different picture of the relationship between academic prepara-
tion and STEM enrollment than simply examining individual variables. Subsequently, 
these inconsistencies reaffirm that narrowing the gap requires a multi-faceted 
approach that consider academic preparation and non-cognitive factors. In addition 
to its research significance, there are valuable practical implications from this work. 
We demonstrate how this technique can be applied to institutional data; thus, we 
provide a valuable tool that can be utilized in postsecondary institutions for postsec-
ondary leaders to utilize in understanding enrollment patterns within their institu-
tions. Summarily, our study contributes to both research and practice through its use 
of a robust yet accessible technique that can be widely applied to quantitative data to 
uncover unique patterns largely overlooked by other approaches.
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Abstract

Educational robots are an exciting and growing field. While some (Lego
Mindstorms, for example) have been around for decades, most are only a few years
old and their durability is untested; exacerbating this are those only usable with apps,
that may become suddenly unavailable. This has created a nascent but significant
problem: schools investing significant time and money for educational robots with
little ability to know if they will work for years or just days. Other fields in science,
technology, education, and math (STEM) beyond computer science also encounter
this issue as more educational robots and apps for those disciplines permeate the
market. While this chapter analyzes this issue from a CS perspective, the lessons
learned can be applied to other STEM areas. This chapter explores the history of the
problem, documents several examples of devices that have succumbed, details the
unique and specific needs of school customers, and introduces the Computer Science
Risk Analysis Framework for Toys (CS RAFT) to help teachers and schools evaluate a
device purchase based on a holistic understanding of device longevity. This study will
also provide recommendations for CS and STEM educational robot designers.

Keywords: robotics, sustainability, tangibles, education

1. Introduction

Computer science plays a critical role in our technologically connected world, and
students will get exposed to many technologies within their early years of schooling
[1]. Computational thinking (CT) has been used to introduce students to computing
principles within the context of the subject areas they are learning, which helps make
it relevant to their understanding [2]. Robots for computer science education is a
rapidly blossoming field, growing from a handful of devices pioneered by people like
Michael J. Freeman in 1974 and Seymour Papert in the 1980s to over 80 different
modern devices available today, many with expansive ecosystems of teacher and user
resources [3, 4]. Teaching abstract concepts of CT through robotics is especially
helpful as it makes the abstract concrete and children can observe the direct results of
their programming commands on the robot’s actions [5]. What distinguishes these
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robots from robots designed for tasks like manufacturing is that they are specifically
designed and marketed to help teach introductory computer science concepts to K-12
students. They are typically small, cute, brightly colored, and have heavily anthropo-
morphic features. While there are some overlaps with robots designed for hobbyists,
CS and other STEM Ed robots are oriented not around accomplishing a task for the
task’s sake, but in learning concepts through built-in puzzles or challenges. CS Ed
robots are designed for children who might have no computer science experience and
are helped by adults with limited CS experience. In a decade where significant efforts
have been made to battle the stereotype of computer science and other STEM fields as
intimidating, these educational robots are friendly, fun, and a great entry point for
beginners [5].

CS Ed toys and robots are not only marketed for home use; they are also marketed
to teachers and schools where they will reach more children and have a greater
impact. Following a decade of breathless Kickstarter campaigns for CS Ed robots, a
nascent problem is that some of the robots which are sold as preparing children for the
future will not see the future themselves. These robots with volatile futures are likely
to become unusable within a year or two of purchase. Some other robots, though, can
turn out to be great investments that will help children discover joy in computational
thinking for years to come.

While in some settings it is acceptable to buy an educational device that is likely to
only work for a short period of time, most educators must be more judicious when
selecting and purchasing these robots. The process of learning about, selecting, pur-
chasing, and using these robots is an investment that needs to return a reasonable
number of hours of use [6]. The longevity of these smart tangibles impacts more than
just budgets; teachers and students invest significant time and emotions into robot
initiatives [7]. Frustrating experiences do not help schools promote CS to their stu-
dents, especially for those who are underrepresented in CS. Robots that cease to
function—colloquially referred to as “bricked”—only contribute more e-waste to the
world. As sophisticated educational technologies continue to evolve, it is important
for educators, administrators, and other supporters of science education to be able to
discern good investments from the bad. When faced with choosing between over 80
different devices (with more hitting the market every year), how does an educator
know which is which? What questions should an educator ask when evaluating dif-
ferent products? What qualities should they look for to minimize the risks they are
most vulnerable to? This chapter will explore the importance of long-term support in
robots and will present a framework to assist educators in answering those questions.

The literature review will begin by discussing how other areas of computer science
deal with similar problems of long-term support.

In part one of the findings section, examples of the problem with CS Ed robots will
be explored. Part two will describe examples where a device was bought in a sealed
package but was either unusable or had greatly reduced capabilities.

Part three of the findings section will introduce a proposed framework for educa-
tors to use when evaluating a potential CS Ed robot purchase and what kinds, and
degrees, of risk may be incurred. An example of the framework being applied to a
device is provided.

In limitations and future work, we will lay out a vision for further development of
the framework so both consumers and designers of educational robots can move
towards a future where robots are, if not everlasting, at least reasonably durable.

Finally, although this chapter approaches this problem through the lens of computer
science, the analysis and framework can be applied to educational robots in other fields.

134

Advances in Research in STEM Education



Issues around reliance on companion software, narrow compatibility with hardware,
difficult to replace parts, and trust in companies with little history are not unique to CS Ed
robots, and any educator considering purchasing an educational robot should be aware of
these potential issues and apply the provided framework on a potential purchase.

2. Literature review

To motivate the need to address the problem of long-term use and stability in CS
educational robots, we start by looking at the related issues as described in the litera-
ture.

2.1 Long-term support in computer science

Long-term support (LTS) for software is essential to the longevity of a product.
LTS starts when software has all intended features released and is considered com-
plete. During this phase, there will be no more additional features, and updates are
limited to security and bug fixes. Security updates are necessary for internet-
connected devices as flaws are identified after the product has been released and
people have had time to analyze the software for defects. However, while some
software is released with LTS, for most software it is not added. Software that is
widely used or used by a major investor of the software’s parent company is more
likely to get an LTS stage.

A great implementation of LTS is the Ubuntu operating system’s kernel. Ubuntu
takes the approach of releasing new editions of their Linux kernel every 9 months and
an LTS version of their kernel every 2 years. Ubuntu defines LTS as enterprise-
focused, compatible with new hardware, and prioritizing testing over-development
[8]. When a kernel is released as an LTS version, there will not be more features
released and it will not use unstable packages or cutting edge software elements. The
LTS is well documented for users: in the Ubuntu Wiki, there is a specific page on LTS
defining exactly what LTS means to them and the standards they adhere to, and a
short definition of LTS so users know that the kernel is different than their usual 9-
month release. Users who download Ubuntu LTS kernels have a guarantee that the
software they are downloading will be supported for 5 years.

Long-term support is not just a commitment to software updates and fixes, but
also a commitment that the software will be funded and supported during that time.
Funding is necessary so the software will have adequate customer support and other
technical documentation available. When an LTS version is released, it is a sign that
the company is confident that the product will last for the LTS period and that they
are willing to fully support it for the full duration of the product lifetime. That
confidence is not present in CS Ed robots, which creates the possibility that a school
may invest in a product hoping for 5 years of service only for the company to abandon
the product several months later.

2.2 Software Escrow

Software Escrow is a way to preserve the original source code in the case the
original developer can no longer continue support for their work. The contract is
between a client and developer, with the escrow agent acting as the storage for code
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that the developer creates. They perform checks and verification of code and ensure
all code is submitted properly [9].

Escrow is an additional layer of guarantee on top of a license to use proprietary
software; it is treated as an insurance policy if the licensed code is abandoned [10].
Source code is defined on each escrow contract. It normally includes source code,
libraries, test data, databases, and documentation. Any quality assurance needs are
also defined in the contract. Various methods could be used to assure code quality, but
they need to be defined by the client. It is not typically guaranteed with the provided
source code they could continue the development of the codebase.

2.3 Schools’ technology budget

The most obvious problem with CS educational robots which quickly or unexpect-
edly break is the cost [11]. Many K-12 schools already struggle with the onerous burdens
of affording technology with average spending of $18,000 per school per year for
computer upgrades alone [12]. CS Ed robots are most effectively and substantially
integrated with classroom instruction when there are enough for a class set (as opposed
to one or two devices used in self-directed free time), but with the average per-student
price of a CS Ed robot being $140, a classroom set quickly runs into the thousands of
dollars. The additional context of many free, high-quality options to learn CS (such as
Scratch or code.org) creates a high burden of expected usable hours for educators to
justify an investment in CS Ed robots. Schools which serve low-income and under-
served populations are both most likely to benefit from the engagement of CS Ed robots
and the least likely to be able to afford to invest in an unreliable product.

Any investment in new technology is made with the expectation that the new
technology will last for a reasonable duration, typically at least a couple of years, and,
in the case of hardware and tangibles, withstand the normal wear and tear students
may inflict.

Furthermore, school technology is often funded by grants or one-time funding
opportunities that pay strictly for the hardware and not any of the maintenance costs.
This is a potential problem for tangibles because their moving parts mean they have a
higher maintenance burden, and companion software can have subscription fees. The
Unruly Splat tangible, for example, requires a subscription for the Splats to be used,
the app to be accessed, and other customer service perks. CS Ed robots with apps that
are free initially may not remain free. Therefore, while grants are often used to kick
start the purchase of new CS Ed robots, ongoing costs for maintenance of devices that
fall outside the normal computer lab IT support will be an issue [13]. Furthermore, CS
Ed robots have software that is not updated regularly may require a school to keep
older iPads or tablets supported. If money is not set aside for maintenance, then high-
risk CS tangibles would not be an option, no matter the educational benefits.

2.4 Teacher’s time

Another limited resource for schools that deserves protection is a teacher’s time. It
takes a substantial investment of teacher time to select, learn to operate, maintain, and
prepare classroom activities for CS Ed robots. It is also difficult for teachers to get
“hands-on” experience with a robot before purchasing it: researching options is time-
consuming, complicated, and must be done outside of school hours. Integrating new
tangibles depends on many factors, such as compatibility with their past experiences,
complexity of the technology, and if they can try it out before committing [14].
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While most robots are sold with some guidance on how to use them in an educa-
tional setting, teachers still need to become familiar with the device and customize it
for their teaching style and classroom context. If a robot is usable for a limited length
of time, it is a waste of teacher time.

Wasting teacher time can have long-term ramifications. The field of instructional
technology and CS education has a long history of new technologies which are heavily
promoted yet do not fulfill the promises made, which can contribute to teacher
skepticism about educational technology [15]. Therefore, it is important that teachers
and schools can plan their tangible investments to be worth the investment over time.

2.5 App security

For the many CS Ed robots which rely on apps, the discontinuation of product
support can create serious security vulnerabilities. Risks include exposing personal
data of children used to create the user accounts, revealing payment methods for any
“in-app purchases,” giving malicious actors access to a device’s camera or speakers, or
even allowing a malicious actor to hack the app such that harmful content is displayed
[16, 17]. It can even create legal liability for schools that have an obligation to protect
student data [18].

2.6 Toys and E-waste

CS Ed robots which break or become bricked are likely to become electronic waste,
or e-waste, as repair options are typically non-existent. The issue of large amounts of
e-waste being generated by prematurely obsolete technology already exists. To give an
idea of the scale of this problem, in 2012 the global e-waste totaled around 45.6 million
metric tonnes [19]; in 2019 that value totaled over 53.6 million metric tonnes (on
average 7.3 kilograms per capita) [20].

Tangibles can create e-waste in two ways. First, if the toys are irreparable, then
those that break will be thrown away and new toys will be purchased to replace them.
Secondly, if the tangibles are not backward compatible, or a new generation fully
replaces an old version, then the older generations of the tangibles become obsolete
and must be thrown away. In addition to the tangible itself, additional technology that
is required that becomes obsolete can become a source of e-waste.

2.7 Emotional attachment

Finally, one of the features which help CS Ed robots do a great job of teaching
beginner CS topics is how students become emotionally attached to the robots (which
actually can contribute to students’ success at solving coding challenges [21]). Chil-
dren can become very emotionally attached to their robots [22, 23]. When the devices
stop working, it can create distress [24, 25].

3. Methodology

This study uses artifact analysis as a methodology for analyzing the various design
and user experience factors related to robots and smart tangibles. Artifact analysis is a
process by which an artifact is analyzed to understand the design philosophy of an
artifact and study its users [26]. Designers may use this process to generate pristine
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ideas for future designs. As an active process, artifact analysis may require additional
primary or secondary research to understand the full implications of a product’s
design or usage [26]. Researchers can use various inquiry routes to closely analyze an
artifact’s various aspects, such as material, spatial features, functionality, and interac-
tivity. In the process of analysis, researchers explore the data to tell them more about
the aspect they are interested in [27]. The advantage of conducting an artifact analysis
is that it does not require human research participants while yielding useful insights.
The disadvantage of using this form of analysis is that it does not lend itself well to
considering other factors outside the design or usability of an artifact, such as some of
the questions we ask in our risk analysis frameworks like company history, product
history, or legacy support.

In this study, having motivated the need for a way for educators to assess a CS Ed
robot’s stability, we purchased two dozen different CS Ed robots and then examined
them for design features that would cause them to stop working. We used this
information, in combination with consulting several educators who have worked
extensively with CS Ed robots and customer product reviews to design the Computer
Science Risk Analysis Framework for Toys (CS RAFT). To validate that the frame-
work was accurate, comprehensive, and easy to use, we then used the framework to
analyze six smart tangibles, after which we re-designed and improved the framework.
The robots and smart tangibles that we analyze are Learning Resources Code and Go
Robot Mouse Activity Set, Makeblock Codey Rocky, Makeblock CodeyBot, Wonder
Cue Robot, Wonder Dash Robot, and LEGO Mindstorms EV3. We included the Code
and Go Robot Mouse Activity Set as a typical example in this chapter; the analyzes of
the others were omitted for space.

4. Findings

When it comes to CS education products there are little to no LTS options avail-
able. The phrases “Computer Science Education” and “Long-term support” returned
no relevant papers on the first five pages of Google Scholar. In particular, no relevant
research has been found about how to create general plans for LTS for CS education
tangibles.

4.1 Issues identified

We identified a variety of potential ways in which a CS Ed robot may be rendered
inoperable before its expected end-of-life. The largest risk is for devices that require
apps or external programs. If the companion software is no longer updated, the
product servers are taken offline, or the software becomes unavailable because it is
removed from the relevant app store, then the robot may cease to be useful. An
example is the Jibo robot: after the company was sold, owners were initially told their
devices would largely stop functioning as the servers were turned off. The company
was subsequently sold again, and as of the writing of this chapter, users are waiting to
find out more [28]. These events can occur suddenly due to a company closing or the
device’s manufacturer gearing up to promote a new product.

Another way the devices may become inoperable is if the software is given a large
enough update that outpaces the computing power of the hardware (tablets, laptops,
etc.) that the school has access to.
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Some devices have subscription models on their software, which may be afford-
ably priced when the school purchases them but can increase to unaffordable levels.

The next most likely risk to a CS Ed robot’s long-term stability is having parts
break. Some are not designed for realistic durability given children’s use profile or are
constructed of custom plastic parts and electronics which are difficult or impossible to
replace once broken. Others have parts that are small and easy to lose, especially in a
classroom environment. Some robots may be designed with constant adult supervi-
sion in mind, which schools with low faculty-to-student ratios cannot afford.

On a product-by-product basis, the hardware may have short-term support in
terms of limited warranties, but for the many that require supplemental software or a
mobile app, there is often little mention of any software warranty or support. The
Sphero device is a good example of a typical warranty: a 1-year warranty for the
hardware but none for the software or its availability. Others (such as the Ozobot Evo,
Wowee Coji, Sphero, and OsmoBot) were found to have a hardware warranty for only
30–90 days after purchase, but no software warranty. The Ozobot Evo goes as far as
stating in section 13 of their Terms of Service that they do not guarantee any of the
results they advertise on their website [29]. These types of warranties are a poor fit for
schools that plan curriculum far in advance and very well might not get the devices in
front of students within 30 days of purchase. Often there is no mention of a develop-
ment life cycle for the apps or other accompanying software and no ability to predict
when (or if) updates and bug fixes will occur.

4.2 Examples of abandoned robots

We analyzed two CS Ed robots that succumbed to some of the issues above: Codeybot
and Codie. Codeybot was made byMakeblock after a successful 2016 Kickstarter (raising
almost $200,00) and was extensively covered by popular media. Codie (made by Codie
Labs), which was designed through several startup weekends and won awards, was
featured in numerous press outlets while raising $96,306 on Indigogo [30].

4.2.1 Codeybot

Codeybot was expressly marketed to teachers, offering them a discount and
promising, “Are you an educator? We want to help you bring coding to your class-
room!.” The authors were able to purchase a Codeybot new inbox on Ebay. It would
turn on, but the Android app was no longer available; out of the two iOS apps, the one
that let you manually control the features was last updated in 2016, and the one to
learn to program was updated in 2018. When the company was emailed, they said
they were no longer supporting the app as the device is in “End of Life.” The website
documentation had broken images. The company had not yet responded to a question
about what the end of life process was and what support was offered to current
owners. The device had sturdy construction but an embedded battery which will
likely be the cause of its eventual failure.

4.2.2 Codie

The authors were not able to obtain a Codie robot despite an extensive search.
However, despite the Indigogo campaign’s claim that “Codie is designed with durability
in mind,”wewere able to assess that devices that have shipped had limited functionality
and are now likely no longer usable [31]. Although the Indigogo campaign claimed in
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December of 2015 that the app would be available soon, the company shuttered in
August of 2016. It appears that a handful of the almost 700 backers received devices that
did work, but the software did not have “play or create”modes. One comment on the
campaign said that they had received an email from the company where the company
claimed its future was dependent on selling a lot of Codies to schools. One of the last
comments on the campaign was: “Would have been nice if they would at least release
the code and build specs so we could build our own.”While this is an extreme case of
how CS Ed Robots can be negative experiences for educators, most CS Ed robots sold
today are vulnerable to the issues which doomed the Codie.

4.3 CS RAFT (Computer Science Risk Analysis Framework for Toys)

We developed CS RAFT in order to assist educators to identify the risks associated
with buying educational tangibles for their classrooms. The framework is divided into
four major categories: Contents, Concepts, Company, and Community.

Each educator may have access to different resources, and risks that can be taken
on by one educator can vary from those that can be taken on by another. As such, the
framework does not aim to assign a single value for risk or make any recommenda-
tions regarding purchases; instead, it is designed to present an educator with the
essential questions to answer in order to make an informed decision about the risks
they are willing to take.

As an example, we analyzed the Code and Go Robot Mouse Activity Set from
Learning Resources. This standalone robot does not require any additional software or
hardware and therefore has no risk of software incompatibility or deprecation issues.
Learning Resources is a well-established company with many products and has a low
risk of dissolution. However, community feedback suggests issues with quality control
on the wheels, especially over repeated use in a classroom, and a broken wheel
requires the entire robot to be replaced. An educator on a grant-funded program that
can afford many replacements for a shorter-term project may be willing to take on this
risk, while another educator looking for a long-term toy to use as a supplement in their
classroom may not.

4.4 Advice for designers

For new robots that are being developed, there should be considerations for the
longevity of the device. New devices could be improved if there were plans for both
software and hardware flexibility so that in the case the project is discontinued, there
would still be a way for users to continue enjoying the device to its fullest potential.
Reaching out to the target community and getting feedback from end-users could help
generate a solid customer base for the robot to ensure the success of the product. Finally,
we encourage CS Ed robot manufacturers to work towards standards for communicat-
ing with the devices such that software can be replaced if it becomes unavailable.

In addition, robots should be made as modular as possible, and replacement mod-
ules and parts should be available for purchase. As students use the robots in the
classroom, not all robots will break in the same fashion. Rather than forcing educators
to purchase an entirely new robot because of one broken wheel, giving them the
option to replace just the wheel (perhaps with one 3D printed from provided specifi-
cations) and repair the robot themselves would be ideal. This will allow for less e-
waste and long-term use in the classroom and ultimately more educators being willing
to invest in devices.
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5. Contributions

This research highlights and documents a new and growing problem facing K-12
CS educators: the unpredictable longevity of CS Ed robots. To address this problem,
this chapter presents a novel framework, CS RAFT (Computer Science Risk Analysis
Framework for Toys), which can aid educators in understanding the risk profile of CS
Ed Robots when selecting them for purchase, and can be of use to robot designers and
manufactures in developing more devices.

The CS RAFT framework can be applied to educational robots and toys outside of
computer science. Tangibles in all facets of education are evolving to integrate more
technologies like robots with complex microcontrollers, companion software, and
augmented or virtual reality systems. Happy Atoms teaches students chemistry and
physics through modeling atoms and compounds using plastic pieces that can then be
scanned with a tablet running a companion application. The application offers more
information on the scanned molecules, guided learning tools, and more. Miko 3 is an
artificial intelligence-driven robot that engages kids with a variety of STEAM (Sci-
ence, Technology, Engineering, Arts, and Math) topics through its catalog of games
and tools. Tools like Happy Atoms and Miko 3 have similar concerns to the CS Ed
robots discussed in this chapter and should be analyzed through the CS RAFT frame-
work. Educators may ask themselves about the usability of the Happy Atoms models if
the companion app stops being supported, or the cost incurred at a school of recurrent
payments for the Miko Max premium subscription.

6. Conclusion

In conclusion, there are numerous and significant impacts of CS Ed robots becom-
ing prematurely unusable, but as we find in other areas of computer science, software
and hardware longevity is a problem that has a number of solutions. This problem
extends to all other “smart” devices which educators purchase, and while there are
legal frameworks available in some countries to give customers remediation, for now,
there is little protection for consumers in the United States. Educators would benefit
from being able to make purchases based on a more informed risk profile of CS Ed
robots, and designers could do more to prevent this problem. The CS-RAFT frame-
work presented in this chapter can assist anyone poised to make a significant invest-
ment in a CS Ed robot to look more critically at the qualities of the robot. Applying the
framework can better inform the purchaser on the potential risks of investment and
make smarter decisions about the choice, use, or quantity of the robot. We hope this
work will motivate more research in this area and move us towards a future where CS
Ed robots are confidently purchased by educators with the expectation that they will
last long enough to validate their investment.

7. Limitations and future work

One limitation is the rapidly evolving space of how robots are used to teach
computer science, of legal frameworks around “fitness for sale,” and of norms and
standards in manufacturing robots. It is possible, although unlikely, that a solution
will naturally arise in one of those spaces between the writing of this chapter and its
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publication. Another limitation is the limited amount of user testing our framework
could receive from teachers who use CS Ed robots; this was primarily caused by the
pandemic both reducing the use of tangibles and its impact on teachers’ available time
to assist in research. In future work, we will partner with teachers to extensively use
and give feedback for the next iteration of the CS RAFT.

Appendix A

A.1 Risk analysis framework

Use the framework below to guide your computer science toy risk analysis, and
consider your organization’s needs and available resources. A toy that has high-risk
factors in one category may still be worth investment. For example, a toy produced by a
new startup with little history may seem risky from a company perspective, but if the toy
can be easily maintained by the user, long-term company support may not be necessary.

A.1.1 Contents

The contents category considers the hardware and software of the toy itself to
assess the impact of long-term wear, lost or broken materials, and discontinued
support. While self-contained, independent toys run the risk of being difficult to
repair or replace, they are also immune to issues arising from the interfacing tablet or
computer. Educators should consider the resources available to them when evaluating
the weight of the focus points in this section.

A.1.1.1 Software flexibility

• What app or software does this toy need?

• This app or software must be online and/or connected to a server. ☐

• This app or software is open-source. ☐

• This app or software is third-party software (e.g. Arduino IDE). ☐

A.1.1.2 Hardware flexibility

• Additional technologies required to play with this toy:

◦ Personal computer/laptop ☐

◦ Tablet (e.g., iPad) ☐

◦ Other (e.g., Infrared camera, light sensor) ☐

• List any specific requirements for the hardware required (e.g., Must be an iPad;
no Android tablets)

• Batteries are easily replaceable ☐
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A.1.1.3 At-risk parts

Wheels, buttons, and small supplemental parts are at high risk of being lost,
broken, or worn down even under proper use.

• This toy has:

◦ Wheels ☐

a. How vital are the wheels to learning with the toy?

◦ Buttons ☐

a. How vital are the buttons to learning with the toy?

◦ Supplemental parts ☐

a. List any supplemental parts that are vital for learning with the toy.

A.1.1.4 Replaceability

Consider the at-risk parts checked in the section above.

• How much does this toy cost (per unit)?

• Does the company offer replacements for at-risk parts?

• Can any of the at-risk parts be substituted by another off-the-shelf item?

• Can any of the at-risk seem repairable by the user?

• What is the warranty on the product?

A.1.2 Concepts

The concepts category considers the learning objectives, overall design of the toy,
and the nature of play while using the toy. Adopting a new robot into the classroom
environment requires investment beyond the price of the toy, such as lesson planning
and teacher training. Choosing products that share similar concepts with others on the
market can mitigate some of the risks involved in those investments, as those similar
toys can be interchanged with minimal edits to the lesson plan. While there may be
benefits to using a highly specialized toy, purchasing robots that are extremely unique
in their conceptual design pose a higher risk to the educator of having non-
transferable content if support for the toy is discontinued.

A.1.2.1 Core concepts

• What computer science concept does this toy aim to teach?

• Is this toy a self-guided toy, or does it require teacher facilitation?
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A.1.2.2 Interface and accessibility

• How do people interact with the toy (e.g., touch screen, voice commands)?

• Does it meet the accessibility needs of your audience?

• How much space and preparation does this toy need?

• How many people can share the toy at once while being effective?

A.1.2.3 Estimated effective playtime

• Howmuch time does the toy need to be played with for fun and effective learning?

• This toy requires continued, long-term progress on the same toy. ☐

A.1.3 Company

The company category considers the history and nature of the company that pro-
duces the toy. While it is difficult to predict the future of a company’s direction,
trends within the company for previous versions of the toy or related toys can be
useful for understanding the risk of committing to using the toy long-term. Reliable
support from a well-established company can mitigate some of the uncertainty
involved around buying specialized, delicate, or otherwise risk-carrying toys.

A.1.3.1 Company history

• When was this company established?

• This company makes products beyond computer science education toys. ☐

A.1.3.2 Product history

• When was this product released?

• When was the last time the software for the toy received an update?

A.1.3.3 Versions and variants

• Are there previous versions or variant versions (e.g., same toy, but branded with
a popular movie franchise) of the toy?

• Are previous versions still supported and marketed?

• Are parts backward-compatible with previous versions?

A.1.3.4 Legacy support

• What is the company policy on supporting legacy products?
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• Is there evidence of products becoming open-source once discontinued?

A.1.4 Community

The community category considers the relationship between the toy and its various
users, and analysis in this section can inform the answers to other categories in the
framework. Ratings and feedback from the community can be litmus tests for com-
pany responsiveness, and they can also inform the user of risks of breakage or loss. A
rich community of educators supported by first and third-party resources such as
lesson plans, video demonstrations, and professional development opportunities can
suggest signs of a stable toy.

A.1.4.1 User feedback

• What are the ratings and reviews from other users?

• Record any common reasons for critical comments and concerns.

◦ The company responds to these public comments. ☐

A.1.4.2 Community forums

• A public forum for this toy exists (official or otherwise) for educators to
participate in.

◦ This community is active (most recent activity is within the last month). ☐

A.1.4.3 First-party resources

• The company offers the following resources for educators:

◦ FAQs ☐

◦ Educator guides/lesson plans ☐

◦ Educator training/professional development ☐

◦ Video guides and demonstrations ☐

◦ Other resources (list them):

A.1.4.4 Third-party resources

• There are the following resources created by other educators and users for this toy:

◦ Educator guides/lesson plans ☐

◦ Customized extensions or parts ☐

◦ Video guides and demonstrations ☐
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◦ Student artifacts ☐

◦ Other resources (list them):
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