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ABSTRACT 
The STEM approach, which has been included in the education literature with increasing value in the last 
decade, has also drawn researchers’ attention to the process of learning and teaching mathematics. In this 
study, the views of mathematics teachers, who were involved in in-services STEM-training, were evaluated 
under the themes of integration with the curriculum, limitations in implementation, and attitude 
development. A qualitative case study was carried out with 36 secondary school mathematics teachers. Data 
were collected with a questionnaire form two different types of STEM tasks (engineering design sets and 
coding) and analyzed with descriptive statistics. The results of the study showed that the participants’ views 
on the usefulness of STEM tasks in mathematics teaching are positive, but they have difficulties with linking 
the tasks to the mathematics curriculum. Participants find coding tasks more applicable than the engineering 
design and building tasks. Suggestions are made for teacher education and textbook development. 

Keywords: STEM, mathematics teacher, coding tasks, engineering tasks 
 

INTRODUCTION 

One of the goals of education is to prepare individuals for the competencies needed in the 21st century and to 
train them well-equipped in this sense. Several revisions are made in different education systems around the world 
to improve skills such as creativity, critical thinking, problem-solving, and digital literacy (MoNE, 2016; NCTM, 
2000). The STEM (Science, Technology, Engineering, and Mathematics) approach provides educational content 
that will enable future generations to be successful in STEM fields and helps the transition into digitalization and 
thinking on the basis of technology (NRC, 2011; Stohlmann et al., 2012; TUBITAK, 2016). Therefore, so as to 
obtain the competencies that the 21st century requires, training teachers for STEM education and preparing 
programs in accordance with the content required by interdisciplinary relationships are two important issues. The 
STEM-based curriculum not only aims to lead students to solve real-world problems but, thanks to their sufficient 
education and equipment in the field of STEM, also makes them future implementers of such curricula (Wang, 
2013). Unlike the learning outcomes-based perspective of the traditional curriculum, the STEM education 
approach has an integrated skills-based philosophy in mathematics education (Bybee, 2010; NRC, 2011). Another 
key component that makes an educational approach or curriculum useful is how effectively this approach is used 
by teachers in their teaching practice. However, it remains unclear how much the STEM approach is adopted by 
the practitioner teachers in mathematics education and how well this approach is compatible with the current 
mathematics curriculum. Various studies in the related literature mainly consist of the developed scales and 

mailto:eyup.sevimli@medeniyet.edu.tr
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attitudes towards STEM education and in some other studies, science teachers’ views are evaluated (El-Deghaidy 
et al., 2017; Li et al., 2020; Tseng et al., 2013). Among all these studies, there is limited research on mathematics, 
which is one of the stakeholders of STEM disciplines. However, it is important to consider the mathematics 
discipline, which students have difficulty in associating with daily life, but which also includes STEM skills such as 
modeling, measuring, and using numbers, within the STEM approach. For this reason, the aim of this study is to 
evaluate the views of mathematics teachers about using STEM tasks in their teaching practices. In the present 
study, answers to the following two questions were sought:  

1. What are the views of mathematics teachers about the usefulness of STEM tasks in secondary school 
mathematics teaching?  

2. Which mathematical skills can be improved with STEM tasks according to the views of mathematics 
teachers? 

Conceptual Framework 

What is STEM education? 

STEM, which emerged as a product of the initiatives of some institutions and foundations in the early 1990s 
to solve various problems in the American workforce, has now found a place in education policies globally (NRC, 
2011). STEM education has become more important as it is developed as an integrated effort that eliminates the 
traditional barriers between science, technology, engineering and mathematics, and attaches importance to 
innovative skills with the help of the contemporary technology (Kennedy and Odell, 2014). There are different 
definitions for STEM education in the literature. According to Bybee (2010), STEM education is an approach to 
improve the use of technology and designing products in science and mathematics teaching so as to increase 
students’ understanding of how things work. Some other definitions of STEM education are: a multidisciplinary 
model that helps the development of skills in science, technology, engineering, and mathematics (Tsupros et al., 
2009); the new generation curriculum for associating two or more STEM disciplines (Kelley and Knowles, 2016); 
simultaneous teaching of science and mathematics contents through the use of technology/engineering design 
(Kang et al., 2013). As stated above, although there are various definitions regarding STEM education, the common 
feature of these definitions is that they emphasize “interdisciplinary nature”. Apart from other educational 
approaches, STEM education is skills-oriented and integrative. 

Many studies in the literature examine the impact of STEM education on teachers’ perceptions or/and students’ 
skills (Bergsten and Frejd, 2019; Margot and Kettler, 2019; Park et al., 2016; Wang et al., 2011). The STEM 
approach, which finds a place in the field of education with a pragmatic agenda, has a claim to contribute to the 
development of skills that will be needed especially in the 21st century. These skills can be listed as critical thinking, 
collaboration, leadership, mathematical modeling, and productivity (Drake, 2012; Li et al., 2020; Stohlmann et al., 
2012). According to Stohlmann et al. (2012), as the integration of STEM subjects into the curriculum increases, 
students can improve their critical thinking and problem-solving skills more effectively. Comparisons of 
international perspectives on the different policies and programs of each country show that many countries place 
STEM education in their systems with an increasing interest (Marginson et al., 2013). For instance, the Scientific 
and Technological Research Council of Turkey (TUBITAK), aims to create a “welfare society” that is literate in 
every subject of technology and science, and able to produce new technologies, use them consciously and 
transform the technological developments for the benefit of the greater society and economy (TUBITAK, 2016). 
To contribute to the training tasks of participants, some universities in Turkey have started to introduce STEM 
centers from which teachers and prospective teachers can benefit. Today, certificate programs are carried out in 
the Continuous Education Centers of more than 20 universities in Turkey to provide teachers with professional 
awareness and the workshop skills that they can use in their classrooms when it comes to STEM education. 
Although STEM terminology was not included directly in the mathematics curriculum of Turkey, attention is 
drawn to the interdisciplinary integration in the teaching process (MoNE, 2018). With the interest in STEM 
education in the field, researchers started to discuss the role of teachers in this approach. 

Teachers’ perception on STEM education 

It is important to evaluate teachers’ perceptions to understand the usefulness of an educational approach or 
method in classroom practice. STEM education research conducted with teachers’ perceptions in the relevant 
literature can be grouped under two headings. These are STEM practices of teachers and teachers’ attitudes and/or 
views on STEM education. In these studies, particularly the teaching of science concepts or the views of science 
teachers were considered as the central discipline in STEM education. In one of these studies, Wang et al. (2011) 
found that STEM professional development programs for teachers provided more opportunities and connections 
on how to use STEM integration for teaching their disciplines. El-Deghaidy et al. (2017), in their study about 
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evaluating the science teachers’ views regarding STEM pedagogy, found that teachers have concerns about their 
under-preparedness to enact STEM practices. 

In recent years a considerable number of surveyed science teachers’ attitudes towards STEM education, but 
few researchers have addressed the views of mathematics teachers in STEM environment (El-Deghaidy et al., 
2017; Margot and Kettler, 2019; Tseng et al., 2013). In the literature concerning the processes and the evaluations 
of the STEM education approach in mathematics teaching, researchers generally have addressed the issues of 
students’ mathematical achievement or mathematical modeling (Bicer et al., 2015; Stohlmann, 2017, Ozdemir et 
al., 2018). In one of the studies about academic achievement, Bicer et al. (2015) compare schools with and without 
STEM education in the USA in the context of 9th-grade mathematics achievement. The results of the study show 
that the mathematics achievement of 9th-grade students in schools applying STEM education is higher than those 
of the students at the same grade level in a school not practicing STEM. The contribution of STEM education to 
mathematics achievement is still discussed (English, 2016). Unlike other disciplines, mathematics is assessed by the 
legitimate principles of the discipline itself, while other disciplines are used as motivational contexts or application 
areas of mathematical methods (Bergsten and Frejd, 2019). Mathematics is already embedded in the process of 
evaluating disciplines such as science and engineering. A study revealing the contributions of the STEM education 
approach in terms of mathematical skills development has not been available in the reviewed literature. 

STEM tasks and curriculum integration 

The most important challenge encountered in STEM education is the problem of curriculum integration. 
Sometimes a new curriculum is developed to overcome this problem, but if STEM activities are integrated into the 
existing curriculum the current curriculum and the role of teachers needs to be monitored more closely (Bergsten 
and Frejd, 2019). The skills-oriented advantages of STEM education can benefit from teachers who are well-
equipped in STEM education (Wang, 2013). The most important part with which teachers may have difficulties 
and prove inadequate during the implementation of STEM education would be the lack of content knowledge and 
attitudes towards integrability of STEM disciplines (Estapa and Tank, 2017; Park et al., 2016). Ozdemir et al. (2018) 
found that teachers have been incompetent in integrating and interpreting different disciplines, which is the most 
important part of STEM education. Wang et al. (2011), on the other hand, investigated teachers’ beliefs about the 
use of integrated STEM from the perspective of branch teachers, and they determined that while science, 
mathematics, and engineering teachers have a common problem-solving process, STEM teachers in different 
disciplines have different perceptions about integrating STEM, thus emphasizing the variety of skills in 
applications. 

The usefulness of STEM education also depends on the type of tasks or activities used in the integration 
process. Engineering design sets, or accessible materials may be used when developing a task in STEM learning 
environments. Another approach considered influential in teaching mathematics through STEM education is 
coding, as a result of which recently more attention has been given to coding education in STEM research. It is 
not yet known whether the coding tasks carried out within the framework of STEM education are effective for 
teaching mathematics. However, studies conducted with a coding program such as Scratch or Mblock can offer us 
an idea in this sense. Calder (2018) evaluated the effect of Scratch on 10-year-old students’ mathematical skills and 
the findings showed that mathematical thinking, including geometry and problem-solving processes, was facilitated 
through these applications. In another study conducted with a similar purpose, Iskrenovic-Momcilovic (2020) 
examined the effectiveness of Scratch’s application in mathematics in the study of basic geometric shapes and 
found that the coding tasks, which are added to the curriculum, have allowed mathematics to become more 
interesting to students. In the experimental research evaluating the coding tasks developed by STEM-trained 
preservice mathematics teachers, it has been determined that the participants tended to develop tasks for the 
domains of geometry and measurement and focused mostly on algorithmic thinking and visualization skills within 
the task (Ozdemir et al., 2018).  

In summary, with the increasing interest of researchers in STEM education and the international recognition 
that this approach has gained, other questions that need to be answered are how these efforts are reflected in 
classroom practice and what teachers’ views are about the usefulness of STEM education must. In this sense, 
research that examines how mathematics teachers, as the implementers of the curriculum and stakeholders of the 
STEM disciplines, practice their STEM education in teaching environments is crucial for a direct reflection on the 
learning-teaching processes. 
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METHOD 

Research Model and Participants 

This research focuses on a detailed and comprehensive examination of teachers’ views and practices regarding 
an educational approach (STEM). The case study design was used in this research to understand the skills and 
mathematical subjects that teachers consider when using STEM tasks in their classroom practice. The case study 
is a detailed examination of a phenomenon with a holistic approach, and it is used by researchers to understand a 
situation using “how and why” questions (Yildirim and Simsek, 2013). Qualitative data from case studies must 
enable in-depth analysis and shed light on the contribution of other components that occur around the case. Unlike 
survey design, the case study design deals with a phenomenon occurring in and around a group of participants that 
is investigated in-depth and with multiple tools. The case in this study is the usefulness of STEM tasks in teaching 
practice.  

For the opinions expressed by the participants about an educational approach to be representative of an 
authentic situation, the participants must be involved in this education beforehand. Therefore, the participants 
included in this study were chosen from among the mathematics teachers who participated in an in-service 
professional development program for STEM education. Purposeful sampling technique, which is appropriate to 
the qualitative research paradigm, was utilized in the present research because purposeful sampling provides rich 
data that can be analyzed in detail and used for the evaluation of situations (Creswell, 2009). The participants of 
this study are thirty-six secondary school mathematics teachers working in the Black Sea region of Turkey. For 
maximizing representativeness of the sampling in the study, each of the participants was selected from a different 
secondary school. As only a limited number of teachers can be provided with face-to-face STEM education within 
the framework of in-service training, this number represents a high regional participation. The participants were 
expected to have taken part in the previous two years in the in-service training programs, which were especially 
designed for the subject of STEM education under the name of Professional Development Program by the General 
Directorate of Teacher Training and Development of the Ministry of Education in Turkey. The in-service training 
program is carried out by academics who are experts in STEM Education and lasts for a week with the participation 
of teachers from different disciplines. The STEM training is carried out in two stages, basic and advanced. The 
basic level includes information about STEM education, recognizing STEM materials, understanding the teaching 
methods and techniques that can be used during STEM education and information about how STEM can be 
integrated into lessons, the advanced stage includes skills such as using a 3D printer, robotic coding, and workshop 
applications, and is organized for the teachers who are above basic level. Twenty of the teachers participating in 
the study received basic level STEM education, and the rest (sixteen participants) took the advanced level. 

Data Collection Tools 

In this study, questionnaires and interviews were used to collect data. The STEM-Usefulness Form was applied 
as a questionnaire to determine the participants’ views on the integration of STEM tasks in the curriculum. The 
STEM-Usefulness Form includes items, tasks, and short answer questions to evaluate the views of secondary 
school mathematics teachers about the usefulness of STEM tasks. The form includes two types of tasks: three on 
Engineering Design and Building (EDB) tasks and three on coding. Thus, the usefulness of STEM contents in the 
teaching process according to the type of task was evaluated within the framework of the participants’ views. The 
tasks in the STEM-Usefulness Form were selected from the “Secondary School STEM Task and Project Book” 
by Altun and Yildirim (2015). 

The EDB tasks are the type of tasks in which students create a product using the plug-in parts (Fischertechnik) 
prepared for the STEM learning environment (Figure 1). 

 
Figure 1. Some parts of Fischertechnik engineering sets 
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Some stages of the task named ‘Our Security is in Your Hands’, which is one of the EDB tasks in the STEM-
Usefulness Form, are presented in Figure 2. The task begins with a brief introduction to the purpose of the task, 
what kind of mathematical skills can be achieved at the end of it, and its duration (Figure 2). 

The following sections describe what to do step by step, the topics of investigation, and which parts to use. 
The process of assembling the necessary parts and creating the product is also visually included in the tasks. The 
other two EDB tasks are “The Ferris Wheel” and “Producing the Domestic Car”. The coding tasks, on the other 
hand, create products on traffic signals, wind turbines, and self-parking by adding an open-source microcontroller 
platform to the engineering sets via Mblock and Arduino programming. 

According to Buyukozturk (2005), there are three critical stages when preparing a questionnaire. These are  
a. obtaining expert opinion after writing the items,  
b. revising the items according to the pre-application results, and  
c. ensuring the internal consistency of the questionnaire.  

In the process of preparing the questionnaire items in the form, first of all, the mathematics teachers involved in 
STEM education as a part of the pilot study were interviewed and as a result of these interviews, the draft form of 
the items was created. The positive and negative statements about the usefulness of the STEM tasks were placed 
in the form. The items in the form were selected from the prototype statements that question the usability of 
teaching material in the curriculum that have been used before. Six of the 14 questionnaire items related to 
integration in the curriculum, limitations of the implementation, and attitude development. Participants were 
expected to justify their answers. The form was examined by two experts with PhD in mathematics and science 
education. After the pilot study, the questions in the form took their final version. 

After the application of the STEM-Usefulness Form to all participants, semi-structured interviews were 
conducted with ten teachers selected from the participant group to examine the problem which is investigated 
more deeply and to present the results more strongly. Participants were selected according to the level of STEM 
education they had received (five at the basic level, and five at the advanced level) and to represent the variety of 
responses in the STEM-Usefulness Form. In preparing the interview form, STEM-Usefulness Form questions 
were used for reference depending on the subject investigated, and the studies in the literature were utilized to 
enable the researcher to obtain more detailed information about the subject and ask more questions when 
necessary. 

 
Figure 2. The Introduction to the ‘Our Security is in Your Hands’ task and the visual guide to assembling parts 
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Data Analysis 

Descriptive statistics and content analysis have been used to analyze the data obtained from the STEM-
Usefulness Form and to evaluate the data from the semi-structured interviews respectively. In the STEM-
Usefulness Form, there are Likert-type items of questionnaires and questions requiring short answers, along with 
spaces where participants can express their opinions for two types of tasks they have undertaken. The data from 
the STEM-Usefulness Form have been evaluated under the following labels: curriculum integration (1st and 2nd 
items along with short-answer question 7), limitations in the implementation (3rd and 4th items along with short-
answer question 8), and developing positive attitude (5th and 6th items along with short-answer question 9). 
Comparisons have been made based on the participants’ responses to the task type according to the STEM 
education level they received, and the findings are presented as percentages and frequency. In the content analysis 
the data were coded and grouped in categories according to the association of STEM tasks with specific 
mathematical subjects and mathematical skills (see Figure 3). Cronbach’s alpha was calculated (α=.82) to 
determine the internal consistency of the application. After the interview, the transcription was read and confirmed 
by the participants, and false findings and comments were prevented.  

RESULTS 

The findings have been evaluated under the following headings:  
1. The views on integration of the tasks in the curriculum,  
2. The limitations of implementation of the tasks, and  
3. The role of the tasks in the process of attitude development.  

In this sense, the STEM-Usefulness Form and interview findings were integrated and presented under relevant 
headings. 

The Views on the Integration of the Tasks in the Curriculum 

When the responses to the first and second item in the STEM-Usefulness Form are examined, a majority of 
participants stated that both EDB and coding are suitable, but EDB tasks are considered to be more compatible 
with the mathematical skills in the secondary school curriculum compared to coding tasks (see Table 1). However, 
the percentage of participants considered to use these tasks in their mathematics course was lower for both task 
types (2nd item). For instance, 64% of the participants’ state that EDB tasks are compatible with the curriculum, 
while the rate of participants who consider using these tasks in mathematics courses decreases. The data also show 
that the STEM tasks that include coding are more likely to be integrate into the mathematics curriculum than the 
EDB tasks. A large minority of participants, about 34%, think that both EDB and coding tasks may not be 
compatible with the mathematics curriculum. This is in agreement with the findings of the interviews, were seven 
of the ten participants stated that they have a positive attitude towards STEM tasks, whether coding or EDB, 
because they emphasize the interdisciplinary relations and contribute to the spiral quality of the curriculum, i.e., 
the relationship of the new learning with the old learning in different contexts. The first participant (P-1) stated 
that her awareness of the interdisciplinary approaches has increased as a result of the STEM teaching certificate 
that she received within the scope of in-service training, and that the tasks presented in this study have encouraged 
her to use mathematics in an interdisciplinary fashion. 

 
Figure 3. The distribution of subjects and skills integrated within STEM tasks 
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P-1: The main purpose of STEM education is to present a product design by using mathematics, science, 
and technology together. Of course, while preparing the design of this product, some mathematical skills 
are necessary, so I think that tasks can be used in the curriculum ... Especially EDB tasks exemplify the 
interaction of mathematics with science discipline. 

On the other hand, the participants who argued that the tasks may not be compatible with the mathematics 
curriculum put forward that, since the curriculum is learning objective-oriented, prioritizing the skills championed 
by the STEM approach may timewise prove difficult along with teaching the tasks required by the curriculum. For 
example, P-8 stated that it would be more appropriate to carry out STEM tasks outside the current mathematics 
course and referred to the subject-time relationship in the curriculum to support this view. P-4 likewise stated that 
it would be more convenient and beneficial to engage in STEM tasks with students who are willing and partly 
successful in this field, instead of applying them to all students in regular classes. Participants who argued that the 
tasks may not be compatible with the curriculum, jointly argued that STEM tasks could be given in out-of-school 
learning environments to students interested in them, as seen below: 

P-8: It can be used in teaching mathematics, but how efficient would it be? A STEM task takes four to 
five hours, but mathematics classes last an hour or two. So, it is a bit difficult with the current curriculum. 
But I think that including STEM tasks in a workshop environment or outside classes is very useful for 
teaching mathematics. 

P-4: I think that STEM education should not be employed for all children, but for the talented ones, 
who should be educated in out-of-school learning environments such as science and art centers. I think 
this training would be difficult for students who have displayed very poor performances. 

Question 7 in the STEM-Usefulness Form asked participants which STEM tasks presented in the form could 
be integrated with which subjects and skills already existing in the mathematics curriculum. The answers to this 
question are presented in Figure 3. It was observed that the participants associated the given tasks most frequently 
with the subjects of ratio-proportion (47%) and the coordinate system (33%) in the curriculum. The participants 
had difficulty integrating STEM tasks with mathematics subjects because 31% of them did not answer the seventh 
question. The participants were less reluctant to associate STEM tasks with mathematical skills. 56% of the 
participants associated the tasks with more than one skill. More than half of the participants stated that the tasks 
presented in the form would contribute positively to the development of problem-solving (69%), creative thinking 
(61%), and/or analytical thinking skills (53%). 

The Limitations in the Implementation of the Tasks 

When the participants’ responses to the STEM-Usefulness Form are evaluated within the theme of “limitations 
in the implementation”, it becomes clear that approximately two-thirds of the participants were concerned about 
experiencing either time management issues or material shortages when using either EDB tasks or coding tasks in 
classroom practice (see Table 1). 

To identify other constraints related to “material and time management” factors that limit the usefulness of 
EDB tasks in practice, question 8 inquired into other possible difficulties that might be experienced during the 
implementation of the tasks. The two most common reactions could be coded as the task being “difficult to design 
for each mathematical skill” (64%) and “requiring material setup or knowledge in software usage” (47%). Likewise, 
in the semi-structured interview findings, the participants emphasized that it would be difficult to develop a task 
suitable for each mathematical skill in the curriculum. Three participants stated that another difficulty in 
implementing STEM tasks in the mathematics classroom may be encountered during the course’s assessment and 
evaluation process, illustrated by the following quotes: 

Table 1. The frequency and percentage distribution of the data in the STEM-Usefulness Form 

No Questionnaire items EDB tasks Coding tasks 
Yes No Yes No 

1 The task is suitable for the mathematical skills aimed at the secondary 
level mathematics curriculum. 23(64%) 13(36%) 28(78%) 8(22%) 

2 I consider applying the task in my mathematics courses. 17(47%) 19(53%) 23(64%) 13(36%) 

3 I may have time management problems during implementation of the 
tasks. 25(69%) 11(31%) 21(58%) 15(42%) 

4 I may have a lack of material during implementation of the task. 24(67%) 12(33%) 23(64%) 13(36%) 
5 I think the task will support students’ mathematical development. 27(75%) 9(25%) 29(81%) 7(19%) 
6 The task positively affects students’ attitudes towards mathematics. 21(58%) 15(42%) 30(83%) 6(17%) 
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P-7: STEM tasks are mostly considered regarding science disciplines, but tasks that support problem-
solving skills in mathematics could be designed, too. Therefore, I think they could be used in 
mathematics. But it is difficult to design a STEM task for each mathematical skill. 

P-1: Both the fact that our curriculum and examination system are not suitable for integrating STEM in 
it and that we lack time and materials cause difficulties for us in practice because of our deficiencies, not 
to mention the students’. 

The Role of the Tasks in the Process of Attitude Development 

The responses to the fifth and the sixth questionnaire items have been used to determine whether the tasks 
contributed positively to the process of attitude development. 75% (27 participants) and 81% (13 participants) of 
the participants stated that the EDB tasks and the coding tasks would support the mathematical development of 
students (see Table 1). The sixth item of the questionnaire evaluated the effects of the tasks on students’ attitudes 
towards mathematics. 58% of the participants stated that EDB tasks may contribute to the process of developing 
positive attitudes towards mathematics, while 42% claimed the opposite. For coding tasks, this was much higher: 
83% stated that students could develop a positive attitude towards mathematics.  

In addition to the type of task, the level of the STEM education received by the participants in the in-service 
training program may also affect the attitudes towards the usefulness of the STEM tasks. Question 9 in the form 
asked the participants to evaluate the STEM education level they had received in terms of its utility in teaching 
mathematics. The basic level STEM education was found sufficient by approximately two-thirds of the participants 
(68%), while the advanced level by 85% of the participants. In the interviews, the participants who received STEM 
education at a basic level could describe what they needed more. Two remarks (from P-5 and P-6 below) indicate 
that they may need more practice and that an advanced level may be necessary to cover the whole mathematics 
curriculum.  

P-5: I cannot use [STEM] due to the first training I received, because we could not practice it. I know 
that STEM education will contribute to mathematics, but I have not been able to move on to the 
implementation phase in my teaching practices yet. I consider [implementing STEM] once I receive 
further education. 

P-6: Since the education I received was at the basic level, I could not use it a lot, only a little in 
mathematics applications. 

Participants who had received an advanced level STEM education were more willing to implement the tasks 
included in the form into classroom practice. P-10 illustrated how EDB tasks can be used in classrooms in 
cooperation with the subject of ratio-proportion and for the development of creative thinking skills. P-8 stated 
that using coding tasks in mathematics classes would offer the opportunity to associate mathematics with real-
world problems, therefore contributing positively to the students’ attitude towards mathematics. 

P-10: I worked with seventh-grade students at school and carried out a practice about the ratio-
proportion that included wheels. I gave the children wheels with different diameters, introduced the 
engineering sets, and then gave the instructions and waited for the children to do it. It proceeded as a 
group investigation, resulting in many authentic ideas and discussions. We thus had a practice related to 
other disciplines, especially science. 

P-8: I would like to mention my STEM task as an example. We performed a task of pudding-making 
for diabetes patients with my seventh-grade students. When cooking the desert, they made a cup with a 
3D printer. They were very interested and were informed about diabetes. Using mathematics, they 
calculated how much sugar they should put in. With this, they also saw that mathematics is used in daily 
life. 

DISCUSSION  

The main problem for which the answer is sought in this study is to evaluate views of mathematics teachers 
about the usefulness of STEM tasks in secondary school mathematics teaching. The findings in the present study 
demonstrated that the STEM education approach is considered important by the participants, but they still see 
difficulties for using STEM tasks in the classroom. We can conclude that the support in theory is higher than the 
support in practice. An important constraint is linking STEM tasks to specific content or skills of the mathematics 
curriculum (31% of the participants did not answer question 7). The lack of explicit indications for STEM 
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education in the mathematics curriculum may also negatively affect the motivation of teachers who are the 
executives of the curriculum. Wang (2013) emphasized that teachers’ biggest problems are time constraints and 
material and technological deficiencies during STEM applications, which cause disadvantages in the 
implementation of STEM tasks in lessons. Although some materials for designing and implementing STEM tasks 
can be obtained easily, other technological components remain difficult to find or manufacture specifically.  

The participants who stated that STEM tasks would develop a positive attitude for mathematics emphasized 
establishing interdisciplinary relationships and using mathematics in daily-life problems. Indeed, in other research 
evaluating the effectiveness of the STEM approach with groups of teachers teaching different subjects, it has been 
pointed out that if students create a product by applying their knowledge of different subjects do daily-life 
problems, they can develop self-confidence, which will increase their motivation towards the STEM subjects (Kim 
et al., 2015). Likewise, the researchers are aware that the STEM approach is an integrated field and a product-
oriented, pragmatist education approach that merges the power of disciplines, rather than favoring one over the 
other. 

It is natural that the teaching habits or experiences of teachers may cause resistance towards a new approach. 
This study related enthusiasm or resistance to the type of task. Mathematics teachers perceive coding tasks to be 
more clearly linked to the contents of the mathematics curriculum than EDB tasks. This could be partly explained 
by the fact that coding and robotics training was part of the advanced in-service training. Or, it may take experience 
to appreciate the contribution that science or engineering tasks can make to mathematics. Park et al. (2016), is a 
similar study, found that experienced Korean teachers have a positive view on the role of STEAM education. 
Other researchers argue that the contribution of mathematical knowledge and/or skills to other learning outcomes 
should be made more explicit to support STEM integration in the curriculum (English, 2016; Shaughnessy, 2013). 
Mathematical modeling of daily-life problems, which already has a place in the secondary mathematics curriculum 
of Turkey (MoNE, 2018), may be a good starting point for STEM integration. Modeling can be one of the most 
powerful tools of mathematics in interdisciplinary integration (Stohlmann, 2017). We observed that the 
mathematics teachers in this study associate STEM tasks with mathematical skills and generally prioritize problem-
solving skills. Better, more creative and more compatible products may be obtained as a result of the integration 
of mathematical modeling with design and technology.  

Our study confirms what similar studies have also shown, namely that STEM tasks are time-consuming 
compared to other mathematical tasks (Ozdemir et al., 2018). The fact that the participants who had not received 
support for a STEM education approach during their undergraduate education voluntarily wanted to receive STEM 
education within the scope of in-service training shows that the interest in this issue has increased.  

Professional development on STEM education provided at a basic level raises awareness, but teachers 
apparently still need advanced level training and be educated in coding and robotics for using STEM tasks which 
are made up of engineering sets, e.g., plug-in parts, in classroom practice. Other studies also indicate that coding 
activities through interactive software such as Scratch can increase both student attitude and skills (i.e., problem-
solving, geometrical thinking) in mathematics teaching (Calder, 2018, Iskrenovic-Momcilovic, 2020). This study 
confirms that coding tasks that are embedded in STEM education are found more interesting to teachers. 
Therefore, we suggest to include this topic in pre-service teacher education courses, preferably at an advanced level 
STEM education with regard to their branches, so that coding can be integrated in the curriculum. 

In this study, participants stated they had difficulty in establishing a relationship between STEM tasks and 
mathematical skills. As mathematics teachers, they naturally prefer tasks to use in their teaching that fit the 
mathematics curriculum. The literature shows that coding tasks used in mathematics contribute to algorithmic 
thinking, geometrical thinking or reasoning (Calder, 2018; Iskrenovic-Momcilovic, 2020; Ozdemir et al., 2018). 
These skills are also important in STEM education in general (Bybee, 2010) and in the engineering design tasks 
derived from the Fischer Technik sets (Yildirim and Altun, 2015). Estapa and Tank (2017) state that content 
knowledge and beliefs are important for teachers that make decisions about integrated STEM in engineering 
challenges. However, the participants thought that the tasks could be used for only a few subjects, such as ratio 
and proportion or coordinate system. Almost one-third of the participants did not answer the question regarding 
the subjects in secondary school mathematics curriculum that may be compatible with STEM tasks. Furthermore, 
the interviews show participants believing that STEM tasks are mostly related to subjects in the science curriculum, 
thus leaving mathematics out. This mindset may be a cause for the difficulties with integrating STEM tasks with 
the skills in the secondary school mathematics curriculum. In the Turkish secondary education level, STEM 
education has been placed in the science curricula (MoNE, 2018). The fact that STEM tasks are not included in 
the curriculum and in mathematics textbooks may cause teachers not to be open for the idea of interdisciplinary 
integration in their teaching practice. Considering these findings, providing STEM education to teachers by itself 
is not sufficient for the implementation of this educational approach in the teaching practices. The mathematics 
curriculum and textbooks should be updated as well. 
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CONCLUSION 

This study shows that mathematics teachers’ opinions on integration are related to the task types. Mathematics 
teachers favor coding tasks over EDB tasks. Although the mathematics teachers in our study have a positive 
attitude towards teaching integrated STEM, they have a lower motivation to use these tasks in their classroom 
practices. They feel constraint by lack of material knowledge and time limitations in the curriculum. Although 
mathematics can be applied in many STEM tasks, the mathematics curriculum and textbooks do not make this 
explicit, which hinders teachers to recognize the contribution of STEM tasks to mathematics skills development. 
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ABSTRACT 
The expectation is that pre-service teachers that are specializing in the teaching of primary school natural 
science, ought to make use of teaching approaches that will allow them to engage learners in a joyful yet 
meaningful science learning experience. One such teaching approach to be considered is regarded as board 
game-based teaching. This paper investigated how natural science pre-service teachers experienced the 
development of educational science board games. This study draws on a conceptual understanding of game-
based education, which allows for the integration of topics within board game mechanics, board game 
aesthetics and board game thinking. This qualitative case study considered a focus-group discussion and 
photo-voice methodology as data collection techniques to capture the pre-service teachers’ experiences on 
the development of educational science board games. Findings from the study revealed how their 
engagement in the development of educational science board games had an impact on their personal skill 
development, their professional teacher development, their development of pedagogical content knowledge, 
as well as their development of applicable assessment methodology that relates to the teaching of the subject 
natural science. On the other hand, issues surrounding the learning objectives, the complex design processes, 
and the lack of relevant materials available to develop the educational science board games were viewed in 
a less positive light. Findings from the study suggest that science teacher education programmes should be 
intentional in shaping pre-service teachers’ skills to develop educational board games that would 
complement the quality of their science teaching practice. 

Keywords: educational science board games, board game-based teaching approach, natural science 
education, natural science pre-service teachers, natural science pre-service teacher development 
 

INTRODUCTION 

Given the popularity of game playing among individuals young and old, researchers in the field of science 
education are convinced that the use of educational science board games adds value to a science learning experience 
(Li and Tsai, 2013; van Roy and Zaman, 2018; Young et al., 2012). Although learners are drawn to games for 
enjoyment and entertainment, the engaging learning experience of playing an educational board game is a product 
of the board game approaches that are set out to facilitate positive learning outcomes (Tsai et al., 2019; Yien et al., 
2011). Amongst these positive outcomes, is the ability of learners to draw on their intellectual skills such as 
memorising, comprehending, reasoning and analysing information (Taspinar et al., 2016). Other positive outcomes 
also include learners being able to communicate information both verbally and non-verbally, using cognitive 
strategies to engage in problem-solving tasks and activities, employing motor skills to perform tasks and finally 
expressing attitudes. The learning outcomes identified here are a product of the different types of learning couched 
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within a board game-based teaching approach. From the literature, one finds that a board game-based teaching 
approach promotes active learning, cooperative learning, collaborative learning, learning through problem-solving 
and learning through role-playing, to name but a few (Gagné, 1985; Sousa and Rocha, 2019). 

However, these pedagogical principles solely do not constitute an interesting and attractive educational board 
game that will necessarily motivate learners to play. Li and Tsai (2013) explain that features such as game rules, 
game instructions, game design, game interactivity, game feedback and game challenges are key towards eliciting 
an immersive board game-based learning experience. By drawing on these board game features and pedagogical 
principles, educators will be in a position to expose learners to a joyful, yet meaningful learning experience. The 
effectiveness of board game-based learning, specifically in the context of natural science education, has been well 
documented in recent years (Rowe et al., 2017). A study conducted by Hussein et al. (2019) documented how 
learners who were exposed to board game-based science learning showed improved cognitive gains in the 
mastering of topics related to life and living, matters and materials, energy and change and earth and beyond, 
compared to those learners who received traditional instruction. Work done by Tsai et al. (2019) described how 
learners’ engagement in board game-based learning positively affected their motivation and attitudes to learning 
topics that relate to the natural science school syllabus.  

Given the learning benefits offered by the board game-based teaching approach, some researchers predict that 
the use of educational science board games is likely to become more mainstream in the coming years, especially in 
the primary education schooling context (Berland and Lee, 2011). Consequently, the capability of board game-
based teaching raising learners’ motivation and interest in learning natural science, has drawn the attention of 
curriculum planners and developers in the field of initial teacher education (Tsai et al., 2019). For this reason, 
teacher development programmes are intentional in exposing pre-service teachers in development to the features 
and pedagogical principles of the board game-based teaching approach (Kaimara et al., 2021). It is against this 
background, that the School of Education at a selected South African university strives towards creating awareness 
amongst natural science pre-service teachers in applying features and pedagogical principles of the board game-
based teaching approach in their teaching practicum, as part of their teacher development. In the School of 
Education, the natural science pre-service teachers are made aware of the educational benefits of game-based 
learning in their teaching didactic modules. The expectation is that the natural science pre-service teachers be able 
to design and develop their own educational science board games that are underpinned by the pedagogical 
principles of board game-based teaching. In doing so, the natural science pre-service teachers are not only required 
to learn theory and understand why theory is important but also learn to apply theory in their teaching practice, 
hence the phrase from theory to practice (Epstein, 2019). However, given this task, it will be interesting to unravel 
how the natural science pre-service teachers experienced the process of developing educational science board 
games. It is for this reason that this study sought to investigate how the natural science pre-service teachers 
experienced the development of educational science board games. 

Conducting this study is important for several reasons. In the first instance, the study amplifies the pre-service 
teacher-voice in their quest to develop educational science board games. As teacher educators in a school of 
education, we also intend to learn from the subjective experiences offered by the pre-service teachers in terms of 
developing educational science board games. Their rich experiences will come in handy to make us realise how we 
can better structure our teacher developmental material to cater for a board game-based teaching approach. In 
addition, their experiences will also come in handy to experiment how the ideals of board game-based education 
might reflect in other subject specialisations, such as mathematics, technology, and social science education. 

RATIONALE FOR THE STUDY 

The School of Education at a selected South African university is intentional in its drive to expose natural 
science pre-service teachers in development to creative and innovative teaching approaches. One such teaching 
approach, is referred to as board game-based teaching. In exposing natural science pre-service teachers to the 
aspects of board game-based teaching, they are made aware of the implications, educational benefits and limitations 
regarding board game-based education. In addition, the natural science pre-service teachers in School of Education 
are also tasked to design and develop their own educational science board games. In doing so, the natural science 
pre-service teachers are required to apply their knowledge and understanding of board game-based education into 
real-life teaching practice. However, given this task, little to no effort had been made by us as teacher educators in 
the School of Education to unravel how the natural science pre-service teachers ultimately experienced the process 
of developing educational science board games. It is with this argument in mind that this paper investigates how 
the natural science pre-service teachers experienced the development of educational science board games. 
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GAME-BASED EDUCATION  

Over the last couple of decades, the use of game-based education has gained momentum as a useful teaching 
approach (Boghian et al., 2019; Bidarra and Rusman, 2017). Apart from eliciting a joyful learning experience, game-
based education provokes what Greenhalgh et al. (2019) refer to as a “deep and engaging learning experience”. 
The authors explain, that game-based education enables an educator to make use of interactive game-based material 
in order to stimulate the higher-order thinking of learners (Greenhalgh et al., 2019). Game-based education allows 
learners to engage in learning activities that require a level of recalling, analysis, application and evaluation of 
knowledge (Coil et al., 2017).  

Some scholars are of the view, that a game-based education allows educators to create educational exercises 
that are tailored to achieve the requirement of a particular learning outcome (Bidarra and Rusman, 2017). For 
example, an educator can select a lesson topic and integrate the topic within particular game feature designs such 
as simulations, role-playing, educational card games and educational board games, to mention a few. Educational 
board games, in particular, is considered a highly versatile and flexible medium that enables learners to engage in 
tasks that stimulate learners’ cognitive domain (for example, learners’ development of knowledge and intellectual 
skills and abilities), affective domain (for example, learners’ shaping of feelings, attitudes, and emotions) and 
psychomotor domain (for example, learners’ physical movement, coordination, and use of motor-skills) (Noda et 
al., 2019). 

Targeting these domains also requires learners to draw on their five senses, which includes learners’ ability to 
see, hear, smell, touch, and move (Chiarello and Castellano, 2017). This echoes the view of Higgins and McFeetors 
(2019) when they refer to the diverse manner through which learners learn and express themselves in a learning 
situation. Bidarra and Rusman (2017) add, that the use of educational board games allows educators to formulate 
lesson goals that are aligned to the instructional objectives of the board game. In following these instructional 
objectives, learners are motivated to acquire knowledge through engaging in the educational board gameplay. This 
approach, according to Chiarello and Castellano (2017), serves as a means to initiate learners’ creative thought 
processes. 

In addition, it has been suggested that the use of educational board games is key in simplifying learners’ 
understanding of subject-content material (Eriksson et al., 2021). Noda et al. (2019) explain that learners’ 
engagement in educational board games fosters their development of non-cognitive attitudinal skills such as the 
ability to persevere in a task, be conscientious, and work together as a team by communicating and respecting each 
other’s viewpoints. Another benefit that relates to the learners’ engagement in educational board gameplay deals 
with their development of cognitive skills such as their ability to think, read, learn, remember, reason, and pay 
attention (Bayeck, 2018). It is for this reason that the use of educational board games is considered valuable in 
eliciting interactive, cooperative and collaborative learning in the classroom (Higgins and McFeetors, 2019). Boffa 
et al. (2020) add that learners’ engagement in educational board gameplay further results in an element of 
competitiveness. The latter, in turn, serves to motivate and encourage learners to commit and participate in the 
educational experience (Hallifax et al., 2019). 

Finally, the use of educational board games further allows educators to draw on different types of knowledge. 
This particular feature creates the possibility for educators to integrate ideas and concepts from other subject 
disciplines into what Bidarra and Rusman (2017) refer to as a cohesive “world picture”. This multi- or 
transdisciplinary exercise is particularly valuable in making learners aware of the cross-curricular nature of 
knowledge that informs the school syllabus. 

RESEARCH METHODOLOGY  

This study was qualitative in nature and followed a case study research design. The case included that of 7 final-
year natural science pre-service teachers and their experiences regarding the development of educational science 
board games.  

Data Collection and Procedures 

The study made use of two data collection techniques, namely a focus group discussion and photo-voice 
methodology. Data collection for the study took place over a period of two days within the academic programme 
of the pre-service teachers. In order to achieve the aim of the study, which was to investigate how natural science 
pre-service teachers experienced the development of educational board games, a series of research questions were 
considered. These questions were, as follows:  

1. Which skills did the natural science pre-service teachers attain by engaging in the development of educational 
science board games?  
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2. What were the natural science pre-service teachers’ most enjoyable experiences in developing educational 
science board games? 

3. What were the natural science pre-service teachers’ least enjoyable experiences in developing educational 
science board games? 

The purpose for making use of a focus group discussion was two-fold. In the first instance, the focus group 
discussion allowed the natural science pre-service teachers to respond to the three research questions of the study. 
In the second instance, the focus group discussion enabled the natural science pre-service teachers to present their 
education board games that they have developed to their fellow peers. Characteristic of the focus group discussion, 
was the free flow of information sharing that commenced through open dialogue and narratives between the 
researcher and the participants (Gawlik, 2018). In following the focus-group discussion, the pre-service teachers 
had the freedom to share their subjective views and opinions that relate to the three research questions posed. In 
following the focus group discussion, my role as researcher was merely to stimulate and facilitate discussions that 
centred around the three research questions. The verbal responses that derived from the focus group discussion 
was audio recorded. The audio recording of the focus-group discussion was made secure and password protected. 
None of the names of the participants where mentioned, instead pseudonyms where used to ensure anonymity in 
the study. The qualitative data that derive from the focus group discussion was analysed through the use of thematic 
content analysis whereby the data was verbatim transcribed, thematically coded and categorised as themes.  

Apart from the focus group discussion, a photo-voice methodology was also employed as a means to capture 
rich qualitative data in the form of photographic evidence. Photo-voice methodology is a visual data collection 
method that allows research participants to make use of photographs to support their individual views and opinions 
(Wang and Burris, 1997). For this study, the natural science pre-service teachers where encouraged to use 
photographic evidence of their educational board games that they have developed to support their individualised 
responses to the three research questions posed. In doing so, a correlation was established between the verbal 
responses from the focus group discussion and the visual photographic evidence offered by the pre-service 
teachers. This approach allowed for an in-depth exploration and interpretation of the participants’ responses, 
which promoted the aspect of triangulation in the study.  

Trustworthiness in the Study 

Methodological rigor in the study was considered through drawing on measures such as “confirmability”, 
“credibility” and “neutrality” (Creswell and Creswell, 2017). Confirmability, which is the degree to which findings 
of the study can be confirmed by others, was established through the open-dialogue that surfaced between the 
researcher and the pre-service teachers during the focus group discussion. The use of photo voice methodology, 
as another data collection technique, further promoted the confirmability of the data. Credibility and neutrality 
were confirmed through the researchers’ prolonged interactive engagement with the 7 pre-service teachers in the 
focus group discussion that took place over the course of a day. Also, the findings of the study were also shared 
with the team of pre-service teachers to ensure that the data were accurately identified, interpreted and described. 

Research Setting and Participants 

The research site was situated in a school of education at a selected South African university. The School of 
Education offers a Bachelor of Education degree with areas of programme specialization in primary and secondary 
school teaching. From this research site, the population of the study included pre-service teachers who studied for 
a Bachelor of Education degree. From this population, a purposive sample of 7 final-year pre-service teachers who 
specialised in the teaching of the subject natural science, opted as participants for the study. All 7 participants 
identified specialised in primary school teaching.  

Positionality of the Researcher 

Positionality “reflects the position that the researcher has chosen to adopt within a given research study” (Savin-
Baden and Major, 2013:71). Positionality requires the researcher to acknowledge and locate their views, values, and 
beliefs in relation to the research process (Goacher et al., 2017). Positionality is normally identified by locating the 
researcher in terms of the subject under investigation, the research participants and the research context.  

In this study, I acknowledged my combined roles as researcher and module lecturer of the 7 final year natural 
science pre-service teachers. Given these combined roles, I was aware of potential power imbalances that might 
have existed between myself as module lecturer and researcher and my students whom served as the research 
participants of the study. With this in mind, I was prompted to be cautious of power-dynamics and forms of 
intimidation that could have existed between myself and the research participants. By no means did my role as 
module lecturer affect the ethical processes in this study. In addition, my role as module lecturer also did not 
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influence the participants to partake in this study since the participants had the right to form part of the study on 
a voluntary basis. 

Ethics  

Permission for this study was granted by the Postgraduate Research Ethics Committee of the University of the 
Free State (Ethical clearance number-UFS-HSD2018/0073). The natural science pre-service teachers, who from 
now onwards will be referred to as the research participants of the study, were consulted in advance to give their 
consent to participate in the study. The participants were assured confidentiality throughout the study and they 
were also allowed the right to withdraw from the study at any time. A consent form was drawn up and each of the 
participants signed the consent form. All of the signed consent forms were archived for record purposes. 

RESEARCH RESULTS 

The verbal responses from the focus group discussion and the photographic evidence of the educational science 
board games that the pre-service teachers developed, yielded rich qualitative data. Table 1 provides a synopsis of 
the main themes with supportive categories that emerged from the data. The table further aligns the themes and 
corresponding categories with the three research questions of the study. Following this synopsis, an in-depth 
interpretation and description of the empirical data will be provided. 

 
Table 1. Synopsis of the themes and categories that emerged from the three research questions 
Research questions Themes Categories 

1. Which skills did the natural science 
pre-service teachers attain by engaging 
in the development of educational 
science board games? 

1.1. Skills related to individual 
development 

Practices related to creativity & improvisation 
Practices related to planning & organisation 

1.2. Skills related to professional teacher 
development 

Displaying patience & commitment in designing the 
board game 
Selecting appropriate natural science content for the 
board game 
Formulating applicable questions to test learners’ 
understanding of natural science subject content 
knowledge 

2. What were the natural science pre-
service teachers’ most enjoyable 
experiences in developing educational 
science board games? 

2.1. Physical design of board game Following a hands-on design approach 
Improvisation with recycled goods 

2.2. Pedagogical content knowledge 
development  

Setting instructions 
Structuring questions 
Evaluating learners’ practical process skills 
Establishing an inquiry-based teaching and learning 
experience 

2.3. Prototyping the educational science 
board game 

Testing the functionality of the board game with 
peers 

3. What were the natural science pre-
service teachers’ least enjoyable 
experience in developing educational 
science board games? 

3. Issues associated with the design and 
implementation of the educational 
science board game 

Unavailability of resources to develop the board game 

Inability to use the board game in an authentic “real-
life” teaching setting 

 

 

Responding to the Research Question 1-Which Skills Did the Natural Science Pre-Service Teachers 
Attain by Engaging in the Development of Educational Science Board Games? 

The first research question sought to determine “Which skills did the natural science pre-service teachers attain 
through engaging in the development of educational science board games?” In posing this question to the 7 
participants in the focus group discussion, two themes emerged. These themes were identified as “skills related to 
individual development” and “skills related to professional teacher development”. These two themes are briefly 
described next. 

Theme 1.1. Skills related to individual development 

An analysis of the verbal responses of the participants during the focus group discussion revealed that they 
encountered a level of personal skill development. To be specific, the research participants reported that their 
involvement in the development of educational science board games enabled them to practice aspects of 
“creativity” and “improvisation” in terms of the actual design and development of the educational board game. 
This can be found in the following response: 
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A teacher should have various skills in their teaching toolbox, one including being creative. By planning 
and making the board game I tapped into my creative skill as well as developed my creative skill. I am 
now aware of much more creative and interesting ways to teach/assess learners’ knowledge informally 
as well as formatively (Participant 3). 

Another participant mentioned the following: 

I learned the skill of improvising and planning, using what I have to my disposal to create the board 
game, for example, using old boxes and cheap affordable materials to create the board game. I also 
developed an artistic skill of creatively using old materials to make the board game (Participant 5). 

Both responses by participants 3 and 5 suggest that the task to develop an educational science board game 
required a level of creativity, improvisation, planning and organization. In support of these verbal responses, 
photographic evidence of a board game developed by participant 7 resembles the level of creativity, improvisation, 
planning and organisation that the task required (Figure 1). 

 

 
Figure 1. “SCIENCE 360”-A board game developed by research participant 7 

 
In support of the photographic evidence provided by the participant, the description below depicts the level of 

creativity, planning, improvisation and organisation that were required to design and develop the board game of 
participant 7. The educational science board game titled “SCIENCE 360” shown here requires learners to compete 
cooperatively in pairs. The game requires learners to throw a die to determine the number of space/s their team 
token should move on the board game. Once moved to a certain spot, learners are expected to engage with game 
cards that contain a variety of questions that tests their knowledge on various natural science topics. To be specific, 
a closer look at the centre of the board game reveals interesting game cards with catchy labels such as “What am 
I?”, “danger zone!”, “picture perfect” and “let’s hit the lab”. What adds to the creativeness of the game, is that 
when the game token lands on for instance the question mark icon, then learners are expected to pick up the “what 
am I?” card. The particular set of cards that form part of the “What am I?” category, requires learners to provide 
the correct biological term for various biological definitions, thus testing the learners’ content knowledge of the 
subject natural science. Moreover, if the token lands on the “danger zone!” icon, then learners are expected to 
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explain certain scientific phenomena in a more descriptive manner, hence allow for the testing of learners’ deeper 
understanding of natural science content knowledge. The opportunity also exists for pairs to land on the “picture 
perfect” icon. By landing on this icon would require learners to engage in scientific drawings, thus testing the 
learners’ ability to make accurate visual drawings of relevant science topics with complementary labels. Finally, the 
board game also allows learners to land on the “let’s hit the lab” icon. By landing on this icon, learners will be 
required to draw graphs and tables and interpret scientific data. 

Theme 1.2. Skills related to professional teacher development 

The participants’ responses to the first research question further suggested that they encountered a level of 
professional teacher development. In particular, it was reported that their engagement in the task enabled them to 
display a level of “patience”, “commitment” and “dedication” in developing an educational science board game 
that is “presentable” and would allow learners to “engage in a meaningful learning experience”. This can be found 
in the following two responses. 

I had to be very patient in making this game to ensure that everything comes together, and the game 
looks presentable, from drawing the background to finally pasting the rest of the game (Participant 1). 

A similar response was shared by another participant when it was mentioned that: 

I had to be very committed in developing the board game. There is a lot of thinking that went into the 
board game so I had to be dedicated in making the best possible board game that will engage my learners 
in meaningful learning (Participant 7). 

In addition, their responses to the first research question further revealed how their involvement in the 
development of educational science board games complemented the development of pedagogical content 
knowledge as a professional teacher skill. Participants 2 and 7 recalled how the task to develop educational science 
board games challenged them to select topics and formulate questions that are relevant to the subject-syllabus of 
natural science. This is supported by the following views:  

I had to summarise the whole two term’s work into 20 short questions and I believe that my summarising 
skills were developed in the process (Participant 2). 

This was similarly the case with participant 7, when it was mentioned that:  

I had to make certain judgements on which type of content I should use that would suit the board game 
and also make judgements in between the kind of questions to ask from the content. (Participant 7). 

To support the verbal responses provided by participants 2 and 7, photographic footage of the educational 
science board game developed by participant 5 was considered. A closer look at the board game titled “Caught in 
the web” (see Figure 2 and Figure 3) confirms that the participant selected content topics that related to “plants”, 
“animals” and “insects”. These topics inform the natural science syllabus at primary school level. One further finds 
that participant 5 formulated written questions such as “If a plant did not have a stem, would it be able to grow 
upright?” and “In which habitat is this specific insect found?” 

 

 
Figure 2. “Caught in the Web” board game instructions 
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Figure 3. “Caught in the Web” board game 

 

The verbal responses provided by participants 2 and 7, as well as photographic footage provided by participant 
5 suggest, that their engagement in the task to develop and educational science board game challenged their ability 
to select relevant topics and formulate written questions that are associated with the natural science subject syllabus. 
The latter is considered a key teacher attribute that a natural science educator should possess. 

More photographic evidence was provided by participant 3 that demonstrates the participant’s ability to 
formulate different question types such as completion questions (for example, “fill in the missing word that related 
to the picture”), short response questions (for example, “is the shelter shown in no. 34 a natural or a man-made 
object?”) and explanation questions (for example, “look at the picture and explain what is mean by the word 
predator”) (Figure 4). 

 

 
Figure 4. An education science board game inspired by “snakes and ladders” 
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Responding to the Research Question 2-What Were the Most Enjoyable Experiences in Developing 
Educational Science Board Games? 

The purpose of the second research question was to establish the participants’ most enjoyable experiences in 
developing educational science board games. In posing this question to them, four themes emerged from the focus 
group discussion. Positive experiences, in this regard, were linked to themes that dealt with the “physical design of 
the science board game”, “developing pedagogical content knowledge” and finally “prototyping the science board 
game with their significant others”. 

Theme 2.1. Positive experiences related to the physical design of the board game 

The processes involved in the physical design and development of the board games were seen in a positive 
light, as witnessed in the following response:  

The most enjoyable aspect of the game was searching for pictures about the topics and look for 
interesting/fun facts, learning more about natural sciences and also creating the game, cutting and 
pasting pictures and designing a game that I would like to play and making the cards (cutting out the 
cards) (Participant 6). 

Participant 5 was also able to share his/her positive experience regarding the physical design of the board game, 
as witnessed below: 

It was also nice being able to use all the papers, magazines and cartons even old plastic milk bottles that 
I have not gotten rid of so I kind of turned it into something useful (Participant 5). 

These two responses depict the level of creativity and improvisation that the participants had to display in their 
attempt to develop board games from recycled materials. From these responses, the assumption can be made that 
the participants were challenged to use existing information to create new knowledge, as participant 6 mentioned 
that he/she had to “search for pictures about topics” while also “looking for interesting fun facts”. Apart from the 
task to use existing knowledge to create new knowledge, the physical “hands-on” design approach of the board 
game enabled participant 6 to utilise fine motor skills which required her to “cut and paste pictures” while also 
“cutting out cards for the game”. The aspect of improvised thinking also came into play when participant 7 
mentioned that he/she was able to make use of “papers, magazines, cartons and old plastic milk bottles” to design 
the board game. 

Theme 2.2. Positive experiences related to the development of pedagogical content knowledge  

Another positive experience that was reported on dealt with the participants’ on-going development of 
pedagogical content knowledge. Participants 1 and 6 mentioned how the project impacted their ability to “create 
instructions”, “develop questions”, “evaluate learners’ development of science process skills” and “promote the 
idea of scientific reasoning”. Participant 6 had the following to say:  

I enjoyed the fact that I could set my own instructions for the questions and design relevant NS questions 
with answers for the cards. There are easy ones and tricky ones. So my board game will test learners’ 
different intelligences so that no learner is left behind. They will really enjoy it, even the dice is large and 
spongy, it’s an unusual dice and might make learners laugh but it will work well (Participant 6). 

In the same vein, participant 1 similarly expressed that: 

The most enjoyable aspect is that although it is a board game, the learners will still be engaged in things 
like hypothesis testing, establishing variables, making calculations and drawing conclusions. So it’s 
basically a mix of fun and scientific reasoning (Participant 1). 

Both these responses suggest that the participants had to draw on their pedagogical content knowledge in order 
to develop the education board game. In the first instance, participant 6 confirmed that the development of the 
board game allowed her to apply her mind in terms of “structuring relevant instructions on how to play the board 
game”. In addition, participant 6 also had to brainstorm applicable questions to test the learners’ content knowledge 
of the subject natural science. Participant 6 further explained, that some questions of her board game were “easy 
ones” while other questions “were tricky ones”. 

This particular response makes it apparent that participant 6 is cognisant of the different levels of questioning 
as pronounced in Bloom’s taxonomy. Participant 1 also made claims about pedagogical content knowledge when 
she mentioned how she intend to engage learners in scientific reasoning through “hypothesis testing”, “clarifying 
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variables”, “making calculations” and “drawing conclusions”. His/her reference to these aspects of scientific-
reasoning makes one belief that the participant wishes to promote inquiry-based learning amongst the learners. 

Theme 2.3. Positive experiences related to the prototyping of the board game 

Another positive experience that was captured dealt the ability of the participants to test the functionality of 
the board game with their fellow peers and significant others. This was confirmed when participant 3 mentioned 
that: 

Playing a game with my siblings was quite cool. This made me check if the questions asked on the game 
clear enough for learners to attempt them (Participant 3). 

Participant 2 similarly felt that: 

This project allowed me to brag a bit with my hard work since I could play the game with my roommate 
just to check if it works (Participant 2). 

Both participants 2 and 3 elaborated on the extent to which they were able to “pilot” the functionality of their 
educational science board game with their peers and significant others. Surprisingly, the piloting of the board game 
also had a positive impact on their teacher image. This is supported by the phrases “was quite cool–participant 6” 
and “I could brag a bit with my hard work–participant 2”. 

Responding to the Research Question 3-What Were the Least Enjoyable Experiences in Developing 
Educational Science Board Games? 

In order to portray a comprehensive picture of the participants’ experiences further required a reflection on the 
least enjoyable experiences regarding the board game development process. Their responses to this question 
pointed to a prominent theme titled “issues associated with the design and testing of the board game”. 

Theme 3.1. Issues associated with the design and testing of the board game 

Initially, the participants perceived the physical design of their board games from recycled goods in a positive 
light. However, this was not the case with all of the participants. Some of the participants expressed their frustration 
with the practical design of the board game due to the unavailability of relevant materials, as witnessed in the 
extract below: 

At the start I had nice ideas to develop the game. But I was also caught off-guard by not having all the 
stuff needed to make the board game as creative as possible (Participant 5). 

The response provided by participant 5 suggests that a shortage of materials restricted his/her ability to develop 
the board game in a creative manner. Apart from the issue associated with the lack of materials to design the board 
game, another participant vented his/her frustration in not being able to use the board game in an authentic 
teaching setting, as witnessed below: 

I really wanted to test the board game out during my teaching practice. I mean it was such a mammoth 
task to create the thing, why not test it? (Participant 1). 

DISCUSSION OF FINDINGS 

In the context of natural science teacher education, the expectation is that pre-service teachers that are 
specializing in the teaching of primary school natural science, ought to make use of a teaching approach that will 
allow them to engage learners in a joyful yet meaningful science learning experience (Bidarra and Rusman, 2017; 
Hoy, 2018). One such teaching approach to be considered is referred to as board game-based education (van Roy 
and Zaman, 2018). Board game-based education in the context of natural science education, allows the educator 
to teach relevant topics associated with the subject syllabus of natural science through engaging learners in 
interactive learning materials such as educational science board games (Muell et al., 2020; Huizenga et al., 2017).  

As a teaching approach, the use of educational science board games is characterised by different forms of 
learning namely cooperative learning, cooperative learning and problem-based learning (Ladur et al., 2018). In 
exposing learners to such forms of learning results in what Higgins and McFeetors (2019) recall as higher-order 
thinking. It is with these learning benefits in mind, that scholars such as Bidarra and Rusman (2017) and Ofosu-
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Ampong (2020) call upon initial teacher education programmes to be intentional in developing primary school pre-
service teachers’ ability to integrate a board game-based teaching approach in their natural science teaching practice.  

In the School of Education at a selected South African university, a group of 7 final-year natural science pre-
service teachers were tasked to design and develop their own educational science board games that were 
underpinned by the pedagogical principles of board game-based education. Given this task, this study was 
interested in unravelling how the natural science pre-service teachers experienced the development of the 
educational science board games. The natural science pre-service teachers’ personal reflections touched base on 
the different types of skills which they have developed, as well as the most enjoyable and least enjoyable experiences 
of engaging in the development of educational science board games. In the first instance, from the focus group 
discussion it was revealed how their engagement in developing the board games shaped practices that relate to 
“creativity”, “improvisation”, “innovation”, “planning” and “organization”.  

Additionally, the participants also reported how their engagement in this project shaped professional teacher 
qualities such as being able to be “patient” and “committed” towards the design of a board game that is 
“presentable” and would allow for a “meaningful learning experience”. Furthermore, they also reported how they 
could “select applicable topics” from the natural science school syllabus and “formulate written questions” to test 
learners’ knowledge of natural science while playing the board game. Apart from these responses, three captured 
photographs (see Figure 1, Figure 2, and Figure 3) provided evidence of the level of skill and creativity that the 
participants displayed in developing the board games. This approach, aligns well with the expectation that pre-
service teachers who are specialising in the teaching of natural science should be able to demonstrate the skill to 
teach the subject in a creative and interesting manner (Huizenga et al., 2017).  

Apart from reporting on the skills that they had developed, their reflections also touched base on some of the 
more enjoyable experiences in developing educational science board games. These positive experiences were linked 
to themes that dealt with “the physical hands-on design of the board game”, their “development of pedagogical 
content knowledge” and their ability to “prototype the board game” with their peers. In terms of the physical 
hands-on design of the board game, the research participants expressed how they utilised low-cost and recycled 
goods to design their board games. This was confirmed by a participant who claimed that “It was nice being able 
to use all the papers, magazines and cartons even old plastic milk bottles that I have not gotten rid of and turn it 
into something useful–participant 5”.  

Another positive experience that derived from the focus group discussion dealt with their development of 
pedagogical content knowledge. To be specific, the research participants claimed that their engagement with the 
task to develop educational science board games challenged their ability to “create board game instructions for 
learners to follow”, “formulate questions to evaluate learners’ understanding of natural science knowledge within 
the board game” and “evaluate learners’ development of practical process skills”. This approach of linking natural 
science subject knowledge with teaching knowledge, is what Shulman (1987) decades ago referred to as pedagogical 
content knowledge. 

The assumption can thus be made that the research participants were successful in infusing their natural science 
subject knowledge and pedagogical content knowledge through the medium of an educational board game (Ladur 
et al., 2018). This approach aligns well with the idea that educational science board games are considered a highly 
versatile and flexible medium that allows learners to be tested on the cognitive domain (learners’ development of 
knowledge and intellectual skills and abilities), the affective domain (learners’ shaping of feelings, attitudes, and 
emotions) and the psychomotor domain (learners’ physical movement, coordination, and use of the motor-skills) 
(Liu et al., 2020). Using the concept of game-based learning in education. These domains form part of Bloom’s 
taxonomy of instructional objectives (Noda et al., 2019). 

CONCLUSIONS AND IMPLICATIONS 

The purpose of the study was to report on the natural science pre-service teachers’ experiences on the 
development of educational science board games. This was done to introduce and familiarise the natural science 
pre-service teachers to the notion of a board game-based teaching approach. A board game-based teaching 
approach, in the context of natural science education, allows for the teaching of science topics through the medium 
of interactive educational board games. The board games that the pre-service teachers developed allowed for the 
integration of natural science topics within board game mechanics, aesthetics and board game thinking. This 
approach allows learners to engage in a playful yet meaningful science learning experience. A board game-based 
teaching approach is in contrast with more conventional teaching approaches such as direct teaching (Majuri et al., 
2018; Muell et. al., 2020).  

Verbal responses from the focus group discussion and photographic evidence through the use of photo-voice 
methodology revealed how the pre-service teachers’ engagement in the development of educational science board 
games impacted both their personal and professional skill development. The team of pre-service teachers also 



Botes / Experiences of Developing Educational Science Board Games 

12 / 13  © 2022 by Author/s 

expressed their positive experiences regarding the physical “hands-on” design of the board game, their 
development of pedagogical content knowledge and their ability to prototype their products with their peers. 
However, one could also learn from the pre-service teachers’ less favourable experiences which they encountered 
in this regard. The necessity of materials to build to board game and the testing of the board game in a real-life 
teaching context are areas that require attention. On the other hand, given these issues raised this project did indeed 
make the pre-service teachers acknowledge the value of following a board game-based teaching approach teaching 
approach. Their engagement in this project did indeed spark their pedagogical thought processes in terms of 
putting the educational science board games into practice (Chiarello and Castellano, 2017). 

Going forward, this study holds a series of implications for future research in the field of pre-service teacher 
development. Given the learning benefits tied to a board game-based teaching approach, future studies could focus 
on how educational board games could be tailored for other areas of subject specialisations, such as Mathematics, 
Technology and Social Science education. Future research could also investigate how pre-service teachers 
implement educational board games within a teaching practicum experience. 
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ABSTRACT 
Classroom dynamics including interactions among peers and with teachers is a key component of students’ 
STEM experiences, strongly influencing students’ motivation to engage in the learning activities. Classroom 
dynamics and dialogue have been predominantly studied through longitudinal ethnographic observations of 
the classroom while the perspective of the students who are undergoing these experiences is largely 
unaccounted for. This research article showcases an empirical study that used student drawings to explore 
STEM classroom dynamics. In contrast with interviews, drawing allows the participant to illuminate their 
tacit knowledge and communicate ideas without interference from the researcher. The participants (n=32), 
9th grade students from 16 public schools in Northern India, were asked to create a poster with drawings 
and words to show their experiences and feelings in mathematics and science classrooms. A thematic 
analysis of students’ work was performed to draw inferences about the classroom dynamics. The posters 
provided an opportunity for students to authentically express themselves and represent the social and 
emotional consequences of teacher behaviour in STEM classrooms. Concurring with previous classroom 
dynamics research, findings identified a strong need to reassess teaching practices in rural Indian context. 

Keywords: STEM, classroom dynamics, dialogue, student drawings, developing country perspective 
 

INTRODUCTION 

In a world moving rapidly towards digitization and automation, there is an increasing demand for a STEM 
(Science, Technology, Engineering and Mathematics) literate workforce (World Economic Forum, 2020). STEM 
literacy is becoming synonymous with high performance on international assessments such as TIMSS and PISA, 
even though the scores are not representative of quality STEM education (Ozer, 2020; Sjøberg, 2015). The over 
emphasis on performance rather than learning is consequentially reflected in everyday teaching practices and 
classroom dynamics leading to negative attitudes towards STEM subjects (Barroso et al., 2021; Kaya and Yildirim, 
2014).  

STEM classroom dynamics has been predominantly studied through longitudinal ethnographic observations 
of the classroom (Jocuns, 2013; Kayi-Aydar and Miller, 2018). While this approach provides an external view of 
student interactions, the perspective of the students who are undergoing these experiences is largely unaccounted 
for. In order to improve student experiences in STEM classrooms, there is a need to understand their perception 
of the classroom and sources of anxiety. Towards addressing this gap, an empirical study was conducted to explore 
the role of student drawings in understanding STEM classroom dynamics. 
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LITERATURE REVIEW 

STEM classrooms, like any social space shared by diverse individuals, tend to have certain norms, socially 
constructed identities, and power structures (Tsukada and Perreault, 2016). Classroom dynamics is a broad term 
that encompasses all of these components in the classroom beyond academic content. It includes components 
such as (i) norms and expectations in the classroom, (ii) perceptions and behaviours of peers and teachers, and (iii) 
the physical configuration of the classroom (Omatsu, 2011). The complex interplay between the classroom 
elements creates unique dynamics within the classroom and shapes the educational experience of the students. 
Classroom dynamics have the potential to impact student behavioural, socioemotional, and academic outcomes 
(Wang et al., 2020).  

Teacher expectation and behaviour is a critical element of classroom dynamics (Howe and Abedin, 2013). 
Teachers are known to form expectations for students based on indicators such as prior academic performance, 
socioeconomic status, and gender (Nathan et al., 2010). These flawed expectations from teachers translated into 
differential treatment of students (Flores, 2007). A 5-step path outlined by Wang et al. (2018) summarizes the 
effects teacher expectations and behaviour on student outcomes:  

1. teacher forms expectation for students,  
2. teacher behaves differently based on expectations,  
3. student perceives teacher expectation,  
4. student socio-psychological factors are influenced, and  
5. student achievement outcomes are influenced.  

Irrespective of actual teacher behaviour, students’ perception of teacher differential treatment critically impacted 
student outcomes (Brey and Pauker, 2019). Often referred to as a ‘the Pygmalion effect’ or a ‘self-fulfilling 
prophecy’, teacher expectations can significantly predict student self-efficacy, attitudes and achievement outcomes 
in STEM subjects (Gentrup et al., 2020; Rosenthal and Jacobson, 1968).  

Teachers not only influence student outcomes through direct interactions, but also moderate peer dynamics 
within the classroom. Through their behaviour in class, teachers model ways for students to interact and evaluate 
each other (Hendrickx et al., 2016). Consequently, teacher behaviour and differential treatment influences peers’ 
perception of the student (Brey and Pauker, 2019; Montague and Rinaldi, 2001). Teacher expectations and 
academic achievement influence the formation of peer groups with high-achieving students selecting each other 
as friends (Véronneau et al., 2010). Peer perceptions and interactions are highly influential on student experiences, 
especially in middle school, as students strive to socially fit in. As social integration and academic outcomes are 
closely related, some students experiencing rejection or discrimination in the classroom may have difficulty in 
academic achievement (Schneider et al., 2012). In turn, poor academic performance reinforces biased treatment 
from peers and teachers.  

Students develop their self-efficacy beliefs and identities as STEM learners based on the academic performance 
and perceptions of their peers and teachers (Hendrickx et al., 2016). While high expectations from teachers can 
improve student performance, low expectations create a significant challenge for them (Rosenthal and Jacobson, 
1968; Zhan and Sherraden, 2011). In addition, teacher expectations and peer behaviour have an impact on student 
attitudes towards the subject and intent to pursue STEM careers (Benner and Mistry, 2007; Heaverlo, 2011; Lee et 
al., 2015). For example, teachers have a lower expectation for female students in subjects like mathematics, which 
contributes to an underrepresentation of women in related fields (Banerjee et al., 2018; Watson et al., 2015). 
However, female students were more likely to choose and stay in STEM majors when their female peers or friends 
had similar intentions (Raabe et al., 2019). Thus, classroom dynamics have the potential to shape students’ self-
perception and STEM career choices.  

Impacted by their early STEM experiences, many students decide that STEM fields are too challenging or 
boring before they reach high school (PCAST, 2010). Poor attitudes towards STEM are also observed in students 
from rural schools in India (Menon et al., 2021). This trend consistently results in a shortage of qualified 
professionals in developed and developing countries (UNESCO, 2021). Given that student perception of 
classroom dynamics impacts student self-efficacy, attitudes, and achievement, there is a strong need to account for 
student voice and perception in classroom dynamics research. By integrating diverse perspectives and contexts, we 
could collectively work towards creating a conducive environment for developing positive STEM attitudes among 
students.  

Drawings have been considered to provide a valuable insight into children’s views, feelings and opinions 
(Puglionesi, 2016). In educational settings, drawings are noted as effective tools for learning (Prain and Tytler, 
2012), assessment (Koester, 2015), and research (Bracher, 2003). In this study, drawing is positioned as a ‘non-
verbal language’ that elicits images and reflections from lived experiences (Alerby and Bergmark, 2012). In contrast 
with interviews, drawing allows the participant to communicate their ideas without interference from the researcher 
(Mannay, 2010). Further, drawings have the potential to illuminate the tacit knowledge that might be common to 
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the researcher and the participants (Alerby and Brown, 2008). Thus, student drawings were used as a tool to explore 
students’ experiences within STEM classrooms. 

METHODS AND ANALYSIS 

The current study was a part of a larger project conducted in collaboration with a network of rural residential 
schools across India. The aim of the project was to support and improve mathematics and science teaching within 
the school system. The first step in the project was to assess the existing teaching practices and learning experiences 
within the science and mathematics classrooms. Towards this end, two-day workshops were conducted in several 
regions across India to engage with the science and mathematics teachers and underperforming students. 
Observations from one such student workshop session conducted in Northern India is presented here.  

Participants (n=32) were 9th grade (ages 14-16) students from 16 rural residential schools in Northern India. 
Specifically, two students from each school who were identified as academically underperforming by their 
mathematics and science teachers were invited to participate. To ensure confidentiality, all students were seated in 
a classroom where only researchers were present and instructed not to write their names on the artwork. Students 
were asked to create a stand-alone poster with drawings and words to show their experiences and feelings in 
mathematics and science classrooms. Due to some design limitations of the workshop, group discussions about 
their classroom experiences were conducted in lieu of individual follow-up interviews with students. 

Following the workshops with students and teachers, the project team conducted class observations in each of 
the participating schools. During this time, the team gained a deeper understanding of the school system, classroom 
dynamics, and student experiences through engagement with the whole class, teachers, and other administrative 
personnel. Thus, during the process of analysing the student posters, researchers were also informed by these 
experiences. Specifically, to analyse the student posters, and identify recurring patterns and themes, a critical visual 
methodology framework was used (Rose, 2001). Based on the questions identified by Rose (2001) and Guillemin 
(2004), the following questions about the poster were employed to guide the analysis:  

a. What is being shown? What are the components of the poster? How are they arranged?  
b. What do the different components signify? 
c. What relationships are established between the components of the poster? 
d. What knowledge and experiences are being deployed?  
e. Who or what components are excluded from this representation?  
f. Is this a contradictory image? (To other data or observation) 
The students were bilingual, thus using English and Hindi in their art works. The analysis was conducted by 

researchers who were also fluent in Hindi and English. A translation for Hindi is provided wherever relevant. 

RESULTS 

Out of the 32 students, 3 of the student posters were excluded from the analysis as they depicted experiences 
from Civics and English classrooms. All of the remaining posters indicated a dislike for experiences associated 
with either mathematics or science or both classrooms. Through the posters, students provided explanations and 
examples of their classroom and subject experiences. About 79% of them indicated an academic difficulty as a part 
of the reason for their dislike. About 41% of the posters included an affective representation of their relationship 
with the subject. About 31% illustrated a classroom scene indicative of their experiences.  

Academic Difficulties  

A majority of the posters provided descriptions of particular topics and concepts that students found difficult. 
Students explained that they enjoyed topics in which they understood the content and could confidently answer 
test questions. On the other hand, they associated topics that were hard to understand with boredom and hatred. 
Students described their difficulty in science and maths by repeatedly referring to their ‘marks’ on the test and the 
test taking experiences. A few students explained that they tried very hard to study and learn the maths and science 
concepts, but somehow forgot or ‘messed up’ (गड़बड़) answers on the test leading to low scores. The low scores and 
inability to understand the topics triggered feelings of anxiety (परेशान) and confusion (िदमाग खराब literally translates to 
brain-damage) because of which they didn’t feel like studying the subject anymore. They highlighted an expectation 
to remember diagrams, formulae, equations, descriptive answers, and mathematical solutions to be able to have a 
positive experience in maths and science classrooms. This expectation was a source of anxiety and fear for a 
majority of the participants (Figure 1). 
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Affective Representations 

Being in a residential setting, students spent almost all of their time with teachers and peers, leaving no 
separation between academic and social life. Thus the ability to perform well academically was a significant aspect 
of their life. Themes of dislike for maths and science were common among all student posters, but 12 of the 
students created an extremely emotional depiction of their feelings towards the subjects. In these posters, students 
depicted themselves as victims with unpleasant expressions. Two students personified mathematics as a ghost 
that’s haunting them (see Figure 2), while three others cautioned that maths and science denote ‘danger’.  

 
Figure 1. Student explanations of academic difficulty. (a) A central circle has the words “Cannot understand” with 
arrows leading to Science, long answer questions, chapters, chemistry chapter, ‘could understand, but forget later’, 
‘the chapters that I can understand, I feel good about them, but do not feel good about the other chapters’, ‘don’t 
like’, ‘scared of Science’ (listed clockwise starting from top left). (b) An illustration of ‘when I read Physics, my 
condition is like this’ showing a student in tears next to locked box where the ‘solution is close[d] in’. 

 
Figure 2. Example of personification of the subject 
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Students explains that they do not want to study mathematics because there are too many formulae. They 
cannot understand the chapter ‘mensuration’ and feel mathematics is a waste subject. The illustration is titled 
‘Maths is the fear of my life’ with maths having several angry faces as seen from Figure 2. A human form of 
mathematics symbols is holding the student by their neck and threatening to end their life. Next to them is a grave 
and a sad heart remembering mathematical formulae for area measurements from the chapter ‘mensuration’. 
Several students represented an unpleasant physical sensation associated with science and maths such as their heart 
on fire, brain explosion, and head spinning. Students used the phrases ‘science is my true villain’ and ‘maths is the 
fear of my life’ to represent the antagonistic role of the STEM subjects in their life.  

Sometimes, their teachers and textbooks appear disproportionately large (for example, Figure 3(d) and 
Figure 6), potentially indicative of the looming power over them. Two students particularly created disturbing 
artworks indicating that mathematics ‘will be with them until the end of life’ (हमारे जीवन के आखरी लम्हो तक जुड़ा ह)ै. Due 
to the intense emotions associated with science and maths, few students created representations of ‘getting back 
at’ science and maths. They wanted to show their anger and frustration by throwing their textbooks into the 
‘dustbin’ or fire (see Figure 3). One student was particularly waiting for ‘their time to scare mathematics away’. 

 

 
Figure 3. Examples of ‘getting back at’ maths and science. (a) A dustbin with a physics book inside it. Student 
describes ‘I thought physics is like dustbin’. (b) Titled ‘I hate math’ a drawing of a math book in the dustbin. (c) A 
group of students holding placards ‘I don’t like math’ are standing in front of a fire and throwing their mathematics 
textbooks into the fire. (d) Student sitting in front of extremely large mathematics and science textbooks saying ‘I 
hate maths and science’. Another illustration of the same student on the corner throwing away books. 

Classroom Scene 

Eight students created drawings of a particular representative incident from their mathematics or science 
classroom. Most of the pictures represented a typical regimented classroom with the students seated in rows and 
columns facing the teacher and a black board. In all of the drawings, there was a one-way conversation from 
teacher to student with occasional response from the students. Based on the drawings, the dialogue with the teacher 
could be classified into two types, namely, (a) teacher explaining a concept and (b) teacher asking a question.  

Explaining a concept 

Four students created images of the teacher explaining a concept in class. The drawings showed students as 
bored, confused or unable to understand the topic. However, they were hesitant to voice their concerns and 
depicted themselves going through different emotions. Two of these drawings only represented themselves and 
the teacher while ignoring the existence of other students in the classroom (see Figure 4 and Figure 5).  

Informed by our classroom observations, these depictions may represent the lack of collaborative learning 
opportunities and isolated learning experiences for the students. The classroom was completely teacher centred 
with a lack of communication between the teacher and student. As students were unable to follow the teachers 
who remained unaware of students’ issues, students developed negative attitudes towards the topics. While the 
student in Figure 4 associated algebra with confusion, the student in Figure 5 associated physics class and 
textbook with danger. 

Two students depicted some of their peers having a similar experience while the teachers were explaining a 
concept (see Figure 6 and Figure 7). Particularly, Figure 6 depicted a classroom where a small number of students 
who were able to understand the teacher were usually more vocal. This left the majority of the students at a 
disadvantage. However, both Figure 6 and Figure 7 represented students who took comfort in the sentiment that 
they were not alone in their struggles.  
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Three out of four students (Figure 4, Figure 5, and Figure 6) depicted teaching approaches that instigated 
negative emotions towards the subject itself. Forced to assume the role of a passive learner, students felt distanced 
from the content and teaching process, thus labelling the subject as ‘boring’, incomprehensible, and a ‘danger’ to 
them. This represents a relationship between STEM classroom dynamics during instruction and students’ attitude 
towards the subjects. One student, but, only depicted a ‘boring teacher’ and not their attitude towards the subject.  

  
Figure 4. The artwork is titled ‘Algebra’. A teacher is 
at the board writing down algebraic equations. But 
the student is experiencing confusion, unable to 
understand the equations. The student is shown with 
a feeling of head spinning with stars around his head. 
The artwork is retitled at the end of the page as 
‘Algebra Confuse’. 

Figure 5. The drawing is titled ‘Science is my true villain’ 
depicting student feelings during physics class. The 
Physics teacher standing before the board is asking, ‘Did 
you understand, students?’. The student is thinking to 
themself, ‘I don’t know what the teacher taught, I could 
not understand anything’. A science book is shown with 
a Danger warning and a note of caution ‘please note that 
the next period is Physics, be careful’. 

  

  
Figure 6. A scene from mathematics classroom 
shows a teacher at the front of the class teaching 
algebraic equations. The work is titled ‘This is how 
our class is’. The teacher askes ‘did you understand?’. 
Two of the students’ reply ‘yes’, while the others think 
‘I didn’t understand’, ‘I don’t know what this is’, ‘75% 
of the class cannot understand’. However, the teacher 
remains oblivious that 75% of the class does not 
understand. 

Figure 7. The artwork shows a mathematics classroom 
with the teacher at the front of the class writing on the 
board. Several students are leaving the classroom because 
they feel that the ‘math teacher is boring’. Even the 
students still seated in their places are finding the math 
teacher boring. 
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Asking a question 

Three student drawings of classroom dynamics indicated unpleasant incidents of questioning by the teacher. 
One particular student described a scenario in which the maths teacher asked questions in the class and students 
were then punished if they gave incorrect answers (Figure 8). As a result of this experience, the student reported 
developing severe emotional and physical reactions towards mathematics while other students in the class also 
experienced fear and anxiety.  

Two other students depicted teachers using a threatening tone while asking questions in the classroom. In both 
cases, the teachers’ behaviour towards the student incites a derogatory reaction of laughing from their peers 
(Figure 9 and Figure 10). The student from Figure 9 demonstrates a feeling of isolation from their peers due to 
the dynamic of being put down by the teacher and peers. The student shows an emotional reaction of wanting to 
burn the mathematics books as a result. However, Figure 10 depicts a comparison of mathematics and science 
classes. This student drawing indicates that the behaviour of their peers and attitude towards the subject depends 
on the behaviour of the teacher. Further, classroom experiences lead them either to ‘love’ or ‘hate’ the subject.  

Teacher Intent  

Based on the student narrative and posters, teachers are sometimes represented in an antagonistic role. 
However, as researchers who worked closely with these teachers for over a year, we observed that the teachers 
genuinely had the best interest of the students in mind. Given the residential setting, teachers were also caretakers 
of the students outside the classroom and shared a close personal bond with many students. Some of the 
instructional and classroom management practices noted from the student drawings were a norm in India, but do 
not demonstrate any malicious intent on the part of the teachers. These norms widely accepted as time tested 
classroom practices were still prevalent because the teachers were unaware of the associated social and emotional 
experiences of the students. 

 

Figure 8. The artwork is titled ‘what I 
don’t understand’ followed by a danger 
symbol. Student is thinking to 
themselves, ‘I cannot understand the 
maths questions and I cannot remember 
the formulae’. Their heart is shown on 
fire with an elevated heartbeat, ‘this is 
why I’m scared of maths’. There are 
several mathematical symbols and 
textbook in the background. In the test 
description, student explains, ‘I cannot 
remember mathematics formulae and 
cannot understand some questions. I 
absolutely cannot understand the big 
answer questions in mathematics. The 
teacher comes to class and askes the 
students any question. If they cannot 
answer, they get beaten. This is why we 
get scared of mathematics and are 
unable to study.’ 
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Figure 9. The drawing shows events within a mathematics classroom. In the first scene, the teacher is directing a 
question towards one student who is unable to answer. She says ‘Give me the answer boy’, while the other students 
laugh. In the second scene, the student who was unable to answer is sitting next to a blank board, while the rest of 
the students are socializing. Outside the classroom, a group of students are expressing their displeasure with 
mathematics by burning the textbooks. 
 

 
Figure 10. The drawing shows a comparison of maths and science classrooms. While the science classroom 
appears quiet without a teacher, the mathematics classroom shows the teacher asking a student to ‘stand up and 
get out’ while the other students laugh. The picture indicated that the student loves science but hates math. 
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DISCUSSION 

In an assessment driven education system, there is a reluctance to move away from established systems which 
seem to be working well. Specifically, in the Indian context, as many students are still able to perform well 
academically in rigid educational settings, the students who struggle academically are often looked down upon. 
However, this study provides insights about the weaknesses in the existing systems that impacts all students. 
Posters created by students underperforming in mathematics and science demonstrates student experiences in 
STEM classrooms. The posters provided an opportunity for students to authentically express themselves (Mitchell 
et al., 2011) and represent the social and emotional consequences of teacher behaviour in STEM classrooms.  

Classroom dynamics including student-teacher and student-student interactions in STEM classrooms play an 
important role in shaping student self-efficacy, attitudes, achievement, and future career choices. Specifically, prior 
research indicated that students who are identified as ‘academically underperforming’ by teachers are at risk of 
biased treatment by teachers and peers (Brey and Pauker, 2019; Howe and Abedin, 2013). As a result, they develop 
poor self-efficacy and negative attitudes towards the subject (Lee et al., 2015). The results from the current study 
aligned with existing research as all the students who were identified as academically underperforming in science 
or mathematics indicated a dislike for one or both of the subjects through their posters. Further, some of the 
students indicated the existing power dynamic within the classroom through words and illustrations.  

Student posters that discussed classroom dynamics clearly indicated a teacher led classroom. Students were able 
to make connections between teacher behaviours, peer behaviours and their attitudes towards the subject. 
Specifically, as the classrooms lacked collaborative activities, students were unable to have an active role in their 
learning. They heavily depended on the teacher feedback and academic performance to evaluate themselves and 
their peers. As a result, they associated poor academic performance with lower STEM self-efficacy. Some students 
demonstrated biased treatment due to their academic performance and a causal relationship between rejection in 
the classroom and dislike towards the subject.  

 Several images clearly represented the emotional and physical manifestations of STEM related anxiety. Even 
though some students referred to ‘boring’ teaching practices, or threatening classroom climate, they did not view 
the teacher as a threat. Instead, a majority of the students viewed the subjects - mathematics or science or both, as 
the source of the problem, while representing themselves as victims. Some students were waiting for the day when 
they no longer needed to engage with mathematics or science. This implied that students had developed strong 
negative attitudes towards STEM subjects and were unlikely to pursue related careers.  

The findings from this study suggest a strong need to reassess teaching practices in rural Indian context. 
Specifically, there is a need to reconsider teacher led classrooms and outdated teaching techniques involving 
shaming and harsh punishments. The artifacts generated by students are invaluable tools for facilitating discussions 
about best practices with pre-service and in-service STEM teachers. In future research and teacher training efforts, 
we aim to use the student artwork to demonstrate classroom dynamics from the perspective of underperforming 
students to provoke meaningful pedagogical changes.  
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ABSTRACT 
Introducing kindergarten children to the engineering design process (EDP) is an important objective of 
early STEM education. Studies indicate that children often miss the crucial steps of testing and optimising 
during the EDP and do not persist in making solutions better. The present study explores how children’s 
goal awareness, self-evaluation ability, domain-specific content knowledge, spatial skills and intelligence 
relate to their persistence, testing and optimising behaviour and to solution quality. In a standardized 
procedure, 41 children (4 to 7 years) in Germany worked on an engineering task in the domain of gears. 
The engineering process was videotaped, children’s testing and optimising, solution quality, goal awareness, 
self-evaluation, and task persistence were rated with a coding scheme and with interviewer questions. 
Domain-specific content knowledge, mental rotation ability and figural reasoning were measured with 
standardized tests. Correlational analyses indicated that goal awareness was positively related to solution 
quality. However, most children required support by the interviewer to retrieve the goal specifications. 
Moreover, children’s self-evaluation was negatively related to task persistence. Most children were satisfied 
with their first solution, even when it did not meet the requirements. Our findings emphasize the important 
role of teachers in helping children to tackle challenges with the EDP. 

Keywords: individual differences, problem-solving, kindergarten, gears, engineering 
 

INTRODUCTION 

Scientists and practitioners agree that STEM (science, technology, engineering, and mathematics) education 
should begin as early as kindergarten (e.g., NRC, 2013; OECD, 2018) as it can provide children with a fundamental 
knowledge base for learning STEM subjects in later school years (Kaderavek et al., 2020). Early STEM education 
aims at promoting children’s understanding of domain-specific content knowledge, fostering domain-general 
process skills, and establishing an understanding of epistemic practices (NRC, 2013). In recent years, engineering 
has been increasingly emphasized as a central component of early STEM education (Bustamante et al., 2018; John 
et al., 2018). For instance, the Next Generation Science Standards framework in the US integrated engineering into 
science education by raising engineering design to the same level as scientific inquiry, and thus emphasises how 
closely the two are linked to each other (NRC, 2013; on the close link see also Schauble et al., 1991). For instance, 
an analysis and interpretation of data is required in order to (i) understand relations between causes and effects 
(scientific inquiry) and (ii) to determine if a designed product works as intended to solve a problem (engineering 
design). Moreover, there is a growing body of research exploring young children’s engineering skills in both formal 
learning settings, such as preschool and elementary school (Bairaktarova et al., 2011; Gold et al., 2020; Kendall, 
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2015; Lottero-Perdue and Tomayko, 2020; Strimel et al., 2018a), and informal learning settings, such as museum 
exhibits (Eshan et al., 2021; Marcus et al., 2021; Tõugu et al., 2017).  

In engineering education, particular emphasis is placed on introducing children to the engineering design 
process (EDP) as the disciplinary core idea of engineering (NRC, 2013). The EDP has evolved as the systematic 
and iterative problem-solving strategy engineers use to identify and solve problems (Cross, 2008; Lucas et al., 2014; 
Pleasants and Olson, 2019). The EDP is systematic in that it follows a characteristic sequence of steps comprising 
(i) identifying a problem, (ii) planning solutions, (iii) building models and prototypes, and (iv) evaluating solutions 
and prototypes (Cross, 2008). The EDP is iterative in that engineers build various prototypes, continuously test 
and optimise their solutions, analyse and interpret data, learn from failures, and make decisions based on evidence 
in order to improve solution quality (Cross, 2008; Lucas et al., 2014). Design failures, i.e. solutions that fail to meet 
one or more criteria, and the need to revise designs are regarded normal parts of the process (Petroski, 1992). 
Thus, persisting and learning from failure is considered as a crucial epistemic practice of engineering (Crismond 
and Adams, 2012; Lucas et al., 2014). Studies comparing the design processes of experts and novices reveal that 
expert designers go through significantly more iterations than novices, resulting in increased quality of the 
engineering solution (Atman et al., 2007; Strimel et al., 2018b). However, there are only a few empirical studies 
that have examined the EDP with focus on the crucial practices of persisting, testing and optimising in kindergarten 
and elementary school-aged children. Learning more about young children’s persistence, testing and optimising, is 
highly relevant because of its theoretical implications and because it might also inform practitioners for developing 
targeted intervention programs based on these findings (Strimel et al., 2018a). In the present exploratory study, we 
therefore investigate kindergarten children’s task persistence, testing and optimising when solving an engineering 
design task. 

Empirical Studies Examining Children’s Task Persistence, Testing and Optimising 

Testing and optimising require the ability to analyse and interpret data (NRC, 2013), which develops between 
the ages of 3 and 7 (Zimmerman and Klahr, 2018). Children as young as 3 years are capable of spontaneously 
producing evidence that would enable causal learning (Schulz et al., 2007). However, studies observing children’s 
engineering indicate that pre-schoolers and kindergartners do not sufficiently analyse and interpret data since they 
tend to neglect testing and optimising (for an overview, see Gold et al., 2020). For instance, Bairaktarova et al. 
(2011) stress that 3- to 5-year-olds’ testing during free play activities with unstructured materials, such as sandboxes 
or water tables, semi-structured materials, such as paints and paper, and structured play materials, such as snap 
circuits focused mainly on the completion of a single construction, rather than on evaluating different prototypes 
to improve the solution quality. Similarly, in a study by Strimel et al. (2018a) 5- to 7-year-old kindergarten children 
spent only a very small part of their effort on evaluating solutions when solving engineering design tasks. Moreover, 
most children ended their design session once a single prototype was built (Strimel et al., 2018a). So far, little is 
known about young children’s persistence, and neglection of testing and optimising. However, the few studies 
indicate that kindergarteners’ persistence, testing and optimising might be related to the problem type (well- vs. ill-
defined), children’s goal awareness, ability to realistically self-evaluate solutions, and domain-specific content 
knowledge (Kendall, 2015; Lottero-Perdue and Tomayko, 2020; Strimel et al., 2018a). In the following, we will 
briefly address these points.  

Children might need to be aware of the goal in order to test and optimise. Strimel et al. (2018a) suggest that the 
low incidence of persisting, testing and optimising in their study might have been due to the fact that they provided 
children with ill-defined engineering tasks. In ill-defined engineering tasks, the goal and constraints are not given 
in advance; thus, the criteria for evaluating a solution must be determined by the problem solver (Dörner and 
Funke, 2017). As kindergarten children often find it difficult to identify such criteria, well-defined engineering tasks 
seem more appropriate to investigate kindergarten children’s testing and optimising (Haluschak et al., 2018; Strimel 
et al., 2018a). In well-defined engineering tasks, there is a clearly defined goal that allows for multiple solutions, 
and the criteria to evaluate a solution are given in advance (Crismond, 2001). In a museum’s activity context, 
Pagano et al. (2019) investigated how the setting of a goal affected family’s conversation about engineering 
practices. Families in a program with a set goal reflected more often on testing, things not working, optimising, 
and being successful or unsuccessful than families who completed an activity without a set goal. 

Nevertheless, well-defined engineering tasks require the problem solver to build and maintain a mental 
representation of the goal state, which places high demands on the problem solvers’ working memory (Kintsch, 
2007). As the capacity of working memory in kindergarten children is still developing (Diamond, 2013), children 
might have problems in building and maintaining adequate mental representations of a goal state. Karmiloff-Smith 
(1979) demonstrated that 4- to 9-year-olds built accurate initial mental representations of a problem’s goal state, 
but tended to simplify the problem by modifying their mental representation of the goal state during their problem-
solving process (Karmiloff-Smith, 1979). In a qualitative study with a well-defined engineering task, Kendall (2015) 
investigated how six kindergarten children evaluated two design solutions of bridges. When asked to recall the 
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requirements the bridge had to meet (length and sturdiness), most children did recall only one of the two 
requirements. Consequently, studies on kindergarten children’s persisting, testing and optimising should control 
whether children are aware of a task’s goal and the task’s requirements. 

Learning from failures by continuously testing and optimising prototypes requires the ability to assess one’s 
own performance and solutions realistically. Findings from developmental psychology indicate that self-evaluations 
of 4- to 7-year-olds tend to be unrealistically positive (Harter and Bukowski, 2015; Marsh et al., 2012; Oppermann 
et al., 2018). Such a bias in perception might lead children not to optimise, as there is nothing to optimise from 
their point of view. When the children in the study by Kendall (2015) were asked to test and optimise the 
engineered bridges, children tended to focus on what worked, but neglected failures and their sources. Contrary, 
in a study by Lottero-Perdue and Tomayko (2020) 5- to 7-year-old kindergarten children were able to accurately 
self-evaluate their engineered solution with respect to the requirements it had to meet, and almost all of the children 
opted to optimise their design when asked by the researchers. As the authors acknowledge, the engineering task 
was quite straightforward with respect to success or failure: The children were asked to build a fence out of wooden 
and foam blocks to contain a small, fast-, and randomly-moving HEXBUG nano® robot and give the robot as 
much room as possible to move. The children could hardly ignore design failures as in that case the robot evidently 
broke through the fence. Most children were able to detect failures’ causes (e.g., the foam blocks were too light), 
however, an accurate failure analysis did not automatically lead the children to apply this knowledge in a revised 
design solution (Lottero-Perdue and Tomayko, 2020). Thus, research on kindergarten children’s engineering 
behaviour might investigate how children’s self-evaluation of their solutions relate to their persistence, testing and 
optimising.  

Professional engineers apply scientific and mathematical content knowledge to design, test and optimise 
solutions (Pleasants and Olson, 2019). For young children, however, the relationship between domain-specific 
content knowledge and testing, optimising and engineering outcome is less straightforward. On the one hand, 
studies with 3- to 5-year-olds suggest that children are able to carry out meaningful tests and manipulations on a 
novel toy, use this evidence to infer causal structures, and thus, learn how the toy works without prior domain-
specific knowledge (Schulz et al., 2007). Thus, engaging children in engineering practices such as testing and 
optimising might provide learning opportunities for relevant domain-specific content knowledge (Lin et al., 2020; 
Penner et al., 1997).  

On the other hand, museum studies with 4- to 9-year-old children and their parents in two conditions (brief 
instruction on relevant domain-specific content knowledge or not) showed that instructed families displayed more 
engineering-related talk, and their children made use of the domain-specific knowledge more often than in the 
other condition (Benjamin et al., 2010; Marcus et al., 2021). To the best of our knowledge, engineering studies with 
young children so far did not measure children’s prior-knowledge in the relevant science domain. In the present 
study, we therefore measure prior-knowledge and examine how it relates to task persistence, testing, optimising 
and solution quality. 

Moreover, spatial ability has been found to be strongly associated with the development of expertise in STEM 
over the course of education (Wai et al., 2009). With respect to engineering, spatial skills have been found to be 
closely linked to physical object manipulation (such as testing and making changes to constructions) for 9- to 13-
year-old children (Ramey and Uttal, 2017). The correlation between spatial skills and engineering is likely to be 
greater the more the engineering task requires the problem-solver to mentally manipulate information about 
objects in the environment and the motion of objects (Tõugu et al., 2017). In the present study, the children were 
given a task in which the rotation of gears had to be considered. Consequently, mental rotation ability could 
possibly play a role and was therefore assessed.  

Furthermore, fluid intelligence is one of the most important prerequisites for learning and closely interrelated 
with reasoning and problem-solving (Diamond, 2013). To the best of our knowledge, studies on engineering in 
kindergarten did not control for children’s fluid intelligence and how it might relate to persistence, testing, 
optimising and solution quality. 

Present Study 

In the present exploratory study, we aim at learning more about how kindergarten children’s persistence, testing 
and optimising in an engineering task is related to children’s goal awareness, their self-evaluation of the solution, 
and their domain-specific content knowledge, spatial skills, and fluid intelligence. As previous studies mostly used 
more qualitative methods providing fine-granulated insights, we would like to complement these qualitative 
analyses with a more quantitative approach by measuring and statistically correlating children’s persistence, testing 
and optimising, goal awareness, self-evaluation of the solution, and the objective solution quality to learn more 
about the interrelations. Additionally, we measure children’s content knowledge in the relevant domain, and include 
mental rotation ability as an indicator of spatial skills as well as figural reasoning as an indicator of fluid intelligence 
in our analysis. We address the following research questions (RQs): 
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1. RQ-1: What solution quality do the children achieve? (solution quality) 
2. RQ-2: Do the children test and optimise? (testing and optimising) 
3. RQ-3: Are the children aware of the goal? (goal awareness) 
4. RQ-4: Are the children satisfied with their solution? (self-evaluation) 
5. RQ-5: Do the children make full use of the given time for engineering? (time-on-task as an indicator of task 

persistence) 
6. RQ-6: Do the children want to make a change to their solution when explicitly asked? (willingness to make 

changes as an indicator of task persistence) 
7. RQ-7: How are solution quality, testing, optimising, goal awareness, self-evaluation, task persistence, 

domain-specific content knowledge, spatial skills, and fluid intelligence related? 
We expect that the better the children’s goal awareness is, the more they will test and optimise, which will 

correspond with a higher time-on-task, and result in better solution quality. Moreover, we assume a negative 
correlation between children’s self-evaluation and their willingness to make changes to their solution. 

METHODS 

Participants 

Forty-one children (18 girls and 23 boys) participated in the study. We recruited the children by convenience 
sampling in seven kindergartens in a rural part of Germany. All participants were informed about the goals of the 
study. The children participated voluntarily and with the written consent of their parents. The convenience 
sampling yielded the following age distribution: Three children were 4 years old (one child was 51 months, two 
children were 58 months), 17 children were 5 years old, another 17 children were 6 years old, and two children 
were 7 years old (82 months and 91 months). The age information is missing for two children. Given the 
explorative nature of our study, we deliberately decided to allow the wide age range to get as much variance as 
possible in our data.  

Engineering Task 

We developed a well-defined engineering design task in the domain of gears. Gears seem to be a suitable domain 
to study 4- to 7-year-old children’s testing and optimising for at least three reasons: (i) Children can easily construct, 
test and modify gears with age-appropriate (toy) gear-kits. (ii) Gears allow for formulating tasks with clear goals 
(well-defined problems), e.g., making a target gear spin in a given direction with specified turning direction of a 
driving gear. Moreover, the children can directly and constantly test the achievement of such a goal by turning the 
gears and receive immediate feedback by observing the resulting turning direction. (iii) Gears are an elementary 
component of mechanics and incorporate domain-specific content knowledge. Developmental studies suggest that 
children differ with respect to their content knowledge about gears’ turning direction (Reuter and Leuchter, 2021; 
Lehrer and Schauble, 1998). Among 4- to 7-year-olds, there are children who know that meshed gears turn in 
opposite directions, children who have naïve concepts (meshed gears turning in the same direction), and children 
who have no apparent concepts (Reuter and Leuchter, 2021).  

In a one-to-one setting, the children received a plastic peg board (31cm×22cm) with two red plastic gears 
(approximately 12 cm in diameter with 14 teeth) that were permanently fixed on the board. One gear was on the 
left-hand side at the front of the peg board and had a crank (driving gear). An arrow pointing to the right was glued 
on the driving gear. The other gear was on the right-hand side further back on the peg board. This gear also had 
an arrow on it pointing to the right. Additionally, a sitting stick figure made of paper looking in the direction of 
the arrow was placed at the gear (see Figure 1).  

 
Figure 1. Peg board driving gear and “carousel” | construction materials 
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The interviewer told the children that this gear was a ‘carousel’ with a person on it. Then, the interviewer 
instructed the children that the ‘carousel’ should turn forward, i.e., in the direction of the arrow (specification 1) 
when the driving gear is turned in the direction of the arrow (specification 2). As constructional materials, the 
children received two red gears that were the same size as the driving gear and carousel (large gear), two medium-
sized blue gears (approximately 9cm in diameter with ten teeth), two small purple gears (approximately 6 cm in 
diameter with six teeth) and six plugs (see Figure 1). The peg board had prefabricated holes that allowed one to 
easily mount the gears with a plug. The interviewer pointed out to the children that she or he could use all of the 
materials, but they did not have to do so. It was possible to connect the driving gear with the carousel using two 
gears (e.g., the two large red ones). The intended difficulty for the children was to realize that this straightforward 
(and maybe the most obvious) solution would result in the wrong turning direction of the carousel; thus, it would 
not meet specification 1. The task can be characterized as a well-defined engineering task since it had a clear goal 
state, i.e., clearly defined specifications (turning direction of the carousel with a given turning direction of the 
driving gear); it demanded goal-oriented thinking under constraints (the driving gear and carousel were fixed, and 
the construction materials and space were restricted); and it allowed for more than one possible solution (e.g., 
connecting driving gear and carousel with three or with five gears, and there were different possible arrangements 
of the gears). 

 Test Procedure 

The engineering design task was conducted in one-to-one situations in a quiet room in the children’s 
kindergartens. The interviewer and the child were sitting side by side at a table or on the floor. It was carried out 
using a standardized procedure, consisting of three or four steps: (i) introduction, (ii) engineering trial 1, (iii) 
assessment of task persistence, goal awareness and probing for children’s self-evaluation of their solution and, if 
applicable (iv) engineering trial 2. Table 1 describes the procedure of the engineering task in detail. The complete 
procedure was videotaped. 

Table 1. Procedure of the engineering task 
 Step Interviewer does … Interviewer says … 

In
tr

od
uc

tio
n 

1 

Places an empty peg board, two yellow 
large size gears, two blue medium-sized 
gears, two purple small size gears, and 
plugs on the table. 

Today, you can play with gears. 
Here, you have various gears. Now you get to test how to 
put the gears on the peg board. 
 

2 Removes the mounted gears from the 
peg board. Okay, now you know how it works!  

3 
Places the peg board with the fixed 
driving gear and fixed “carousel” on the 
table. 

 

4 Points to the driving gear. Look, here is a gear with a crank. You can turn it. 

5 Points at the “carousel” gear. The gear here is a carousel. You see, there is a person sitting 
on it. 

6 

(i) turns the carousel in the direction of 
the arrow with his finger, and  
(ii) turns the driving gear in the direction 
of the arrow with his finger 

Introducing the well-defined problem: Now, your task is this:  
(i) The carousel should rotate in the direction of the arrow so 
that the person on the carousel moves forward  
(ii) when you turn the crank in the direction of the arrow. 
Turn the crank in the direction of the arrow! That’s right, 
you can turn this way.  
Then, the person should move forward on the carousel. Turn 
the carousel forward! Okay, that’s how the carousel should 
go. 
You can use all the gears and plugs for building - but you do 
not have to. Do you understand the task? Do you have any 
questions? 
Since more children are supposed to get their turn with this 
game today, I have to look at the clock. When the time is up, 
I will tell you and we will look at what you have built. If you 
have a product before then, you let me know. Okay, start 
now! 

T
ria

l 1
 

7 Stops the time (max. 3 minutes) 
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Coding Scheme for the Engineering Design Task 

To analyse the children’s testing and optimising, we developed a coding scheme in a two-step process. First, all 
categories of the coding scheme were derived in a top-down approach. We therefore adapted parts of the 
Metacognitive Skills in Constructional Play Engagement (MetaSCoPE) coding scheme (Spektor-Levy et al., 2017). Second, 
two raters independently tested the coding scheme with 20 videos. To obtain interrater agreement, we calculated 
Cohen’s kappa (Cohen, 1960). In an iterative process, the coding scheme was revised in a bottom-up procedure, 
uncertainties were discussed by the raters and decision criteria were clarified. The final coding scheme comprised 
a code to rate the solution quality, four dichotomous codes indicating children’s testing and optimising, and two 
codes to record the children’s goal awareness. 

Solution quality 

We rated the quality of the prototype the children had built with a score ranging from 0 to 3 points (see Table 2) 
after trial 1 and, if applicable, after trail 2. Rater agreement was substantial with Cohen’s kappa=.767. However, 
given the clear coding scheme, this appears to be a rather low agreement. In some cases, it was not clear from the 
videos whether two (or more) gears were meshing or not. We decided for these cases to always code as if the gears 
were meshing (i.e., to give the higher score). 

Testing and optimising 

We coded indications of testing and optimising for trial 1 and, if applicable, for trial 2. To account for the 
findings of Bairaktarova et al. (2011) and Strimel et al. (2018a), we distinguished between children’s testing of 
incomplete prototypes (e.g., turning two meshed gears) and of complete prototypes (turning the driving gear to 
move the carousel) during the trial. Following the same logic, we distinguished between changes children made to 
incomplete and to complete prototypes during the trial. Cohen’s kappa was .614; thus, according to Landis and 
Koch (1977), rater agreement can be regarded as substantial.  

Table 1 (Continued). 
 Step Interviewer does … Interviewer says … 

A
ss

es
sm

en
t 

8  

Exploring task persistence: [If child finishes before the three 
minutes are up]: Okay, you have a product you want to show 
me yet? I’ll look in a minute. 
[If the three minutes are up]: Okay, I’m afraid the time is up. 
I can’t wait to see what you’ve built! 

9  

Probing goal awareness: Before we look at your construction, tell 
me again: What was the task?  
[If the child did not provide a complete description of the 
task, the interviewer probed for the missing specifications]: 
E.g., What direction should the carousel turn? 

10  Probing self-evaluation: Are you satisfied with your solution? 

11  Probing task persistence: Do you want to change something? 
[If yes]: Okay, then you can build again! 

T
ria

l 1
 

12 Stops the time (max. 2 minutes)  

 13  Okay, you did a good job! Now we’re done for today. 
 

Table 2. Scoring solution quality 
Score  Description 
3 points Complete, adequate prototype Driving gear and carousel are connected with an odd number of gears 
2 points Complete, inadequate prototype Driving gear and carousel are connected with an even number of gears 

1 point Incomplete prototype Gears have been built on the driving gear and/or the carousel, but driving 
gear and carousel are not connected 

0 points No prototype Neither driving gear nor carousel are meshed with another gear 
Note. When a child builds a complete prototype but then makes an alteration making it incomplete again at the 3 minutes 
mark of trial 1 (or 2 minutes mark of trial 2), it would be coded as an incomplete prototype. 
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Goal awareness 

We recorded and coded whether the children were able to name specification 1 (the carousel should turn in the 
direction of the arrow) without the help of the interviewer, with help or not at all. We did the same for specification 
2 (the driving gear has to be turned in the direction of the arrow). The final rater agreement was substantial with 
Cohen’s kappa=.754. We calculated a score to quantify children’s goal awareness. For each of the two 
specifications, the children received 2 points if they provided the correct answer on their own, 1 point if they 
provided the correct answer after the probing of the interviewer, and 0 points if they did not give a correct answer 
even after probing. Thus, the score ranged from 0 to 4 points. 

Testing Domain-Specific Knowledge, Spatial Skills and Figural Reasoning 

We tested children’s domain-specific conceptual knowledge of gears’ turning direction in a standardized one-
to-one interview (gear-interview). The children were shown eight different gear configurations (items) built with 
physical gears. Each item consisted of a driving gear with an arrow indicating the turning direction that was meshed 
with one or more other gears (target gears). The children had to predict the turning direction of the target gears. 
All gears were fixed, that is, they could not rotate. This meant that the children could not learn during the test. 
Moreover, there was no teaching on gear functioning before. For a detailed description of the procedure see 
Authors. The internal consistency was high with αKD20=.912. The children could achieve a maximum score of 26 
points. 

We assessed mental rotation ability with the Picture Rotation Test (PRT) (Quaiser-Pohl, 2003) as an indicator for 
spatial skills. Children were presented with coloured three-dimensional target images of people (e.g., an ice-skater) 
and animals (e.g., a tiger) as well as three comparison images. Two of them were mirrored and rotated and one was 
only rotated. The children had to identify the rotated image of the target image. The maximum score was 16 points.  

As an indicator of fluid intelligence, we measured figural reasoning with the matrices subtest from the Culture 
Fair Test (CFT) (Weiß and Osterland, 2013). The children could reach a maximum score of 15 points. All tests were 
conducted about one week before the engineering task to ensure adequate testing time and cognitive loads for the 
age group. 

Correlational Analysis 

For the correlational analysis, we considered the different measurement levels of the variables and whether the 
data were distributed normally or not (c.f. Field, 2011; see Table 3). We calculated Pearson’s correlation coefficient 
r for pairs of variables that were normally distributed at the interval level. We calculated Spearman’s correlation 
coefficient ρ for pairs of variables with one or both variables non-normally distributed at the interval level. We 
calculated the biserial correlation coefficient rb for pairs of variables where one of the variables was measured 
dichotomously but had an underlying continuum, and the other variable was normally distributed at the interval 
level. In cases of non-normally distributed data of the interval level variable, we calculated the biserial correlation 
coefficient based on Spearman’s correlation coefficient ρ. We calculated the tetrachoric correlation coefficient rtet 
for pairs of dichotomously measured continuous variables. 

Table 3. Correlations 
    1 2 3 4 5 6 7 8 9 
1 solution qualitya          
2 testingb .713         
3 optimisingb .459 .681        
4 goal awarenessc .316 .140 .444       
5 self-evaluationb .180 -.167 -.356 -.007      
6 task persistence (time-on-task)b -.009 .453 .479 -.078 -.573     
7 task persistence (willingness to make changes)b -.218 .032 .229 -.037 -.677 .004    
8 content knowledge gears’ turning directiona .034 -.056 .039 .290 -.362 -.099 .168   
9 mental rotation abilitya .336 .238 .233 .103 -.227 -.221 .186 -.069  
10 figural reasoning abilityc .131 -.056 .210 .015 .033 -.168 .267 -.005 .374 
Note. aInterval, normally distributed; bCntinuous dichotomy; cInterval, non-normally distributed; Significant correlations 
(p<.05) are highlighted in bold. 
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RESULTS  

Mean Values and Proportions 

RQ 1: Solution quality  

The mean quality of children’s solutions in trial 1 was 1.61 (SD=1.02, range=0-3). Nine children built a 
complete and adequate prototype, 14 children a complete but inadequate prototype. Eleven children had an 
incomplete prototype at the end of trial 1 (max. 3 minutes), and seven children had no prototype. For the 
subsample of the children who did trial 2 (n=23), the mean score slightly increased from 1.48 (SD=0.95) after trial 
1 to 1.70 (SD=0.88) after trial 2. However, the mean scores of trial 1 and trial 2 did not differ significantly, t(22)=-
1.417, p=.171, as a paired sample t-test revealed. Thus, only trial 1 will be considered in the further analyses. 

RQ 2: Testing and optimising 

We first analysed children’s testing and optimising regardless of the completeness of the prototype. Thirty 
children tested at least once. Twenty-six children made at least one change. To examine whether children’s testing 
behaviour differed for incomplete and complete prototypes, we restricted our analysis to children who finished 
trial 1 with a complete prototype (n=23). Sixteen of them tested the functioning of both incomplete and complete 
prototypes. Four of them tested the functioning of complete prototypes only, and one child the functioning of 
incomplete prototypes only. Two of them did not test at all. To examine whether children’s optimising behaviour 
differed for incomplete and complete prototypes, we restricted our analysis to children who finished trial 1 with a 
complete, but inadequate prototype (n=14). Six of them made changes to both incomplete and complete 
prototypes, another six children made at least one change to an incomplete, but not to a complete prototype, and 
two of them did not make any changes. 

RQ 3: Goal awareness 

The mean score for goal awareness was 2.24 (SD=1.07, range=0-4). Five children (12%) provided a complete 
and correct description of both specifications on their own. 27 children (66%) provided an incomplete description 
of the task and did not mention the turning direction. However, with probing of the interviewer, they were able to 
give the complete description. Thus, there were a total of 32 children (78%) who could correctly name both 
specifications. The remaining nine children (22%) provided incomplete or no description of one or of both 
specifications, despite the interviewer’s probing. 

RQ 4: Self-evaluation 

When asked by the interviewer, 31 children (75%) said that they were satisfied with their solution in trial 1. 

RQ 5 and RQ 6: Task persistence 

Sixteen children (39%) made full use of the time allowed at trial 1 and thus were interrupted by the interviewer 
after 3 minutes of engineering. Correspondingly, the other 25 children (61%) presented a solution to the 
interviewer before the 3 minutes were over. Their mean time-on-task was 114 seconds (SD=41.8). When asked by 
the interviewer, 23 children (56%) opted to make changes to their solution. Hence, these 23 children did trial 2. 
Nine of these children made full use of the two minutes that were allowed in trial 2. The other 14 children finished 
before the two minutes were over with a mean time-on-task of 76 seconds (SD=32.8). The mean time-on-task for 
the children who did trial 1 only was 134 seconds (SD=51.2), and it was 237 seconds (SD=58.4) for the children 
who did both trial 1 and trial 2. 

Correlational Analyses 

RQ 7: correlations 

The solution quality was positively related to testing, to optimising, to goal awareness and to children’s mental 
rotation ability. Testing was positively related to optimising, and to time-on-task. Optimising was positively related 
to goal awareness and to time-on-task. The children’s self-evaluation of their solution was negatively related to 
time-on-task. Moreover, self-evaluation was negatively related to the children’s willingness to make a change to 
their solution. Mental rotation ability (M=9.78, SD=4.11) was positively correlated with figural reasoning ability 
(M=4.29, SD=2.72). Domain-specific content knowledge on gears’ turning direction (M=11.49, SD=5.64) did not 
significantly correlate with any of the other variables. Table 3 gives an overview of the correlation matrix. 
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Our next analysis is concerned with the association between solution quality and all other variables (Table 4). 
However, with respect to content knowledge, the mean value does not adequately represent the concepts. Thus, 
we categorize the children as either having the correct concept (meshed gears turn in opposite directions), an 
incorrect concept (meshed gears turn in the same direction), or no apparent concept by using the binomial 
distribution (P26;1/2 [X=17]=8.43%, meaning that 17 out of 26 consistent responses have 8.43% probability of 
occurring by chance, i.e., by guessing). Children with at least 17 out of 26 correct predictions in the gear interview 
were considered as having the correct concept (n=9). Children with at least 17 out of 26 incorrect predictions were 
considered as having the incorrect concept (n=14). Children without a consistent answer pattern were considered 
as guessing, thus having no apparent concept (n=18). 

Due to the small sample size, Fisher-Freeman-Halton’s exact test was used to determine if there was a 
significant association between solution quality and the respective variable (Bortz and Lienert, 2008). In the case 
of a significant association, we performed post-hoc pairwise comparisons with Bonferroni corrected significance 
level of p<.008. There was a statistically significant association between solution quality and testing, χ2=10.942, 
p=.006. The higher the solution quality, the higher the proportion of children who tested at least once. Pairwise 
comparisons revealed that children with a complete and adequate prototype (3 points) differed significantly 
(Fisher’s exact test, p=.005) from children with no prototype (0 points) in their testing behaviour (9/9 vs. 2/7). 
Furthermore, there was a statistically significant association between solution quality and optimising, χ2=9.776, 
p=.016. Pairwise comparisons revealed that children with a complete, but inadequate prototype (2 points) differed 
significantly (Fisher’s exact test, p=.003) from children with no prototype (0 points) in their optimising behaviour 
(12/14 vs. 1/7). There was no statistically significant association between solution quality and any of the other 
variables (all p>.05).  

However, on a descriptive level, there was a U-shaped association between solution quality and self-evaluation: 
For both 3 points and 0 points, the proportion of children who were satisfied with their constructions was high 
(9/9 and 6/7), whereas for both 2 points and 1 point the proportion was comparably low (9/14 and 7/11). 
Likewise, on a descriptive level, an inverted U-shaped association could be observed between solution quality and 
task persistence: For both 3 points and 0 points, the proportion of children making full use of the three minutes 
was rather low (2/9 and 1/7), whereas for both 2 points and 1 point the proportion was comparably high (7/14 
and 6/11). Furthermore, 10 out of 11 children with 1 point in solution quality wanted to make a change to their 
construction when asked by the interviewer after trial 1. For all other children, this proportion was lower with 
43 %.  

With respect to children’s content knowledge of gears’ turning direction, descriptive data show on the one 
hand: The better the solution quality, the greater the proportion of children with the correct concept. On the other 
hand, the data also show: Among the children with an adequate prototype (3 points), 3 out of 9 had the correct 
concept of gears’ turning direction. Another 3 achieved the 3 points with an incorrect concept, and the remaining 
3 children without an apparent concept. 

Table 4. Association between solution quality and testing and optimizing, goal awareness, self-evaluation, task 
persistence, and content knowledge 
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n (n=30) (n=26) (n=32) (n=5) (n=31) (n=16) (n=23) (n=9) (n=14) (n=18) 
3 pts. 9 9 6 8 (3) 9 2 4 3 3 3 
2 pts. 14 12 12 12 (2) 9 7 6 4 6 4 
1 pt. 11 7 7 7 (0) 7 6 10 2 3 6 
0 pt. 7 2 1 5 (0) 6 1 3 0 2 5 

Note. 3 pts.: Complete, adequate prototype; 2 pts.: Complete, inadequate prototype; 1 pt.: Incomplete prototype; 0 pt.: No 
prototype; 1 number of children who named both specifications with or without probing of interviewer. 
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DISCUSSION 

In our exploratory study, we attempted to learn more about kindergarten children’s persistence, testing and 
optimising in an engineering task and how these behaviours are related to children’s goal awareness, their self-
evaluation of the solution, their domain-specific content knowledge, spatial skills, and fluid intelligence. Therefore, 
we had 4- to 7-year-old children work on a well-defined engineering task with more than one possible correct 
solution in the domain of gears. We rated the solution quality (RQ-1); observed the children’s engineering 
behaviour for incidences of testing and optimising (RQ-2); and measured goal awareness (RQ-3), self-evaluation 
of the solution (RQ-4), and task persistence (RQ-5 and RQ-6). Moreover, we included the children’s domain-
specific content knowledge, mental rotation ability and figural reasoning ability and explored how all aspects were 
related to each other (RQ-7). The discussion section aims at integrating the results of the research questions and 
attempts to draw a coherent picture of the findings. 

Testing, Optimising and Task Persistence 

The majority of the children showed at least one indication of testing and optimising in the course of the 
engineering trial. As expected, both testing and optimising did correspond with a higher time-on-task and with 
increased solution quality. These findings are in line with studies showing that experts achieve better solutions than 
novices by going through more design iterations (Atman et al., 2007; Strimel et al., 2018b). Thirty-nine percent of 
the children made full use of the 3 minutes. Other than expected, there was no significant linear correlation between 
time-on-task and solution quality. Descriptive data showed that children who succeeded to build an adequate 
prototype did not necessarily make full use of the time. This indicates that the task was easy enough for these 
children. Moreover, children who did not succeed in the task at all did not make full use of the time as well. This 
might be an indicator that the task was not sufficiently interesting for these children (Crismond, 2001) or that they 
did not succeed in inhibiting other stimuli (Miyake et al., 2000). Approximately 50% of the children opted to make 
changes to their solution when explicitly asked by the interviewer. There was no significant correlation between 
willingness to make changes and solution quality. Moreover, as descriptive data showed, the proportion of children 
who wanted to make a change to their construction was highest among those with an incomplete prototype, 
whereas the proportion was low for children with a complete, but inadequate prototype. These findings suggest 
that children’s testing and optimising mainly aims at the completion of one single construction rather than at 
constructing and evaluating different prototypes, which is in line with other studies (Bairaktarova et al., 2011; 
Strimel et al., 2018a). Interestingly, a substantial proportion of the children (43%) who built a correct prototype 
wanted to continue building and making changes. We cannot say from our data whether this reflects what Lucas 
et al. (2014) calls the engineering habit of mind of relentlessly trying to make things work better, or if the children 
just enjoyed building with the gears without pursuing such a goal.  

We examined various aspects that might be related to children’s persistence and their testing and optimising 
behaviour. We will discuss them in the following sections.  

Goal awareness 

As shown in a study by Kendall (2015), children had difficulties in recalling the two specifications on their own. 
Indeed, the majority of the children stated independently from the interviewer that the carousel should rotate when 
they turn the crank, but they specified the turning direction only when explicitly asked for. This suggests that when 
children were introduced to the task, they built an accurate mental representation of the goal state (Kintsch, 2007), 
but they might have ‘simplified’ this goal representation during the course of the 3-minute engineering phase 
(Karmiloff-Smith, 1979). Even after the probing of the interviewer, one out of five children did not provide a 
complete description of how the construction was supposed to work. These children may have built an incomplete 
initial mental model of the goal state, or may have difficulties in maintaining an adequate representation of the goal 
even with well-defined problems. This difficulty may be related to the limited capacity of working memory in 4- 
to 7-year-old children (Diamond, 2013). Future studies should therefore examine the role of working memory and 
other executive functions for engineering in early childhood, e.g., using the EF touch battery (Willoughby et al., 
2013). As expected, goal awareness was positively related to solution quality and optimising. Other than expected, 
we found no significant correlation between goal awareness and testing. This lack of correlation can be interpreted 
as children having tested regardless of a correct and complete goal representation.  

Self-evaluation  

Overall, the majority of the children were satisfied with their solution. Moreover, as expected, the children who 
were satisfied with their solution were less willing to make changes to their prototype when asked by the 
interviewer. However, there was no significant linear correlation between self-evaluation and solution quality. 
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Descriptive data rather showed indications of a u-shaped relation: both the children who built an adequate 
prototype and the children who finished trial 1 with constructions showing no evidence of a prototype were 
satisfied. In contrast, the proportion of satisfied children was lower among those who built an incomplete 
prototype or a complete but inadequate prototype. These findings are partly in line with research showing that 
self-evaluations of 4- to 7-year-olds might be unrealistically positive (Harter and Bukowski, 2015; Marsh et al., 
2012; Oppermann et al., 2018). This bias in self-evaluation could be one reason why kindergarten children use little 
or no iterative approach when working on an engineering design task (Gold et al., 2020; Strimel et al., 2018a). 
However, as indicated by findings of Kendall (2015) and Lottero-Perdue and Tomayko (2020), children are willing 
to improve their solutions if the requirements are made clear to them and if they are instructed to test their 
solutions. In this respect, a methodological shortcoming of our study is the interviewer’s question “Are you satisfied 
with your solution?”, which might be too general. If the question was put in relation to the demanded task 
specifications (e.g., “Does your carousel turn in the demanded direction?” or “Compare your solution to the demanded 
requirements.”), the children might be able to evaluate their solution in depth. However, since we stated the 
requirements a few seconds before, when probing for children’s goal awareness, we assume that it was possible 
for the children to relate our question to the task specifications. Nevertheless, a future study could examine whether 
children come to a more realistic assessment if they are given an explicit criterion for evaluation (Crismond, 2001; 
Lottero-Perdue and Tomayko, 2020).  

Domain-specific content knowledge  

We found no significant correlations of domain-specific content knowledge with the other variables in our data. 
This result indicates that it was possible for the children to test and optimise and to succeed in building an adequate 
prototype, even without specific knowledge of meshed gears’ turning directions. As can be seen in the descriptive 
data, among the children with the correct solution, one third of them had a correct, an incorrect or no apparent 
concept of gears’ turning direction respectively. However, as Lottero-Perdue and Tomayko (2020) also note in 
their study, task characteristics might have elicited this result. In our study, it obviously was possible to solve the 
task in a short time. Exploring the gears and observing their behaviour thoroughly might have been sufficient to 
succeed. An indication of the relevance of this interpretation can be found in Schulz et al.’s (2007) findings that 
children are able to produce evidence to infer causal structures of a mechanism by thorough testing. However, the 
descriptive data also show that the better the solution, the greater the proportion of children with the correct 
concept on gears’ turning direction. This is in line with studies indicating that prior-knowledge in the relevant 
science domain can contribute to better engineering processes and outcomes (Benjamin et al., 2010; Marcus et al., 
2021). Future studies should therefore try to differentiate whether successful solutions are achieved through trial 
and error procedures or through the application of content knowledge. Moreover, upcoming research might 
investigate and compare kindergarten children’s engineering behaviour in different science domains, e.g., the 
stability of block buildings (Weber et al., 2020), one-sided levers as simple machines (Leuchter and Naber, 2018), 
floating of objects (Hong and Diamond, 2012), and pursue two directions: (1) Studies should examine for different 
science domains whether kindergarten children can learn domain-specific content knowledge by being exposed to 
engineering design tasks (Lin et al., 2020; Penner et al., 1997). (2) Studies might compare children who received a 
training in the relevant domain-specific knowledge beforehand with children who did not receive a training 
(Benjamin et al., 2010; Marcus et al., 2021). This will provide insights into children’s failure analysis and the role of 
domain-specific content knowledge for optimising. 

Spatial skills and fluid intelligence 

Mental rotation ability did positively correlate to figural reasoning ability. Moreover, mental rotation ability was 
positively related to solution quality, indicating that children with better spatial skills achieved better solutions. This 
is in line with research suggesting spatial skills to be positively related with success in STEM (Wai et al., 2009). 
However, our study showed no significant correlation between spatial skills and testing and optimising. This is in 
contrast to findings from observations with older children (Ramey and Uttal, 2017). Furthermore, figural reasoning 
was not significantly related to any of the other variables. These findings indicate that children can engage with the 
engineering design process from an early age regardless of their spatial skills and their fluid intelligence, which is 
in line with observational studies of young children’s engineering behaviour (for an overview, see Gold et al., 2020).  

Our results highlight some practical implications. With respect to engineering intervention programs for 
kindergarten children, our findings emphasize the important role of teachers. They should learn techniques that 
help children to tackle challenges they might face with respect to persisting, testing and optimising, such as asking 
the children whether they remember the goal, helping them to retrieve the goal specifications, stating that nobody 
succeeds in the first attempt, and motivating them to remain on track (Lottero-Perdue and Tomayko, 2020). 
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Limitations 

First, in the present study, the test power was limited; thus, we might not have discovered relations in our 
sample that exist in the population. A larger sample size would also allow us to apply path models to describe the 
directed dependencies among the variables. Moreover, with a larger sample size it might be worthwhile to examine 
whether there are (latent) “engineering profiles” among young children, e.g., children that stand out by their talent 
for thinking up creative solutions, whereas others are better at a critical evaluation, testing and optimisation of a 
solution. Second, we used only one engineering task in one domain (gears) with one aspect (turning direction). 
Future studies could use problems on the relative turning speed of gears. Third, we interpreted children’s goal 
awareness, self-evaluation, and task persistence from our observations of the problem-solving process and from 
the children’s answers to the interviewer’s questions. This procedure seems to be appropriate as a first step in order 
to obtain an impression of which aspects might be relevant for children’s testing and optimising behaviour. 
However, future studies should use standardized and validated test instruments to assess children’s executive 
functioning, self-evaluation, and general task persistence. Fourth, the procedure we used in the present study did 
not allow us to measure competencies developed or demonstrated in group settings, which are important both in 
school settings and engineering practice, where communication and teamwork are essential (Lucas et al., 2014). 
Future studies might therefore use group settings as well. 

However, to date, not many studies have been conducted in this area and with this age group. Therefore, we 
assume that the knowledge gained from our exploratory study is worthwhile. We have given the children a well-
defined problem, conducted and videotaped the problem-solving process in a standardized way, developed a 
coding scheme to analyse children’s testing and optimising and examined control variables. Thus, we were able to 
relate persistence and testing and optimising to solution quality and to the control variables. With our study, we 
have contributed to the development of further studies to investigate young children’s EDP competencies as a 
relevant part of early STEM learning. 
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ABSTRACT 
Secondary school students often lack the necessary motivation to program visually. The present study aims 
to analyse the effects of error learning orientation on students’ intrinsic motivation for visual programming. 
According to the control-value theory of Pekrun (2006), we posit that the influence of error learning 
orientation on intrinsic motivation is mediated by self-efficacy for visual programming as well as by error-
related achievement emotions. A sample of 269 Swiss secondary school students (grades 7 to 9), who were 
beginners in visual programming, filled out a questionnaire as part of a course on visual programming. A 
structural equation model was established to illustrate the expected relationships between students’ attitudes 
and their impacts. As expected, the results point to the need of paying more attention to errors in STEM 
education and indicate that students’ error learning orientation had a low but significant effect on their 
intrinsic motivation for visual programming. The findings confirmed the effects of error learning orientation 
on intrinsic motivation for visual programming, which are mediated by self-efficacy but not by error related 
achievement emotions in the context of coding activities. 

Keywords: errors, coding lessons, intrinsic motivation, mediation, secondary education 
 

INTRODUCTION 

Because programming is included in the curricula of multiple countries, it has been examined in many different 
ways. Several studies shed light on learning at the student level (e.g., Fanchamps et al., 2021; Cederqvist, 2020), but 
also on how teachers deal with this rather new subject (e.g., Vinnervik, 2020). Some investigations focus on 
programming with a specific microcontroller such as the micro:bit (e.g., Cederqvist, 2020), or on specific 
programming languages (e.g., Portelance et al., 2016). This paper looks at errors as another important aspect of 
learning a new visual programming language at the student level. With visual programming, errors can often occur, 
and the students quickly receive feedback as to whether they have programmed correctly or incorrectly. Moreover, 
visual programming with a microcontroller, such as the micro:bit, allows them to directly see the effects of their 
errors. Visual programming of a microcontroller therefore offers productive learning opportunities for students to 
learn from errors. In this context, our paper aims to analyse the possible influence of students’ error learning 
orientation, as a cognitive feature of dealing with errors, on their intrinsic motivation for visual programming. 
Intrinsic motivation could be considered a central driver of learning, in contrast to extrinsic motivation, which is 
caused by external incentives or factors. According to self-determination theory, intrinsic motivation is particularly 
important for persistent and effective learning. Nevertheless, in school, more extrinsic forms, e.g., integrated or 
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identified regulation, can also be regarded as beneficial forms of motivation on the way to more autonomous 
student learning. An intrinsically motivated student achieves a task due to the inherent satisfaction in completing 
it, i.e., for fun or to overcome the challenge (Ryan and Deci, 2000). However, in finishing a programming activity, 
students could make errors, which may possibly affect their intrinsic motivation. When students engage 
productively with errors, they are supposed to learn (Kreutzmann et al., 2014; Pekrun, 2006). Dealing with them 
productively creates a sense of competence, as well as being enjoyable and motivating. In contrast, unfavourable 
feelings of self-esteem caused by the experience of problems with a programming task are associated with more 
negative emotions, which are a hindrance to intrinsic motivation (Kreutzmann et al., 2014; Pekrun, 2006). 
Furthermore, if students do not see errors as learning opportunities, either because they are afraid of them or 
because the teacher puts pressure on the students, they are not likely to deal with them in a learning-enhancing 
way (Pekrun, 2006; Spychiger et al., 2006). 

With respect to these first considerations of the experience of errors as part of secondary school students’ 
learning and their influence on students’ intrinsic motivation, the question arises as to how STEM educators could 
specifically address student’s dealing with errors and the influence of errors on learning in STEM (science, 
technology, engineering and mathematics) education. The question will be discussed here specifically in regard to 
visual programming languages, as this content is an ideal learning environment for developing a positive error 
learning orientation. 

THEORETICAL BACKGROUND  

Dealing with Errors  

One outcome of the international comparative study PISA (Programme for International Student Assessment) 
is the increasing importance of a positive error culture as a criterion for good teaching (Meyer et al., 2006; OECD, 
2021). In STEM subjects, varying tasks can be offered in which the students can work with errors in different 
ways, e.g., by using the trial-and-error method (Bei et al., 2013; Edwards, 2004), the debugging process (Michaeli 
and Romeike, 2019; Perscheid et al., 2016) or the productive-failure approach (Kapur, 2015). In this context, 
attention should be focused not only on the tasks themselves, but also on the effects on learning when students 
encounter errors during the activity. If the experience is positive, dealing with them can increase students’ 
motivation and self-efficacy and generate pleasant emotions (Schumacher, 2008; Schunk and Usher, 2012; Tulis 
and Ainley, 2011). However, the frustration caused by errors can also lead to an abandonment of the learning 
activity. Therefore, more importance should be attributed by teachers to how students handle errors as part of the 
learning process. 

Errors in lessons are often defined as “facts or processes that deviate from a norm” (Kobi, 1994, p. 6). Norms 
can be related to a subject or be social or moral, and must be known by the students (Oser et al., 1999). Errors in 
class in relation to a subject can be, for example, incorrectly solved tasks or wrongly assessed verbal reports. Social 
errors include, for instance, disrupting a lesson, and moral ones involve, for example, lying (Kreutzmann et al., 
2014). In this study, which has a focus on subject-related errors, they can set important learning processes in 
motion if students view errors as something they can learn from. Depending on how they are handled, errors can 
be conducive to learning, but they can also be an obstacle. A distinction must be made between the way teachers 
and students deal with errors (Spychiger et al., 2006). In order for students to learn from them, both instructors 
and pupils need to adopt a positive attitude towards the handling of errors (Spychiger et al., 2006). On the part of 
the teachers, this means that they must be error-friendly. In other words, they should create situations in which 
errors are allowed to happen, and should react positively to the errors of the students (by being patient and not 
scolding or shouting). Teachers must also admit their own errors and model how to deal with them in a positive 
way. In addition, they should always make it clear to the students which norms apply, so that the students are aware 
when they have deviated from these and consequently have made an error (Spychiger et al., 2006). Although the 
teacher’s approach is also important, the decisive factor as to whether or not students learn from errors is the way 
in which they deal with them themselves (Kreutzmann et al., 2014; Spychiger et al., 2006). With respect to the topic 
of this research, this shows that programming is associated with specific opportunities and traps in terms of 
learning and dealing with errors. 

Programming is a part of the curriculum in multiple countries. This rather new subject offers many facets of 
learning, such as fostering problem-solving skills (e.g., Gülbahar and Kalelioglu, 2014), learning through trial and 
error (Bei et al., 2013; Edwards, 2004) and grasping a new language (e.g., Portelance et al., 2016). In contrast to 
other subjects, such as, e.g., languages, in programming, the counterpart is not a human being with emotions, social 
competences and the ability to interpret, but a technical device, which only understands what has been 
communicated through visual or text-based programming. This means that communication must be accurate. If 
there is the slightest error, such as an incorrect block in visual programming or a comma instead of a dot in text-
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based programming, the technical device does not understand what it has to do. These circumstances inevitably 
lead to students making errors. However, this also opens up great potential for learning from them. Coding lessons 
in STEM education offer ideal conditions for establishing a positive error culture in the classroom, which will be 
described below. In this study, we focus on the errors secondary school students make using the technical device 
micro:bit. 

First, working with the micro:bit has the advantage that errors are recognized immediately and the students do 
not have to compare their solution with a sample one or wait for the teacher’s feedback. Second, if there is an error 
while working with the micro:bit, either nothing happens or the micro:bit does not carry out the desired action. 
This means that the students must look for the cause of the problem. In doing so, they can exchange ideas with 
their classmates and discover other solutions. At times, the students are not able help themselves. In this case, they 
can apply the “trial-and-error” method, as has been described by, amongst others, Edwards (2004). This is a 
learning method that, for security reasons, cannot really be applied in other school contexts, such as, for example, 
in physics when working with electricity or in chemistry when working with chemicals. As part of this method, 
students work, as the name suggests, by trial and error. Hence, they try something out, change an element in the 
code and observe what happens. Through this process, students identify steps that lead to the end goal, but also 
include actions that are not successful (Bei et al., 2013; Edwards, 2004). 

Furthermore, in digital-based learning settings, whether classical programming lessons or those in which 
scientific problems are solved with the help of programming, debugging tasks can be provided for students who 
perceive errors as learning opportunities. Incorrect solutions are provided, which are then improved or debugged 
by the students (Michaeli and Romeike, 2019; Perscheid et al., 2016). To correct the errors, students can use their 
knowledge, as well as the “trial-and-error” method, to solve the problems. In such cases, pedagogical methods 
including cooperative thinking and learning support a positive experience of handling errors. 

Programming offers possibilities for teachers to create tasks and environments that allow students to 
understand errors as opportunities to learn and in which they could experience emotions that should increase their 
motivation for learning programming. In the following section we will outline, based on the “Control-Value Theory 
of Achievement Emotions” (CVTAE) of Pekrun (2006), how errors as part of learning are connected to students’ 
attitudes, affects and motivation. 

Intrinsic Motivation, Self-Efficacy, and Emotions in Dealing with Errors 

The “Control-Value Theory of Achievement Emotions” (CVTAE) of Pekrun (2006) (see Figure 1) describes 
the emotional processes that might occur during learning. This is focused on the influences on and effects of 
emotions (Pekrun, 2006). According to the CVTAE, achievement goals and beliefs predict the control and value 
appraisals, which, in turn, predict emotional reactions. Furthermore, emotions, e.g., error-related achievement 
ones, are deemed to be antecedents of the motivation to learn.  

Not all aspects of the model can be investigated in this study. The focus will be on the impact of the error 
learning orientation as a part of achievement goals and beliefs on the intrinsic motivation for visual programming 
and the mediating effects of self-efficacy for visual programming and error-related achievement emotions. 

As described above, dealing with errors, specifically error learning orientation as the cognitive feature, can be 
located as an element of achievement goals and beliefs. According to the CVTAE, error learning orientation is 
assumed to have an influence on intrinsic motivation for visual programming. This statement can be supported by 
Schumacher (2008), who states that the successful overcoming of errors leads to a greater intrinsic motivation to 
learn. He further states that intrinsically motivated students are less likely to be dissuaded from learning if they fail. 
In this study, we focus on the experienced level of intrinsic motivation for visual programming. 

Furthermore, and according to CVTAE, error learning orientation affects self-efficacy as a part of control 
expectancy. This statement is also supported by Kreutzmann et al. (2014) and Schunk and Usher (2012), who 
proved that error learning orientation was predictive of self-efficacy. According to Schunk and Usher (2012), 
successes like correctly solved tasks can increase students’ self-efficacy, while errors can decrease it. Students with 
a high level of self-efficacy are more likely to set higher goals, persevere even in the face of failure and regain their 
sense of efficacy after making an error, as well as to report more positive emotions. Students with low self-efficacy 
set themselves low objectives and are more likely to give up when they make errors and subsequently undergo 
negative emotions. However, errors do not always have to be associated with low self-efficacy (Schunk and Usher, 
2012). As self-efficacy is topic-specific, we focus on a particular type, the self-efficacy for visual programming with 
Microsoft MakeCode for micro:bit. 

Error-related achievement emotions can be associated with achievement emotions. According to Pekrun et al. 
(2006), positive attitudes towards errors can facilitate positive emotions and reduce negative ones. Hence, a 
constructive error learning orientation should facilitate positive emotions and reduce negative ones. Tulis and 
Ainley (2011) were able to show that not all students always experience negative emotions after making an error. 
In their study of 182 fifth grade students, 46% of the students surveyed reported experiencing no emotions 
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following making an error, 33% anger and boredom, 5% anxiety and despondency (sadness, shame, fear) and 16% 
positive emotions. These included interest, joy and pride. A comparison of students reporting negative emotions 
after making an error with those experiencing pleasant ones showed that more positive attitudes towards making 
errors and mastery orientation correlated. These results corroborate the findings of Diener and Dweck (1980) and 
Dweck and Leggett (1988), namely, that certain students reported positive emotions after making an error, others 
reported anger and boredom, and a third group reported inward-looking emotions, such as anxiety, shame and 
sadness. Furthermore, according to the CVTAE, emotions have an impact on one’s motivation to learn. 

In addition, research has shown that in STEM subjects, there are gender differences in learning motivation 
(e.g., Oppermann et al., 2020) and self-efficacy (e.g., Kessels, 2012). As expected, these results are also reflected 
specifically for programming (e.g., Funke et al., 2015). Boys seem to be more motivated to program compared to 
girls (Adleberg, 2013). 

Furthermore, boys seem to have higher self-efficacy using a computer (Cassidy and Eachus, 2002) and also feel 
more able to program compared to girls (Gunbatar and Karalar, 2018). With regard to the emotions experienced 
after making an error, Dresel et al. (2013) were able to show that boys report a higher affective-motivational 
adaptivity of error reactions in mathematics than girls. It is therefore inferred that boys will also report more 
positive emotions after an error in programming than girls. In contrast, Arndt (2020) was able to show that girls 
have a higher error learning orientation than boys. 

Intrinsic motivation seems to dwindle over the school years. However, this also depends on the type of subject, 
with maths showing the greatest decline over time (Gottfried et al., 2001). It is assumed that younger students have 
a higher intrinsic motivation for programming than older ones.  A similar assertion can be made for self-efficacy. 
In terms of computer self-efficacy, Simsek (2011) showed that elementary students were more self-efficient than 
secondary ones. It is assumed that younger students also have a higher self-efficacy in programming than older 
ones. Furthermore, Hascher and Hagenauer (2010) were able to show that the older the students become, the less 
they experience errors as emotionally stressful. Wang et al. (2019) could not find a correlation between error 
learning orientation and age in their study, in which a positive error learning orientation led to learning from errors 
and negative emotions moderated this effect. It should be noted, however, that their investigation surveyed adults 
aged 20-56. 

 
Figure 1. The “Control-Value Theory of Achievement Emotions” adapted from Pekrun (2006). Variables located: 
investigated variables in grey boxes and investigated paths in black 
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By grounding our analysis in the CVTAE, we gain a theoretical framework for embedding the aforementioned 
four scales, namely, error learning orientation, intrinsic motivation for visual programming, self-efficacy for visual 
programming and error-related achievement emotions, that we aim to explore and relate to each other in our study. 

RESEARCH QUESTION AND DESIGN 

We propose that students’ error learning orientation is related to their intrinsic motivation, self-efficacy, and 
emotions through direct or moderated effects. These postulated relationships are relevant for understanding and 
supporting students’ handling of errors in visual programming. The focus is on the following question:  

To what extent does error learning orientation have an effect on students’ intrinsic motivation for visual 
programming? 

Specifically, we postulate that: 
1a) error learning orientation has a positive effect on a student’s intrinsic motivation for visual programming. 
2a) error learning orientation with regard to intrinsic motivation is mediated by self-efficacy for visual 

programming. 
2b) error learning orientation with respect to intrinsic motivation is mediated by error-related achievement 

emotions. 

Research Design 

To answer the research question, we applied a quantitative cross-sectional model. The students were questioned 
at the beginning of a programming activity at the out-of-school STEM lab Smartfeld (www.smartfeld.ch).  

Sample 

The sample consisted of 269 Swiss secondary school students (grades 7 to 9) from the eastern region of 
Switzerland. The age range was between 12 and 16 years. The mean age was 13.6 and the majority of the students 
were in grade eight. All students were classified by the teachers as beginners in visual programming, with little prior 
knowledge. Consent to participate in the study was obtained through the respective teacher. By participating in the 
course, the teacher confirmed that the students would take part in the survey. The questionnaires were completely 
anonymous. 

Instruments 

The students’ questionnaire consisted of four scales, with reference to error learning orientation, error-related 
achievement emotions, specific self-efficacy and intrinsic motivation for visual programming (Table 1). In 
addition, the students’ gender and age were obtained. All items used in the four scales were adapted from the 
literature. 

 
Table 1. Investigated objects of the present study 
Original name of the variable used Name of the scale adapted to the model Localization in CVTAE 
Error learning orientation (Spychiger et al., 
2006) Error learning orientation Achievement goals and beliefs 

Affective-motivational adaptive responses to 
errors (Dresel et al., 2013) Error-related achievement emotions Achievement emotions 

Specific self-efficacy (Güdel, 2014) Self-efficacy for visual programming with 
Microsoft MakeCode for micro:bit Control appraisal (expectancy) 

Intrinsic Motivation Inventory (IMI) (Center 
for Self-Determination Theory, n.d.) 

Intrinsic motivation for visual programming 
with Microsoft MakeCode for micro:bit Motivation to learn 

 

 
As we focus on the students’ individual handling of errors, the “error learning orientation” scale by Spychiger 

et al. (2006) was selected and adjusted for this paper. This scale includes the cognitive feature of dealing with errors 
at an individual level. The items refer to attitudinal, achievement motivational and reflective aspects with regard to 
behaviour after making an error (Spychiger et al., 2006). The “error learning orientation” scale contained five items. 

To measure the emotions students experience after making an error, the “affective-motivational adaptivity” 
scale developed by Dresel et al. (2013) was chosen and adapted for the questionnaire. This scale “refers to the 
maintenance of learning enjoyment and motivation as well as the regulation of negative emotions and associated 
motivation-relevant cognitions (e.g. task-irrelevant thoughts, self-doubt)” (Dresel et al., 2013). The final scale was 
renamed according to the CVTAE to refer to error-related achievement emotions and consisted of six items. 

http://www.smartfeld.ch/
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The “self-efficacy for visual programming“ scale in our study, with Microsoft MakeCode for micro:bit, was 
adapted from Güdel (2014) and included six items. 

The last scale, which concerned the intrinsic motivation for visual programming with Microsoft MakeCode for 
micro:bit, was modified from the interest/enjoyment subscale of the Intrinsic Motivation Inventory (IMI). As 
described in the article, this subscale elicits students’ intrinsic motivation (Center for Self-Determination Theory, 
n.d.). The scale for “intrinsic motivation for visual programming” with Microsoft MakeCode for micro:bit was also 
composed of six items. 

In addition to the four scales, the students’ age and gender were included in the questionnaire. 
As the questionnaire was used in German-speaking Switzerland, all items were formulated in German. The 

items were translated into English for this paper and can be found in Appendix A. 
We utilized a six-point Likert scale for the questionnaire (1 = completely false, 2 = mostly false, 3 = somewhat 

false, 4 = somewhat true, 5 = mostly true, 6 = completely true). The scales were checked for reliability and all 
items had a Cronbach Alpha > .70 (Bühner, 2011). 

Data Analyses 

Statistical analyses of the data were conducted with SPSS for descriptive analysis and correlations. MPlus 7 was 
used for the computation of structural equation models (SEM) in order to investigate the relationships of the 
research model (see Figure 1). 

The model fit was evaluated according to the following criteria: the chi-square test of model fit, root mean 
square error of approximation (RMSEA), comparative fit index (CFI) and the Tucker–Lewis index (TLI). The 
following values were considered a good fit between the hypothesized model and the observed data: RMSEA 
values ≤ .06, CFI and TLI values ≥ .95, whereas RMSEA values ≤ .08, CFI and TLI values ≥ .90 indicated an 
acceptable fit (Hu and Bentler, 1999; McDonald and Ho, 2002). 

RESULTS 

Generally, the students’ error learning orientation and error-related achievement emotions, and the intrinsic 
motivation for visual programming, were somewhat positive, with rather high standard deviations for self-efficacy 
and intrinsic motivation. The students’ self-efficacy for visual programming was exactly in the middle of the scale. 
Therefore, the mean value was neither positive nor negative. In addition, self-efficacy had a rather high standard 
deviation. The mean age of the students was 13.6, with a standard deviation of 1.04. The sample was almost equally 
distributed in terms of gender, with a slightly larger number of male students (Table 2). 

 
Table 2. Mean and standard deviations of the four scales, age, and gender 
Scale M SD 
Error learning orientation 4.30 .70 
Error-related achievement emotions 3.93 .83 
Self-efficacy for visual programming with Microsoft MakeCode for micro:bit 3.55 1.05 
Intrinsic motivation for visual programming with Microsoft MakeCode for 
micro:bit 3.96 1.31 

Age 13.6 1.04 
Gender .55 .50 
Note: Six-point Likert scale used in the questionnaire (1 = completely false, 2 = mostly false, 3 = somewhat false, 
4 = somewhat true, 5 = mostly true, 6 = completely true); gender: female=0, male=1. 

 
To show the impact of error learning orientation and the mediation effect of self-efficacy and error-related 

achievement emotions on intrinsic motivation, several structural equation models, in line with the research model, 
were tested and compared. The SEM was estimated with aggregated manifest variable indicators (the means 
calculated from parcels of items) to reduce the number of parameters calculated in the complex models, owing to 
the sample size. In a further step, age and gender were included as control variables for all four scales. The final 
model showed the following good fit values: χ2 = 5.05, df (degrees of freedom) = 2, p = 0.08, RMSEA = 0.075, 
CFI = 0.99 and TLI = 0.94 (see Figure 2). 

As outlined in Figure 2, significant direct and indirect paths were observed to explain a student’s intrinsic 
motivation for visual programming. The total effect of error learning orientation on intrinsic motivation is 
significant (beta = .370, p = .000). The main direct path is between error learning orientation and the intrinsic 
motivation for visual programming (thick path). This path showed a small but significant effect (beta = 0.156, p = 
0.002) of error learning orientation on intrinsic motivation. 
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Although the paths from error learning orientation to error-related achievement emotions and from emotions 
to intrinsic motivation both show substantial beta values, there was only a small indirect effect of error learning 
orientation on intrinsic motivation for visual programming via error-related achievement emotions (dashed path, 
beta = 0.048, p = 0.033). Hence, error-related achievement emotions do not act as a mediator between error learning 
orientation and intrinsic motivation.  

Furthermore, there was an indirect effect of error learning orientation on the intrinsic motivation for visual 
programming via self-efficacy (dotted path, beta = 0.159, p = 0.000). Self-efficacy for visual programming acts as a 
mediator between error learning orientation and intrinsic motivation for visual programming. This higher self-
efficacy led to a positive impact on intrinsic motivation. However, when error-related achievement emotions are 
included as well, then the indirect effect of error learning orientation on intrinsic motivation mediated by self-
efficacy and error related-achievement emotions become insignificant, meaning there is no longer any indirect 
influence (beta = 0.006, p = 0.092) (see also Figure 2). 

The model explained 53% of the students’ variance in intrinsic motivation, 32% of the students’ variance in 
self-efficacy, and 32% of students’ variance in error-related achievement emotions. 

Furthermore, we notice that gender has a high positive effect on self-efficacy and intrinsic motivation, and a 
low positive effect on error-related achievement emotions. Boys have higher self-efficacy and intrinsic motivation 
for visual programming, and they experienced more pleasant emotions after making an error than girls. Age has a 
negative effect on self-efficacy and intrinsic motivation, and a positive one on error learning orientation. Younger 
students have a higher self-efficacy and greater intrinsic motivation for visual programming, but older ones perceive 
errors more as learning opportunities than younger students. Finally, gender has no effect on error learning 
orientation and age has no impact on error-related achievement emotions. Male and female students have a similar 
error learning orientation and those at different ages have similar error-related achievement emotions. 

DISCUSSION AND CONCLUSION 

The research question was to what extent error learning orientation has an effect on students’ intrinsic 
motivation for visual programming. According to the CVTAE a positive effect of secondary school students error 
learning orientation on their intrinsic motivation for visual programming was proposed (hypothesis 1a). 
Furthermore, it was assumed that error learning orientation with regard to intrinsic motivation is mediated by self-
efficacy for visual programming (hypothesis 2a) and by error-related achievement emotions (hypothesis 2b). The 
students selected were all beginners in visual programming. Hence, these students had little background with the 
subject. In this context, they brought along the experience of numerous errors from their first attempts. 

In our study we confirmed hypothesis 1a that error learning orientation has a small but significant effect on 
students’ intrinsic motivation for visual programming. This means that when students perceive errors as learning 

 
Figure 2. SEM of the observed variables (standardized estimates, all paths significant, p-values < .05) 
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opportunities, they also seem to possess a high intrinsic motivation for visual programming. The results clarified 
that in addition to students’ behaviour regarding errors, namely, the successful overcoming of errors (Schumacher, 
2008), students’ positive attitudes towards errors, that is, error learning orientation, fosters the intrinsic motivation 
to learn. The results showed that error learning orientation is important to explain differences in students’ intrinsic 
motivation for visual programming. The fact that motivation is influenced by other factors, such as teacher 
performance, could explain the remaining variance (Tambunan et al., 2021), in addition to teaching strategies 
(Bomia et al., 1997) and classroom climate (Starr et al., 2020), as well as parental advice (Fan and Williams, 2009). 

The results also confirmed hypothesis 2a that error learning orientation with regard to intrinsic motivation is 
mediated by self-efficacy for visual programming. The outcome indicates that the relationship between error 
learning orientation and intrinsic motivation is complex. It showed that positive error learning orientation increases 
self-efficacy, which, in turn, has a positive effect on intrinsic motivation. Kreutzmann et al. (2014) and Schunk and 
Usher (2012) support the findings that error learning orientation has a positive impact on self-efficacy. Research 
by Ryan and Deci (2000) and Krapp and Ryan (2002) further underlined that self-efficacy has an important 
influence on intrinsic motivation. 

The findings could not confirm hypothesis 2b that error learning orientation with regard to intrinsic motivation 
is mediated by error-related achievement emotions. The effects of error-related achievement emotions, as the beta 
effect (0.048) was very low. This shows that error-related achievement emotions do not seem to play an important 
role in students’ intrinsic motivation to work on coding problems. According to Pekrun’s (2006) CVTAE, however, 
error-related achievement emotions were expected to have an impact on intrinsic motivation. 

In our study, boys had higher self-efficacy and intrinsic motivation for visual programming and they 
experienced more pleasant emotions after making an error than girls. These results are in accordance with the 
findings of previous research (Adleberg, 2013; Dresel et al., 2013; Gunbatar and Karalar, 2018). 

Age has a negative effect on self-efficacy and intrinsic motivation, and a positive effect on error learning 
orientation. This means that younger students have a higher self-efficacy and a higher intrinsic motivation for 
visual programming, but older learners perceive errors as learning opportunities more than younger ones. The 
findings that younger students have higher self-efficacy and greater intrinsic motivation are consistent with 
previous research (Gottfried et al., 2001; Simsek, 2011). However, no correlation between error learning orientation 
and age has been found in previous investigations (Wang et al., 2019). Our discovery that older students have a 
higher error learning orientation is desirable, as they should become more autonomous learners as they progress 
through school. Finally, gender has no effect in our study on error learning orientation and age has no impact on 
error-related achievement emotions. This means that male and female students have a similar error learning 
orientation and those at different ages have similar error-related achievement emotions. These results are also not 
in accordance with the literature. Arndt (2020) has shown that girls have a higher error learning orientation than 
boys and Hascher and Hagenauer (2010) were able to show that the older the students become, the less they 
experience errors as emotionally stressful. 

However, there are some limitations to our research. Firstly, due to Covid-19 and the cancelling of in-service 
teacher courses at the above-mentioned science centre Smartfeld, only a small sample of 269 Swiss secondary 
school students participated in our survey. Therefore, it is necessary to clarify whether other studies dealing with 
errors in the classroom reported similar or different results. In addition, in the present investigation, we had a 
sample of beginners in visual programming. It would be worthwhile repeating this analysis with more experienced 
students, who would have already programmed several times. Would this produce similar or different results? 

Whereas from a socio-historical perspective the focus of a teacher would have been primarily on avoiding errors 
in the students’ learning process, a contemporary, authentic science lesson should acknowledge the producing of 
errors while working on tasks and a teacher should use errors for learning purposes. As long ago as 1986, Fisher 
and Lipson, in their contribution “Twenty questions about student errors”, highlighted the importance of taking 
into account the question of errors as part of the learning process of science. They, therefore, focused on the 
cognitive aspect of knowledge processing. However, they also posed a question in regard to “how motivation and 
other mental/emotional states (might) influence learning” (Fisher and Lipson, 1986, p. 798). Since the publication 
of this work, the handling of errors has received attention in various other theoretical and empirical works. 
Consequently, it is not a new idea that errors should be used as learning opportunities. However, not enough 
attention has yet been paid to errors in STEM educational research. To enhance students’ ability to view errors as 
learning opportunities, teachers and students need to create a classroom atmosphere in which errors are handled 
in a way that promotes learning (Spychiger et al., 2006). This means, among other things, that the norms must be 
known and the teachers must be error-friendly (Spychiger et al., 2006). In addition, tasks should regularly be set in 
which the students recognize the learning potential of the error. This includes, for example, activities that give 
students direct feedback on whether they have done something correctly or not, or tasks or assignments that they 
can solve using the productive-failure approach (Kapur, 2015) or the “trial-and-error” method (Bei et al., 2013; 
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Edwards, 2004). Furthermore, students should not be afraid of making errors and should see errors as learning 
opportunities (Spychiger et al., 2006). 

Visual coding lessons offer optimal conditions for furthering a positive error culture in the classroom and for 
letting students perceive errors as learning opportunities and not as failures. Compared to school subjects like 
mathematics or physics, coding lessons enable students to see or experience errors instantly, without having to 
wait for the teacher’s feedback. Furthermore, students can work with the “trial-and-error” method without the risk 
of being blamed for making errors or not knowing the answer immediately. As a final point, teachers can provide 
students with prepared tasks aimed to promote learning from errors, namely debugging tasks, whereby students 
have to find and correct the problem. All these aforementioned aspects clarify why visual coding lessons are very 
useful in creating a supportive classroom environment in terms of handling errors. 

The findings of this study showed that more attention should be paid to error learning orientation as a cognitive 
component in dealing with errors to foster students’ intrinsic motivation. In addition, students’ self-efficacy needs 
to be considered when dealing with errors in the (STEM) classroom. Self-efficacy mediates error learning 
orientation and intrinsic motivation. Unexpectedly, no mediation effect of emotions could be proven. Our results 
complement the existing research with respect to the handling of errors in the classroom as it has been analysed 
in relation to the specific area of visual programming with Microsoft MakeCode for micro:bit. 

In this context, further research could investigate other aspects of dealing with errors and their effect on 
intrinsic motivation. So instead of error-related achievement emotions, only the fear of error could be considered. 
The scale assessing the fear of errors developed by Spychiger et al. (2006) could be used for this purpose. It would 
also be worthwhile to consider other aspects of the CVTAE, such as, for example, the environment, in order to 
better understand this complex process of learning from errors and consequently to design and support it in a 
more optimal way. Finally, additional studies could focus on a longitudinal design to examine changes in the way 
students deal with errors. 
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APPENDIX A 

 

Variables/Items Cronbach Alpha 
Specific self-efficacy for visual programming with Microsoft MakeCode for micro:bit, adapted from Güdel (2014) .90 

I am confident that I can program visually.  
I am confident that I can program text-based information.  
I am confident that I can program the micro:bit.  
I am confident that I can write my own programs for the micro:bit.  
I am confident that I can find errors in a code.  
I am confident that I can improve a buggy code.  

Intrinsic motivation for visual programming with Microsoft MakeCode for micro:bit, adapted from the Center for Self-
Determination Theory (n.d.) .96 

I like programming very much.  
I enjoy programming.  
I find programming boring. (-)  
I am not at all interested in programming. (-)  
I find programming very interesting.  
I find programming very exciting.  

Error learning orientation, adapted from Spychiger et al. (2006)  .74 
Sometimes in class it is helpful to remember an error, so I do not make it again.  
If I do something wrong in class, I use it as an opportunity from which to learn.  
Errors made in class help me improve afterwards.  
I reconsider incorrect solutions in assignments several times.  
I enjoy acquiring new knowledge through errors.  

Error-related achievement emotions, adapted from Dresel et al. (2013) .83 
If I do something wrong, it ruins the whole task for me. (-)  
If I do something wrong, I still enjoy the task just as much.  
If I cannot do something, I will still enjoy the task in the future.  
If I cannot complete a task, I will have less fun next time. (-)  
If I make an error, I will enjoy the task less afterwards. (-)  
If I cannot do something, I am still motivated to work.  

Note: Negative items are marked with (-). 
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ABSTRACT 
Globally, critical thinking skills have been acknowledged as an important goal of education and integrated 
STEM-based approaches have been reported to have the potential to enhance critical thinking. Therefore, 
this study examined integrated STEM instructional material for genetic learning to increase secondary school 
biology students’ critical thinking skills. The study adopted a quasi-experimental design, specifically a pre-
test-post-test control group design. The sample size was made up of 112 students, two schools were 
randomly selected and assigned to the experimental and control group. The experimental group was made 
up of 58 students and the control group was 54.  An integrated STEM approach module was developed for 
the experimental group, critical thinking skill test was used for pre-test and post-test data. The instrument 
yielded a reliability of between 0.71 - 0.76 for all the subskills of critical thinking skills. The pre-test results 
in all critical thinking subskills of inference, recognizing assumption, deduction, interpretation, and 
evaluation Wilks’ ˄ = .93, F (5, 94) = 1.370, p = (.24) > 0.05, indicating that the two groups were equivalent 
in their critical thinking skills before treatment. The findings of the within-group comparison show that the 
experimental group shows a significant difference between pre-test and post-test with a large effect size 
(d2=1.56) compared to the control group with a small effect size (d2=0.01). The between-group comparison 
using MANOVA shows a significant difference in students’ critical thinking skills of inference, recognizing 
assumption, deduction, interpretation, and evaluating arguments (Wilks’ ˄ = .31, F (5,106) = .68, p = (0.00) 
< 0.05). Therefore, it can be concluded that an integrated STEM approach was more effective in enhancing 
students’ critical thinking skills. 

Keywords: critical thinking skills, genetics, integrated STEM approach, secondary school biology students 
 

INTRODUCTION 

The nations of the world are continually confronted with global competition and the need for mankind to solve 
problems such as climate change, environmental degradation, resource utilization, and control. On the other hand, 
companies, industries, and employees are constantly challenged by the demand for innovative products and 
solutions to emerging problems by their clients. Dealing with these problems and many more requires present and 
future employees to be able to think critically. Therefore, critical thinking skill is one of the most sought skills by 
employers of labour, to improve and increase their outputs (P21, 2015; Retnowati, Riyadi and Subanti, 2020). This 
underscores the importance of education that is relevant to the needs of the 21st century and produces critical 
thinkers. Therefore, the role of these skills in economic development is seen as a crucial issue in assisting nations 
to attain higher employment opportunities, economic empowerment, self-reliance as well as coping with increasing 
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competition in the global market and an uncertain future (Kalelioğlu and Gülbahar, 2014; P21, 2015). The emphasis 
in 21st century learning is not on memorization and rote learning but on the acquisition of competencies and the 
ability to infer, analyse, deduce, interpret, and draw a conclusion as well as apply these skills to solve problems in 
real-life. There is an accord in the literature highlighting the significant role of critical thinking skills for meaningful 
living in the 21st century. However, employers of labour observed that graduates are deficient in critical thinking 
and problem-solving skills (Kivunja, 2015; Retnowati et al., 2020). This implies that the instructional strategies 
employed by teachers do not seem to enhance learners’ critical thinking skills.  

The educational policy in Nigeria stipulated that “the country’s educational goals shall be set out in terms of 
their relevance to the needs of the individual and those of the society” in consonance with the world, the 21st 
century skills such as critical and creative thinking skills and the integration of technology are what is relevant to 
the present labour market (Papadakis, Vaiopoulou, Sifaki, Stamovlasis, Kalogiannakis and Vassilakis, 2021) among 
others. 

Nevertheless, science teaching and learning do not seem to enhance students’ critical thinking skills in most 
countries of the world, especially in Nigeria (Pitan and Adedeji, 2012; Retnowati et al., 2020). There seems to be a 
mismatch between the skills students acquire in the classroom and the skills required in the labour market. They 
reported a lack of skills such as critical thinking, decision-making, and analytical skills. This, however, calls for a 
paradigm shift from classroom instructions that are traditionally based and focus on lower skills to a new paradigm 
that will foster critical thinking skills (Dorouka, Papadakis and Kalogiannakis, 2020). The new paradigm should 
emphasize students’ active exploration in the instructional process, where instruction is characterized by open-
ended problem solving, question prompts, hands-on, minds-on, and authentic learning, among others (Thibaut et 
al., 2018). These elements may bring about meaningful learning and acquisition of twenty-first-century skills such 
as critical thinking skills. 

However, despite the importance of critical thinking to problem-solving and meaningful living in the 21st 
century, researchers have reported a deficiency of critical thinking skills among learners across the world, Nigeria 
inclusive (Grosser and Nel, 2013; Salami, 2013; Wartono, Hudha and Batlolona, 2018). To enhance students’ ability 
to think and achievement in science, there is a need to adopt appropriate instructional approaches and models 
among others. Wartono et al. (2018) reported that appropriate instructional models can enhance meaningful 
learning and the ability to think critically. Therefore, learning models with the potential of enhancing critical 
thinking skills could be integrated STEM approach because it is characterised by hands-on and mind-on activities 
as reported by researchers (Duran and Sendag, 2012; Thibaut et al., 2018). Integrated STEM education is an 
instructional approach in that science and mathematics concepts are learned in the context of technology and 
engineering. Students engage in scientific inquiry, and technological and engineering design iterative processes. In 
support of this (Sumarni and Kadarwati, 2020) opined that STEM-based instruction enables students to develop 
and formulate ideas to solve problems thus engaging their Higher Order Thinking Skills (HOTS). The approach 
is a learner-centred while the teachers act as a facilitator in the learning process. Thus, it provides the liberty for 
students to engage in higher cognitive processes such as ideas generation, evaluation, inference, explanation, and 
drawing conclusions which could enhance learners’ critical thinking skills. In the next subsections, the statement 
of the problem, research questions, methodology, results, and discussions will be discussed. 

Statement of Problem 

The impact of globalisation and the evolving economy has influenced the school system to reconsider ways of 
effective teaching and learning because the current conventional instructional practices in the classroom were 
designed in the 20th century, which was a period of the industrial-based economy and was not envisioned for the 
knowledge-based economy of the 21st century (Jacobs, 2010; Wagner, 2008). While the practices in the classroom 
in Nigeria are keeping the status-quo (conventional instructional practices) the present workplace demand is 
evolving very fast. There is an agreement in previous literature that the development of 21st century skills is very 
vital to the economy and technological development (Pickering, 2010; Wagner, 2008). Nevertheless, Nigerian 
students do not demonstrate the ability to think critically, that is they lack the ability to infer, conclude deduce, and 
recognise assumptions (Pitan and Adedeji, 2012; Salami, 2013; Stapleton, 2011).  

The reason can be attributed to the fact that classroom interaction is dominated by the teacher and knowledge 
acquisition during instruction is focused on lower thinking skills of Bloom’s taxonomy which is characterised by 
memorization, recall, and rote learning. Innovative instructional strategies that are student-centred and 
characterised by active learning which could stimulate thinking skills are not adopted. The evaluation also focuses 
on facts and lower cognitive skills. Therefore, students exhibit a low level of critical thinking skills and students’ 
performance in science continues to dwindle in Nigeria (Ezeudu, Ofoegbu and Anyaegbunnam, 2013; Pitan and 
Adedeji, 2012; Salami, 2013). Hence, the need to explore alternative teaching approaches that may enhance 
students’ acquisition of critical thinking skills is required. One of such instructional strategies may be integrated 
STEM education. 



European Journal of STEM Education, 2022, 7(1), 06 

© 2022 by Author/s  3 / 10 

Statistics have shown that STEM-based occupations will increase by 17% ability to employ more workers 
compare to the non-STEM occupation which will be less than 10% (Butcher, 2013). Therefore, STEM education 
is critical to an individual’s ability to live a meaningful life in the 21st century because it empowers society in several 
ways. STEM-based knowledge and skills have the potential to enhance innovations and the quality of life. In view 
of the critical role of STEM education, Nugroho et al. (2021) opined that emphasis should be placed on developing 
and designing STEM-based instructional activities to enhance meaningful learning and acquisition of learning skills 
such as critical thinking skills.  

The lack of critical thinking skills in the nation’s future workforce will negatively affect the quest to compete 
effectively in the global market and also impede the nation’s quest for sustainable development. Therefore, this 
study examined fostering critical thinking skills employing an integrated STEM approach among secondary school 
students in Minna, Niger State.  

Research Question 

The research question that is formulated to guide the study:  
1. Does the integrated STEM approach enhance secondary school students’ critical thinking skills in the 

experimental and control group? 

Research Hypotheses 

The following null hypotheses were formulated and tested at a 0.05 level of significance: 
H01. There is no significant mean difference in the within-group comparison of secondary school students’ 

critical thinking skills in the experimental and control group. 
H02. There is no significant mean difference in secondary school students’ critical thinking skills between the 

experimental and control group. 

LITERATURE REVIEW 

Relevant literature to this study was reviewed under the following sub-headings; integrated STEM approach, 
critical thinking skills, and in each sub-sections, empirical studies were highlighted. 

Integrated STEM Approach 

STEM education seems to have the potential to foster students’ ability to think critically because it is 
characterised by question prompts, questioning, real-world open-ended problem, collaboration, and self-directed 
learning among others. Sumarni and Kadarwati (2020) investigated the effects of Ethno-STEM project-based 
instruction on critical and creative skills among secondary school students, the findings indicated that students’ 
critical thinking skills were enhanced. Han, Capraro, and Capraro (2016) reported that STEM-based instruction 
enhanced students learning outcomes. Similarly, Mater et al. (2020) conducted on the effects of STEM on critical 
thinking skills, and the results showed that the experimental group who learned with the STEM approach had 
improved critical thinking skills compared to the traditional group. 

Phonchaiya (2014) examined the effect of STEM education on learners’ development of critical and creative 
skills, the findings showed that STEM education enhanced students’ critical thinking. Similarly, Oonsim and 
Chanprasert (2017) conducted a study on promoting the critical thinking skills of secondary school students using 
STEM-based instruction in physics. The findings indicated that STEM education enhanced students’ ability to 
think critically. Kim, Sharma, Land, and Furlong (2013) reported that instructional approaches characterised by 
questioning serve as scaffolds that provided students with the opportunity for deeper thought and enhanced the 
development of critical thinking skills.  

Critical Thinking Skills 

Critical thinking is a complex phenomenon and has been defined severally and categorised into several 
dimensions or subskills in the literature (Facione, 1998; Halpern, 2014; Watson and Glaser, 2010). It is defined as 
a cognitive skill that involves the ability to interpret, infer, analyse, evaluate, and conclude to make decisions 
(Facione, 2011). Therefore, in this study critical thinking is the process of learning that requires students to generate 
ideas, analyse, interpret, evaluate, and draw a conclusion to make a decision. The following dimensions have been 
adopted; inference, interpretation, recognizing assumptions, deduction, and evaluation (Smith, Rama and Helms, 
2018; Watson and Glaser, 2010). Critical thinking skills are cognitive processes that results in interpretation, 
evaluation of arguments, deduction and making inference and recognition of assumption among secondary school 
students in this study. 
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As highlighted earlier, critical thinking is an important goal of science education. Therefore, students can be 
taught critical thinking skills in the science classroom. However, this requires effective teaching and learning 
strategy as well as a learning environment that will enhance thinking skills development. Kek and Huijser (2011) 
opined that the learning environment and instructional strategies should help the learner develop the ability to 
define a problem and generate and analyse information to solve a problem. In view of this, to help students improve 
their ability to think critically among others. The learning environment should be modified to provide students 
with the opportunity to take charge of their learning and collaborate to solve a problem (Johns, 2012). Integrated 
STEM classroom activities that foster experiences that are interdisciplinary and characterized by small group 
interaction, inquiry, and the open-ended problem can significantly impact students’ ability to think critically (Duran 
and Sendag, 2012). 

The theory that supports critical thinking is rooted in Benjamin Bloom’s work (Bloom, 1956) who classified 
the cognitive domain into six levels, each of the levels corresponds to the cognitive ability of an individual (Duron, 
Limback and Waugh, 2006). Critical thinking and scientific thinking are enhanced by activities with higher order 
thinking abilities (Schulz and FitzPatrick, 2016). Kuhn (2002) conceptualized scientific thinking to mean everyday 
thinking of an individual and as an example of higher-order thinking. Consequently, the STEM activities are 
authentic and real-life in nature which could enhance critical thinking which is synonymous with scientific thinking.  

Scientific thinking is the process of rational thought that must be adapted to promote the increase of science 
content knowledge, it is a knowledge-seeking process (Kuhn, 2010). This form of thinking provides the 
opportunity for exploration and follows the scientific method or procedures of problem-solving where learners 
find answers to open-ended problems. Scientific procedures such as engage, explore, expand, elaborate, and 
evaluate (5E), as well as drawing a conclusion (Bybee, 2010). The engineering design process was adopted for this 
study and seems to align with the 5Es. 

 The subject-specific learning of critical thinking skills was also adopted; therefore, the instructional content 
was a genetic concept in biology. The study was supported by the social constructivist theory which emphasis that 
learning should be student-centred through active engagement in the learning process and learning should take 
place in a social context. 

Integrated STEM Approach and Critical Thinking Skills 

The integrated STEM approach is characterized by a driving question that will provide the students to think 
critically for example what do you understand about the problem? This question will stimulate the ability to think. 
This approach provides the opportunity for students to generate their ideas, find solutions to an open-ended 
problem, and engage in hands-on and mind-on activities (English, 2016). The approach is also characterized by 
collaboration among students where students share and justify their ideas. Han et al. (2016) opined that employing 
an integrated approach in the instructional process that encourages student engagement and exploration in 
classroom instruction could promote critical thinking skills and the transfer of these skills from the classroom to 
a real-life situation. 

Literature has advocated that scientific thinking can be seen as part of critical thinking skills (Suciati, Ali, 
Imaningtyas and Anggraini, 2018). Hence the stages of scientific thinking are investigation, analyse, inference, and 
argument (Kuhn, 2002; Suciati et al., 2018), which are similar to activities than could foster the individual ability to 
think critically. It is important to highlight that an integrated STEM education approach could provide the latitudes 
for students to engage in scientific thinking and in the process enhance their critical thinking skills. Watson and 
Glaser (2008) critical thinking definition and test were adopted for this study.  

RESEARCH METHODOLOGY 

The quasi-experimental research design was adopted because of the researcher’s inability to employ true 
randomization as well as control all external variables. In this case, intact classes were used for both the 
experimental and control group (Creswell, 2015). The population of the study is all unity schools in Niger State, 
Nigeria. First, a convenient sampling technique was adopted to select two schools from the population, these 
schools were selected based on similar characteristics such as they are special science schools created by the 
Nigerian government with well-equipped science laboratories, the method of teachers’ recruitment is the same and 
each of the schools has well-equipped computer laboratories. Secondly, the selected schools are randomly assigned 
to an experimental and control group, two intact classes from two schools will form the experimental and control 
group. A total of 112 students were involved, where 58 (52%) and 54 (48%) students were assigned to the 
experimental and control group, respectively. 
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Science Critical Thinking Instrument 

Data was collected using the Science Critical Thinking Test (SCTT), the test was made up of five subsections: 
inference, recognizing assumption, interpretation, deduction, and evaluation. These subskills were adopted from 
the Watson and Glaser Critical Thinking Appraisal Test (WGCTA), which test is a multiple-choice test (Watson 
and Glaser, 1980). The SCTT measures an individual’s ability to define a problem, choose important information 
for a solution to a problem, recognise whether an assumption is made or not, formulate hypotheses, perform 
evaluation, and draw conclusions. These skills are related to solving a problem in science (genetics); students are 
presented with a genetic problem, and the students define the problem, formulate hypotheses, generate ideas, 
evaluate the ideas, and select the best idea to apply. The learners evaluate the entire process and communicate 
findings. All the questions in the subskills are based on scientific content. The SCTT items were adopted from 
previous critical thinking tests. 

The SCTT was made up of fifty questions (each section has 10 questions). The instrument was validated by 
psychometry and science education experts and their observations and comments were used to improve the SCTT. 
The reliability of the subsections of the instrument was between 0.71, and 0.78 which was considered adequate 
(Sekaran and Bougie, 2010). The pre-test was administered, followed by the intervention, and after the intervention 
post-test was administered.  

Treatment 

An instructional material was developed for the implementation of an integrated STEM approach. The 
instructional process was based on a 5-phased iterative engineering design process: Identify a problem, gather 
ideas, design a solution, evaluate the solution, and disseminate the findings. This approach is learner-centred while 
the teacher acts as a facilitator. The facilitator employed question prompts or questioning and clues. The students 
learn in a small group of five students through collaboration with each other and with the facilitator. At the 
beginning of the instruction, the students were presented by an open-ended scenario or problem; A problem or 
scenario that engages students’ ability to think, the problem must have several ways to resolve the problem. The 
problem should be relevant to learners’ real-life, for example, the genetic problem or scenario in this study. This 
problem relates to the social and real-life of the learner. 

The first phase is understanding or defining the problem which involves understanding the problem through 
analysing it and identifying the goal of the problem. The second phase, generation of ideas involves researching 
for scientific knowledge and ideas in the process students learn the instructional content of biology that can be 
used to solve the problem. The learners brainstorm to establish the right idea or ideas that will be applied in solving 
the problem. During this phase, students engage in justifying their ideas. The third phase is the design solution, 
which includes the application of the ideas generated to solve the open-ended problem. The students evaluated 
the solution developed to determine whether the goal of solving the problem have been achieved and finally 
disseminate the findings. These activities involve higher cognitive activities which will lead to the enhancement of 
critical thinking skills. The learning process is characterized by an open-ended problem, driving question and 
question prompts among others. An example of an open-ended problem is shown in Figure 1. 

The approach provided the latitudes for students to define the problem, generate and analyse ideas (the students 
search for materials online and in textbooks to gather information to understand the problem and to provide the 
solution. The students work in small groups of five (5) students each while teachers serve as the facilitator of the 
learning process through question prompts, learning clues and reflective questions, among others. The control 
group were taught using the conventional (traditional method) where the teacher explains the problem, explain the 
concepts of genetics that will be required to solve the problem. This method is teacher centred and students are 
not actively engaging in the classroom instruction, compare to the experimental group that is student-centred and 

 

A newly married couple with normal skin colour gave birth to their first 
child with abnormal skin colour and there is no trace of such colour in 
both families of the husband and wife in your town. The wife is accused 
of infidelity and the husband is threatening divorce. (Soltis, 2010) 

Figure 1. An example of an open-ended problem 
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learners are actively engage in the learning process. The pre-test was administered before the intervention began 
and the post-test was administered after the intervention which lasted for eight (8) weeks. 

The data collected was analysed using a dependent t-test and a multivariate analysis of variance (MANOVA). 
The dependent t-test was used to determine the significant difference between the pre- and post-test groups 
(within-group comparison). While the MANOVA is to determine the effects of independent variables (integrated 
STEM approach and lecture method) on multiple continuous variables (critical thinking sub-skills). 

RESULTS 

To determine the equality of the experimental and control critical thinking skills before treatment, critical 
thinking pre-test was administered, and the data collected was analysed using MANOVA. The pre-test result is 
presented in Table 1. 

Table 1 reveals the Multivariate Analysis of Variance (MANOVA) result of the experimental and control group 
critical thinking skills pre-test. The results show that there was no significant difference between the experimental 
and control group in all critical thinking subskills of inference, recognizing assumption, deduction, interpretation, 
and evaluation Wilks’ Λ = .93, 𝐹𝐹(5, 94) = 1.370, 𝑝𝑝 = (.24) > 0.05. Therefore, the two groups were equivalent in 
their critical thinking skills before treatment. Hence the post-test data will be analysed using MANOVA. 

Within-group Comparison of Critical Thinking Skills  

To test the formulated hypothesis one, an independent t-test was used to determine if there was any significant 
difference between the pre-test and post-test of the experimental and control group. The effect size of treatment 
for each group was also determined and the analysis is presented in Table 2. 

Table 2 reveals a significant mean difference can be observed between the pre-test and the post-test mean 
scores of the experimental in inference subskills of critical thinking skills 𝑡𝑡(57) = −7.88, 𝑝𝑝(. 00) < .05; 𝑑𝑑2 = 1.56. 
The effect size was large. On the other hand, there was no significant mean difference in the inference subskill 
mean score of the traditional group 𝑡𝑡(53) = −.07, 𝑝𝑝(.94) > .05, 𝑑𝑑2 = 0.01, the effect size was small. The result 
also shows a significant mean difference between the mean of pre-test and post-test of the experimental group in 
recognising assumption 𝑡𝑡(57) = −5.87, 𝑝𝑝(.00) < .05, 𝑑𝑑2 = 1.08; deduction 𝑡𝑡(57) = −3.26, 𝑝𝑝(.00) < .05, 𝑑𝑑2 =
0.65; interpretation 𝑡𝑡(57) = −7.31, 𝑝𝑝(.00) < .05, 𝑑𝑑2 = 1.32; and evaluation 𝑡𝑡(57) = −4.46, 𝑝𝑝(.00) < .05, 𝑑𝑑2 =
0.8. on the other hand there is no significant mean difference in all the critical thinking subskill of the traditional 
group: recognising assumption 𝑡𝑡(53) = .97 , 𝑝𝑝(.34) > .05 , 𝑑𝑑2 = 0.19 ; deduction 𝑡𝑡(53) = −1.15 , 𝑝𝑝(.25) > .05 , 

Table 1. Pre-test results of the experimental and control groups critical thinking skills 
Effect Value F Hypothesis 𝒅𝒅𝒅𝒅 Error 𝒅𝒅𝒅𝒅 Sig. 

Intercept 

Pillai’s trace .982 1176.208b 5.000 106.000 .000 
Wilks’ lambda .018 1176.208b 5.000 106.000 .000 
Hotelling’s trace 55.482 1176.208b 5.000 106.000 .000 
Roy’s largest root 55.482 1176.208b 5.000 106.000 .000 

Group 

Pillai’s trace .088 2.038b 5.000 106.000 .079 
Wilks’ lambda .912 2.038b 5.000 106.000 .079 
Hotelling’s trace .096 2.038b 5.000 106.000 .079 
Roy’s largest root .096 2.038b 5.000 106.000 .079 

 

Table 2. Within-group comparison of critical thinking skills 
Dependent variable Group Pre-test (𝑥̅𝑥±SD) Post-test (𝑥̅𝑥±SD) 𝒅𝒅𝒅𝒅 t-value p-value 𝒅𝒅𝟐𝟐 

Inference Experimental 5.93±2.51 10.46±3.21 57 -7.88 .00 1.56 
Control 8.00±3.00 8.03±3.08 53 -.07 .94 0.01 

Recognising assumption Experimental 7.29±2.35 10.58±3.61 57 -5.87 .00 1.08 
Control 8.89±1.99 9.33±3.12 53 .97 .34 0.19 

Deduction Experimental 9.31±3.20 11.45±3.29 57 -3.26 .00 0.65 
Control 8.43±2.61 9.07±3.32 53 -1.15 .25 0.21 

Interpretation Experimental 6.60±2.47 10.36±3.18 57 -7.31 .00 1.32 
Control 7.33±3.02 8.11±3.45 53 -1.31 .20 0.24 

Evaluation Experimental 9.590±2.47 11.62±2.66 57 -4.62 .00 0.79 
Control 9.20±1.55 9.67±2.25 53 -1.31 .19 0.25 

Overall Experimental 38.72±5.74 54.48±8.55 57 -11.26 .00 2.16 
Control 42.31±5.49 43.80±7.24 53 -1.49 .14 0.23 
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𝑑𝑑2 = 0.21; interpretation 𝑡𝑡(53) = −1.13, 𝑝𝑝(.20) > .05, 𝑑𝑑2 = 0.24; and evaluation 𝑡𝑡(53) = −1.31, 𝑝𝑝(.19)  > .05, 
𝑑𝑑2 = 0.25.  

Given the proceeding, there was a significant mean difference between the pre-test and post-test in the overall 
critical thinking skills of the experimental group 𝑡𝑡(57) = −11.26, 𝑝𝑝 = .00 < .05, the overall effect size of the 
experimental group (𝑑𝑑2 = 1.56), indicating large effect size. On the contrary, there was no significant mean 
difference between the pre-test and post-test in the overall critical thinking skills of the traditional group 𝑡𝑡(53) =
−1.49, 𝑝𝑝 = .14 > .05, the overall effect size of the traditional group (𝑑𝑑2 = 0.23), indicating small effect size. 
Therefore, in comparison, the experimental had a large effect on enhancing students’ critical thinking skills while 
the traditional method had a small effect size in helping students to think critically.  

Fostering Critical Thinking Skills Using Integrated STEM Approach 

To determine the effects of treatment between the experiment and control group (students treated with an 
integrated STEM approach and a traditional instructional method respectively), among the selected secondary 
school students. Post-test data was collected and all the assumptions for use of MANOVA were not violated, thus, 
Wilks’ lambda was used to interpret the results. The result is presented in Table 3. 

Table 3 shows MANOVA results of the post-test comparison between the experimental and control group 
critical thinking skills. The result shows that there is significant difference between the experimental (group that 
was instructed with integrated STEM approach) and the control group in critical thinking skills, Wilks’ Λ = .31, 
𝐹𝐹(5, 106) = .68, 𝑝𝑝 = 0.00 < 0.05, partial 𝜂𝜂2 = .32. Therefore, the formulated hypothesis (there is no significant 
mean difference of secondary school students’ critical thinking skill between the experimental and control group) 
was rejected. The multivariate partial 𝜂𝜂2(.324) shows that about 32.4% of total multivariate variances of critical 
thinking scores (dependent variable) is due to the effect of treatment.  

Given the findings in Table 3, the univariate tests for each subskill and the overall critical thinking skills result 
are presented in Table 4. 

Table 4 shows the univariate tests for each subskill the result indicates a significant difference between the 
experimental and control group in all the subskill of critical thinking skills; inference, recognizing assumption, 
deduction, interpretation, and evaluation. The p-value is less than 0.05 (𝑝𝑝 < 0.05). The overall result of treatment 

Table 3. MANOVA result of critical thinking sub-skills for experimental and control 
Effect Value F Hypothesis 𝒅𝒅𝒅𝒅 Error 𝒅𝒅𝒅𝒅 Sig. Partial eta squared 

Intercept 

Pillai’s trace .977 884.470b 5.00 106.00 .00 .977 
Wilks’ lambda .023 884.470b 5.00 106.00 .00 .977 
Hotelling’s trace 41.720 884.470b 5.00 106.00 .00 .977 
Roy’s largest root 41.720 884.470b 5.00 106.00 .00 .977 

Group 

Pillai’s trace .324 10.149b 5.00 106.00 .00 .324 
Wilks’ lambda .676 10.149b 5.00 106.00 .00* .324 
Hotelling’s trace .479 10.149b 5.00 106.00 .00 .324 
Roy’s largest root .479 10.149b 5.00 106.00 .00 .324 

 

Table 4. Univariate tests for each dependent variable 
Source Dependent variable Type III sum of squares 𝒅𝒅𝒅𝒅 Mean square F Sig. Partial eta squared 

Intercept 

Inference 9573.42 1 9573.42 962.27 .000 .897 
Recognizing assumption 10606.27 1 10606.27 1223.71 .000 .918 
Deduction 11777.63 1 11777.63 1074.20 .000 .907 
Interpretation 9543.04 1 9543.04 868.46 .000 .888 
Evaluation 12694.11 1 12694.11 2067.74 .000 .949 
Total 270100.67 1 270100.6 4269.29 .000 .975 

Group 

Inference 164.92 1 164.92 16.57 .000 .131 
Recognizing assumption 80.56 1 80.56 9.29 .003 .078 
Deduction 157.63 1 157.63 14.37 .000 .116 
Interpretation 141.69 1 141.69 12.89 .000 .105 
Evaluation 104.75 1 104.75 17.06 .000 .134 
Total 3193.53 1 3193.53 50.47 .000 .315 

Error 

Inference 1094.35 110 9.94    
Recognizing assumption 953.40 110 8.66    
Deduction 1206.04 110 10.96    
Interpretation 1208.73 110 10.98    
Evaluation 675.30 110 6.13    
Total 6959.24 110 63.26    
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between the experimental and control group in the critical thinking skills were 𝐹𝐹(1, 110) = 50.47, 𝑝𝑝 = .00 <  0.05, 
partial 𝜂𝜂2 = .32. Indicating a significant difference between the means of the experimental and control group. The 
experimental group estimated mean is 54.48 which is higher compared to the estimated mean of the control group 
43.79, the significant difference was in favour of the experimental group. The multivariate partial 𝜂𝜂2(0.32) indicates 
that about 32% of the total variance on the critical thinking skills is attributed to the intervention. The results also 
indicated that the intervention group perform better than the control group in all the critical thinking sub-skills, 
inference, recognition of assumption, deduction, interpretation, and evaluation.  

Discussion of Results  

This study investigated the fostering of critical thinking skills using an integrated STEM approach among 
secondary school students. The integrated STEM approach provided the leeway to engage in cognitive processes 
such as drawing an inference, recognizing assumptions, deduction, interpretation, and evaluation. The findings 
show that the integrated STEM approach students’ critical thinking, the magnitude of the effect size was large. 
This finding concurs with Oonsim and Chanprasert (2017) determined the development of critical thinking skills 
among grade 11 students using the STEM education approach, their findings indicated that the critical thinking of 
the STEM education group was improved. The findings also agree with Sumarni and Kadarwati (2020) who 
investigated the effects of Ethno-STEM project-based instruction on critical and creative skills among secondary 
school students, the findings indicated that students’ critical thinking skills were enhanced. 

The outcome of the study also indicated that the students that learn with an integrated STEM approach 
performed better than the comparison in all the subskills of critical thinking skills of inference, recognition of 
assumption, deduction, interpretation, and evaluation as well as the overall critical thinking skill score. This result 
agrees with Mater et al. (2020) who conducted a study on the effects of STEM on critical thinking skills and the 
Technology Acceptance Model, the findings show that the experimental group who learned the STEM approach 
have improved critical thinking skills compare to the traditional group. This result also agrees with Han et al. (2016) 
who concluded that STEM-based instruction enhanced students learning outcomes 

The findings of the study could be attributed to the open-ended and real-world problem presented to them, 
which may have provided a meaningful context that engages the students’ higher cognitive abilities such as the 
generation of ideas and defining problems leading to the development of critical thinking. For example, during the 
generation of ideas students present their idea and justify their ideas, group members also prompt one another for 
clarity and explanation. The entire group assessed each idea or claim and draw an early conclusion, thus engaging 
in evaluation and inference sub-skills. Question prompt by the teacher could have served as a cognitive scaffold 
that engages the learners’ critical thinking skills. Question prompts are very vital to the development of critical 
thinking skills and deepen understanding of the instructional content among the students. This corresponds with 
Kim et al. (2013) reported that good questioning may serve as scaffolds to provide students with the opportunity 
for deeper thought and enhance the development of critical thinking skills. 

CONCLUSION 

Given the findings that emerged from the data, it will be logical to conclude that an integrated STEM approach 
enhanced the learners’ critical thinking skills of this population. This was probably achieved because the students 
were actively engaged in the learning process through hands-on and minds-on activities, solving open-ended 
problem and collaboration, among others. In view of the large effect size, integrated STEM is a viable instructional 
approach that should be included in the curriculum because if properly implemented in the classroom it will 
enhance students’ thinking skills. The approach is good for human resource development for the 21st century 
because critical thinking skills is an important skill for meaningful living in this century. 

Limitation of the Study 

Like any other study, this study is not without limitation, the data collected for this study could be associated 
with human and could have impacted the outcome of the study. The limitation of the study is in the use of test 
items that is objective in nature, which could provide the opportunity for students to guess which could impact 
the findings. 
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ABSTRACT 
Engineering has been considered as a useful context for successful implementation of STEM education. 
However, teachers have limited opportunities to develop a sound understanding about engineers and 
engineering, which is necessary for developing students’ engineering practices and design skills. In this case 
study, the main purpose was to examine 18 preservice science teachers’ initial and final views about engineers 
and engineering in an undergraduate engineering-focused STEM course. Before and after an eight-week 
implementation including three engineering design activities, data were collected by the adapted version of 
Views on the Nature of Engineering Questionnaire and reflection papers. Findings revealed four categories: 
1) views about engineers and engineering, 2) views about engineering design process, 3) views about the 
factors that affect engineering, and 4) views about science versus engineering. Based on the codes a scoring 
rubric was developed to categorize PSTs’ views as uninformed, partially informed, and informed. Results 
showed that PSTs’ views become more informed in each category. However, their views were still found as 
partially informed in some of the categories which shows the need for more emphasis on future research. 
The changes in their views were discussed with possible reasons and recommendations were provided for 
further studies. 

Keywords: engineering design process, preservice science teachers, STEM, views about engineers and 
engineering 
 

INTRODUCTION 

Science, technology, engineering, mathematics (STEM) education has gained a growing popularity among both 
developed and developing countries such as USA, Canada, Australia, and Turkey with the motivation to increase 
student interest towards STEM careers and not to fall behind in the global economic arena (Moore et al., 2016). 
STEM education is considered to have the potential for fostering students’ scientific literacy skills and skills to 
solve complex problems of the 21st century (NRC, 2014). 

Engineering, as one of the disciplines in STEM education, can be defined basically as “the process of designing 
the human-made world” (NRC, 2009). The potential benefits of teaching engineering in K-12 have been reported, 
as follows:  

1. improved learning and achievement in science and mathematics,  
2. increased awareness of engineering and the work of engineers,  
3. understanding of and the ability to engage in engineering design,  
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4. interest in pursuing engineering as a career, and  
5. increased technological literacy (NRC, 2009, p. 49-50).  

Similarly, in the most recent Turkish middle school science curriculum, there is a clear emphasis on engineering, 
and developing students’ engineering skills and practices are among the aims of the curriculum (MNE, 2018). 
Moreover, engineering has been defined as central in many of the policy reports and research studies (Moore et 
al., 2014a, 2014b; Nathan et al., 2013; NRC, 2012, 2014) as it involves scientific and mathematical knowledge and 
skills (Moore et al., 2014a, 2014b). 

Although engineering is one of the STEM fields that teachers are expected to teach in science classrooms, 
teachers’ views of engineering are underestimated as compared to their views of science (Kim and Song, 2021). 
We believe that along with the investigations into how pre-service science teachers (PSTs) integrate each of the 
four STEM disciplines, research that concentrates on their views about the nature of each discipline (i.e., nature 
of engineering) is needed. To effectively incorporate engineering into K-12 education, teachers need to possess 
developed views of the nature of engineering. Up to now, far too little attention has been paid to explore teachers’ 
views of the nature of engineering, especially at the elementary level (Deniz et al., 2020b). It is important to figure 
out how PSTs, the future practitioners of STEM education, view engineering to develop a complete understanding 
of what students ought to know about that discipline, especially in the Turkish context where incorporating 
engineering into teaching programs is in its infancy. Therefore, the findings of this study would provide 
contributions to literature on engineering views in Turkish context by revealing PSTs’ initial and final views of 
engineers and engineering in an engineering-focused, semester-long STEM course. Specifically, the present study 
seeks to answer the research question: “What are PSTs’ initial and final views of engineers and engineering in an 
engineering-focused STEM course?” 

Theoretical Background: Nature of Engineering Frameworks 

Engineering has been reported to be a part of K-12 education however, there is no consensus definition of the 
nature of engineering in the related literature. In the Framework for K-12 Engineering Education (NRC, 2012), 
engineering is defined majorly in terms of engineering practices (problem definition, model development and use, 
investigation, analysis and interpretation of data, application of mathematics and computational thinking, and 
determination of solutions) that engineers use as they design and its’ commonalities with science. However, this 
framework lacks a clear identification of engineering knowledge and/or the nature of engineering and how they 
ought to be understood by the teachers and students. 

Studies of Karataş et al. (2011, 2016) were among the first attempts to describe and use the term nature of 
engineering. In these studies, the researchers determined the elements related to the nature of engineering based 
on the literature. These elements included: 

“engineering solutions are tentative (Koen, 2003); they involve designing artefacts and systems 
(Bucciarelli, 2003; Dym et al., 2005; Lewin, 1983; Wulf, 2002); they depend on existing scientific and 
mathematical theories, as well as failures and successes in the field (Adams, 2004; Petroski, 1985); they 
are affected by cultural norms and the needs of society (Adams, 2004; Dym, 1999; Dym et al., 2005); 
they involve stepwise and iterative problem-solving activities (Koen, 2003); they require creativity, 
imagination, and the ability to integrate different scientific, mathematical, and social values and theories 
in novel ways (Adams, 2004; Petroski, 1985); they are complex human endeavours that require analytical 
thinking to make complex problems simpler (Dym et al., 2005; Koen, 2003; Matthews, 1998); and they 
should involve an holistic, open-system approach that requires the consideration of all aspects and 
perspectives of not only artefacts and consumers, but also the potential impact on individuals, society, 
and the environment” (Adams, 2004; Rogers, 1983; Rophl, 2002). 

Karataş et al. (2016) measured university students’ views of engineering by using an instrument they developed 
and called Views of Nature of Engineering (VNOE) Questionnaire. The participants’ nature of engineering views 
revealed the categories of; engineering (definition and purpose of engineering), the design process (considerations 
in design, what engineers do, how do they do it), factors that affect engineering (different, same, depends), 
characteristics of good engineering, characteristics of a good engineer, and science versus engineering. 

Providing a more comprehensive description of the nature of engineering, Pleasants and Olson (2019a) 
developed a framework based on philosophical, historical and sociological perspectives of the engineering 
discipline. The framework included nine features of engineering, which were also considered as aspects of the 
nature of engineering (Pleasants and Olson, 2019a, p. 154):  

1. Design in engineering,  
2. Specifications, constraints, and goals,  
3. Sources of engineering knowledge,  
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4. Knowledge production in engineering,  
5. The scope of engineering,  
6. Models of design processes,  
7. Cultural embeddedness of engineering,  
8. The internal culture of engineering, and  
9. Engineering and science.  

The elaborations presented by the researchers on each of the aspects were provided in Table 1. Pleasants and 
Olson (2019b) also developed a quantitative instrument in another study to measure teachers’ understanding of 
the scope of engineering, a particular nature of engineering aspect. The developed instrument specifically focused 
on the distinctions between engineering and non-engineering. 

In a recent study, Deniz et al. (2020a) aimed to discern the aspects of nature of engineering from the existing 
literature, including the Framework for K-12 Engineering Education (NRC, 2012) and NGSS (2013). According 
to that study, the nature of engineering has the aspects of  

1. “demarcation (What is engineering? What makes engineering different from other disciplines?),  
2. engineering design process (EDP),  

Table 1. The aspects of the nature of engineering framework (Pleasants and Olson, 2019a) 
Nature of engineering aspect Description 

Design in engineering 

“While engineers might consider esthetics as part of their designs, the technologies they 
produce are primarily practical or functional in nature” (p. 154).  
“[engineering design] typically requires the coordinated efforts of teams of engineers, each 
with various specializations, as well as technicians and scientists” (p. 155). 

Specifications, constraints, and 
goals 

“Engineers must translate ill‐defined goals into specifications that can be used to guide 
design work” (p. 155). 
“Design constraints are limitations placed on the designed technology in terms of safety, 
reliability, cost, or other factors” (p. 155). 

Sources of engineering 
knowledge 

“Engineers utilize knowledge from science and mathematics, but consensus exists that 
engineering is not merely applied science, and that it has a knowledge base of its own” (p. 
156). 
“When engineers engage in design, they draw on their knowledge of existing technologies” 
(p. 156). 
“Unlike scientific theories, which are used to understand natural phenomena, engineering 
theories are used by engineers for the practical purposes of design” (p. 156). 

Knowledge production in 
engineering 

“An important mode of engineering knowledge production … is engineering research, 
sometimes called ‘engineering science’” (p. 156).  
“The products of engineering science might include knowledge of how particular 
technologies function, or analytical tools and models that can be applied to a range of 
technological phenomena” (p. 156). 

The scope of engineering 

“… the work of engineers includes more than just technological design. Many engineers 
engage in engineering science rather than design… Other engineers act as overseers of 
projects… Instead of designing new technologies, engineers might also study existing 
technologies” (p. 157). 

Models of design processes 
“… engineering design process models vary in terms of their level of generality” (p. 157). 
“… there is the question of whether a generic engineering design process model is 
appropriate, given the breadth of engineering design work” (p. 157). 

Cultural embeddedness of 
engineering 

“Society influences engineering work, but engineers also affect society through the 
technologies they develop” (p. 158). “Even though the ways that technologies affect society 
are difficult to predict, engineers must nevertheless consider potential consequences” (p. 
158). 

The internal culture of 
engineering 

“This might include characteristics of engineers such as perseverance and attention to detail, 
or the sorts of values that tend to underlie engineering work. It might also include typical 
problem‐solving approaches used by engineers…” (p. 158). 
“Another more visible aspect of engineering culture is the high proportion of men in 
engineering, who make up 85% of the profession” (p. 158).  
“Similarly, certain minority groups are underrepresented within the engineering discipline, 
at least within the United States” (p. 158). 
“In describing the culture of engineering, an important complexity is that many 
specializations exist in engineering, each of which have their own subcultures” (p. 159). 

Engineering and science 

“…science and engineering are not identical. Scientific knowledge has utility for engineers 
but is not sufficient to guide design work. Engineering science shares many characteristics 
with the natural sciences but is directed toward different goals and thus uses different 
approaches” (p. 159). 
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3. empirical basis,  
4. tentativeness,  
5. creativity,  
6. subjectivity,  
7. social aspects of engineering, and  
8. social and cultural embeddedness” (p. 638-639).  

Similar nature of engineering conceptions can also be found in the documents of National Academy of Engineering 
(NAE). According to NAE (2010), K-12 engineering education should have a focus on;  

1. “EDP,  
2. incorporating science, mathematics, and technology knowledge and skills, and  
3. promoting engineering habits of mind, aligning with the skills of systems thinking, creativity, optimism, 

collaboration, communication, and attention to ethical considerations” (p. 45). 
The aspects of the nature of engineering that have been reported in the research studies and policy documents 

are somehow very similar to each other and there have been some commonalities among the described 
characteristics of the nature of engineering. That being said, in this study, Karataş et al.’s (2016) framework and 
the questionnaire developed by them were utilized to interpret PSTs’ views of engineers and engineering. 

PSTs’ Views about Engineers and Engineering 

Previous studies on views about engineers and engineering have been emphasized mostly on students’ ideas, 
conceptions, and perceptions of engineering (e.g., Capobianco et al., 2011; Chou and Chen, 2017; Fralick et al., 
2009; Karataş et al., 2011), inservice teachers’ conceptions of engineering (e.g., Deniz et al., 2020a; Hammack and 
Ivey, 2017; Pleasants and Olson 2019b; Pleasants et al., 2020) and how in-service teachers’ conceptions related to 
engineering could be developed (e.g., Antink-Meyer and Meyer, 2016; Yoon et al., 2013). Within the limited number 
of studies on PSTs’ conceptions or views of engineer and engineering, Kaya et al. (2017) explored how PSTs’ views 
of engineering changed after enrolling in an elementary science teaching methods course. The researchers included 
a 3-week-long engineering unit which was around educational robotics in the science teaching methods course and 
tried to explore how PSTs’ nature of engineering views changed after experiencing the engineering unit. PSTs’ 
views on the nature of engineering were examined in terms of the nature of engineering aspects of demarcation, 
EDP, tentativeness, creativity, and social and cultural embeddedness and PSTs’ responses were coded as 
uninformed, partially informed, or fully informed. According to the findings, the number of PSTs’ holding 
uninformed and partially informed views on the aspect of the nature of engineering were decreased and fully 
informed views were increased prominently. 

Ergün and Kıyıcı (2019) examined how PSTs’ perceptions of engineering education and engineers changed 
after enrolling in a 14-week-long science education laboratory applications course, which was specifically designed 
to involve engineering design-based applications. In this pre-post design, mixed research study, PSTs’ perceptions 
of engineering education and engineers were measured through Engineering Education Survey and Draw an 
Engineer Test. According to the quantitative findings, the participants’ post scores on the sub-dimensions of 
importance of engineering, familiarity with engineering, and characteristics of engineering and engineers were 
significantly higher than the pretest scores. Moreover, the number of participants’ who drew engineers as male 
instead of a woman, and as working individually instead of being a part of a team decreased. In the study, the 
analyses of PSTs’ drawings also revealed that the engineering activities and the materials used by the engineers 
were mostly related to constructing and repairing at the beginning of the course and changed majorly into 
designing, developing, calculating, doing research/analysis, and doing experiments at the end of the semester. 

In another study by Aydın-Günbatar et al. (2018), the effect of a 12-week design-based STEM course on 
preservice chemistry teachers’ content knowledge, STEM conceptions, and engineering and engineering design 
views were investigated. The study revealed that prior to the course, almost all preservice teachers’ conceptions of 
engineering and design processes were undeveloped or underdeveloped. Moreover, except one of them, all the 
participants developed their conceptions of engineering and design process after participating in the STEM course. 
For instance, the participants’ views prior to the course that engineering aims to put something as a product 
changed into the view that the goal of engineering is to come to an end point such as a product, an idea, or a 
solution. However, Aydın-Günbatar et al. (2018) reported that the participants failed to recognize the iterative 
nature of the EDP even after taking the STEM course. 

We believe that the number of existing studies exploring PSTs’ conceptions and views of engineers and 
engineering (i.e., nature of engineering) is limited. In this study, we tried to examine PSTs’ views through an open-
ended questionnaire, which would provide a detailed understanding of future teachers’ views about engineering 
and engineers. 
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METHOD 

Research Design and Study Group 

This study used single case study design (Creswell, 2007) in order to describe the preservice elementary science 
teachers’ views about engineering and engineers in an engineering-focused STEM course. The content of the 
course, and the participants taking the course constituted the boundaries of the case. The STEM course and PSTs 
taking the course were assumed to be a typical case and the lessons learned from this case were expected to be 
informative about the experiences of an average PST in an average STEM course (Creswell, 2007). 

Purposeful sampling was used to reach participants. The study group involved 18 senior PSTs (16 female, 2 
male), who have taken the STEM elective course in a public university. These PSTs will be elementary science 
teachers for grade 3-8 upon graduation. Gender proportion of participants is representative of the proportion in 
the population (Higher Education Council, 2020).  

The Study Context 

In Turkey, elementary science teachers are expected to graduate from a four-year undergraduate science 
education program. All science education departments are following a centralized undergraduate curriculum 
determined by the Higher Education Council. The science teacher education program consists of coursework 
including a number of elective and mandatory courses. Although mandatory courses have common content in 
different universities, the content of elective courses may vary. This study was conducted in an elective course 
offered in the fourth year of elementary science education program. 

Goals of the course were to enhance PSTs’ knowledge about STEM education, and to help them gain 
experience in terms of being engaged in and planning EDP activities. Current literature highlighted the importance 
of giving explicit instruction of the nature of engineering to students in addition to engaging them in engineering 
practices to develop students’ understanding effectively (Deniz et al., 2020a; Pleasant and Olson, 2019b). 
Therefore, the content of the course included theoretical instruction, discussions and as well as design activities. 
The weekly schedule of the course activities was provided in Table 2.  

The purpose of Week 1 was to provide a theoretical background about STEM and, specifically, engineering. In 
this week, definition of STEM, the need for STEM education, the brief history of STEM education, and the 
pedagogical approaches to STEM education were presented theoretically. Moreover, the role of engineering as a 
unifying context in STEM education was mentioned by introducing current engineering education integration 
frameworks. Then, the place of engineering in the Turkish science curriculum was discussed. Afterwards, the 
characteristics of engineers and engineering were discussed in small group and whole class discussions. In addition, 
some key terms were introduced like engineering habits of mind, product, design, EDP, criteria, constraint, 
prototype, optimization, and so on. EDP steps of Hynes et al., (2011), “identify need or problem, research need 
or problem, develop possible solutions, select best possible solution, construct a prototype, test and evaluate 
solution, communicate the solution, redesign” (p. 9), which were used in the later design activities in the course, 
were introduced and discussed. 

The purpose of Week 2 was to help PSTs learn more about what engineers do in their professional life, namely 
in engineering companies. For this purpose, an electrical and electronics engineer, who has been working in a 
company for more than ten years, was invited to the course. PSTs were allowed to ask their questions about 
engineers and engineering. The guest engineer explained what they do in their company and how they go through 
EDP. The guest also emphasized the tenets of the nature of engineering, which are definition and purpose of 
engineering, characteristics of good engineer and engineering, EDP, factors affecting engineering and the 
similarities and differences between science and engineering by relating them with real life experiences.  

The purpose of Weeks 3 to 6 was to engage PSTs in engineering design experiences through three different 
activities, namely, streetlight, wave machine, and bridge design activities. In these activities, PSTs were firstly 
expected to define the problem in a given situation. Then, they were asked to do a brief research to collect related 

Table 2. The weekly schedule of the implementation 
Week Content Duration (min) 

1 What is STEM? How can science teachers affect students’ orientations toward STEM careers? 
What is engineering? What is EDP? 50+50 

2 Talk with a guest engineer on EDP 50+50 
3 Environmental-friendly streetlights design activitya 50+50 
4 Wave machine design activityb 50+50 

5 & 6 Bridge design activityc 50+50+50+50 
7 & 8 Designing and presenting a lesson plan including engineering design activities 50+50+50+50 

Notes: ahttp://www.fenegitimi.com/; bhttps://merakmakinesi.org/; cTaşdemir and Çalık (2017) 

http://www.fenegitimi.com/
https://merakmakinesi.org/
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information about the problem. They were given time to work on the possible solutions. Each PST was asked to 
draw a prototype of their own design. They presented their solution to their group members, and they determined 
the prototype to be tested after an optimization process. After completing the drawing of their groups’ prototype, 
they tried to construct it with provided materials and the course instructor tested each prototype for their efficiency 
in terms of given constraints and criteria. Then, they were given extra time to revise and retest their prototypes. At 
the end of the activities, each group presented their design to the whole class and shared their experiences. 

The purpose of Weeks 7 and 8 were to foster PSTs’ integration of EDP into their own science teaching. For 
this purpose, they were asked to design a lesson plan for elementary level including engineering design activities. 
Each PST worked individually and at the end shared their lesson plans with other PSTs to be discussed in the 
classroom.  

As it is suggested in the literature (Deniz et al., 2020a), the course was designed as explicit-reflective in nature. 
We explicitly introduced EDP steps and NOE aspects to the participants during introductory lectures. Both the 
instructor of the course and guest electrical and electronics engineer emphasized on the phases of the engineering 
design and the nature of engineering. Moreover, we asked participants to reflect on their engineering design 
experiences in terms of NOE aspects. This explicit-reflective emphasis on the nature of engineering and EDP was 
expected to contribute to the participants’ views of NOE.  

Data Collection Tool 

To reveal PSTs’ views about engineers and engineering, an adapted version of the VNOE Questionnaire 
(Karataş et al., 2016) was administered. VNOE, originally, included 11 open-ended questions related to the 
definition and purpose of engineering, the similarities and differences between science and engineering, EDP (what 
and how engineers do to complete a task) and the characteristics of good engineering and good engineers. The 
questionnaire was translated into Turkish by the authors and a few changes were made. First, participants were not 
asked to make drawings in the third item. Instead, they were asked to explain their images of engineers and 
engineering. Second, to ensure proximity of the items, the name of the bridge mentioned in the 8th item was 
changed with a Turkish bridge. Third, the last item, “Do you think your answers to the previous questions are 
likely to change if we ask them again next year?” was removed because the questionnaire was administered to the 
participants at the beginning and end of the semester, and we aimed to detect those changes at different times. 
Other items were used as in the original version. Two experts from the science education field reviewed the adapted 
version of the questionnaire and some minor revisions such as changing the wording for some of the items were 
made accordingly. VNOE was administered to PSTs before and after the 8-week implementation. The 
approximate time of filling the instrument was 40 min. The PSTs voluntarily agreed to participate in the study.  

Data Analysis 

The VNOE data obtained at the beginning and end of the course were subjected to a qualitative analysis in 
three steps. In the first step, the categories and subcategories determined by Karataş et al. (2016) guided our initial 
data coding process. Both authors performed initial coding based on eleven categories and related subcategories 
in the six themes (engineering, the design process, factors that affect engineering, characteristics of good 
engineering, characteristics of good engineering, and science versus engineering) defined by Karataş et al. (2016). 
In the second step, PSTs’ answers given under each category were analyzed inductively in detail. In this process, 
the codes of Karataş et al. (2016) as well as newly emerged codes were used. Some of the repeating codes and 
categories were eliminated or merged, and the final categories and codes were determined. For example, PSTs’ 
answers initially coded under the sub-categories of “definition of engineering” and “purpose of engineering” were 
similar or complementary. Therefore, these two sub-categories were unified and named as “scope of engineering”. 
The final version of the codes and categories together with the sample quotations can be found in Appendix A. 
The categories emerged in our study concerning the nature of engineering are:  

1) views about engineers and engineering,  
2) views about EDP,  
3) views about the factors that affect engineering, and  
4) views about science versus engineering.  

In this process, 35% of the whole data was analyzed by both researchers according to the coding list they 
developed. Several meetings were arranged to come to a consensus about the codes. Among the two authors’ 
coding, 85% agreement was obtained. 

In the third step, a scoring rubric was created based on the available codes under each category. PSTs’ answers 
were labeled as uninformed, partially informed, or informed (Table 3). A science education faculty member 
provided expert opinion to the created levels and definition of the levels in the rubric. Then, to create profiles of 
the PSTs’ views before and after the STEM course, their answers were scored based on the developed rubric. To 
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compute inter-rater reliability of the scoring rubric, two commonly used strategies, which are Intraclass Correlation 
Coefficient (ICC) and Cronbach’s alpha, were utilized. Both authors rated twenty percent of the participants’ 
answers. The average measure of ICC was .965 with a 95% confidence interval from .821 to .998 (F(3,9) = 28.294, 
p < .001). Based on the 95% confidence interval, ICC scores between 0.75 and 0.90 were found as indicative of 
good reliability (Koo and Li, 2016). Therefore, a good degree of reliability was found between measurements. 
Besides ICC, internal consistency was calculated through the most commonly used Cronbach’s alpha procedure 
(Cronbach et al., 1972). Cronbach’s alpha reliability was calculated as .965. The results of the ICC and Cronbach’s 
alpha provided evidence for the reliability of the developed rubric. The whole data analysis process was illustrated 
in Figure 1. 

Table 3. Scoring rubric for assessing PSTs’ views about engineers and engineering 
Category Sub-category Uninformed Partially informed Informed 

Views about 
engineers and 
engineering 

Scope of engineering 

Provide irrelevant/ 
insufficient description (or 
could not provide any 
description at all) 

Describe the scope of 
engineering as only 
creating a 
product/system/ 
knowledge 

Describe the scope of 
engineering as solving real 
life problems through 
creating or revising a 
product/system/ 
knowledge 

Characteristics of 
good engineering 

Could not mention any 
specific characteristics of the 
product, process, or impact of 
the engineering 

Only mention the features 
of the developed 
product/system/knowled
ge such as strength, 
aesthetic, or originality 

Mention the features of 
product/system/knowled
ge as well as the process 
of the design (e.g., 
methods and tools used), 
or the impact of the 
engineering (e.g., to the 
environment) 

Characteristics of 
good engineer 

Only mention technical skills 
(e.g., design skills) or 
intrapersonal skills (e.g., 
analytical thinking) 

Mention technical skills 
and intrapersonal skills 

Mention technical skills, 
intrapersonal, and 
interpersonal skills (e.g., 
cooperation skills) 

EDP 

Considerations in 
design 

Could mention only one of 
the criteria (e.g., strength) or 
constraint (e.g., budget, time) 

Mention both criteria and 
constraints 

Mention both criteria and 
constraints by 
differentiating them and 
giving examples 

What engineers do in 
EDP 

Think that engineers build or 
fix different technologies as 
skilled laborers (construction 
workers or technicians) do 
rather than designing 

Think that engineers only 
design the prototypes and 
do calculations 

Think that engineers have 
different roles and duties 
in different parts of EDP 
beginning from planning, 
testing to marketing 

How engineers 
accomplish to 
complete EDP 

Could not provide any clear 
explanation regarding the 
completion of EDP 

Explain only individual 
work such as making 
calculations and planning 

Explain that in different 
parts of the process, there 
is a need to carefully plan 
and implement the 
iterative EDP processes 
with a team including 
engineers who have 
different expertise 

Factors 
affecting 
engineering 

 

State that two different 
companies are likely to come 
up with the same solution for 
the same engineering problem 

State that two different 
companies may come up 
with multiple solutions for 
the same engineering 
problem without 
mentioning the factors 
causing the differences 

Emphasize the 
subjectivity and creativity 
of engineers, differences 
in the opportunities and 
vision of the companies 
that cause reaching 
different solutions to the 
same problems 

Science 
versus 
engineering 

 

Fail to mention that 
engineering and science are 
two different disciplines or 
that engineering, and science 
share some similar 
characteristics 

Mention that science and 
engineering have both 
commonalities and 
differences without clearly 
defining these similarities 
and differences 

Mention the similarities 
(e.g., methods, techniques, 
tools used) and 
differences between (the 
body of knowledge used 
and produced) science and 
engineering as well as the 
relationship between them 
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FINDINGS 

Findings are presented for the four categories (views about engineers and engineering, views about EDP, views 
about the factors that affect engineering, and views about science versus engineering) obtained from the analysis 
of PSTs’ responses to open-ended questions. Table 4 presents how PSTs’ views about engineers and engineering 
changed across the four categories. 

 
Table 4. Number and percentage of PSTs holding uninformed, partially informed, and informed views about 
engineers and engineering 

Categories/sub-categories UI [n (%)] PI [n (%)] I [n (%)] 
Pre Post Pre Post Pre Post 

Views about engineers and engineering       
Scope of engineering 7 (39) 0 (0) 10 (56) 11 (61) 1 (6) 7 (39) 
Characteristics of good engineering 4 (22) 1 (6) 12 (67) 13 (72) 2 (11) 4 (22) 
Characteristics of good engineer 9 (50) 4 (22) 7 (39) 12 (67) 2 (11) 2 (11) 

Views about engineering design process       
Considerations in design 7 (39) 3 (17) 6 (33) 7 (39) 5 (28) 8 (44) 
What engineers do in engineering design process 4 (22) 1 (6) 13 (72) 8 (44) 1 (6) 9 (50) 
How engineers accomplish to complete engineering design process 7 (39) 3 (17) 11 (61) 7 (39) 0 (0) 8 (44) 

Views about the factors that affect engineering 4 (22) 2 (11) 6 (33) 2 (11) 8 (44) 14 (78) 
Views about science versus engineering 3 (17) 1 (6) 5 (28) 3 (17) 10 (56) 15 (83) 
Notes: UI: Uninformed; PI: Partially informed; I: Informed  

Views about Engineers and Engineering 

Under the category of views about engineers and engineering, three sub-categories emerged: scope of 
engineering, characteristics of good engineering, and characteristics of a good engineer. Overall, regarding the 
views about engineers and engineering, the number of PSTs holding uninformed views decreased majorly and 
PSTs holding informed views increased in number at the end of the course (Table 4). At the beginning of the 
course, 7 (39%) of the PSTs could not provide a description of the scope of engineering (uninformed views) and 
more than half of the PSTs (10, 56%) described engineering only as a profession creating new products or systems 
without further explanation such as how and why the new products and systems are developed (partially informed 
views). Only 1 (6%) of the PSTs held informed views and could be able to state that engineering aims to solve a 
real life problem. At the end of the course, the number of the PSTs holding informed views increased to 7 (39%), 
which indicates that nearly half of the PSTs were able to define engineering as an endeavor to find a solution to a 
real life problem through creating or revising a product, system, or knowledge. Although some of the PSTs’ 
responses regarding the scope of engineering were still limited at the end of the course, it was apparent that there 
was an improvement in their responses according to our scoring rubric. Below PST11’s definition of engineering 
before and after the course are provided, respectively: 

“Engineering is an area of complex thinking which utilizes mechanical and electrical materials” (PST11, 
uninformed, initial view). 

“Engineering is an endeavor to create new products or improve the existing ones by utilizing varying 
perspectives with the aim to find a solution to a specific problem” (PST11, informed, final view). 

 
Figure 1. Data analysis process 
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Regarding the characteristics of good engineering, the majority of the PSTs were holding partially informed 
views, which refer- in our scoring rubric- to the views that mention only about the quality of the developed product 
but not the process or impact of engineering. The number of PSTs in the partially informed category increased 
slightly from 12 (67%) to 13 (72%). In addition, PST responses mentioning neither the product, process nor the 
impact of the engineering were coded as uninformed; and their numbers decreased from 4 (22%) to 1 (6%) after 
the course. The number of PSTs having informed views increased from 2 (11%) to 4 (22%). While only one of the 
PSTs was holding uninformed views at the end of the course, only the minority of the PSTs emphasized the impact 
of engineering work and process on environment or society while describing good engineering as well as the quality 
of the product and the process. PST4 was one of the respondents who described the characteristics of good 
engineering at the end of the course by emphasizing on all three of the product, process, and the impact of the 
engineering work. Moreover, PST2’s initial response is an example of an uninformed view: 

“I would call it good engineering if it creates a product that meets the needs of people and the criteria 
of the engineering process; however it would be bad engineering if the impact of engineering on nature 
was not considered” (PST4, informed, final view). 

“To me, if it provides a solution to a problem then it is good engineering” (PST2, uninformed, initial 
view). 

The final subcategory was related to PSTs’ views about characteristics of good engineers. Their responses were 
categorized as uninformed if they only mention the technical skills of engineers and as informed if they mention 
both the technical skills/characteristics, and the intrapersonal and interpersonal skills/characteristics of engineers. 
9 (50%) of the PSTs were able to mention only technical skills/characteristics of engineers before the course; 
therefore, their responses were coded as uninformed. After the course the number of PSTs holding uninformed 
views decreased to 4 (22%). The number of PSTs holding partially informed views increased from 7 (39%) to 12 
(67%) and informed views stayed the same at 2 (11%) at the end of the course. The participants in the partially 
informed category mentioned only the technical and intrapersonal skills/characteristics and neglected the 
interpersonal skills/characteristics of engineers. Below are the examples of PST responses representing 
uninformed, partially informed, and informed views before and after the course: 

“Engineers should be patient and diligent” (PST12, uninformed, initial view). 

“Good engineers are creative, have design skills and mathematical knowledge” (PST15, partially 
informed, final view).  

“Good engineers are expected to be the ones who are patient and creative and also have research and 
inquiry, problem solving and cooperative skills” (PST8, informed, final view). 

Views about EDP 

PSTs’ views about EDP are categorized under three sub-categories; consideration in design, what engineers do 
in EDP, and how engineers accomplish to complete EDP. In general, the number of PSTs having uninformed 
views decreased, while the number of PSTs having informed views increased in all sub-categories. However, a 
considerable percentage of the participants have partially informed views both before and after the course.  

In terms of considerations in design category, 7 (39%) PSTs were able to mention only one or two criteria such 
as strength, being environment friendly, being aesthetic, and being useful, or one or two constraints such as 
materials, duration of the process, and cost before the course. Their views were limited in depth, because they 
could not realize that engineers should consider many criteria as well as constraints caused from availability of 
time, materials and so on to be successful in an engineering work. The number of PSTs having uninformed views 
decreased to 3 (16%) after the course. On the other hand, the number of PSTs having informed views increased 
from 5 (28%) to 8 (45%) after the course. As PST16 mentioned what engineers should consider in planning of 
new bridge construction, they were able to state various criteria and constraints after the course.  

“Engineers should consider the strength and safety of the bridge. They should also keep in mind the 
needs of the society for this bridge, like what should be the size of it to reduce the traffic problem. 
Besides, they should decide the strength of the materials to be used without increasing the budget 
sharply. They should also consider environmental conditions while selecting appropriate materials and 
deciding the type of the bridge. They should also have aesthetic concerns while designing. Lastly, they 
should plan to use human resources carefully” (PST16, informed, final view). 
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Although the percentage of PSTs having informed views increased, the percentage of PSTs having partially 
informed views were still around thirty percent after the course. Although they stated that engineers should 
consider both criteria and constraints, they could not elaborate their answers.  

In terms of what engineers do in EDP, PSTs’ views become more informed after the course. 4 (22%) 
participants were imagining engineers as skilled laborers (construction workers or technicians) before the course. 
Those PSTs mentioned that in a bridge construction process, engineers do the construction part of the bridge like 
construction workers.  

“Engineers do the constructing part of the bridge. They lay the foundations of the bridge” (PST6, 
uninformed, initial view). 

The number of PSTs having uninformed view decreased to 1 (6%) after the course. On the other hand, the 
number of PTSs having informed views increased from 1 (6%) to 9 (50%) after the course. They started to realize 
that engineers have many different roles and duties in different parts of EDP beginning from planning, testing to 
marketing. Throughout the course what engineers do in EDP is explicitly and implicitly emphasized. Although 
they did not have a clear idea about what engineers do, they started to understand engineers’ duties and job 
descriptions. However, a considerable number of PSTs have still partially informed views, although their number 
decreased from 13 (72%) to 8 (44%). These PSTs think that engineers only do calculations and estimations, and 
design the prototypes as typically PST12 stated:  

“Mathematical calculations, design and modeling is done by engineers” (PST12, partially informed, initial 
view). 

The pattern of the progress in views about how engineers accomplish to complete EDP is also similar to the 
other two sub-categories. The number of PSTs having uninformed views decreased, while the number of PSTs 
having informed views increased. However, a considerable amount of them still have partially informed views. The 
PSTs having partially informed views focus on individual work of engineers like making calculations and planning 
as typically PST5 stated:  

“I think disciplined work is important. Moreover, engineers should do more research, use their 
imagination, and make careful calculations to be successful in their work” (PST5, partially informed, 
final views). 

Although none of them consider engineering as a process, requires careful planning and implementation of the 
iterative EDP processes with a team including engineers who have specialty in different parts of the process at the 
beginning of the course, 8 (44%) of them understood the iterative process and the importance of group work in 
the successful completion of EDP.  

“It is not enough just to imagine the product you designed. You need to prototype your design, test it a 
few times, and eliminate the errors quickly together with a successful team” (PST1, informed, final view). 

Overall, PSTs’ views about EDP became more informed after the course. Although some of them do not have 
any idea about what EDP is and what engineers do in this process at the beginning of the course, they started to 
give more information at the end of the course. They understood the iterative process included in the EDP. 
However, PSTs should be supported more in understanding EDP, because there are still many PSTs having 
partially informed views even after the course.  

Views about the Factors that Affect Engineering  

The participants were asked to envision that if two different engineering firms were given the same task, would 
the product be more or less the same or not. PSTs’ views about the factors affecting engineering developed after 
taking the course. Although 8 (44%) PSTs had informed views before the course, the number of PSTs having 
informed views increased to 14 (78%) after taking the course. That means they realized that the end product of 
engineering is not absolute. There may be multiple solutions to a single problem. According to their statements, 
the most important factors causing these differences are subjectivity and creativity of engineers, the availability of 
resources and the vision of the engineering companies. For example, PST9 made an emphasis on the creativity of 
engineers as an influential factor causing different solutions. 

“Although the criteria are the same, the product would not be the same. In fact, it would be pretty much 
different. Because engineers’ creativity and background are different. Moreover, materials used by them 
differ” (PST9, informed, final view).  
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Some of the PSTs still could not explain the reasons causing the difference, although they thought that the end-
product would not be the same. However, the number of those PSTs decreased from 6 (33%) to 2 (11%) after the 
course. Similarly, the number of PSTs thinking that the products would be the same decreased from 4 (22%) to 2 
(11%) after the course. These PSTs argued that since the given criteria and constraints are the same, different firms’ 
solutions would be the same.  

Overall, PSTs’ views developed in this category. Throughout the STEM activities, PSTs were asked to work in 
groups to find solutions to given problems. They observed how each group member came up with different 
solutions related to the problem due to the differences in their imagination. Therefore, they started to consider the 
influence of individual differences on the design process more after the STEM course. 

Views about Science versus Engineering  

PSTs’ views about science versus engineering became more informed after the course. The number of PSTs 
having informed views increased from 10 (56%) to 15 (83%). More PSTs realized that although engineering is 
different from science, they also have similarities. Thus, they mentioned both similarities and differences of science 
and engineering after the course. They stated that both science and engineering use similar methods, and tools. 
PSTs referred to more general methods of problem solving like reasoning, trial and error, or experimentation rather 
than any specific scientific method. PSTs stated that both of them do research, and design something like products 
or experiments. Moreover, more PSTs started to think both science and engineering includes iterative processes. 
After the STEM course, PSTs realized that engineers use similar methods, techniques, and skills.  

In addition to similarities, PSTs stated some differences such as science is theoretical, engineering is practical; 
science produces knowledge, engineering produces products; ND science is more exhaustive. Moreover, the PSTs 
realized that constraints have an important role in the product of engineering, although the constraints do not 
influence the answers reached through the scientific processes but the scientific process itself. PST10 tried to 
express these issues as follows:  

“It is not necessary to obtain a product in science. It may remain in the form of theory, principle, etc. It 
cannot reach something that has constraints in line with what is desired in science. In engineering, there 
must be a product at the end of the process and this product has constraints” (PST10, informed, final 
view). 

The number of PSTs having partially informed views decreased from 5 (28%) to 3 (17%). PSTs having partially 
informed participants also mentioned science and engineering have both similarities and differences, but they could 
not clearly explain these similarities and differences. PSTs having uninformed views either considered science and 
engineering as the same endeavor or totally different disciplines. The number of PSTs having uninformed views 
decreased from 3 (17%) to 1 (5%) after taking the course.  

DISCUSSION 

Findings of the study revealed that for all the four categories (i.e., views about engineers and engineering, views 
about EDP, views about the factors that affect engineering, views about science versus engineering), the number 
of PSTs holding uninformed views decreased and the PSTs holding partially informed and informed views 
increased at the end of the semester. Moreover, except for the characteristics of good engineering and engineer, 
the number of PSTs holding informed views were the highest compared to uninformed and partially informed 
views in each of the sub-category. Below we presented the discussion of our findings regarding the participants’ 
views of engineers and engineering in the four main categories. 

Views about Engineers and Engineering 

Regarding the views about the scope of engineering, there were no PSTs holding uninformed views at the end 
of the course. Moreover, the number of PSTs holding informed views increased considerably. On the other hand, 
the number of PSTs holding partially informed views stayed nearly the same. These findings indicate that the 
STEM course was effective for improving PSTs views but not necessarily for each of the PSTs taking the course. 
More specifically, the STEM course was effective for changing PSTs’ uninformed views into informed views, 
however, it was not effective enough for transforming partially informed views to informed views. In other words, 
more than half of the PSTs were aware at the end of the course that engineering aims to create products, 
knowledge, or process but they were not able to mention that the created products, knowledge, or process are for 
solving a real life problem. Similar findings were obtained by Kaya et al. (2017) that the number of PSTs holding 
uninformed views about the demarcation of engineering decreased and the number of PSTs holding informed 
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views increased at the end of a 15-week long engineering design intervention. However, the number of partially 
informed views stayed nearly the same. Moreover, within the context of a semester-long engineering-focused 
course, Deniz et al. (2020a) reported that elementary teachers’ pre and post scores for the views about demarcation 
of engineering were the lowest among the six aspects of the nature of engineering. Our findings can be interpreted 
together with the current literature that this sub-category is one of the most difficult sub-categories to be developed 
among the others. Further studies should focus more on finding alternative ways to develop PSTs’ views about 
the scope of engineering.  

PST views about the characteristics of good engineering and engineer mostly evolved from uninformed to 
partially informed. At the end of the course, all of the PSTs except one were able to mention that good engineering 
produces a product, system, or knowledge. However, the number of PSTs emphasized on the process of 
engineering or the impact that the product has on the environment and society while describing the characteristics 
of engineering was still low. Similar findings were obtained by Kaya et al. (2017) with preservice elementary teachers 
that the least development in participants’ views of engineering was in the social and cultural embeddedness aspect 
of engineering. In another study by Wheeler et al. (2019), analysis of observational data obtained in five science 
teachers’ classroom practices revealed that ethical aspects of engineering such as impact on environment and 
society were among the aspects that science teachers allocated less time on. In our study, although one of our EDP 
activities was specifically about solving an environment-related problem, unexpectedly, a low number of PSTs 
considered the environmental impact of engineering work. In addition to the emphasis on the quality of the 
product itself or the steps of EDP, a clear emphasis during engineering design activities on the impact of 
engineering work on environment and society might have revealed more participants holding informed views. 
Moreover, using design activities which require using outdoor spaces and collecting real data from the environment 
might help to develop PSTs’ views about the environmental aspects of engineering.  

While describing the characteristics of a good engineer, PSTs mostly mentioned intrapersonal and technical 
skills (and characteristics) of engineers. That is, most of the PSTs view engineers stereotypically as highly 
competent, hardworking, creative, and smart people However, most of them did not consider interpersonal skills 
such as leadership or cooperation skills while describing a good engineer at the end of the semester. This finding 
indicates that the PSTs still considered engineering as an individualistic profession rather than a profession that 
requires teamwork and collaboration among people with various expertise. Existing studies on preservice and in-
service teachers’ views of engineers have reported similar findings that the participants emphasize more on 
individualistic and technical skills and characteristics rather than social characteristics while describing a good 
engineer (Ergün and Kıyıcı, 2019; Hammack and Ivey, 2017). During the STEM course that was designed and 
implemented in the present study, the PSTs were totally free in their groups to assign duties to group members. 
Also, there were times some of the group members were more active than the others in the group. Therefore, they 
did not experience any negative effects of losing any group members. Designing more structured cooperative 
learning environments in STEM courses may foster PSTs’ views of good engineers and lead to a more 
comprehensive view of engineers having social skills as well as the individualistic and technical skills. 

Views about EDP 

At the end of the course, the number of PSTs holding uninformed views of EDP decreased and PSTs holding 
informed views increased for each of the subcategories of considerations in design, what engineers do in EDP, 
and how engineers accomplish to complete EDP. Moreover, the number of the participants in the informed 
category was the highest compared to uninformed and partially informed categories after the course. These findings 
indicate that the STEM course was effective for the enhancement of PSTs’ views of EDP. More specifically, almost 
all of the participants in this study were aware that engineers consider some criteria and constraints in EDP. 
Furthermore, at the end of the course, half of the PSTs were able to explain that rather than only doing calculations 
and designing prototypes, engineers have different roles and duties in different stages of EDP. Also, half of the 
PSTs were able to explain that engineers accomplish to complete EDP by carefully planning and implementing 
the iterative EDP processes with a team of engineers. One explanation for the noticeable development in PSTs’ 
views of EDP was that the STEM course was designed as explicit-reflective in nature, that is, EDP steps were 
introduced explicitly (Deniz et al., 2020a) and the PSTs were supported throughout the course to experience the 
EDP steps in three different STEM activities related to real life. In other words, the design-based and engineering 
focused STEM activities might provide PSTs with the opportunity to practically apply EDP skills into the process 
of finding solutions to real life challenges. That might in turn foster their conceptions and views of EDP. Similar 
findings were obtained by Aydın-Günbatar et al. (2018) with a group of preservice chemistry teachers. In their 
study, Aydın-Günbatar et al. (2018) explicitly taught the engineering design stages (brainstorming, research, design, 
construction and testing, redesign, evaluation) proposed by Wheeler et al. (2014) and exposed the participants to 
five different chemistry-related STEM activities in an engineering-focused STEM course. They reported that at the 
end of the course, all of the participants except one developed their views of engineering and EDP in particular. 
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Both Aydın-Günbatar et al. (2018) study and the analysis of the data obtained from PSTs in the present study 
provided empirical evidence that explicit teaching of EDP could develop PSTs’ views of EDP in terms of 
considerations in design, what engineers do in EDP, and how engineers accomplish to complete EDP. 

Views about the Factors that Affect Engineering 

PSTs’ views of the factors that affect engineering developed at the end of the STEM course. Most of the PSTs 
pointed out that the two products produced by different companies would be different. This shows that PSTs 
realized the subjective nature of engineering. It is emphasized in different VNOE frameworks that there is no 
single best solution to an engineering design problem (Deniz et al., 2020a; Karataş et al., 2016). When their 
explanations causing this difference were examined, it was found that most of them highlighted the creativity of 
engineers. They stated that different engineers in the team of different companies have different states of mind 
and imagination. Therefore, they understood the major role of creativity and imagination of engineers in solving 
an engineering design problem. The subjective NOE aspect was the aspect in which students made considerable 
progress in other similar studies as well (Aydoğan and Çakıroğlu, 2022; Deniz et al., 2020a). Similarly, in our study, 
this category is one of the categories that almost all of the PSTs have informed views after the STEM course. Only 
a small minority of them mentioned that the two products would be similar, and the reason was reported as the 
similarity of the groups’ task requirements.  

In general, PSTs developed an understanding about subjectivity and creativity in engineering. However, there 
are also other various factors that might cause differences and similarities between engineering products that were 
not considered by PSTs. For instance, the majority of the PSTs did not mention the possibility that the two groups 
of engineers may have to carry out EDP with different constraints and specifications. Yet, which constraints and 
specifications are determined by engineers to be considered in EDP majorly influence the produced technology 
(the product or process) (Cross, 2000; Pleasants and Olson, 2019b). Moreover, those who stated that engineers 
themselves are the critical factor that creates the difference between the two products, mostly focused on 
imagination and none of them mentioned about the other important characteristics of engineers that may influence 
EDP such as value systems, social and cultural background, ethical considerations, and communications skills 
(Adams, 2004; Fromm, 2003). Karataş et al. (2016) found similar results that the engineering students who stated 
the existence of multiple ways of solving the same engineering problem referred only to the creativity of engineers 
and did not recognize the other factors causing the diversity in engineering solutions. More emphasis on the other 
factors causing differences could be beneficial to develop a better understanding.  

Views about Science versus Engineering 

It is important for science teachers to understand the relationship between science and engineering to be able 
to teach engineering in science classrooms as indicated in the Turkish science curriculum (MNE, 2018). The 
number of PSTs having informed views after the STEM course was the highest in this category. The PSTs noticed 
that science and engineering have both commonalities and differences. Although engineering is different from 
science, the logic behind the systems engineering approach and the scientific discovery have resemblance (Lewin, 
1983). They understood and clearly explained this resemblance. PSTs stated that both of them do research, and 
design something like products or experiments. Moreover, more PSTs started to think both science and 
engineering includes iterative processes. In their previous coursework, the PSTs had experience on doing scientific 
investigations by following iterative processes in different courses such as laboratory applications in science. 
Therefore, they were already familiar with the methods and skills used and procedures followed in scientific 
investigations. After experiencing the EDP in the course, PSTs realized that engineers use similar methods, 
techniques, and skills. They also realized that the steps followed in EDP are not straightforward as in the hypothesis 
testing process.  

PSTs also stated the differences between science and engineering. They mostly thought that science and 
engineering have different goals so yield different products, and engineers use the products of science (scientific 
knowledge) to create engineering products (artifacts). However, they failed to recognize that engineering is also 
concerned with knowledge production, although it is in a different form from scientific knowledge (Pleasant and 
Olson, 2019b). The knowledge produced in engineering is specifically for use in design, and engineers need this 
knowledge base specific to engineering (Pleasant and Olson, 2019b). 

Overall, PSTs had informed views about science versus engineering after the STEM course. However, the 
number of PSTs having informed views before the course was also high. Participants of this study were PSTs in 
their last semester of their teacher education program. They took many courses about the nature of science (NOS). 
While there are some courses which aim mainly to teach NOS, there are also other courses that utilize NOS and 
relate it with other concepts. Therefore, although it is not assessed in the scope of this study, they were expected 
to have informed views about NOS. Therefore, their NOS views would have contributed to their views of NOE. 
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Investigating the relationship between views of NOS and views of NOE can be enlightening to understand the 
high levels of understanding revealed in this category both before and after the STEM course.  

Limitations and Future Work 

This study has some limitations to be considered while interpreting the current results. First, the implementation 
lasted eight weeks and four of it were devoted to EDP activities. Engineering is an iterative process and exposure 
to EDP in limited times may not lead to meaningful learning (Schunn, 2009). Students need to be given the 
opportunity to redesign to develop better views about engineers and engineering (Schunn, 2009). In this study, 
PSTs were given enough time only in one of the activities (bridge design) to redesign their solutions in the second 
week. If there would be a chance to let them study on the same project for the whole semester and give enough 
time for each step of EDP, they would develop a more complete understanding of engineers and engineering. 
Moreover, the findings of the study are limited to the specific context of this study. There is only one group 
consisting of volunteer PSTs selecting the elective course. Applying this implementation to a different group of 
PSTs with a different educational background might yield different results.  

In the present study, similar to the previous research (e.g., Aydın-Günbatar et al., 2018; Pleasants and Olson, 
2019a; Pleasants et al., 2020) working with other group members and taking continuous feedback from the 
instructors throughout EDP experiences helped PSTs develop their views of EDP during the STEM elective 
course. However, it would be speculative if we report that the designed STEM course with more focus on 
experiencing EDP is fully effective in developing PSTs’ views of engineers and engineering for all of the 
subcategories. Further attempts to develop PSTs’ views about engineering and engineers are advised by especially 
including more explicit references to moral and cultural issues in engineering design activities.  

CONCLUSION 

This study investigated PSTs’ views of engineering and engineers before and after an elective engineering-
focused STEM course. The results indicated that overall PSTs views of engineering and engineers improved after 
the course and the number of PSTs holding uninformed views decreased for each of the subcategories. The PSTs’ 
views became more informed, although there is a need for more improvement. As it was suggested in the related 
literature, offering courses in preservice education have the potential to help PSTs develop sound views about 
engineers and engineering (Aydın-Günbatar et al., 2018; Pleasants et al., 2020). This study provides empirical 
evidence that providing PSTs with explicit NOE instruction and engaging them in EDP activities is effective to 
develop their views of engineering and engineers. However, there were still stereotypical views of engineers among 
PSTs at the end of the course. Although most of the PSTs were aware of the cognitive skills required in engineering, 
they mostly ignored the sociocultural aspect of engineering. Therefore, in order to develop a more complete view 
of engineers and engineering, the value-added nature of engineering should be taught to PSTs through explicit 
emphasis on the social and environmental norms in the designed activities. 
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APPENDIX A 

  

Table A1. Subcategories and codes/subcodes for VNOE 
Sub-categories Codes (Sub-codes) Exemplar 
Views about engineers and engineering 
Scope of 
engineering 

Creating/improving products, identifying and 
solving problems, integration of different 
disciplines, involving different branches, 
discovering how and why things work, making 
things/life easier, contribution to country 
development 

I think engineering is the profession of people who 
can find practical solutions to the problems by 
utilizing technology, mathematics, and science. 

Characteristics of 
good engineering 

Product oriented (aesthetic, profitable, meeting the 
needs, strength, usefulness, originality), process 
oriented (methods and tools, implementation 
process), impact oriented (environment, society) 

[Good engineering] can be determined by the 
resulting product. The product should be useful. 
[Good engineering] can be distinguished from the 
method and algorithm used in works.  
I would call it good engineering if it gives no harm 
to the environment in any way. 

Characteristics of 
good engineer 

Technical skills/characteristics (adapting to recent 
developments, scientific and technical knowledge, 
design skills, inquiry, and research skills), 
intrapersonal skills/characteristics (hardworking, 
solution oriented, open minded, dedicated, patient, 
disciplined, imaginative and creative, diligent, 
analytical thinking, have an agile mind, problem 
solver, self-confidence), interpersonal 
skills/characteristics (leadership, cooperative) 

The engineer should follow the developments in 
his/her field and keep up with these developments.  
You have to be a very careful and disciplined person 
in order to complete the work and avoid mistakes. 
Engineers should be able to cooperate with other 
workers in the team. 
 

Views about engineering design process 
Considerations in 
design 

Criteria (meeting the needs, environment friendly, 
strength, usefulness, in harmony with the 
surrounding, added value of the product, aesthetic), 
constraints (materials, duration of the process, cost) 

It is necessary to determine the deficiencies in 
existing bridges and accordingly why a new bridge is 
needed.  
Engineers should create a product that meets the 
constraints and criteria at the most affordable cost. 

What engineers 
do in engineering 
design process 

Design, making estimations and calculations 
(estimations and calculations, strength, cost-
effectiveness, time demand), planning and 
construction, testing prototypes, marketing 

The design and modeling of the bridge is done by 
engineers. 
It is engineers’ responsibility to make the bridge 
strong and durable. 

How engineers 
accomplish to 
complete 
engineering 
design process 

Collaboration of different specializations, testing 
prototypes through iterative cycles, careful planning, 
and implementation, as a teamwork 

 

[They succeed] by working in collaboration with 
other fields. For example, working with an 
economist or accountant if s/he wants the cost to 
be less, or with an architect if s/he wants it to be 
aesthetically pleasing. 
Engineers would be successful if they work together 
harmoniously as a team. 

Views about the factors that affect engineering 
Factors causing 
differences 

People/engineers (knowledge and skills, 
imagination, and creativity), company opportunities 
and resources, vision, and mission of the company 

Although the products obtained serve the same 
purpose, they would not be the same design because 
the imagination comes into play in design and the 
products will be different because everyone’s 
imagination is different.  
The two companies have different practices 
according to their own purposes. 

Views about science and engineering 
Similarities Progressive, mutual relationship with technology, 

solving real life problems, requires creativity and 
imagination, includes curiosity, Inventing, methods, 
techniques, and skills used, includes iterative 
processes 

Both improve with technology, and both improve 
technology. 

They are similar in terms of the methods and 
techniques (reasoning, experiment, etc.) they use. 

 

https://tureng.com/tr/turkce-ingilizce/harmoniously
https://tureng.com/tr/turkce-ingilizce/harmoniously
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Table A1 (Continued). 
Sub-categories Codes (Sub-codes) Exemplar 
Relationships Science and engineering are complementary, using 

scientific knowledge to create products 
Engineering benefits from science. Science can also 
benefit from engineering. They are intertwined. 

Differences Science produces knowledge, engineering produces 
products and solutions, science is theoretical, 
engineering is practical, tentativeness and 
subjectivity, science is more exhaustive 

It is not necessary to obtain a product in science. It 
may remain in the form of theory, principle, etc. It 
cannot reach something that has constraints in line 
with what is desired in science. In engineering, there 
must be a product at the end of the process and this 
product has constraints. 

Note. The underlined codes or sub-codes are illustrated in the provided exemplar. 
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ABSTRACT 
This paper describes a process of developing dance performance based and inspired by mathematical 
concepts and development of mathematics through history. The performance was included in the 
manifestation of the May month of mathematics in Serbia and prepared in collaboration with 
mathematicians, choreographers, dancers, science communicators and designers. The mathematical-dance 
performance was called “Point has no parts” and covered development of several important mathematical 
concepts and highlighted its influences on the contemporary world saturated with technology. 

Keywords: mathematics, dance, performance 
 

INTRODUCTION 

The idea of embedding mathematical concepts purposefully into mathematical performance has been 
previously examined by researchers (Kátai et al., 2016; Parsley and Soriano, 2009; Milner et al., 2019) who highlight 
some of the essential connections between mathematics and dance, such as pattern recognition and manipulation, 
defining problems and seeking for solutions. Both disciplines start with concrete problems and strive for abstract 
ideas, or vice versa and both are genially integrated to cultural values and biases while involving aesthetics (Shaffer 
and Stern, 2010). Also, authors state that both disciplines require sweating in the meaning of planning, hard work 
and exercising (Shaffer and Stern, 2010). Even though mathematics is mostly considered as abstract and neutral, 
there is an increasing tendency of connecting non mathematical concepts to mathematical research and education 
such as body and mind, experience and thoughts, proofs and imagination (Kátai et al., 2016; Parsley and Soriano, 
2009; Milner et al., 2019). 

The importance of embodied, multisensory, artistic experiences as a central component in conveying 
mathematical content has been examined by educators and cognitive scientists, since dance has a great potential 
for sensory and mathematical engagement (Gerofsky, 2013). The question that remains is how. That was the 
question that we faced when we got an opportunity to create a mathematical dance performance as a part of 
manifestation May Month of Mathematic during 2020 and 2021. 

The connection between mathematics and art is evident and demonstrated in many ways, through paintings, 
designs, musical patterns, but also through poetry and dance. Some connections are more evident, than the others, 
easier to describe or to feel, while others are indescribable or unproved in the scientific and mathematical sense. 
One of those is the connection between mathematics and dance. Even though choreography could be considered 
as a mathematical pattern and it usually follows mathematical laws, the question that we tackled in this paper 
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considers dancing and performance as a way of mathematical communication in order to introduce the audience 
with the development of mathematics and its importance to the everyday world saturated with technology and 
inventions. 

In this paper we describe the process of developing a mathematical dance performance called “Point has no 
parts”, which included embodying mathematical concepts by an artistic, in our case, dance. The importance of 
embodied and artistic experiences, as educators and cognitive scientists have examined, as a central component in 
conveying mathematical contents have a great potential for mathematical engagements. In this paper we are trying 
to answer how this can be achieved. Prejudices about mathematical knowledge are potentially hindering many 
interdisciplinary collaborations therefore changes in public perceptions of mathematics as a scientific field are 
needed in order to raise attention as to the importance of mathematics. 

CREATION PROCESS 

In the creation process, we agreed that the performance would consist of four phases representing references 
to what some call “big ideas” in mathematics. While researching and developing ideas, we had in mind that many 
big ideas in mathematics were discovered in the freedom of mind, and by extreme passion, all attributes that can 
be attached to the art of dance. We made groups of ideas and developed the story around each idea. Those “big 
ideas” are Euclidean geometry, Theory of numbers, Functions and modern mathematics. Each part of the 
performance got a title. The Euclidean geometry was called “a point” that was represented with the actual sign “∙”, 
as well as a part dedicated to the functions “𝑦𝑦 = 𝑓𝑓(𝑥𝑥)”. The theory of numbers has an intriguing questioning title 
“Is everything a number?”, while modern mathematics was called “Trafficappiling”, suggesting a new word that 
explains the influence of mathematics through technology to our everyday life. In order to make the performance 
closer to the audience we made a leaflet, or libretto that shortly explained the concept. The libretto was the 
following: 

“Point has no parts”–Math dance performance reflections 

Mathematics is not a careful walk on the solid roads, but it is a wild travel through ideas. This is dancing research 
of mathematical ideas whose beauty is in the freedom discovered by passion. Move does not lie. Nor does 
mathematics (Mlodinow, 2002). Imagine an absolutely incorruptible and free activity of mind. That is what 
Euclidean geometry is like, an exciting mathematical theory, completed from basic ideas rolled through time, 
shaken by theological beliefs and philosophical views. Today it leads us to reexamine our own place in the Universe. 
Development of geometry of simple description delivered mathematical ideals such as point, line and plane. 
Euclid’s Elements says: “Point has no parts, line is length without width”. Thousands of years ago people were 
watching geometry through a window opened by Euclid, which evolved from measurements of land to a discovery 
tool. Today we know that, besides Euclidean, there are other kinds of geometry. 

Is everything a number? 

Odd and even numbers, prime and compound, quadratic, friendly, but also perfect and defect, alike to our 
human virtues and flaws. Numbers are in living beings, and nature of numbers is connected to music or cosmic 
order. Pythagora says: “Everything is a number”. 

 
𝑦𝑦 = 𝑓𝑓(𝑥𝑥) 

 
After many centuries Rene Descartes translated space into numbers with his project of universal science. With 

that he helped that even the most extraordinary things can be explained to the wider audience. Fact that a line or 
parabola can be defined by an equation opened completely new possibilities for science. Cartesian coordinates can 
help to determine regularities among data and visualize its functional relations. What is depending on what? By 
translating our everyday life to mathematical language we can describe finance, pandemics, transport, but also 
emotions or popularity in the media. 

Trafficappiling 

“As Google says, 5 exabytes of data was created from the beginning of civilization to 2003. Today, that is the 
number which is created in 48 hours. Some of the data are useless, some are precious, some we miss, some make 
our day. Theory of graphs is used for mathematical description of data. Graphs consist of points and lines, known 
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as knots and branches, which represent internet communication. Imagine that you intercept messages flying 
wirelessly above your head.” 

After agreeing on the idea of the performance, the major challenge was to explain deep mathematical concepts 
to the dancers who are not mathematicians and had no connections to the world of mathematics. Our collaboration 
started with analyzing geometrical constructions, proofs, and mathematical concepts that could resemble a 
choreography, and who have an active nature. Many mathematical concepts, for example, geometrical have the 
visual representation that could be embodied and artistically represented. 

We started with Euclidean geometry which we wanted to represent as an absolutely incorruptible and free 
activity of mind, exciting mathematical theory rolled through times, shaken by theological and philosophical views. 
The basic inspiration for this part was to reexamine our own place in the Universe from a simple description of 
mathematical ideals such as point, line and plane. Euclidian, but also many other mathematical proofs are abstract, 
existing only in the imagination, but people try to represent them. For example, a point is infinitely small, but we 
draw it with the real size. 

This phase of the performance preparation was kind of an icebreaker needed to establish acceptable 
communication among mathematicians and choreographers in order to understand each other and produce a 
desirable outcome. For that purpose we chose geometry since the connection to the physical world is the most 
evident. Shapes, angles or lines are also part of different aspects of dance. Some of the questions that we elaborated 
are what is the most beautiful, on what to put emphasis, what is practical, what is a clear mathematical explanation 
to non-mathematicians, what is creative, what is the idea and what is its representation.  The idea was to add a 
visual dimension to the representation of mathematical concepts with dance where the dancer gets an active role 
and responsibility for clarifying mathematical concepts. 

For centuries, people were examining geometry on the Euclides’ postulates which evolved to a discovery tool, 
and today we know that there are other kinds of geometry. In Figure 1 we can see the sketch of basic mathematical 
notions, such as point, line, and plane and the mathematical theorem that the sum of the angles of a triangle is 
equal to the 180 degree angle described to the choreographer, with physical representation. We can see that the 
points are represented with the sketches of humans, so dancers could easily connect to the topic. 

In Figure 2 we can see the performance of the theorem on the stage. Dancers with their movements represent 
the angles of the triangle, and by lying on the dance floor they represent a sum of angles. The scene is supported 
by visual design behind. 

The next part of the performance was dedicated to number theory and inspired by Pythagoras’ citation 
“Everything is a number”. Pythagoras’ citation “Everything is a number” but we presented it as an interrogative 
sentence, in order to highlight the importance to question mathematics and its place in everyday life. We wanted 
to tackle an idea that from the mathematical and scientific point of view numbering everything is acceptable, but 
from a human and artistic point of view it can be even dangerous. The dance scene was created as an ever-emerging 
vibrant city of digits filled with people who carry their stories. The rigid movement and joint shapes created by 
dancers addressed this issue of misinterpreted numbers or results. This part of the performance included 
statements such as: “Most girls lose interest in mathematics at the age of 13.” or “140603 is the number on the 

 
Figure 1. Sketch of mathematical theorems discussed with the choreographer 
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hand of Sam Rosenzweig, a surviving Auschwitz victim” in order to illustrate how numbers might strip the richness 
of the meanings. As above mentioned this is also the most critical, socially engaged scene in the performance. 

 

We are witnessing describing everyday life and events such as pandemics, transport but also popularity into 
mathematical language with determining regularities among data and visualizing functional relations. Development 
of mathematics and its use in technology provided us many benefits that we enjoy today. In Figure 3 we can see 
artistic performance of a linear function, and in Figure 4 we can see a dancer performing an exponential function 
𝑦𝑦 = 𝑎𝑎𝑥𝑥, which describes artistic expression of an exponential growth. The notion of functions was explained to 
dancers by real world examples, due to the fact that functions can be related to relevant concepts from real life 
such as velocity or bacterial growth. We explained different types of patterns and functional relationships, but also 
we used simple mathematical models to analyze changes mostly in real context. 

 
Figure 2. Performance of mathematical theorem 

 
Figure 3. The artistic representation of linear function 



European Journal of STEM Education, 2022, 7(1), 08 

© 2022 by Author/s  5 / 6 

 

The most challenging part in the performance creation was to mathematically and simply explain and perform 
the development of modern mathematics and its influence to the modern world based on the technology. Figure 5 
represents that situation and the moment from a rehearsal. The Internet and reality based on different kinds of 
communication have mathematical foundations. For example, the theory of graphs is used for mathematical 
description of data. Our idea was to direct performance to wireless and virtual life that we all experience by using 
the Internet and that by sending a message there are many mathematical calculations and operations behind the 
process, for the most part unknown to the user. In order to make this advanced topic close to the dancers we have 
introduced them with the applicability and usefulness of graph theory, even though in the beginning dancers were 
reluctant at the beginning of preparation of the final phase of the performance. What was important for the artistic 
expression was to grasp the fact that graph theory represents a study of relationships. A set of nodes and 
connections could abstract everything from city layouts to data, simplifying moving parts of dynamic systems. 
Theory of graphs is used everyday to give answers for many arrangements, networking matching or operational 
problems. For example, the theory of graphs is one of the bases of informatics. That is why we directed 
performance to wireless and virtual life expanded by use of the Internet. Repetition of above: The scene of binary 
code rain intersected in joints of a graph was representing “caught” messages. This scene was driven by a mental 
experiment. If we imagine one square meter of the air above our head, let us ask ourselves what kinds of messages 
are transmitted via wireless signals? Some of the possible messages were shown by dancers, such as: “Enjoy the 

 
Figure 4. The artistic representation of exponential growth 

 
Figure 5. Representation of modern communication based on mathematics at the rehearsal 
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work dear!”, “I am having a fever again :(”, “Send kisses to grandma and grandpa!”, “Would you ever admit I was 
right?!” or “She is coming out of hospital today!”. 

Once established the concept and story line, we have dedicated significant time to music that followed 
performance, where we have taken into account that music should follow the dynamic of movement and the 
artistic idea. Whole performance was followed by powerful digital stage scenography fully inspired by mathematical 
concepts. 

CONCLUSIONS 

During the process of co-creation we faced many challenges and limits. It was quite hard to overcome many 
prejudices about mathematics. Dancers' previous negative school experiences with mathematics and their 
perception of mathematics as something hard to understand was quite difficult to overcome in the creation process. 
At the beginning of the process insecurity inhibited their creative and artistic expression, which we overcame with 
rehearsals and working on the narrative and storyline. We tried to explore their views about mathematics and tried 
to build them in the movements, but this remained the strongest challenge in the process. 

Performance “Point has no parts” attempted to employ dance as an inspiration for the audience to think about 
abstract mathematical concepts as a tool for understanding everyday life. We combined intuition and mathematical 
proof, emotions and technology, humans and machines in order to explore the problems today’s world is facing 
due to overuse or improper use of mathematical achievements. The awareness of this interaction between 
mathematics and dance could help us understand both areas in a new way, and open possibilities for new research 
areas. The idea of the performance was to employ a flexibility of mind in combining artistic and scientific 
methodologies, where mathematics and dance work together in synergy. We have recognized dance as a bridge 
between general understanding of mathematics and the public view of mathematics. Performance “Point has no 
parts” was a kind of experimental mathematical communication and it was presented to the wide audience at the 
open scene at the Kalemegdan fortress in Belgrade in September 2020. We believe that the unusual combination 
of mathematics and dance art nurtured the materialized conversation between the mathematics, art and general 
public and provoked continuous challenges to explore things around us and ideas created in our minds in a way 
of uncommon performance. 

We have recognized dance as a bridge between general understanding of mathematics and the public view of 
mathematics. The performance “Point has no parts” enhanced mathematical communication and provoked 
understanding of many mathematical concepts to the wide audience at the open scene at the Kalemegdan fortress 
in Belgrade in September, 2020. We believe that the unusual combination of mathematics and dance art nurtured 
the materialized conversation between the mathematics, art and general public and provoked continuous challenges 
to explore things around us and ideas created in our minds in a way of uncommon performance. 
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ABSTRACT 
The National Science Foundation (NSF) proposed in 1996 “Shaping the Future” report that “STEM” 
(Science, Technology, Engineering, Mathematics) is a set of education methods that focus on learners. The 
STEM education actively cultivates students’ independent thinking and creativity in the learning process. In 
recent years, the use of STEM education methods in teaching has become a trend in Taiwan’s education 
system. In this study, a content analysis method is used to analyze and observe the knowledge learned and 
the attitude toward STEM education for a total of 30 junior students, who have no background in robotics-
related professional knowledge, after taking a semester of project-based learning (PBL) robotics general 
course from National Chiayi University, Taiwan. From the study results, it is found that by integrating 
STEM into the acquisition of robotics, students can use logical thinking, compile different programs, 
increase their understanding of technical operations, and finally create more methods to complete the 
project. On the other hand, through PBL, students can stimulate thinking in discussions with their peers, 
and achieve the effect of problem-solving and stress-less learning. The findings of the study also show that 
the PBL robotics course provides the learning aids which is beneficial in exercising STEM education learned 
by learners. 

Keywords: project-based learning, robotics, STEM education, content analysis method 
 

INTRODUCTION 

For a long time, academia has realized that experimental hands-on education can provide practical meaning for 
the original abstract knowledge, which provides an excellent motivation for learning new knowledge. Curriculum 
in robotics has been proven to be one of the best tools for hands-on learning, because it includes not only the 
machinery and mechanisms of the robot itself, but also the general interdisciplinary of science, technology, 
engineering, and mathematics, i.e., STEM. Robotics not only is a good learning environment for the application 
of STEM education (Kim et al., 2015) but it also provides a platform by integrating the STEM education for 
learners (Barak and Assal, 2018) In the learning theory, project-based learning (PBL) is regarded as an effective 
means of organization learning. Members participating in project-based learning usually undertake a specific task 
while focusing on the same goal or product as other project members. As the project develops, participating 
members must collect, analyze, and synthesize information from various sources to form knowledge, and 
communicate and share knowledge with team members to produce results through collaboration, and finally 
display the results or present the final product before the project deadline. Project-based learning not only can 
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involve project members and give them their own tasks and learning responsibilities, but group members can also 
learn in-depth knowledge most effectively through the project team. This study uses a qualitative content analysis 
research method to analyze the impacts of project-based learning robotics course for STEM education, and tries 
to answer the following two questions: 

1. How does the application of project-based learning (PBL) for STEM education curriculum help student’s 
learning? 

2. How can students benefit from integrating STEM teaching methods into robotics learning classrooms? 

LITERATURE REVIEW 

Nugent et al. (2010) studied whether teaching robotics in summer camp courses can affect students’ STEM 
learning and found that robotics courses indeed can enhance students’ hands-on practice, creativity, and self-
learning ability. They also claimed that such STEM-related robotic camp courses provide young learners with an 
excellent opportunity to get involved in STEM activities and concepts. Through hands-on and inquiry-oriented 
robotics experimentation and design, such technologies can help youth to translate abstract mathematics and 
science concepts into concrete real-world applications (Nugent et al., 2010). Karahoca et al. (2011) taught robotics 
courses to elementary and middle school students aged 10-15 and encouraged them to participate in robotics 
competitions. The authors found that robotics design courses can enhance the ability of elementary and middle 
school students in technology and engineering, as well as their self-confidence, and help school children to learn 
from team design. Since robots and STEM are both interdisciplinary, it is indeed a feasible teaching and learning 
platform to realize STEM learning using robotics courses. With the rapid development of information technology 
(IT) and knowledge economy, as well as the rapid development of artificial intelligence and robotics, technology-
based universities and colleges are experiencing of information technology paradigm shift from teaching the 
fundamentals IT knowledge to IT-related industry education (Lenschow, 1998). How to keep up with the 
development of the IT industry and train students with characteristics related to the information technology 
industry so that they can adapt to the job market has become one of the most important issues for technical 
colleges’ students. On the other hand, the development of a knowledge society with information technology has 
also put forward new requirements for higher education, that is, students learn the content of knowledge that 
he/she is interested in and require professors to provide the required learning resources. Many educators are aware 
of the urgency of IT education reform to meet the current needs and future trends of the information and artificial 
intelligence industry and society.  

In response to learners’ changes in learning paradigms, the academic world has implemented curriculum 
reforms through work-based learning (WBL) and project-based learning (PBL) in recognizing the field of general 
learning technology (Gibson, 2003). Different from the traditional classroom teaching/examination method of 
teaching and student learning, providing industry-related project-based learning courses mean providing students 
with more industry-related content and self-study opportunities. Therefore, among the curriculum reforms, 
project-based learning (PBL) has attracted more attention in technology-oriented schools and learning institutions. 
Rhodes and Garrick (2003) believe that project-based learning is an attempt to integrate learning into project work, 
so the project results are based on both task and learning. They suggested that the participation of academia and 
companies in PBL should focus on teamwork, leading practical activities, and promoting reflection in the 
company’s training plans and practical tasks. Therefore, project-based learning seems to be a possible innovative 
learning strategy to meet the needs of academia and companies in the changing learning paradigm. Project-based 
learning is also used as an effective means to provide on-the-job training for employees in the industry as well. 
Keegan and Turner (2001) pointed out that in project-based companies, some influencing factors may hinder 
project-based learning, such as time pressure, centralization, and delay. Considering that project-based learning has 
the nature of such influencing factors in the industry, similar influencing factors may also hinder the adoption of 
project-based learning teaching methods and lesson plans in universities, thus affecting the effectiveness of 
learning. 

METHODOLOGY  

In the methods of analyzing and evaluating the results of project implementation and the key factors affecting 
success, past literature studies have suggested cognitive map representations that can be used to extract and analyze 
personal mental models (Laukkanen, 1994). Cognitive map, also called cause map, is composed of nodes and 
arrows linked to each other (Weick and Bougon, 1986). Nodes usually represent “concepts”, that is, the 
phenomenon that the owners subjectively perceive in their domain of knowledge, while the arrows represent their 
“beliefs” in the relationship that produces effects (causality). Such a cognitive map of interconnected concepts and 
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beliefs can therefore model the causal thinking pattern of individuals or organizations and is often called a mental 
model. Laukkanen (1994) developed a two-stage information acquisition method and analyzed the acquired data 
through a series of analysis and linking processes to generate the final cognitive map. Laukkanen (1994) uses 
cognitive maps to compare management thinking and organizational cognition in real life. Weick and Bougon 
(1986) link the meaning of the organization with the cognitive map to explain that the consciousness of the 
organization exists in the thoughts of the participants of the organization, and the existence of the organization is 
presented in the form of a cognitive map. They suggest that the way of cognition of the organization should start 
from the participants editing their own organizational experience into a personal knowledge model, and the 
representation of this knowledge is called a cognitive map, which is composed of the concepts and relationships 
used by participants to understand the organizational situation. Carley (1997) uses textual analysis technology to 
extract personal cognitive maps from interview data, locate similarities between maps, and generate team cognitive 
maps by combining the similarities of various maps. According to her research, each person’s cognitive map can 
be interpreted as the interviewee’s mental model. The team mental model can also be generated by combining the 
similarities of the cognitive maps in the team. The team cognitive map generated by intersecting with individual 
cognitive maps represents the team cognitive map for effective teamwork. Therefore, this study adopts the 
qualitative content analysis research method to analyze the key characteristics of a project-based learning 
educational robotics course for STEM education. Integrating STEM activities and concepts for educational 
robotics not only help students in solving complex design problem, but it also provides an innovative learning 
environment in enhancing and building higher order computational thinking skills and programming abilities 
(Atmatzidou and Demetriadis, 2016). To conduct this research, a “Robotics Computational Thinking and 
Programming” general course is offered for junior college students with no background in robotics-related 
professional knowledge from National Chiayi University, Taiwan. Students were invited to answer the following 
two questions in the final week of the course after accomplishing the course assignments and final contest. And 
the full text of answers will be analyzed using the content analysis method to construct the cognitive map of each 
student.  

− How does the application of project-based learning (PBL) for STEM education curriculum help student’s 
learning? 

− How can students benefit from integrating STEM teaching methods into robotics learning classrooms? 

COURSE INFORMATION 

A “Robotics Computational Thinking and Programming” general course is offered for junior college students 
with no background in robotics-related professional knowledge from National Chiayi University, Taiwan in Fall 
semester, 2020. There were 30 students enrolled in the course, including 9 girl and 21 boy students with ages 
among 20 to 22 years old. Three students are organized into a team for the “Robotics Computational Thinking 
and Programming” project-based learning course. After accomplishing all the course assignments and the final 
contest of S-shape racing track time trial, all students were invited to answer the aforementioned two questions in 
the final week of the course. Due to the COVID-19 pandemic, the planned interview was replaced with writing 
answer to the application topics. And there were only 25 students writing the answers and uploading the answering 
file to our course websites. The educational robotics used for the course is LEGO Mindstorms EV3, the third-
generation robotics kit in LEGO’s Mindstorms line. It uses a program called LEGO Mindstorms Education 
EV3-G to write code using software blocks by point-and-click and drag-and-drop instead of lines. 
(https://en.wikipedia.org/wiki/Lego_Mindstorms_EV3). The example of class assignment by integrating STEM 
to the EV3 Robotics application is listed in the Table 1. 

 
Table 1. Example of class assignment by integrating STEM to the EV3 Robotics application 
Assignment #3 To design an EV3 for running 2 meters precisely by using manual operation of EV3. 
Allowed time 30 minutes 
Principle The radius of a circle is r, the perimeter of the circle is 2×π×r 
Requirements Employing STEM and taking steps of computational thinking to accomplish the assignment 

Suggested steps 

1. Measuring the radius of the wheel of your EV3 robot car, calculating the perimeter of the wheel, and 
using a rule to make sure the length of the perimeter 
2. Measuring how many rotations wheel runs with 2 seconds and calculating distance the robot car goes 
3. Estimating how many seconds it will takes for the robot car to go for 2 meters, and run it 

 

 
In teaching the Table 1 assignment for an example, the teacher first explained the theory of motor for driving 

the robot car, and the STEM activities and concepts listed in Table 1 were then introduced. The grading policy 
was that the first team to accomplish the assignment will obtain the highest grade, the slowest obtain the least 

https://en.wikipedia.org/wiki/Lego_Mindstorms_EV3
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grade, and so on and so forth. Team of student was hence motivated to cooperate in group discussion in winning 
the highest grade. Even though the students are not used to group discussions before. 

The rules of the final contest of S-shape racing track time trial are listed and explained as in the Table 2. 
Some of the class photos are shown in Table 3. 

RESULTS AND FINDINGS 

The full text answered by the students were collected from the feedback at the end of the semester. By 
highlighting keywords and the cause-and-effect relevance in the article, a cognitive map with logical thinking can 
be constructed. 

Table 2. Rules for the final contest of S-shape racing track time trial 
Dimensionality of the robot car The robot car should be fitted within an A4 size paper  
Playing field  80 cm × 60 cm, width of the black S-shape racing track is 2 cm 

Rule 1 Each team has two times for racing by following on the S-shape racing track. The 
shorter time of accomplishing the time trial will be recorded 

Rule 2 Each team has the allowable 3 minutes to make changes to their robot car in the 
preliminary round 

Rule 3 The 4 shortest time trial team will be allowed for running in the final run.  

Scoring policy 

Preliminary round: 85 for accomplishment S-shape racing track time trial, 80 for these 
failed teams. 
Final run: 98, 94, 90, and 88, respectively for the first, second, third, and the fourth 
shortest time trial team.  

Notes The judge will determines whatsoever not mention in this rule 
 

Table 3. The class photos 

  
(a) Students are in class and learning (1) (b) Students are in coding and learning (2) 

  
(c) Students are in preparation for testing (d) Student is under testing the robot S-shape racing track 

time trial 
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How Does the Application of Project-Based Learning (PBL) For STEM Education Curriculum Help 
Student’s Learning? 

Now the issue of “How does the application of project-based learning (PBL) for STEM education curriculum 
help student’s learning?” will be analyzed by examining the individual cognitive map as well as the team cognitive 
map, and by deciphering the mental model of corresponding cognitive maps. To illustrate how the cognitive map 
is constructed, the full text and the associated cognitive map of student #8 are listed in the following as an example. 
The first step in constructing the cognitive map is to extract the concept as the bold words below. 

This course is of great help to technology, engineering, and mathematics in the comprehensive 
application of STEM. Through the formula design, the robot can move forward, backward, rotate, etc. 
It can be regarded as a kind of technology. Assembling robots is part of engineering. While using 
imagination and creativity, we also concerned about the impact force that the robot can 
withstand. In addition, the possibility of inspiring ways to write different formulas through logical 
thinking is mathematics. 

The second step of concept linking is to find out the relevant cause and effect between these keywords and use 
an arrow to connect the keywords of cause to the keywords of effect, and finally to draw a cognitive map which is 
shown in Figure 1. 

It can be seen from Figure 1 that based on project-based learning, combined with the learning tools of 
“Engineering”, “Technology”, and “Mathematics” in STEM, student #8 inspired a variety of different formulas 
through logical thinking, and was also able to exert imagination and creativity in assembling the robot. 

A second and third set of full text data from student #1 and student #19 were analyzed for comparison purpose. 
Comparison results for the cognitive maps of student #19 and student #8, and for the cognitive maps of students 
# 19 and student #1are shown in the Figure 2 and Figure 3, respectively. 

 
Figure 1. The example cognitive map of student #8 

 
Figure 2. Comparison of cognitive maps of student #19 and student #8 
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By examining the cognitive map of student #19 as in the left of Figure 2, it is found that in one hand through 
weekly quizzes, student #19 was able to come up with more ideas through group discussions. On the other hand, 
by appropriate learning tasks and sufficient preparation time to allow students to apply STEM in writing formula 
and completing robotic task in a stress-free environment. Besides, commonalities can also be found from the 
dotted line in Figure 2 for both cognitive maps that through logical thinking the two students have inspired more 
ideas and created different formulas, and finally completed the robot’s task. 

By examining the cognitive map of student #1 as in the right of Figure 3, it is found that student #1 employed 
the “engineering” tools in STEM to figure out how to solve the problems and make improvements to show the 
better robot works by discussing with the teammates in an easy learning and stress-free environment. 
Commonalities of cognitive maps of student #19 and #1 can be found from the dotted line that both students 
stimulated more ideas and found mistakes through group discussions. In addition, as indicated by the circles with 
bold line that given ample discussion time to allow students get better learning results in a relaxed/stress-free 
environment. 

By examining Figure 4, it can be seen clearly from the circles with bold line that both students have used 
engineering in STEM as a tool to complete the assembly of the robot. 

The abovementioned comparison results in Figures 2-4 shown by using the project-based learning method to 
provide learners with moderate and task-oriented learning, it allows learners to stimulate ideas and solve problems 
in the process of cooperative learning, and finally complete the comprehensive application of STEM. In other 
word, the pedagogical method of project-based learning effectively applies the domain knowledge of STEM to the 
task of designing the robot. 

 
Figure 3. Comparison of cognitive maps of student #19 and student #1 

 
Figure 4. Comparison of the cognitive map of student #8 and student #1 



European Journal of STEM Education, 2022, 7(1), 09 

© 2022 by Author/s  7 / 9 

How Can Students Benefit from Integrating Stem Teaching Methods into Robotics Learning 
Classrooms? 

The following figures are comparison of cognitive maps constructed from analyzing the text content answered 
by three students in the class. 

By reading the cognitive map of student #13, as shown in the right of Figure 5, one can found that student 
#13 learned how to assemble parts by employing the “engineering” tool in STEM, which in consequence increase 
the learner’s understanding of mechanical operation. Through the “mathematics” tool in STEM, student #13 also 
learned how to write formulas and train the ability of logical thinking. Finally, student #13 was able to complete 
the assembly of the robot and increase their interest in understanding the robotics fields, which are different fields 
regarding the expertise of student #13. Commonalities among the cognitive maps of student #8 and student #13 
can be found from the circles with bold line and dotted line in Figure 5 that both students have used the tools of 
“engineering” and “mathematics” in STEM to accomplish the task of robot assembly. On one hand, both learners 
increased their own understanding of mechanical operation by assembling robot parts, and finally completed the 
product under consideration of the impact force that the robot can withstand. On the other hand, the arrangement 
of different formulas is stimulated to complete the robot by both students through logical thinking as shown in 
the dotted line. 

By examining the cognitive map of student #21, as shown in the right of Figure 6, one can found that student 
#21 used the four tools of “science”, “technology”, “engineering” and “mathematics” in STEM to test whether 
the formula can work in solving various robotics tasks. Through correcting the formula and assembling the robot 

 
Figure 5. Comparison of cognitive maps of student #8 and student #13 

 
Figure 6. Comparison of cognitive maps of student #8 and student #21 
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as well as calculating the robot’s performance value, student #21 finally successfully completed the robot task. 
Besides, common feature can be seen from Figure 6 that both students use the “engineering” tool in STEM to 
assemble the robot such that the requirements of the robot can be met. 

By reading the cognitive map of student #13 and student #21 in Figure 7, one can find that both students 
used “engineering” tool in STEM to assemble the parts of the robot to increase the learner’s understanding of the 
mechanical operation and to complete the robot works. 

Besides, it can be expected that the commonalities can also be found by comparing and examining the pair 
cognitive maps in Figure 5 to Figure 7 among the three learners. As a result, we showed the team cognitive map 
as in the following Figure 8. 

It can be clearly observed from Figure 8 that through “engineering” tool in STEM, students learn how to 
assemble robots by themselves to increase their knowledge of mechanical operations and finally complete robot 
tasks. 

CONCLUSION AND IMPLICATION 

A content analysis technique for extracting and comparing abstractions of individual mental models and 
generating shared mental model for students from a project-based learning robotics course with integrating STEM 
education was presented in this study. It can be clearly seen that the application of project-based learning (PBL) 
robotics in the classroom with STEM as the curriculum framework has significant benefits for learners. Students 
benefit not only from employing STEM concepts and knowledge in fast and precisely completing various robotics 
tasks, but students also encourage their team creativity through exercising the PBL robotics. Through the project-

 
Figure 7. Comparison of the cognitive map of student #13 and student #21 

 
Figure 8. The collective cognitive map of student#8, student#13, and student#21 
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based learning, a relaxed environment for learners to do cooperative learning was created for moderately 
accomplishing educational robotics tasks. By providing sufficient time for group discussions with STEM as the 
core concept, learners stimulate more ideas by reflecting on themselves and learning from their mistakes in 
obtaining the knowledge and competency of accomplishing robotics, w course assignment and contest which is 
also the core value of project-based learning. In addition, the results from the second issue also shows that the 
integration of STEM teaching methods into the classroom of robotics acquisition has obvious benefits for learners. 
On the one hand, by using the tools in STEM, learners learn how to develop computational thinking to stimulate 
more ideas, also know how to apply what they have learned in STEM in accomplishing the robotics tasks. On the 
other hand, learners not only can learn mistakes from experiments by themselves, but they also assemble robots 
and complete the tasks, finally inspire their own interest in different fields, which is also the core value of STEM 
education. Yet this research also has limitation that only a few students’ response carried rich information for 
creating meaningful cognitive map due to the answering of application topics, instead of face-to-face interview. 25 
students out of the 30 registered students responded with texted answer, but only about half of the responses bear 
valuable content for textual analysis. Hence, the larger the volume of students’ responses with quality are collected 
for analysis, the better personal and team cognitive maps can be created for analysis in providing qualitative result 
with precision. 
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ABSTRACT 
Background: Integrated STEM (Science, Technology, Engineering, and Mathematics) education is crucial for 
teacher preparation programs that provide effective teaching in an interdisciplinary approach to teacher training. 
There is a need for a novel program to train pre-and in-service STEM teachers as STEM leaders who’s moving 
a passive STEM teacher into an active STEM leader in their schools. The professional development of new 
STEM leaders in schools is critical so that the benchmarks of a new school program called STEM-LPP can be 
met. This program is intended to help develop existing STEM teachers to become more experienced and 
innovative in their usage of interdisciplinary ideas and team-working. An iSTEM approach (Rosicka, 2016) is 
more than just the skills, competencies, and knowledge of the four (STEM) domains. 
Methods: A content analysis method was conducted by benchmarking the top five university master programs 
and academic committee meetings. The survey method was applied to design a new STEM preparation program 
for pre-and in-service teachers. This paper reports the benchmark collection and evaluation as a form of meta-
analysis by academic meeting processes and views from existing STEM teachers from various schools how do 
the top five university master programs factor into your considerations? Data was collected by benchmarking 
and investigating STEM frameworks, models, and principles called benchmarks. Data were discussed and 
evaluated with academic meeting members, including two experts, two specialists in the department of curriculum 
development, three STEM teachers, three stakeholders, three staff professors, and two STEM master students 
from Suleyman Demirel University located in Almaty, Kazakhstan. Besides, 14 STEM teachers participated in 
evaluating in various schools. Findings: benchmarks and obtained courses were correlated to determine the 
relations. 
Results: The six benchmarks: educational leadership, engineering/project design and integration, technology 
integration, multiple discipline integration, research-oriented instruction, and practice/experience-based 
teaching, were determined. Under these benchmarks, courses, competencies, and learning outcomes were also 
generated. The developing process of STEM-LPP was also confirmed by analyzing the findings from top 
university master programs with academic meeting studies and STEM teachers’ evaluations. The correlations 
among the benchmarks and between benchmarks and courses were shown to have a strong correlation and their 
sufficiency for the criteria of LPP was displayed in the data. 
Implications: This type of teacher preparation program has two crucial purposes: at first, providing a way of 
determining benchmarks during the formation of the teacher preparation program for STEM education program 
designers and developers. Secondly, it was informative on integrating STEM disciplines with STEM student 
projects and activity work to develop teachers’ knowledge and skills. This study contributed to the construction 
of teacher preparation programs in universities and assisted STEM teachers in developing their teaching skills in 
the educational sphere. In future, such studies should be re-analyzed and evaluated by a large sample size of 
STEM teachers, partners, and other contributors. 

Keywords: integrated STEM, STEM leader, STEM education, teacher preparation program 
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INTRODUCTION 

The developmental studies of iSTEM (integrated STEM) teaching training programs are just as crucial as pre 
and in-service teacher training because of effective teaching with an interdisciplinary approach. STEM teachers in 
schools are rare in terms of iSTEM (iSTEM) knowledge. To be STEM leaders, they need to be supplied with 
iSTEM knowledge and field-content knowledge to be STEM leaders. When exploring published literature, iSTEM 
education has been summarily defined as teaching multidisciplinary integrated knowledge to solve transdisciplinary 
problems (Nadelson and Seifert, 2017; Rosicka, 2016; Wang et al., 2011). Wang et al. (2011) explained STEM 
integration as an interdisciplinary teaching approach that removes the barriers between the four disciplines. The 
iSTEM approach involves the application of knowledge and practices from multiple STEM disciplines (Nadelson 
and Seifert, 2017). Rosicka (2016) noticed that an iSTEM approach is more than the skills, competencies, and 
knowledge of the four (STEM) domains. iSTEM contains the engineering design (Sanders, 2013; Wells, 2013), 
problem-based (Roberts, 2013), and project-based approaches (Wells, 2013) to acquire integrated skills in four 
disciplines. Researchers indicated the benefits and revealed a positive effect on student achievement (Becker and 
Park, 2011), demonstrated an increased development of creativity, improved social skills and self-efficacy (Roberts, 
2013), and allowed teachers to develop interdisciplinary knowledge, its role, and importance in everyday life 
(Pawilen and Yuzon, 2019) when iSTEM instruction is implemented through instructional strategies.  

In most educational systems used by countries, single and specific discipline teaching without interdisciplinary 
work has been conducted (Burrows and Slater, 2015). The crucial issue in preparing iSTEM teachers is to train 
qualified teachers with integrative, interdisciplinary knowledge instead of only single discipline knowledge. 
Borromeo Ferri (2019) noted interdisciplinary learning and teaching require well-prepared teachers and pointed 
out the need for teachers, who are open-minded enough not to see only their discipline, but who like to connect 
several disciplines. Most teacher preparation programs include fundamental science courses and pedagogical 
courses, which have focused on one field of knowledge rather than interdisciplinary knowledge or integration of 
two or more disciplines. The current K-12 educational system is discipline-based, not problem-based, except for a 
few (Nadelson and Seifert, 2017). STEM education is still taught more theoretically than practically or project-
based, within core disciplines by school syllabi.  

The following issues have been identified; insufficient focus on the challenge of having STEM integrated 
knowledge of teachers (Dagan et al., 2019), the difficulty of incorporating several disciplines together (Kelley et al., 
2021), and having the limited utility of isolated science courses and the insufficiency of general teaching method 
courses to serve integrated knowledge, are being discussed for future science teachers in higher education. Becker 
and Park (2011) also emphasized that the implementation of the integrative approaches highly depends on STEM 
teachers’ perceptions toward the integrative approach and delivery methods in schools. In this respect, Dagan et 
al. (2019) pointed out that STEM teachers are vital people and need to be trained as educational leaders aligned 
with the vision and principles of integrative STEM education in teacher preparation programs. 

LITERATURE REVIEW 

Research studies on STEM teacher preparation programs by some scholars focused on the features of STEM 
teacher preparation programs by describing STEM integration programs’ principles, frameworks, standards, and 
other features. Rosengrant et al. (2019) evaluated and developed two existing STEM education programs; the goal 
is to provide a series of standards to guide the education of STEM teachers. Rosengrant et al. (2019) presented 
them, and the first two were focused on content knowledge and pedagogy. They said, “If an educator is not 
knowledgeable about their topic, they cannot be very effective” so that the graduate program whose participants should be 
had content knowledge and pedagogical skills with teaching strategies. According to Rosengrant et al. (2019) 
research study, the standards directly related to STEM education were ‘practice, use of technology, educational 
research, engineering by design, and STEM content integration’. “The practice standard” provided practical 
learning on; how to integrate across other disciplines, supplied educational research to find ways to improve 
teaching. “The technology standard” was aimed to help students with the use of new technologies. “The standard 
of engineering by design process” empowered easy integration into other STEM fields, and the final standard of 
iSTEM content helped to teach interdisciplinary content for both educators and students. Hansen and Gonzalez 
(2014) further described the four instructional principles that are essential for the teaching and learning of STEM 
as “(1) integrate technology, (2) reach across disciplines both within and beyond STEM fields, (3) relate to authentic, or real-world, 
problems, and (4) be based on project-focused tasks.” Moore et al. (2014) categorized components of the preparation 
program into subcategories: STEM practices, STEM technology, STEM content integration, real-world problems 
based learning and lived experience-based learning.  

The important facet in the framework for integration STEM is leadership, and this is critically needed in STEM 
instruction (Bailey, 2020). Leadership may be described as an experienced teacher, researcher, and role model 
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teacher. Sublette (2013) noticed the STEM-I3 model that ensures the teacher leader is a teacher first and is 
committed to mastering his or her practice for leadership. Ryu et al. (2019), in the study of “challenges for iSTEM 
teacher preparation existing programs”, an integrative master’s degree program in STEM, aiming to train educators 
in Israel, indicated that teachers faced challenges with limited interdisciplinary understanding and a lack of role 
models when authors developed an iSTEM education methods course which was taught to secondary pre-service 
teachers in STEM disciplines. In the description of background information by Dagan et al. (2019), they published 
the relevant objectives: developing leadership with project-based learning experience and advancing the “teacher 
researcher” approach within STEM teaching through Project-Based Learning (PBL). Research is also needed to 
prepare STEM teachers to become leaders (Bailey, 2020) and presented this as a standard “accessing research to 
improve educator development” that was shown in teacher leader standards constructed by Teacher Leadership 
Exploratory Consortium (TLEC).  

Burrows and Slater (2015) illustrated the iSTEM teaching trajectory covered five levels from zero to four, which 
were ‘single discipline, discipline plus mathematics, multiple disciplines, engineering projects, and constant iSTEM’ 
for teachers. They particularly noted that teachers and curriculum designers purposefully included engineering and 
design projects to help students’ learnings while level three engineering project, was described. Project-Based 
learning with project activities is a key organizing element of STEM programs and curriculum arrangement (Dagan 
et al., 2019). DiFrancesca et al. (2014) described a STEM-focused elementary teacher preparation program that 
required pre-service teachers to complete an engineering design process methods class, two mathematics method’ 
courses and two science methods courses. The goal of this program is to cooperate engineering to a single STEM 
discipline. Pinnell et al. (2013) also presented application engineering design as the framework in the study of 
STEM education quality over three years of research and literature review.  

Pinnell et al. (2013) articulated the framework ‘technology integration’ which includes instructional computers, 
robotics, using digital technology tools, technology supported-learning, and technological innovations. Papadakis 
et al. (2021) noted that educators faced various difficulties in their efforts to include educational robotics (ER) and 
concluded in their study that teachers need the appropriate training to learn about new forms of educational 
technology such as ER. The other framework is about practical and experienced teaching that provides the use of 
theoretical knowledge in practical pedagogical fields. Dailey et al. (2015) examined a program that gives 
undergraduate candidates by focusing on-field experiences. Corlu et al. (2014) suggested a program that serves 
practice-based instruction for pre-service teachers and emphasized teaching practice through integrated teaching 
knowledge may better prepare pre-service mathematics and science teachers for the profession. Another 
framework is multidiscipline integration that covers effective cooperative studies between science, technology, and 
math teachers in order to integrate content. Eckman et al. (2016) aimed to evaluate a STEM teacher education 
model for pre-service teacher preparation which incorporates science or mathematics content and indicate the 
advantages of the cooperative model that is math-science content cooperation. They focused on the STEM 
teaching cooperative experiences, which outlined the integration theory and practices for Noyce scholars and 
concluded that there are important differences, especially confidence of teachers, between the traditional STEM 
teacher preparation program and the Noyce STEM Scholar Program.  

These views underlined by scholars inform about key benchmarks in the teacher preparation program of 
iSTEM. Each program was focused on various frameworks that consider in accordance with the program goal, 
objectives, educational standards. All literature reviews and frameworks or approaches reported in the way of 
fundamental knowledge (Nadelson and Seifert, 2017) for contexts in multiple STEM facets and concepts and 
opened the way (Burrows and Slater, 2015) to integrate teaching approaches with focusing benchmarks that 
provide student exploration, learning, clear understanding of how to integrate disciplines, STEM integration. 
According to the above literature, STEM teachers should be supplied with practical knowledge and teaching 
strategies in research, project-based, engineering-design oriented, technology knowledge in order to integrate 
STEM knowledge and implement its knowledge to reflect on design-based projects.  

Research Question 

It is required to develop a new teacher preparation program within the iSTEM education frameworks, models, 
and principles (all named benchmarks) which provides inter- and transdisciplinary knowledge and skills at the 
graduate level in the higher education system. Kirschner et al. (2008) noted that benchmarks had provided 
informative quantitative markers for annually assessing the implementation of a program. This study addressed the 
solutions to the following questions: 

1. What frameworks, models, principles (all benchmarks) are mainly determined for the well-prepared STEM 
teacher preparation program?  

2. To what degree is the sufficiency of these benchmarks in iSTEM leader preparation program (STEM-LPP)?  
3. What is the extent of appropriateness between the benchmarks and courses with competencies and 

outcomes? 
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RESEARCH DESIGN 

This study was designed in three stages: benchmarking, academic committee meetings, and survey to STEM 
teachers. STEM programs were examined within the scope of STEM teacher preparation programs by using the 
content analysis method. According to Trochim (2006), content analysis is the analysis of text documents. As 
content or document analysis, program information package and program description on university websites were 
benchmarked by analyzing frameworks, models, and principles. Frameworks, principles, and models (named as 
benchmarks) related to the STEM teacher preparation program were also investigated from the published relevant 
literature. In academic community meetings (ACM), 15 community members participated in order to evaluate and 
discuss the findings of benchmarks and to determine the program’s goal with objectives, program outcomes, and 
courses with competencies. The survey was adapted and conducted in order to evaluate finding benchmarks. The 
survey was conducted on 14 STEM teachers with teaching experience in schools to gather information about the 
prepared program (LPP) and learn their opinions. The survey was based on Likert-type research. Creswell (2002) 
described that Likert-type research is a procedure in quantitative research to describe the attitudes, opinions, 
behaviours, or characteristics of the population. All variables found from benchmarking, academic meeting 
evaluations, and survey results were analyzed by using correlations among variables in order to confirm.  

Data Collection 

The data collection ways were included:  
1) benchmarking with document analysis of the STEM teacher or leader preparation programs at the five top 

universities and investigating related literature,  
2) performing academic community meetings during the iSTEM teacher program, and  
3) a survey for STEM teachers’ views about iSTEM program.  

Data was collected by benchmarking content analysis of academic degree programs in the STEM teacher 
preparation program (n=5) at various universities. The determined benchmarks were considered again by 
investigating some related literature. The benchmarks were discussed in academic meetings within the participation 
of academic members. The survey was conducted with STEM teachers in the collaborating high school and 
professors in universities. The survey was adapted from the suggested frameworks, models, and principles related 
to STEM to determine the appropriateness of the STEM teacher preparation program. Some items were taken 
from the published instruments, and some of them were derived from STEM frameworks, principles, and models 
suggested in the literature. The benchmarks were responded to on a 5-point Likert scale: from strongly agree (5) 
to strongly disagree (1). 

Data Analysis 

All STEM-related frameworks, models, principles, and teaching methods from benchmarking various university 
master program information packages from their websites and the published literature, were documented, 
investigated, and analyzed. The findings were categorized to recognize as benchmarks that form the STEM-LPP. 
Qualitative data from the benchmarking results and the community meetings’ suggestions were evaluated to 
identify benchmarks that will form the survey items. Survey item responses were analyzed in considering 
correlation values among variables. A correlation test was applied to test the relationship among finding 
benchmarks, program (STEM-LPP) benchmarks, and courses. it was also conducted to assess compatibility 
between the benchmarks and courses. 

RESULTS AND FINDINGS 

The first research question was “What frameworks, models, principles (all benchmarks) are mainly determined 
for the well-prepared STEM teacher preparation program?” For the findings of the first research question, 
benchmarking was conducted. The second research question was “What degree is the sufficiency of these 
benchmarks in iSTEM leader preparation program (STEM-LPP)?” For the second research question, the survey 
was applied to school teachers in order to indicate the sufficiency of the determined benchmarks. The third 
research question was “What extent of appropriateness between the benchmarks and courses with competencies, 
and program outcomes?”. For the third research question, academic meetings were conducted, and the survey was 
applied to school teachers in order to indicate appropriateness between the benchmarks and courses with 
competencies and program outcomes. 
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Findings of Benchmarking for the First Research Question 

The benchmarking method was used as a development process of teacher preparation programs with evaluation 
and comparison to high-level STEM training programs in five universities. The five programs were the Master of 
Education - Integrative STEM Education K-12 (California University of Pennsylvania Program), Master of 
Education in STEM (William Woods University), Master of Science in STEM Education (University of Iowa), 
Master of Education in Science, Technology, Engineering, Arts & Mathematics (University of San Diego), and 
Master of Education in Secondary Education with STEM Education program (Southern New Hampshire 
University). All programs’ information was retrieved from the websites of these universities. 

The Integrative STEM Education K-12 (California University of Pennsylvania Program) program has focused 
on training teachers to acquire skills which were teacher leadership skills. These skills are provided to teachers to 
be acquired in planning, designing, implementing hands-on activities, organizing project-based learning, student-
centred learning to become technologically proficient, innovator, and collaborator. Some key benchmarks are 
interdisciplinary practice, inquiry-based learning, project-based learning, and leadership in educational activities 
with transforming curriculum, instruction, and assessment. Master of Education in STEM (William Woods 
University) provides education for researchers, innovators, and leaders teaching these four disciplines. The 
curriculum integrates technology and project-based learning with real-world problems. It was stated that “students 
will be able to engage and analyze data, use mathematics and models, and develop solutions.” This program leads 
research, engineering design, integration of computer technology, project-based learning, data analysis, and 
mathematics. Master of Science in STEM Education (University of Iowa) program combines science and math 
education that serves research and leadership seminars and experiential learning. Benchmarks were determined as 
research and leadership, experiential learning, science, and math education combination. Master of Education in 
STEAM (Science, Technology, Engineering, Arts & Mathematics), (University of San Diego), empowers STEAM 
integration within a cross-disciplinary approach to employ a project-based learning approach in solving everyday 
problems. This program provides project-based learning, digital technology-used learning, data analysis, research, 
leadership, technological innovation. Master of Education in Secondary Education with STEM Education program 
(Southern New Hampshire University) prepares a teacher to become a secondary school classroom teacher while 
instilling a transdisciplinary mindset. This program states that it “will help teachers have cross-subject knowledge, 
authentic assessments, and competency-driven skills for middle and high school level students.” Leadership 
experienced clinical learning, inquiry-based learning, technology-used learning might be accepted as benchmarks.  

For findings of the first question, the five programs in indicated universities were investigated to determine the 
benchmarks covering framework, model, principles, and methodology of STEM education. According to Table 1, 
the various key benchmarks were determined. They were formulated for the preparation process of STEM- LPP 
on iSTEM and categorized six directions in order to indicate the main benchmarks (see Table 1 and Table 2). 
These benchmarks were categorized as leadership, multidiscipline integration, practice/experience-based 
instruction, research-oriented instruction, engineering design-project-based, and technology integration (Table 2). 

Table 1. The benchmarking of University STEM teacher preparation programs 
Program name Program aim & objectives Key benchmarks Courses 
(CUP) California 
University of 
Pennsylvania 
Program: Master of 
Education-
Integrative STEM 
Education K-12 

To learn innovative, relevant, 
and engaging practices for 
incorporating STEM 
principles across disciplines in 
grades K-12. 

Interdisciplinary practice, 
inquiry-based learning, 
project-based learning, 
and leadership in 
educational activities: 
transforming curriculum, 
instruction, and 
assessment. 

Teachers as Leader, Methods of Research, 
Mathematics as Problem Solving, Foundations of 
Integrative STEM Education K-12, Integrating 
Technology in Elementary/Middle School STEM 
Curriculum, Integrative STEM Pedagogy and 
Instructional Design, Integrative Project in STEM 
Education, Building Scientific Literacy and 
Understanding Through Inquiry 

(WWU) William 
Woods University 
Master of 
Education in STEM 

The aim is to teach STEM 
concepts, to remove barriers 
that separate these four 
disciplines, integrating them 
into real-world, rigorous, and 
relevant learning experiences.  

Research, engineering 
design, integration 
Computer technology, 
Project-based learning, 
STEM education 
leadership 

STEM: Science, Technology, Engineering and 
Math–An Introduction Research Design 
Integrating Technology into the Curriculum, 
STEM: Engineering Design Software Applications 
for Academic Programs, STEM: Technology and 
Coding, STEM: Citizen Science-Project Based 
Learning Appraisal of Student Learning Action 
Research Capstone 

(UI) University of 
Iowa Master of 
Science in STEM 
Education 

The aim is to prepare 
educators to equip the next 
generation to solve 
challenging problems, gather 
and evaluate data, and apply 
critical thinking skills to make 
sound decisions.  

Research and leadership, 
experiential learning, 
science, and math 
combining education 

STEM Research and Leadership Seminar, STEM 
Experiential Learning, STEM Through 
Mathematical Modeling Science or Math Graduate-
Level Courses, STEM Independent Research, 
STEM Extracurricular Experience and Capstone 
Coursework 
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Findings of Survey for the Second Research Question 

The second question, “To what degree is the sufficiency of prepared iSTEM-LPP in terms of the following 
benchmark?” gave information about the sufficiency of categorized benchmarks that followed as educational 
leadership, multidiscipline integration, research-oriented instruction, practice/experience-based teaching, 
engineering/project design-based teaching, and technology integration. Before the survey, the information of 
iSTEM-LPP was introduced to 14 STEM teachers by exploring the program aim, objectives, competencies, and 
target outcomes. At that time, the indicated teaching courses with contents and course purposes were also 
presented to STEM teachers. To this, together, the preparation stages of the iSTEM-LPP were mentioned to give 
information about the program. Two main questions were answered by the Likert type, five-point scale with the 
following scale type: 1–most insufficient; 2–insufficient; 3–uncertain; 4–sufficient; 5–most sufficient. 

The results with frequencies and percentages are shown in Table 2 and Table 3. 
According to Table 3, for question 1 that asked the sufficiency of benchmarks STEM leader preparation 

program, the highest-rated sufficient benchmark at 64% of total sufficient and most sufficient choice was 
“Engineering integration and design projects”. The lowest rated sufficient benchmark at 43% of total sufficient 
and most sufficient choice was “Multiple discipline integration”. The middle level rated benchmarks at 57% of 
total sufficient, and the most a sufficient choice was “educational leadership, practice/experience-based teaching, 
research-oriented instruction, and technology integration”. 

Table 1 (Continued). 
Program name Program aim & objectives Key benchmarks Courses 
(USD) University of 
San Diego 
Master of 
Education in 
Science, 
Technology, 
Engineering, Arts & 
Mathematics 

to help your students 
critically analyze information 
and to compose, create and 
collaborate using the latest 
digital technology  

STEAM project-based 
learning, digital 
technology-used learning, 
Analytics, research, 
leadership, technology 
innovation 

Social Justice and Educational Equity Cognition 
and Learning Educational Research Methodology 
Qualitative Methods in Educational Research 
Capstone Seminar 
Inclusive Learning: Special Education and 
Universal Design Literacy and Digital Learning 
Curriculum and Instruction School Leadership 
Technology and Innovation 

(SNHU) Southern 
New Hampshire 
University, Master 
of Education in 
Secondary 
Education with 
STEM Education 
Program 

The aim is to teach in the 
growing number of schools 
that have adopted a 
competency-based approach 
to teaching and learning. 
 

Leadership, experienced 
clinical learning, inquiry-
based learning, 
technology-used learning. 
  

Theoretical Foundations Classroom and Behavior 
Management Initial STEM Clinical 
Students with Exceptionalities Secondary 
Instructional Methods I-II Professional Clinical 
Experience I-II Assessment for and of Learning 
Learning through Technology Advanced STEM 
Clinical Educational Leadership and Change 

 

Table 2. The categorized benchmarks and frequency 

Category name Description Universities Frequency 
(f )  CUP WWU UI USD SNHU 

Leadership 
Leadership in educational activities, 
inquiry-based learning, digital 
technology-used learning 

+ + + + + 5 

Practice/experience-
based 

Interdisciplinary practise, experiential 
learning, clinical experienced learning, 
science, and engineering practices 

+  +   + 3 

Engineering/project 
design-based 

Engineering integration and design 
projects, project-based teaching 
(STEM & STEAM) 

+ +  +  3 

Research-oriented Research-oriented instruction  + + +  3 

Multiple discipline 
integration 

Multiple discipline integration, science 
and math education combination, data 
analysis and mathematics 

  +   1 

Technology 
integration 

Technology integration and computer 
use, technological innovation  +  +  2 

 

https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
https://www.geteducated.com/online-schools/university-of-san-diego/med-in-science-technology-engineering-arts-mathematics/
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Findings of Academic Committee Meetings’ Evaluations and STEM Teachers’ Survey for the Third 
Research Question 

The Academic Committee Meeting (ACM) was recommended on formative components of the academic 
program for adding, expanding, or deleting benchmarks and determining courses within competencies/learning 
outcomes. The ACM included 15 community members who were two program experts, two university program 
developers, three staff professors from the science and math education department, two STEM master students, 
three STEM teachers, and three stakeholders. The participants’ years of experience in the field of education ranged 
from 2 to 51 years, with a mean of 43.58 years. Committee members pointed out university strategy and academic 
policy during the preparation of STEM-LPP with aim, objectives, competencies, outcomes, and principles. In the 
light of the mentioned information, the iSTEM frameworks, models, and principles were particularly discussed. 
The participants recommended and discussed some stated benchmarks in determining target courses within 
competencies and learning outcomes. Committee members noticed that courses should be contributed to pre-
service STEM teachers to be iSTEM leaders in terms of the stated benchmarks and recommendations. They are 
also assigned to the courses with prerequisites or corequisites and their lecture, practice, and laboratory hours that 
treat core knowledge and the knowledge of the iSTEM disciplines. The student performance assessment criteria 
were specified in the all-course outline by the faculty members during the meeting. ACM indicated that the program 
should be included practical works, hands-on activities and minds-on projects that support the skills of school 
teachers to be a good STEM leader. This program should be based upon practices, activities, and projects that 
assist teachers in becoming qualified iSTEM teachers in their schools. STEM-LPP should also be offered in the 
fields of engineering and computer science education. In the results of ACM study, some principles and objectives 
were accepted. In the frameworks of the recommendations, ACM studies and the six categorized benchmarks 
about STEM integration education, the competencies, courses, outcomes, and matrix of formation of the program 
was determined and presented in Table 4. 

 
Table 4. Matrix of formation of teaching courses, outcomes on competency models 
Recommended courses Competence Outcomes Propositional learning outcomes 
Nature of Science & Science History, 
Managerial Psychology, Higher Pedagogy, 
Cyber Pedagogy, STEM Teaching 
Methods, STEM Education Technology 

Professional skills 1, 2, 5, 6, 7, 
8 

1-Demonstrates in-depth knowledge of professional 
disciplines of STEM 
2-Uses modern information and digital technologies 
to solve specific and applied problems 
3- Critically analyzes research studies in STEM, as 
well as organizes and conducts independent research 
4-Design projects for professional problem-solving 
using STEM interdisciplinary research results 
5-Organizes STEM training courses and programs in 
a formal and online format 
6-Develops fundamental scientific and practical 
innovations aimed at the systematic solution of 
problems of inter and transdisciplinary education 
7-Communicates effectively in professional and 
social environments to solve problems and make 
decisions 
8-Carries out reflection and self-assessment of the 
research and project activity defines directions of 
further professional development 

Robotics, Electronic Technologies, 3-D 
Design and Modelling, Cyber Pedagogy, IT 
Technology in STEM Education 

Digital skills 2, 4, 5, 6 

STEM research, Pedagogical Diagnostics, 
Research Methods & Data Analysis, 
Statistical Mathematics, Big Data, 
Graduation Thesis 

Research skills 1, 2, 3, 4, 6, 
7, 8 

Commercialization, Patenting Entrepreneurial 
skills 3, 8 

Managerial Psychology, Industrial Design Managerial skills 1, 2, 4, 6, 7 

Industrial Design, 3-D Design and 
Modelling, Science Projects, Analysis of 
Eco- Projects, Data Analysis, Statistical 
Mathematics, Big Data 

Personal skills: 
Creativity, 
analytical 
thinking, decision 
making, designing 

1, 2, 3, 4, 5, 
6, 7, 8 

 

 

Table 3. STEM teachers’ opinions about the sufficiency of iSTEM-program benchmarks 
Benchmarks Survey responses 

1 2 3 4 5 f % 
Leadership in educational activities, including instruction of problem/project-based, inquiry-based, 
digital technology-used 0 2 4 6 2 8 57 

Interdisciplinary practice, experiential learning, clinical experienced learning, science, and 
engineering practices 0 2 4 6 2 8 57 

Engineering integration and design projects 0 2 3 6 3 9 64 
Research work, thesis/project work 0 1 5 5 3 8 57 
Multiple discipline integration within science and math combination, data analysis and mathematics 0 3 5 3 3 6 43 
Technology integration and computer use, technological innovation 0 1 5 4 4 8 57 
Notes: The sufficiency rate for benchmarks was calculated by the percentage of the total sum of sufficient and most sufficient choice 
number (f). Responses: 1-most insufficient; 2-insufficient; 3-uncertain; 4-sufficient; 5-most sufficient. 
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The third question “Is it appropriate for the following courses to perform the indicated benchmarks to get 
knowledge among STEM disciplines integration.” The question-3 asked the STEM teachers (n=14) to indicate the 
appropriateness between presented courses and iSTEM-program benchmarks.  

According to Table 5, the highest-rated sufficiency at 64% of total sufficient was “research-oriented courses”. 
The lowest rated sufficiency at 43% of total sufficient and most sufficient choice was “Multiple discipline 
integration”. The other of the rated sufficient courses at 57% of total sufficient choice was “educational leadership 
and engineering/project design courses, and the middle-order rated sufficient courses at 50% of total sufficient 
choices were practice/experience-based teaching and technology integration courses”. The results with frequencies 
and percentages are shown in Table 5. 

 
Table 5. STEM teachers’ opinions about the sufficiency between courses and benchmarks 
Coursework variables related 
to benchmarks Courses Survey responses (n=14) 

1 2 3 4 5 f % 

Fundamental and educational 
leadership courses 

Nature of Science & Science History, Managerial Psychology, 
Higher Pedagogy, Cyber Pedagogy, STEM Methods, STEM 
Education  

0 1 5 4 4 8 57 

Interdisciplinary practice-based 
teaching courses 

ISTEM Lab Works, Science Projects, Analysis of Eco- 
Projects, Internship  0 2 5 5 2 7 50 

Engineering/project design 
courses 

Industrial Design, 3-D Design and Modelling, Science 
Projects, Eco- Projects, Patenting Commercialization,  0 2 4 6 2 8 57 

Research-oriented courses 
STEM Research, Pedagogical Diagnostic, Research Methods 
& Data Analysis, Statistical Mathematics, Big Data, 
Graduation Thesis 

0 1 4 7 2 9 64 

Multi disciplines integration 
courses 

Robotics, Electronic Technologies, 3-D Design and 
Modelling, Cyber Pedagogy, IT Technology  0 2 6 4 2 6 43 

Technology integration courses Robotics, Electronic Technologies, 3-D Design & Modelling 0 2 5 5 2 7 50 
Notes: Teachers responded with more than one choice. The rate of sufficiency frequency (f) was calculated by the percentage of 
the total sum of sufficient and most sufficient one. Responses: 1-most insufficient; 2-insufficient; 3-uncertain; 4-sufficient; 5-
most sufficient. 

 
All findings and results were also confirmed by analysis of correlation results. Correlation values were checked 

to understand the adequacy relationship of the benchmarks. Correlation values were analyzed among FUP 
(Frequency from University STEM programs), PRSB (Percentage of responses of the sufficiency benchmarks), 
and PRSC (Percentage of responses of the sufficiency of courses). Correlations between FUP and PRSB, FUP and 
PRSC, PRSB and PRSC are equal to 0.59, 0.65, and 0.68, respectively (see Table 6). 

 
Table 6. Evaluation values and correlations among FUB, PRSB, and PRSC values 

Benchmarks FUP Evaluation values by STEM teachers Correlation values 
among variables PRSB PRSC 

Leadership in educational activities 5 57 57 *Correlation between 
FUP and PRSB-0.59 
*Correlation between 
FUP and PRSC-0.65 
*Correlation between 
PRSB and PRSC 

Practice/experience-based teaching 3 57 50 
Engineering-design and project-based teaching 3 64 57 
Research-oriented teaching 3 57 64 
Multidisciplinary integration 1 43 43 
Technology integration 2 57 50 
Notes: FUP: Frequency from university STEM programs; PRSB: Percentage of responses from the sufficiency benchmarks; 
PRSC: Percentage of responses from the sufficiency of courses. 
 

Accordingly, values between 0.49 and 1.0 indicate a strong relationship between the benchmarks made as a 
result of the comparisons with the programs in different universities and the evaluation values from STEM 
teachers. 

DISCUSSION 

In the light of findings of benchmarking, literature reviews, academic meetings, and surveying data, this study 
presented the determination benchmarks by the formation of a new program (STEM-LPP) for teachers. The 
benchmarks are as follows: leadership, engineering/project design, technology integration, practice/experience-
based, research-oriented, and multiple discipline integration. According to the findings of the benchmarking 
frequency (see Table 1) from five university programs, the benchmark with the highest frequency was “leadership”, 
and the benchmark with the lowest frequency was “multidiscipline integration”. According to surveying STEM 
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teachers (see Table 3), the highest-rated sufficient benchmark at 64% of total sufficient was “Engineering 
integration and design projects”. The lowest rated sufficient benchmark at 43% of total sufficient was again 
“Multiple discipline integration”. According to the STEM teachers’ evaluations about courses, the highest-rated 
sufficiency at 64% of total sufficient was “research-oriented courses”. When we look at the sufficiency rate of 
courses of the engineering/project design and educational leadership, they are in the second rate but close to the 
first. The lowest rated sufficiency at 43% of total sufficient courses was about “Multiple discipline integration”.  

Despite the sequencing difference, the most prominent benchmarks were engineering design, leadership, and 
research. Technology integration and practice-based teaching were at an intermediate level. Multidisciplinary 
integration is seen at the lowest level. The program certainly seemed inadequate in terms of multidiscipline 
integration. Accordingly, STEM-LPP benchmarks and courses together had been discussed.  

Leadership 

Leader preparation is a central purpose of developing STEM educators (Wells, 2013). As “the inspiring 
component of the model” by Sublette (2013), STEM teacher leaders should inspire through coaching and/or 
mentoring other teachers, leaders, and students with skills of collaboration, communication, and assistance in 
establishing a relationship. The inquiry component of the Sublette (2013) model recommended that STEM teacher 
leaders should maintain ongoing learning and development as resource providers to other teachers by maintaining 
an ongoing teacher leader network professional learning community. STEM leaders also should be the actors to 
establish the relationship between industry leaders and the school and classroom. This allows the teacher leaders 
to stay connected as well as critique and develop through one another and further develop the practice of the 
STEM teacher leader. In this respect, the courses of “STEM education”, “STEM teaching methods”, “managerial 
psychology”, and “Internship” help to promote leadership for STEM teachers in STEM-LPP. These courses are 
more beneficial for making connections, collaboration, and communication with partners, industrial places, and 
other related communities in order to train teachers (Francis et al., 2018). “STEM Education” course also 
emphasized an integrative approach for pre-service teachers in order to improve STEM education. Honey et al. 
(2014) supported the idea that STEM education programs frequently aim to build teachers’ subject-matter and 
pedagogical content knowledge relevant to individual STEM subjects and to make connections between and 
among them. Besides, STEM educational knowledge provides connections among STEM disciplines in 
preparation for teachers as project leaders in schools (Dagan et al., 2019).  

Engineering/Project-Design 

An industrial design or engineering design course was placed on STEM-LPP to enable teachers in developing 
solutions to problems, items or products of projects that will be beneficial for teachers’ design skills, hands-on 
ability, creativity, and engineering knowledge. The engineering design course will involve defining problems, 
modelling, planning, analyzing, interpreting, designing, and managing information. Engineering design was 
provided that the learners would experience planning, doing projects, solving problems, communicating ideas, 
constructing models, and designing and creating in engineering (Pawilen and Yuzon, 2019). Aydin-Gunbatar et al. 
(2018), in their study the results revealed that the design-based STEM courses helped pre-service teachers deepen 
their content knowledge. Lin et al. (2021) also believe that incorporating the engineering design process into the 
training of pre-service technology teachers is beneficial for developing pre-service technology teachers’ schema of 
design thinking. Morgan et al. (2013) concluded that the design process provides a structure for approaching 
complex problems while encouraging creativity in achieving project goals. As the way of science and engineering 
integration, engineering-based projects that could solve industrial problems were considered as the essential issue 
for iSTEM teaching. Because engineering-based or science technology-based projects will provide STEM teachers 
to gain engineering-based content knowledge, Hudson et al. (2014) stated the importance of this that the teaching 
of engineering contents could not yet be sufficiently included in STEM curricula although it provides meaningful 
learning, makes connections with other scientific fields easier and understood scientifically. Strimel and Grubbs 
(2016) also indicated this for the technology and engineering education profession and suggested that teachers 
must be properly prepared to teach engineering content. Therefore, STEM-LPP included the courses of 
“Engineering design”, “STEM science projects”, “Ecological projects analysis” that support teachers to establish 
the science and engineering content integration. The crucial educational way of engineering knowledge is to do 
engineering and science projects because of the strong relevancy of the actual collaboration within the STEM 
fields. STEM is particularly suited for project/problem-based learning (PBL) because of the natural overlap 
between the fields of science, technology, engineering, and mathematics (Capraro and Jones, 2013). Solving 
problems of society and environment within the boundaries of STEM fields is also possible with STEM projects 
focused on real-world issues (Capraro and Jones, 2013). Morgan et al. (2013) also notified that engineering PBL 
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inherently addresses the connections of knowledge and skills in one topic area to another area and in real-life 
applications to the knowledge learned.  

Research-Oriented 

The research-oriented courses were central for developing STEM educators and scholars (Wells, 2013). The 
STEM-LPP courses: STEM research, statistical mathematics, research methods, data analysis, big data, pedagogical 
diagnostic, internship, and graduation thesis assist in acquiring research skills, analytical thinking, scientific literacy, 
and data analysis skills. The course of “STEM research” provides to teachers STEM literacy, novel research 
background and give information about future studies of the iSTEM disciplines and STEM career. Milner-Bolotin 
(2018) recommended that teacher candidates should have an opportunity to experience the value of education 
research for their teaching practice and engage in designing and implementing research-based pedagogies. The 
courses also promote the integrative knowledge of teachers to become STEM leaders. One of these was the 
“Pedagogical Diagnostic” course that provides to evaluate the achievements of STEM activities projects on the 
teaching-learning process and gives feedback to STEM teachers.  

Technology Integration 

Berson et al. (2000) noted that appropriate training focuses on integrating various types of technology to make 
lessons better, rather than learning technology simply to get technological skills. Milner-Bolotin (2018) exampled 
this idea that the courses of technological pedagogical STEM teaching methods such as video records focused on 
specific STEM concepts, pedagogy, and educational technology, promote the growth of teacher candidates’ 
knowledge for STEM teaching. The technology courses: Electronic technologies, Robotics, 3-D Design and 
Modelling, Cyber pedagogy and doing some STEM projects help teachers how to integrate technology tools: basic 
mechanical, electrical tools, sensors, computer programming, educational robotics, and daily-life objects. Francis 
et al. (2018) focused the developmental challenges of the course of “STEM Education” on their study, and the 
course assignments include design, robotics and coding, and STEM integration. Robotics helps to develop STEM 
technology knowledge and practical skills that were noted by Honey et al. (2014) as one of the learning 
competencies providing combination practices from two or more STEM disciplines to solve a problem or 
complete a project. Robotics also help to increase scientific, mathematical, and technological competencies 
(Leonard et al., 2016). Papadakis et al. (2021) defined educational robotics (ER) as knowledge-based approaches 
within activities using simple and standard electronic components in their study. They informed the benefits of 
ER that it could help teachers expand their interest in STEM concepts and contribute more to a student’s emotional 
and intellectual engagement than other commonly used educational tools. Learning with robots can integrate all 
the STEM elements, as well as teach problem solving and teamwork.  

Practice/Experience-Based 

STEM-LPP includes lab works, design-based and eco-projects, research activities, and internships that serve 
practice-based and experienced learning to be STEM practice-leader. Anderson et al. (2019) concluded that 
students were particularly engaged by the “hands-on” activities in the STEM projects by students’ responses. These 
practical activities also promote teacher experience by generating integrated projects to solve real-life problems. 
Bailey (2020) noted that effective practices for STEM teachers include creativity, collaboration, inquiry through 
real-world problems, and reflection. The pedagogical internship also supplied pedagogical experience that 
contributed to STEM pedagogy and teaching in schools.  

Multiple Discipline Integration 

The combination of STEM disciplines provides opportunities for understanding four STEM disciplines, 
collaborative-integrative knowledge production, problem-solving, and decision making. Kelley et al. (2021) 
indicated that the STEM Content and Practices Integration model is a trans-disciplinary model that focuses on 
science and engineering practices in schools. They implemented the collaborative model to implement iSTEM 
lessons using engineering design and science inquiry practices, biomimicry, and 3D printing to enhance learning 
STEM content. As an appearance to the above courses, the multidiscipline connection within practices and projects 
have a positive impact. Honey et al. (2014) argued the teaching STEM in a more connected manner and then 
notified that the connection can be made the disciplinary practices within the individual STEM disciplines. 
Accordingly, it is possible to connect disciplines with experienced teachers who have content matter knowledge 
and pedagogical skills. The specific integrated course is difficult and problematic in a single program because of 
limited course credit and teacher. Thus, there should be integrated content instead of specific courses by 
cooperative studies of content teachers with practical activities, projects, and lab works on the curriculum. 
Nadelson and Seifert (2017) promote a greater mixture of the segregated foundational knowledge STEM with 
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integrated project-based STEM to effectively apply the STEM knowledge and practices. Eckman et al. (2016) 
indicate that the STEM pre-service teachers in the cooperative teaching model were more confident about their 
teaching skills, more comfortable with their content knowledge, and prepared to work effectively with high-needs 
students. In LPP, it was seen that it was also sufficient to conduct practice, problem-led, and various project 
learning activities supplied courses such as STEM education, STEM methods, projects, electronic technologies, 
and robotics.  

CONCLUSION 

This study concludes the experiences, frameworks, principles, models, and approaches named all as 
benchmarks for the STEM teacher preparation program for pre-and in-service teachers to be iSTEM leaders in 
the school. The preparation of a new STEM leader program presented as the way of determination of benchmarks 
while designing? a teacher preparation program. The forming process of LPP was conducted by analyzing 
benchmarks from top university master programs and STEM teachers’ evaluations and correlating these 
benchmarks and courses. The correlations (greater than 0.49) among benchmarks and between benchmarks and 
courses were shown as a strong relationship and their sufficiency of benchmarks for the criteria of LPP. The 
correlations among benchmarks and courses have shown there is a strong relationship and the sufficiency of 
benchmarks for the LPP. After the graduate of LPP, for teachers or leaders, it was guided to implement STEM 
integration activities, the various integrated projects, and STEM courses in their schools. Participant teachers to 
STEM-LPP will help to accept iSTEM knowledge and literacy. In this program, pre-service and in-service teachers 
perform to design knowledge for STEM instructional activities, courses, works, and projects in schools. Weinberg 
et al. (2021) noted that transformations to STEM educators could be traced by the following activities: problem-
solving, individually preparing to teach and developing courses, and collaborating on STEM education with writing 
projects proposals. In future, such studies will be replicated to determine benchmarks in detail and evaluate 
benchmarks for the existing programs in the various implementation of STEM teacher preparation. 

Implementations 

This type of teacher preparation program is provided to inform program designers and developers about 
program formation steps and program formation practices. In most schools, the crucial issue is how to integrate 
four disciplines. The prepared program study illustrates how to prepare a program to contain effective 
communication, collaboration, and novel teaching approach such as research-oriented, practice-based, project-
based instruction. It also provided general information to school teachers, administrators, and faculty members for 
program improvement and development. 

This study contributes to studies of the design of teacher preparation programs in universities and the existing 
research on STEM leader or teacher development programs. Roberts (2013) noted that efforts to create models of 
teacher preparation for integrated instruction might serve as key examples for developing STEM teacher 
preparation programs. The program designer has identified the iSTEM leader preparation model as an effective 
model that assists the existing teachers to become a leader in the integration of disciplines, subjects, and topics. 
This leader preparation model can present ideas about the preparation methods of teacher programs, the role of 
leaders, and the process of developing STEM teacher leaders. STEM-LPP has contributed for pre-service and in-
service school teachers in STEM disciplines to learn new STEM projects, technology/engineering design practices, 
STEM teaching methods and techniques, and some integrative courses such as robotics electronic technologies.  

Limitations 

The main limitation of this study was regarding sample size of the STEM teachers (n=14). This may be re-
evaluated with a large sample size of STEM teachers, and not only teachers but school administrators, university 
academic members, researchers, and stakeholders should assess the whole program in terms of benchmarks, 
courses, and other teaching activities. Besides, The STEM-LPP was re-evaluated in terms of school needs and 
STEM capacities of existing teachers. It appeared that the benchmark “multidisciplinary integration” was slightly 
questioned by STEM teachers. It was mostly considered as curriculum integration during the instruction of each 
discipline with strong collaboration for each grade in school. However, it can be diversified into integration 
methods such as design projects, research studies, problem-based assignments. In future research studies, the 
alternative methods to provide integration disciplines should be investigated. Generally, all benchmarks, especially 
multidiscipline integration that seemed less rated, should be needed to raise to a sufficient level re-analysis and re-
evaluating with a large sample size of STEM teachers, other members of STEM education such as stakeholders, 
graduates, administers, researchers, academicians, and graduate students in future studies 
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ABSTRACT 
Mathematics teachers may at times take on the role of counselors to address the “math anxious” in their 
classrooms. Today math anxiety is real and is a factor in attracting young people to many STEM fields. 
By the time many young people reach middle school, they have developed certain dispositions toward 
mathematics. What strategies will lessen the negative disposition and anxiety many students have toward 
math? The strategies included in this article are applicable for both general and special education teachers, 
especially when used together to prevent and reduce math anxiety. It is important that all students feel 
confident in their ability to do mathematics in an age that relies so heavily on problem solving, 
technology, science, and mathematics. In a STEM world it really is a school’s obligation to see that their 
students value and feel confident in their ability to do math, because ultimately, all decisions individuals 
make and choices of careers may be determined in part by their attitudes toward mathematics. 

Keywords: inclusion, math anxiety, strategies, reduction, STEM 
 

INTRODUCTION 

Children are not limited in what they can do when they have mathematics skills because to a 
mathematician, “real life” is a special case. 

-Author Unknown 

It is peculiar that individuals who cannot read are often ashamed of this; however, many individuals are 
quick to admit that they are not good at math or do not like it. A negative attitude toward math causes some 
math teachers to assume the role of counselors, motivators, and even cheerleaders in their classrooms to address 
the needs of students who dislike or are fearful of mathematics. When it comes to statistics or even mathematics 
in general, students unfortunately do not leave their K-12 classroom with a positive mind-set concerning math 
and math instruction. As Stoehr (2019) points out that math anxiety can begin with elementary-aged students 
and if not corrected and addressed early can be carried with them for life. Many leaders and advocates for 
STEM often neglect to realize that the one major reason so few people go into STEM fields is because their 
lack of confidence in doing mathematics, many people today have math anxiety, preventing them from pursuing 
STEM areas as careers. Núñez-Peña et al. (2013) found that university students who demonstrated 
mathematical anxiety and negative attitudes toward math also demonstrated lower performance scores in a 
university research design course. This finding is interesting given the reality that Research Design is typically 
taught as a non-numerical course, rather a problem-solving course that would involve math concepts. 
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Skagerlund et al. (2019) found in their research that math anxiety leads to an impairment of a students working 
math ability. As Boaler (2008) points out, it is critical to ensure are confident and well prepared in mathematics 
if they are going to compete for such high-tech jobs today and in the future. Today, the United States is working 
to lead more young people into the fields of Science, Technology, Engineering, and Mathematics (STEM) so 
we as a country can compete globally. If we are to build math confidence in our students, math teachers need 
to address head on the issue of math anxiety, which often manifests itself as hesitancy or learned helplessness 
in observed math achievement. This may require teachers to be much more than counselors, motivators, and 
cheerleaders to change math attitudes; they need to consider how they THINK about teaching math to lessen 
the anxieties often connected to mathematics instruction. Choe et al. (2019) found in their research that greater 
levels of math anxiety were linked with a propensity to select easier, low-reward problems over harder problems. 
They contend that addressing this robust math anxiety-avoidance connection has the possibility to increase 
interest and success in related STEM fields. This paper will look at the issue of math anxiety and provide 
research- based suggestions for preventing and reducing such anxiety.  

Issue-Problem Statement-The Truth is that Math Anxiety does exist in our World 

As math teachers, we hear it all the time when our young students readily volunteer a litany of stories about 
how bad they are at math and what a hard time they had in previous classes. Many have had bad experiences 
and dislike math because of previous teachers or just not being able to “get it.” Some voices from young people 
about mathematics include the following: 

“I really don’t like math, but I do okay.”--Julie, 14 

“I just don’t like math, it’s the same thing and big numbers, and I don’t like big numbers.”--Brian, 13 

“I have lots of math anxiety, for me math is very confusing.”--Samantha, 19 

“Frustration, sweaty palms, and fear are words I would use to describe what math does to me.”--
Heather, 34 

“When I hear the word math I get goosebumps.”--Starry, 19 

“Math makes me shake.”--Seth, 13 

“When I think of math I don’t get nervous I get bored.”--Chad, 14 

How representative are these comments from young people about their math anxieties? A study in 2004 by 
Perry indicated that 85% of students in an introductory college level math class claimed to have experienced 
anxiety when presented math problems. Jackson and Leffingwell (1999) showed another perspective in this 
study, with only 7% of the college students (N=157) in their study not expressing math anxiousness. The 
prevalence of math anxiety in empirical studies is confounding; however, the effect of math anxiety is well 
documented (dos Santos Carmo et al., 2019; Haase et al., 2019; Ramirez et al., 2018). Dowker et al. (2019) 
found that even students form poor attitudes toward math at very young ages in their first years in school based 
on success with arithmetic early on. Klee and Miller (2019) found that even as students advance in age from 
elementary to middle school and upward, students can bring such negative feelings about math with them, and 
it can influence future choice and motivation toward studying the subject as they progress throughout varies 
grade levels. Even in populations of students where math is a foundational skill (e.g., engineering majors in 
college), researchers have found math anxiety to be present (Hembree, 1990; Ruffins, 2007). Sparks (2011) feels 
that as the STEM fields becomes more important for our students to study, our schools and teachers need to 
do more to address math anxiety so that our students are confident to study areas related to STEM. If math 
anxiety occurs frequently, then attention to the methods that are effective at overcoming math anxiety are 
important for teacher preparation as well as for in-service math teachers. Today with the push to educate using 
the Common Core State Standards (CCSS) (National Governors Association, 2010) math teachers are 
challenged to reach all students with much higher and rigorous levels of mathematics for US students. 
Educators today really need to work a lot harder to break the cycle of dislike and discomfort with learning and 
doing mathematics to better prepare young people for the STEM fields.  
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MATH ANXIETY DEFINED 

Math anxiety may be defined as an “…inconceivable dread of mathematics that can interfere with manipulating numbers 
and solving mathematical problems within a variety of everyday life and academic situations” (Buckley and Ribordy, 1982, 
p. 1). NCTM (1989, 1995) recognized math anxiety as a problem and specifically included in its assessment 
practices. Standard #10 (NCTM, 1989, see Appendix A) prompts teachers to assess their students’ 
mathematical dispositions; such as: confidence in using math to solve problems, communicate ideas, and reason 
mathematically. Math anxiety is often caused by a combination of external and internal factors; however, we 
cannot change internal factors within the student, so as teachers it makes more sense to focus on what we can 
control (Chernoff and Stone, 2014). Math anxiety is a well-documented phenomenon that has affected our 
society for over sixty years, and not enough is being done to address it in our classrooms or in the way we teach 
math (Beilock and Willingham, 2014; Boaler, 2008; Dowker et al., 2016; Geist, 2010; Metje et al., 2007; NCTM, 
1995). Negative attitudes toward mathematics and math anxiety are serious obstacles for students in all levels 
of schooling today (Geist, 2010). Beilock and Willingham (2014) state that “Because math anxiety is widespread 
and tied to poor math skills, we must understand what we can do to alleviate it” (p. 29). 

As educators, we need to know what causes this dread of mathematics so that it can be prevented and/or 
reduced. Causes of math anxiety may vary from socioeconomic status and parental background to the influence 
of teachers and the school system. Some educators believe that teachers and parents who are afraid of math 
can pass on math anxiety to the next generation, not genetically, but by modeling behaviors of their own 
discomfort with the subject. Research by Oberlin (1982) found that some teaching techniques actually cause 
math anxiety: (a) assigning the same work for everyone, (b) covering the book problem by problem, (c) giving 
written work every day, (d) insisting on only one correct way to complete a problem, and (e) assigning math 
problems as punishment for misbehavior.  

Ineffective teaching practices are not the ONLY cause of math anxiety. A student’s lack of success with 
math may also be a cause of math anxiety and be heightened by any one of several factors; poor math 
instruction, an insufficient number of math courses in high school, unintelligible textbooks, or misinformation 
about what math is and what it is not. Many people often blame their failures on their lack of a mathematical 
mind, the notion that men are better than women are at math, or that they have poor memories or learning 
disabilities. Sheila Tobias, a guru on the topic of math anxiety since the 1980’s, contends that there are two 
myths about mathematics that need to be eliminated. One is that higher-level math is too difficult for otherwise 
intelligent students to master, and another is that without mathematics you can live a productive intellectual 
and professional life (Tobias, 1993). Math anxiety is also prevalent in the population of students with disabilities. 
Some students in special education have specific math related disabilities; this number is estimated to be 
between 4 and 7% for school-aged students (Lewis et al., 1994). Often there are other students in special 
education who claim a math disability to cover up anxiety about school in general. Regardless of the student 
description, engineering students and students in special education alike need a teacher’s help to overcome their 
fears of mathematics and be challenged to take higher-level math courses. Willis (2010) math teacher and 
neurologist in her book, Learning to Love Mathematics, gives over 50 strategies you can use right away in any grade 
level to: (1) rehabilitate negative attitudes about math; (2) reduce mistake anxiety; and (3) relate math to students’ 
interests and goals. Find out how a better understanding of your students’ brains can help you build 
foundational skills in math and other subjects and develop your students’ long-term memory of academic 
concepts. Explore classroom interventions that help you: (1) change your students’ math intelligences by 
incorporating relaxation techniques, humor, visuals, and stories into your teaching; (2) eliminate stress and 
increase motivation to learn math by using errorless math, estimation, and achievable challenges; and (3) 
differentiate your strategies to students’ skill levels by using scaffolds, flexible grouping, and multisensory input. 
Find out how a better understanding of your students’ brains can help you build foundational skills in math 
and other subjects and develop your students’ long-term memory of mathematical understanding.  

MANAGING MATH ANXIETY 

Because math anxiety can be seen in daily living activities as well as in class work or assignments, the need 
to have a multi-pronged approach is crucial to addressing it. Applying anxiety-lessening techniques in a variety 
of activities and frequently throughout instructional activities helps to address a variety of student needs. This 
is like the idea of applying different management and organizations skills suited the situation. As Skagerlund et 
al. (2019) found that math anxiety can impair math ability, they suggest students need to learn strategies to 
manage this so that it is not affecting their working memory and number processing when they do math. 
Applying different techniques BEFORE teaching a math activity allows the teacher to set a more focused and 
less anxious tone for a math activity. Again, applying techniques that lessen anxiety and provide support JUST 
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prior to beginning the math activity, as well as DURING the activity help cue the anxious students to a more 
positive approach to math class work. Taking a cue from classroom management practices (Furner and Duffy, 
2002), the next section of this paper explains how: to apply specific strategies to PREVENT math anxiety while 
planning for a math activity; to SUPPORT positive math attitude just before teaching a math activity; and to 
CORRECT or redirect a student when they get off track from a positive math attitude is critical in developing 
mathematically confident students ready for STEM field careers. The following proposed methods to break the 
math anxiety cycle include the following preventative, supportive, and corrective steps to chart as follows: 

Prevention Tactics: Planning to Diminish Math Anxiety 

There are many things schools can do to help prevent math anxiety. Both teachers and parents play a critical 
role in helping to develop positive dispositions toward math. As with most intervention programs, early 
assessment, and action help to develop positive math attitudes. The field of math education has recently made 
the push to increase and encourage math literacy, and along with that push has developed some useful materials 
to encourage math competence. Mammarella et al. (2018) found in their research that it is important as 
educators to separate the math from the anxiety and in their research results they found that children with 
severe math anxiety, but with no developmental dyscalculia were specifically impaired in the proactive 
interference task, while children with developmental dyscalculia (with or without math anxiety) failed in the 
working memory tasks. Their findings argue for the importance of distinguishing the cognitive processes 
underlying the profiles of a child, which may have factors as educators address preventative and reduction 
tactics as it relates to math anxiety. One program developed by the Southeastern Consortium for Minorities in 
Engineering (SECME) is used in schools with high minority populations to motivate and get students interested 
in math, science, and engineering. SECME was originally an acronym for Southeastern Consortium for Minorities in 
Engineering. SECME is a nonprofit organization originally established in 1975. The organization is based out of 
Atlanta, Georgia at the Georgia Institute of Technology. SECME is a strategic alliance to renew and strengthen 
the professional capacity of K-12 educators, motivate and mentor students, and empower parents so that all 
students can learn and achieve at higher levels. (SECME, n. d.) Many teachers find this program very useful to 
turn young people on to math and motivate them to like math more. The elementary and middle school years 
are critical to developing positive perceptions toward mathematics in children. The NCTM (2000, 1995, 1989) 
provided recommendations for preventing math anxiety with recommendations and as summary is presented 
in Table 1. 

The recommendations from NCTM are words to the wise for mathematics teachers. We have turned the 
NCTM tactics into a short lesson plan/unit checklist that can be used to check the “Mathitudes” of a lesson or 
unit. The key to all the NCTM recommendations is to plan wisely and make the instruction welcoming for 
students. A lesson that engages students with all types of learning styles and learning needs sends a message to 
everyone in the class that the expectation is for all to be successful. The same is true for a teacher who includes 
in his lesson plan time to talk about different ways to solve a problem. These underscores, as NCTM advises, 
that there are different social approaches to learning math, not just the one in the text. Prevention of math 
anxiety is all about teacher planning and using the best possible practices in math instruction (dos Santos Carmo 
et al., 2019). The way we fix math anxiety in our schools. To put it simply: better teaching. Finlayson suggests 
the constructivist style of teaching which emphasizes these ideas: 

• “Begin with the whole–expanding to parts 
• Pursuit of student questions/interests 
• Primary sources/manipulative materials 
• Learning is interaction–building on what students already know 
• Instructor interacts/negotiates with students 

Table 1. NCTM recommendations for preventing math anxiety (NCTM, 1995)  
No Recommendation 
1 Accommodate different learning styles 
2 Create a variety of testing environments 
3 Design positive experiences in math classes 
4 Remove the importance of ego from classroom practice 
5 Emphasize that everyone makes mistakes in mathematics 
6 Make math relevant 
7 Let students have some input into their own evaluations 
8 Allow for different social approaches to learning mathematics 
9 Emphasize the importance of original, quality thinking 
10 Characterize math as a human endeavor  
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• Assessment via student works observations, points of view, and tests. Process is as important as product 
• Knowledge is dynamic/change with experiences 
• Students work in groups” (Finlayson, 2014). 

Supportive Tactics: Reducing/Overcoming Math Anxiety 

Reducing math anxiety is much different from preventing math anxiety. While every educator would like to 
prevent a student from experiencing math anxiety, some come to school already worried about being skilled at 
math. Ooten (2003) in her book, Managing the Mean Math Blues, outlines a four-step method for managing a 
persons’ math anxiety. Ooten contends that a person who suffers from math anxiety needs to first lay the 
groundwork by coming to terms with their feelings and challenge their current beliefs and realize they are not 
alone; second, one must change their thoughts and negative thinking and use intervention strategies to improve 
one’s thinking that they can be successful at math; third, one needs to know thyself, it is important that one 
knows his/her learning style/mode and that he/she apply approaches to doing math by successful people; and 
lastly fourth, once one has gained some confidence and strategies for doing mathematics they then must apply 
what they learned and actually do the math. All Ooten’s techniques require the teacher to first be aware and 
second to support the student in turning around their anxiety. Another problem for those who suffer from 
math anxiety is the nature of anxiety itself. According to Rubinsten et al. (2015), anxious individuals tend to 
focus on negative stimuli more than positive stimuli, essentially making themselves more anxious. The same 
thing is true of individuals with math anxiety; the only difference is that for people with math anxiety, math is 
the negative stimuli (Rubinsten et al., 2015). This suggests that math anxiety could be handled through therapies 
designed to lessen anxiety, such as cognitive behavioral therapy and exposure therapy (exposing a person little 
by little to that which they are afraid) (Rubinsten et al., 2015). 

We can see these support techniques played out in a variety of ways in counseling settings. For example, 
some researchers (Furner, 1996; Hembree, 1990; Olson and Gillingham,1980; Ramirez et al., 2018; Schneider 
and Nevid, 1993; Trent, 1985); all propose systematic desensitization as an effective approach for helping 
people reduce their math anxiety. Systematic desensitization in the context of math anxiety may be defined as 
a gradual exposure to the mathematical concepts that are causing students to become distressed and teaching 
them how to cope with that fear. Through systematic desensitization, a common practice in counseling, 
students come to understand that their anxiety is a learned behavior, one they were not born with, and they can 
be taught to overcome it by consistently implementing their self-monitoring strategies to become less anxious. 
Other researchers, Davidson and Levitov (1999) advocate the use of relaxation in conjunction with repeated 
positive messages and visualizations to reduce math anxiety.  

How is math anxiety reduced in the classroom setting? Teachers must help students understand how their 
math anxiety was created in the first place. According to Hackworth (1992), the following activities will assist 
in reducing math anxiety: (a) discuss and write about math feelings, (b) become acquainted with good math 
instruction as well as study techniques, (c) quality studying; recognize type of information learning, (d) be an 
active learner and create problem solving techniques, (e) evaluate your own learning, (f) develop 
calming/positive ways to deal with fear of math and doing math: visualization, positive messages, relaxation 
techniques, and frustration breaks, and (g) gradual repeated success in math builds confidence (see 
Appendix A). Tobias (1987) suggests that one way for students to reduce math anxiety is to recognize when 
panic starts, to identify the inactiveness in their analytic and retrieval systems, and to clear up the static without 
ceasing to work on the problem. 

Working from the academic perspective, Zemelman et al. (2012) and Furner et al. (2005) have compiled 
evidence based practices for teaching math which include: (a) use of manipulatives (make learning math 
concrete); (b) use cooperative group work; (c) use discussion when teaching math; (d) make questioning and 
making conjectures a part of math; (e) use justification of thinking; (f) use writing in math for: thinking, feelings, 
and prob. Solving; (g) use problem-solving approach to instruction; make content integration a part of 
instruction; (h) use of calculators, computers, and all technology; (i) being a facilitator of learning; and (j) assess 
learning as a part of instruction. Also, see Appendix A for a summary, which includes strategies/key ideas for 
overcoming/preventing math anxiety. Each of these best practices make math more “accessible” to students 
who enter the math instruction situation with trepidation. 

Corrective Tactics: Working on Building Math Confidence 

Teachers and specialists can work together to do many things in classrooms to help build their students 
math confidence. One practical idea for teachers and students is for teachers to assess their students’ 
dispositions toward math at the beginning of a school year by having them complete the following Mathitude 
Survey (Furner, 2007): 
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Mathitude Suvery 
1. When I hear the word math I …… 
2. My favorite thing in math is …… 
3. My least favorite thing in math is …… 
4. If I could ask for one thing in math it would be …… 
5. My favorite teacher for math is …… because …… 

 
Journal writing in math classrooms has become an everyday event for many students. Students use journals 

to express their understanding of mathematical concepts. Journal writing can also be used to allow students to 
share feelings and experiences with math. Students are rarely asked how they feel about learning about different 
concepts and branches of mathematics. Teachers can get really get a better understanding and feel for any 
frustration student are feeling and can be a corrective strategy for helping student develop math confidence 
and deal with any previous math anxiety.  

 The following sample list of journal/discussion question may be used for students to write about alone or 
to discuss and share together as a class. Teachers must realize that for students to overcome or have their math 
anxiety reduced, they must first initiate this form of therapy by allowing as a corrective strategy, students to 
express their true feeling about math and how they arrived at such a disposition: 

 
Journal/Discussion Questions for Students in Groups 
1. Pretend that you must describe mathematics to someone. List all the words or phrases you can think of 

that you could use. 
2. Imagine yourself doing or using math either in or out of school. What does doing or using math feel 

like? Describe. 
3. If math were a color, an animal, music, or food what would it be?  
4. For me math is most like. Why? 
5. Describe how you feel in a math class. 
6. Are you the type to do well in math class? Why or why not? 

 
The picture book, Math Curse, (Scieszka and Smith, 1995) addresses the issue of math anxiety. It is an 

excellent example of how educators have come to terms with the fact that not all people feel confident in their 
ability to do math. When Mrs. Fibonacci, an elementary school teacher, tells her class that they can think of 
almost everything as a math problem, one student becomes overwhelmed by the scope of math. His math 
anxiety becomes a real curse. However, the student eventually realizes that math is everywhere and there is no 
way of escaping it in daily life; therefore, the math anxious youngster recognizes math as a means of making 
one’s life easier. Math Curse may be used as a form of bibliotherapy to prompt discussion on the topic of math 
anxiety and allow other students to discuss their feelings on the topic to compare to the character in the book. 
Isdell (1993) wrote another great book, A Gebra named Al, about a young girl who struggles with her feelings 
toward math at the middle school level. This is also a wonderful book to incorporate in a bibliotherapy lesson 
to address math anxiety with students.  

Hebert and Furner (1997) outline specific lessons and activities to help in reducing math anxiety with 
activities such as: role playing feelings and experiences with math classes/teachers; using a math journal for 
students to write in, so they may describe their feelings while doing math problems, writing letters to the main 
character of the book Math Curse (Scieszka and Smith, 1995) writing math anxiety poems and rap songs about 
math and/or their anxiety toward mathematics; writing a letter to Anne Landers or Dear Abby about their math 
anxiety; designing anti-math anxiety bumper stickers to be plastered on their school lockers, providing students 
with a daily self-affirmation statement; providing students an opportunity to create original radio or television 
advertisements for a national anti-math anxiety campaign; and providing students an opportunity to select an 
artistic medium (i.e. magazine photo collage, penciled sketch) to illustrate their math anxiety to name a few. 
Hebert and Furner feel that teachers need to take the time in their math instruction to address such affective 
aspects of learning mathematics so that students can come to terms with their feelings toward mathematics.  

In a study by Jackson and Leffingwell (1999), they cited that only seven percent of the population in their 
study reported having positive experiences with mathematics from kindergarten through college. The study 
cited that there are many covert, as well as, overt behaviors exhibited by the math instructor in creating math 
anxiety in students. Things like difficulty of material, hostile instructor behavior, gender bias, perceptions of 
uncaring teacher, angry behavior, unrealistic expectations, embarrassing students in front of peers, 
communication and language barriers, quality of instruction, and evaluation methods of the teacher. Math 
instructors’ behaviors and teaching methods can be hurtful and negative to students learning math. Math 
teachers need to take an active role in reducing performance anxiety in math. It is not uncommon that a student 
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will say, “I like the class because of the teacher.” It is often because the teacher knows how to present 
developmentally the subject matter, creates a learning environment conducive to learning with compassion, has 
high expectations for all students without regard to gender, race, or language barriers, and uses a variety of 
assessment methods and teaching styles to better reach all students. It is the teacher’s obligation to see that all 
students are prepared for a high-tech society where one cannot afford to not feel confident in their ability to 
do math, math teachers need to use corrective strategies to support students’ math anxiety and help them work 
toward becoming more confident in doing mathematics. Geist (2010) feels that negative attitudes toward 
mathematics and what has come to be known as “math anxiety” are serious obstacles for children in all levels 
of schooling today. In his paper, the literature is reviewed and critically assessed in regards to the roots of math 
anxiety and its especially detrimental effect on children in “at-risk” populations such as, special education, low 
socioeconomic status, and females; he feels that an anti-anxiety curriculum is critical in building students’ 
confidence when working with mathematics.  

SUMMARY 

Teachers of mathematics need to look deeper at their students’ needs and address the math anxious students 
they have in their classrooms. While some of these math anxious students will be students with special needs, 
math anxiety is not limited to that group alone. By working with school specialists like special education 
teachers, inclusion support specialists and school counselors, classroom teachers will find support for 
themselves as well as their students. These specialists can provide both emotional and academic support 
strategies for the teachers first when they plan lessons and units and later as they teach those lessons. It is 
helpful to understand that solving math anxiety is not a one-shot practice, rather it requires considerations and 
accommodations in the planning stages, during the lesson and then again if the anxiety becomes evident during 
the lesson. It really is a teachers’ obligation to see that their students’ value and feel confident in their ability to 
do math, because ultimately a child’s life: all decisions they will make and careers choices may be determined 
based on their disposition toward mathematics. As educators we must make the difference in our children’s’ 
attitudes toward math. It would be nice to hear more young people and adults when asked how they feel about 
math say, “Math is my favorite subject” or “I am great at stats!” or “I can solve any word problem!” Through 
math confidence building sessions with the teacher and counselor, schools can produce more mathematically 
confident young people for the 21st Century. 
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APPENDIX A: STANDARDS AND STRATEGIES TO ADDRESS MATH ANXIETY FOR 
ALL STUDENTS 

Standards and Strategies to Address Math Anxiety 

Mathematics teachers need to be counselors too … 

 
What NCTM says about Mathematics Anxiety and Dispositions Toward Mathematics 

 
Standard 10: Mathematical Disposition (NCTM, 1989) 
As mathematics teachers it is our job to assess students’ mathematical disposition regarding: 

− confidence in using math to solve problems, communicate ideas, and reason, 
− flexibility in exploring mathematical idea and trying a variety of methods when solving, 
− willingness to persevere in mathematical tasks, 
− interests, curiosity, and inventiveness in doing math, 
− ability to reflect and monitor their own thinking and performance while doing math, and 
− value and appreciate math for its real-life application, connections to other disciplines and cultures 

and as a tool and language. 
 

 
 

A Synthesis on How to Reduce Math Anxiety 
 

1. Psychological Techniques like anxiety management, desensitization, counseling, support groups, 
bibliotherapy, and classroom discussions. 

2. Once a student feels less fearful about math he/she may build their confidence by taking more 
mathematics classes. 

3. Most research shows that until a person with math anxiety has confronted this anxiety by some form 
of discussion/counseling no “best practices” in math will help to overcome this fear. 

 
 

 
A Synthesis on How to Prevent Math Anxiety 

 
1. Using “Best Practice” in mathematics such as: manipulatives, cooperative groups, discussion of math, 

questioning and making conjectures, justification of thinking, writing about math, problem-solving 
approach to instruction, content integration, technology, assessment as an integral part of instruction, 
etc. 

2. Incorporating the NCTM Standards and your State Standards into curriculum and instruction. 
3. Discussing feelings, attitudes, and appreciation for mathematics with students regularly. 
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ABSTRACT 
Since STEM knowledge and skills are increasingly being sought after in our information and technology 
driven economies, it is pivotal that ideas and human resources that foster these economies also reflect the 
STEM population. Although it is evident from earlier research that specific demographics are clearly 
underrepresented, little is known about who constitutes as ‘diverse’, which makes it challenging to develop 
and assess effective policies aimed at increasing diversity in STEM. Through content analysis, we explore in 
recent STEM education literature, which groups of students and faculty are referenced in relation to 
diversity, i.e., groups that are underrepresented. The results reveal 180 uniquely defined references to 
underrepresented groups in STEM. Our main results show that across articles, the majority of the references 
to diversity are related to gender (69%), and a considerable portion of references (12%) can be classified 
under ‘other unspecified minorities’. Consequently, the analyzed articles portray a narrow understanding of 
diversity, and a variety of groups remain unspecified when it comes to background characteristics. To change 
this, clear definitions of the target groups are necessary and more consensus among the research community 
about the justifications to include or exclude these groups is needed. 

Keywords: diversity, STEM, higher education, policy, content analysis 
 

THEORY AND INTRODUCTION 

In recent decades the demand for Science, Technology, Engineering and Mathematics (STEM) students has 
been growing. In the USA, for example, it is estimated that in the next decade, the number of STEM jobs will 
grow by 8%, which is double the amount compared to non-STEM jobs (Zilberman and Ice, 2021) and overall 
employment in STEM occupations has grown approximately 79% between 1990 and 2018 (Funk and Parker, 
2018). In the EU, there is evidence of skills shortages in STEM fields and demand is expected to grow, i.e., by 
2025 some 7 million job openings are expected (Caprile, Palmén, Sanz and Dente, 2015).  

Traditionally, efforts to increase the number of students in STEM have primarily been directed towards 
increasing the number of female students, since female students are long known to be underrepresented in these 
fields (Yazilitas, Svensson, De Vries and Saharso, 2013). More recently, attention and efforts have expanded from 
merely attracting more female students in STEM fields to having a more diverse STEM population all together 
(Benish, 2018).  

The call for more diversity is not exclusive to STEM fields or education but is currently vocalized in various 
domains, including media, politics, management, and government. It fits a general trend that is characterized by 
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growing concerns over socioeconomic inequality between various groups in society, which has recently been 
fuelled due to the COVID-19 pandemic crises. An important way to counterbalance these inequalities and to create 
more equity and more equal opportunities is through education and career opportunities, i.e., the notion of 
education as the great equalizer as Horace Mann stated (see Bernardi and Ballerino, 2016). The need for more 
equity and more equal opportunities is particularly crucial in STEM fields since the availability of STEM knowledge, 
skills and human resources is becoming more and more indispensable in information and technology-driven 
economies (Atkinson and Mayo, 2010). The objective to have a more diverse STEM population and retain all 
talents in STEM follows naturally from this development. However, it is currently very unclear which groups are 
referred to when talking about diversity in STEM and what their main characteristics are. 

The meaning of diversity varies between focus areas. Dependent on the needs within the field, the 
conceptualization of diversity differs. For example, in management research diversity variables can range from 
“highly job-related diversity”, including educational and functional background to “less job-related diversity,” such 
as age, sex, and other related demographic indicators. to measure the effects of diversity on team performance 
(Bell et al., 2011). The Interactional Model of Cultural Diversity (Cox Jr., 2013) describes that diversity directly 
effects organizational effectiveness. 

Often, social processes such as similarity attraction (Harrison and Klein, 2007) are at the basis of the 
frameworks. The aforementioned authors define three diversity types: separation, variety, and disparity. However, 
demographic diversity, most often studied, can be conceptualized in all three types. 

In educational research, especially in the US, college diversity experience is an issue of growing importance. 
There are several types of college diversity experience, such as structural diversity within the representation of 
students in a larger group, informal interactions with diverse peers and learning about diverse peers in a classroom 
context. Meta studies show that while diversity experiences are positively related to cognitive outcomes, but the 
effect varies depending on the type of diversity experience, cognitive outcomes, and study design (Bowman, 2010). 

In this article, we explore the terminology that is used in reference to diversity in recent literature on STEM 
higher education as a first step to understanding what is meant by a more diverse STEM population. This is 
important because a clear understanding of the groups that fall under this definition will enable researchers to 
better design and assess the effectiveness of programs targeted at creating more diversity in STEM. Therefore, we 
focus specifically on diversity in STEM education in the context of higher education, including both students and 
faculty members. Higher education students are the main focus of this research for the reason that they represent 
the future generation of STEM employees. Faculty are included because they can serve as role models for students 
(Weber, 2011).  

This research will help to discover which groups are most often referred to in relation to diversity in the recent 
research literature on increasing diversity in STEM higher education and what the implications are for future 
research. 

METHODOLOGY 

We conducted an exploratory study on academic literature, combining quantitative and qualitative content 
analysis in which we assessed which groups are most often referred to in recent research literature on increasing 
diversity in STEM fields, in the context of higher education. Various steps were followed to identify which articles 
should be included in the research. 

The first step involved the choice of a primary database and defining search criteria. The Web of Science core 
collection was used as our primary database since it is one of the largest databases and contains a wide variety of 
articles that are relevant to our topic of interest. The search criteria (in March 2021) were as follows: (a) the article 
had to mention ‘STEM’, ‘Science’, ‘Technology’, ‘Engineering’, ‘Mathematics’, ‘higher education’ and ‘diversity’ in 
their abstract and/or title and (b) the article had to be peer-reviewed. This first step yielded a total of 51 articles 
ranging from the year 2009 to 2020.  

The second step involved reading the abstract and the introduction of the papers. An article was included when 
its main topic was on increasing diversity in STEM higher education, including faculty. 

The third step involved classifying the articles based on citation, as a measure of impact on the field, starting 
with the articles that had the highest citation score. Articles that were cited ten times or less, were excluded from 
this research as they were considered to have low impact within the field of STEM research. This third step resulted 
in 10 articles, with citations ranging from 62 times (highest) to being cited 12 times (lowest) (Appendix B).  

The fourth step was to open code the abstract, introduction, theoretical framework and discussion using Atlas.ti 
cloud. Initially, all groups of people that were mentioned in the context of diversity and STEM higher education 
were assigned an individual label, including groups that were almost identical. For example, the groups 
‘underrepresented minorities’ and ‘underrepresented groups’ were coded separately even though they are quite 
similar. The inclusion of these groups was based on our interpretation of the context in which a group was 
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mentioned. In the case of, for example, “... increasing and retaining the number of female students enrolled in STEM disciplines 
can help to alleviate part of the challenges faced by women in STEM fields.” (Botella, Rueda, López-Iñesta and Marzal, 2019, 
p. 1) both “female students” and “women” were included since the focus is on the representation of these groups 
in STEM disciplines. This prevents terms such as ‘women’s representation’ to be included in the analysis since, 
within the previously mentioned context, they do not refer to women as a group but to the representation of 
women. This yielded a total of 180 individually labelled groups (Appendix A). 

Step five consisted of checking for transparency of the codes by including a second coder to code two articles 
independently from the first coder and to discuss any inconsistencies. Agreeance was approximately 83%. In this 
step codes that were formulated slightly different were merged together and codes that were agreed on being out 
of context were excluded.  

The final and sixth step, was to further categorize the groups. For example, the groups labelled as ‘women 
students’ and ‘young women’ were both classified as women, whereas ‘female students’ and ‘female professionals’ 
were classified as females. Both women and females were then classified under gender. All references were also counted. 
The subcategories and the distribution of references will be discussed in more detail in our results below.  

RESULTS 

Table 1 shows an overview of the titles included in the research, the target group of the paper, the year of 
publication (YOP), and number of citations of the article by March 2021. References to the included articles are 
included in Appendix B. The target group is the main group of interest that is referred to in relation to increasing 
diversity in STEM according to the article. When reviewing the target groups and titles, it stands out that 7 out of 
10 ten articles are aimed towards including more women or females in STEM fields and higher education (Table 1). 

 
Table 1. Overview of the articles included in the analysis ranked on times cited 
No Title Target group YOP Cited 

1 Counterspaces for women of color in STEM higher education: 
Marginal and central spaces for persistence and success Women of colour students 2017 62 

2 Female peers in small work groups enhance women’s motivation, 
verbal participation, and career aspirations in engineering Undergraduate female students 2015 61 

3 Enhancing diversity in undergraduate science: Self-efficacy drives 
performance gains with active learning 

Higher education underrepresented 
minority students 2017 42 

4 Now hiring! Empirically testing a three-step intervention to increase 
faculty gender diversity in STEM Women 2015 42 

5 Diverse faculty in STEM fields: Attitudes, performance, and fair 
treatment 

Women and ethnic or racial 
minorities 2009 31 

6 Toward inclusive STEM classrooms: What personal role do faculty 
play? Diverse (STEM) students 2016 23 

7 The gender gap in high school physics: Considering the context of 
local communities 

Female high school students or 
women 2014 14 

8 Gender diversity in STEM disciplines: A multiple factor problem Female students or women 2019 15 

9 Gender diversity strategy in academic departments exploring 
organizational determinants  Women 2014 13 

10 The equity ethic–Black and Latinx college students reengineering 
their STEM careers toward justice Black and Latin students 2017 12 

 

 

Distribution of the Subcategories 

Four subcategories were distinguished: 1) gender, 2) ethnicity and/or race, 3) a combination of ethnicity and/or 
race and gender and, 4) other unspecified minorities. The first subcategory includes references that solely refer to 
a group indicated by gender, including ‘women’ and ‘females’ as one of the most occurring references. The second 
subcategory includes references to groups indicated by ethnicity and/or race. Frequently occurring groups include 
‘ethnic or racial groups’, ‘Black’, ‘Latinx’–a term which is used to cover both Latina’s and Latino’s -, and ‘people 
of colour’. The third subcategory includes references to groups indicated by ethnicity and/or race and gender and 
includes references such as ‘women of colour’, women from ethnically or racial groups specified as ‘black women’, 
‘white women’, and ‘African American women’. The fourth subcategory includes references to groups that are 
indicated by general terms of underrepresentation but are not specified in terms of gender, race and/or ethnicity. 
Some examples of the most occurring references here are: ‘underrepresented minorities’, ‘underrepresented 
groups’, ‘underrepresented students’, and ‘marginalized groups’. 
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Looking at the distribution of the subcategories, it is clear that gender is by far the most referenced subcategory 
(Table 2), with almost half of the total number of references across the sample. This is even more so when we 
also take into account the subcategory ethnicity and/or race and gender, together making up almost 70% of all 
references that can be linked to gender. 

 
Table 2. Distribution of the subcategories across ten articles 
Group  Total times mentioned Percentage (%) 
Gender 573 49 
Ethnicity or race 223 19 
Ethnicity or race, and gender 232 20 
Unspecified minorities 146 12 
Total 1,174 100 

 

 

Distribution of the subcategories per article 

Regarding the distribution of the subcategories per article, it is evident that gender is most referred to 
(Figure 1). Despite article 1 containing some more specific references to ethnicity and/or race in combination 
with gender, it still relates to gender as well. This is not a surprising finding since most articles are targeted towards 
increasing the number of women in STEM higher education. 

 

 
Figure 1. Distribution of the four subcategories per article (the distribution is a relative distribution; total number 
of references vary between articles) 

 
Distributions differ when considering the articles that are not directed towards women in STEM specifically, 

including articles 3, 6 and 10. Article 3 mainly contain references to Ethnicity and/or Race while article 10 refers 
mainly to other unspecified minorities, whereas article 6 shows a more equal distribution of group references. In 
the next paragraphs, we will elaborate on the smaller categories that fall under the four subcategories (Table 2). 

Gender 

When zooming in on the subcategories and the distribution of particular groups within each subcategory, there 
are clear trends as well. Starting with the distribution of groups within the subcategory gender, by far the most 
often referred group within this subcategory is ‘women’, which corresponds with 74% of the references related to 
gender. ‘Females’ make up 17%, ‘women or female faculty’ 5% and ‘girls’ correspond to 4% of the references 
(Figure 2). 
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Figure 2. Distribution of groups within the category gender n=620 

 
 

Ethnicity and/or race 

The distribution of references within the subcategory ethnicity and/or race is less skewed than in the case of 
gender (Figure 3). Specific groups that are mentioned most frequent include’ ethnic or racial groups’ (29%), ‘Black’ 
(22%) and ‘Latinx’ (17%)–where Latinx comprises both Latina and Latino people. ‘Other groups’ make up for 
12% of the references. The latter includes references to ‘African American’, ‘Hispanic’, ‘Mexican American’ and 
‘Hispanic American’, which are all mentioned no more than twice in the whole sample. 

 

 
Figure 3. Distribution of groups within the category ethnicity or race n=193 

 

Ethnicity and/or race and gender 

In relation to specific groups within the subcategory ethnicity and/or race and gender, ‘women of colour’ is the 
vast majority with 93% of the references (Figure 4). This particular group is composed of various similar 
references, including ‘women of colour’, ‘coloured women’ and ‘women of colour students’. Besides women of 
colour, two other groups were mentioned in this context, as can be seen in Figure 4, although their share is limited 
to 7% of the references within this subcategory. The category’ other ethnicity or race women’ consists of a wide 
variety of references that are mostly mentioned only once within the whole sample, such as ‘African American 
women’, ‘Multicultural women’, ‘white females’ and ‘women from multiple racial or ethnic backgrounds.’ 

 

 
Figure 4. Distribution of groups within the category ethnicity and/or race and gender n=166 
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Other unspecified minorities 

The most frequently mentioned group within the category of other unspecified minorities is ‘underrepresented 
minorities’ (hereafter ‘URM’), representing 60% of all the references (Figure 5). 

 

 
Figure 5. Distribution of groups within the category other unspecified minorities n=120 

 
URM itself is comprised of specific references such as ‘underrepresented minority students’, ‘underrepresented 

minority groups’ and ‘minorities.’ The group’ underrepresented groups or students’ is the second most frequently 
referred, and only group next to URM, representing 40% of all references within the subcategory. The group is 
comprised of a wide variety of references, including ‘marginalized groups’, ‘underserved groups’, ‘non-dominant 
groups’, ‘non-traditional groups’, ‘students at risk’, and ‘low socioeconomic status students’, each of which is 
mentioned two times or less across articles. 

DISCUSSION AND CONCLUSION 

The underrepresentation of female students in STEM has been an important theme in the research on diversity 
in STEM in the last ten years (Li et al., 2020). Recently there has been a shift towards promoting more diversity in 
the STEM population in more general terms. While the meaning of diversity has been studied in other fields such 
as management, it has largely been left unclear which groups are and should be targeted in promoting more 
diversity in STEM education. To get a better understanding of which groups are currently targeted, we performed 
content analysis among recent literature within the topic of diversity in STEM higher education.  

First of all, our results demonstrate that ‘women’ are by far the most often mentioned group across articles and 
that in our sample the overwhelming majority of references to diversity in STEM higher education can be linked 
to gender. This is followed by an intersection of ethnicity and/or race, an intersection of ethnicity and/or race and 
gender and a category that we refer to as unspecified. The primary focus on gender is in line with previous literature, 
which has mainly focused on increasing female participation in STEM (Caprile et al., 2015; Yazilitas et al., 2013). 
At the same time, the finding is somewhat surprising considering recent efforts and calls to have a more diverse 
and inclusive STEM population, i.e., one that is a better reflection of the various groups of people in modern-day, 
Western societies (Bernish, 2018).  

Our results also show that there is a lot of variety, other than the ones that are linked to gender, used to refer 
to underrepresented groups in STEM higher education. The previous is evinced by a large number of unique 
references (180) in the sample we explored and the wide variety of groups that they comprised. This existence of 
so many references can be considered as a lack of specificity. The majority of articles in our sample did not further 
specify their target group. On the one hand, some did specify by referring to women’s ethnicity or race as in the 
case of ‘black women’ or ‘women of colour’. Although more specific, the question remains, which group of women 
is targeted. On the other hand, more general references were used, such as ‘underrepresented groups’ or 
‘underserved minorities’, without further explaining or defining factors such as gender, race, ethnicity, or 
socioeconomic status.  

Finally, our study reveals some important discrepancies in the use of references across our sample, which 
suggest that researchers–besides seemingly having a narrow practical definition of diversity–differ widely in their 
understanding of the concept of diversity. For example, some articles in our sample refer to ‘white women’ being 
underrepresented in STEM which is incongruent to the finding that ‘black women’ are one of the main 
underrepresented groups. In the case of white women, one can argue that the reference is too general, and that the 
specific context matters a great deal in considering the person or group to belong either to the under- or 
overrepresented group.  
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The lack of agreement or consensus among researchers, even about quite specific ethnic groups, combined 
with the lack of specificity mentioned before and the overwhelming focus on gender, prevents real progress in this 
research field.  

Limitations  

Because of the novel character of this research, some limitations arise. For the data collection, due to time 
limitations, we solely used Web of Science and selected the ten most cited articles for a first exploration. Ideally, 
multiple databases should be used to get a wider scope on what literature is available within the context of 
increasing diversity in the field of STEM higher education. Furthermore, we have chosen to select articles based 
on number of citations as a measure of impact on the field. However, it would be interesting to see if there is more 
consensus and a broader scope of diversity in newer articles. Furthermore, by selecting on number of citations, we 
might have excluded publications from minority academic institutions, overrepresenting the scope of more 
Western oriented academics. Finally, by including ‘STEM’ and all terms’ Science’ ‘Technology’, ‘Engineering’ and 
‘Mathematics’ as search terms for the abstract, we might have missed relevant articles that chose not to use the 
abbreviation, or the terms written out. 

This research also assessed the terms that were mentioned across articles quantitatively. This does not always 
give a good indication of what groups are mentioned, since the data was heavily skewed across articles. We tried 
to counterbalance this by using relative scales, but it is difficult to generalize these results as they give a limited 
view of how references are used in literature. 

Finally, although we are aware of a broad availability of frameworks on diversity (Cox Jr., 2013; Harrison and 
Klein, 2007; Bowman, 2010) we did not build upon an existing theoretical framework. This work is a first 
exploration of existing research and references in STEM education with respect to (demographical) diversity. In 
further research we highly recommend to research connections between these terms and, for example, diversity 
experience. 

Recommendations  

More cohesion and specificity in terminology is needed in future research to effectively create policies to 
increase diversity in STEM higher education. Defining clear target groups are in our opinion the biggest challenge 
in effectively addressing the lack of diversity in STEM higher education and assessing future policies. In order to 
change this, several strategies can be followed. These should in our opinion at least include the following four 
components.  

Firstly, a clear definition of the target groups and the main criteria of selection on which these target groups 
have or have not been included in the sample should be included in the introduction.  

Secondly, target groups differ per country and over time. Taking into account these country differences and 
specific context is pivotal in better understanding the current state of affairs in relation to the representation of 
various groups within the STEM population and changing these in another direction.  

Thirdly, it would benefit the research field if the research objective was more linked to earlier policy initiatives, 
and for example, include a (short) overview of (earlier) policy efforts in order to better understand the current or 
future situation in relation to increasing diversity in STEM. Too often, the research objective, i.e., increasing 
diversity in STEM is unlinked to earlier policy initiatives, resulting in misunderstanding or misevaluation of the 
effects of current policies. 
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APPENDIX A 

 
  

Table A1. Colours are solely for the purpose of making clear where the subthemes start and end 
Subcategories Codes 

I. 
E

th
ni

ci
ty

 a
nd

/o
r r

ac
e 

African American 
African American professionals 
Asian 
Asian minorities 
Asian or Pacific American  
Asian or Pacific American faculty members 
Asian American 
Students who identify as African-American, Latino or Latina, Asian-American, White 
Mexican 
Ethnically diverse group(s) 
Ethnic minority group 
Ethnic minority students 
Demographic groups 
Black students (& students who are black) 
Latino families 
Latino men 
Latino STEM degree holders 
Latina women 
Latinx 
Latinx college students 
Latinx individuals 
Latinx students 
Latinx undergraduate students 
Latinx workers 
Marginalized Latinx students 
Latina or Latino students 
Black undergraduate students 
Black workers 
Black 
Black college students 
Black individuals 
Black scientists 
Faculty of colour 
Non-white 
Racial groups 
Black (PhD) students 
Black Americans 
Black families 
Black graduates 
Black peers 
Black people 
Black STEM degree holders 
Black STEM majors 
Hispanic Americans 
Hispanic STEM majors 
Students of colour 
Professionals of colour 
People of colour 
Marginalized black students 
Non-white students 
African American or Black 
Ethnic or racial group 
Ethnic or racial minorities 
Ethnic or racial minority groups 
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Table A1 (Continued).  
Subcategories Codes 

I. 
E

th
ni

ci
ty

 a
nd

/o
r r

ac
e 

Groups that are racially or ethnically heterogeneous 
Hispanic 
Hispanic or Latino or Mexican American 
Latina or Latino students 
Latino families 
Latino men 
Latino STEM degree holders 
Latino or Latina 
Latinx 
Latinx college students 
Latinx graduates 
Latinx individuals 
Latinx peers 
Latinx students 
Latinx undergraduate students 
Latinx workers 
Marginalized Latinx students 
Minority undergraduates referring to Black, Latinx, American Indian, Asian 
Non-Asian racial or ethnic minority groups 
Other racial or ethnic groups 
Other racial or ethnic groups (outside of Black PhD) 
Racial or ethnic minority 
Racial or ethnic minority faculty 
Racial or ethnic minority group 
Racially and ethnically diverse groups 
Racially or ethnically underrepresented groups 
Racially or ethnically underrepresented students 
Students from racially or ethnically underrepresented groups 
Underrepresented racial or ethnic groups 

II
. G

en
de

r 

Faculty women 
Female academics 
Female chairs 
Female department chairs 
Female experts 
Female faculty 
Female faculty members 
Female high school graduates 
Female high school students 
Female leaders 
Female managers 
Female MBA students 
Female peers 
Female STEM professionals 
Female students 
Females 
Graduated women 
Girls 
Graduated female students 
High school girls 
Highly or moderately qualified women 
Same-sex experts 
Same-sex peers 
Women 
Women academics 
Women administrators 
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Table A1 (Continued).  
Subcategories Codes 

II
. G

en
de

r Women advanced college career 
Women chairs 
Women faculty 
Women students 
Young women 

II
I. 

E
th

ni
ci

ty
 a

nd
/o

r r
ac

e 
an

d 
ge

nd
er

 

Women of colour who self-identify as Asian American, Black, Latina or Latino, Native American, Mixed 
race or ethnicity 
Women of colour referring to African American, Asian American, Latina, Native American and Pacific 
Islander 
Women of colour 
Women of colour in higher education as students 
Women of colour students 
Black women 
Black men 
White women 
White females 
Underrepresented students particularly women of colour 
Latino 
Multicultural undergraduate women 
Non-traditional groups including mixed race or ethnicity, Women, Racially or ethnically underrepresented 
students, women of colour 
Often Marginalized groups referring to Women, Ethnical or racial minorities 
Women from historically underrepresented racial or ethnic group 
Women of colour from varying racial or ethnic backgrounds 
Women of colour who self-identify as Asian American, Black, Latina or Latino, Native American, Mixed 
race or ethnicity 
Women from multiple racial or ethnic groups 

IV
. O

th
er

 u
ns

pe
ci

fie
d 

m
in

or
iti

es
 

University students from low-socioeconomic backgrounds 
Historically underrepresented groups 
Historically underrepresented minority (URM) students 
Historically underrepresented students 
Historically underserved groups 
Historically disadvantaged groups (referring to women and ethnic minorities) 
Marginalized groups 
Marginalized groups that do not reflect the gender, race, or ethnicity conventionally associated with STEM 
mainstream success 
Marginalized group members 
Marginalized groups 
Marginalized higher education students 
Marginalized individuals 
Marginalized participants 
Often Marginalized groups 
Other Marginalized groups 
Traditionally Marginalized groups 
Underrepresented minorities referring to (PhD) students, doctoral and postdoc 
Groups that are more traditionally Marginalized in American culture 
Marginalized university faculty 
Traditionally marginalized students 
Underrepresented (minority) groups 
Members of other underrepresented groups 
Members of underrepresented groups 
Minority students 
Underrepresented groups 
Underrepresented minority (URM) students 
Underrepresented minority groups 
Underrepresented minority postdocs 
Underrepresented minority students 
Underrepresented minority (STEM) students (mostly referring to Black & Latin students) 
Underrepresented people 
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Table A1 (Continued).  
Subcategories Codes 

IV
. O

th
er

 u
ns

pe
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fie
d 

m
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Underrepresented students 
Underrepresented or disadvantaged groups 
Other underrepresented groups 
Other underrepresented students 
Underrepresented minority scientists 
Model minorities 
Underrepresented minority individuals  
Negatively stereotyped group (not sure) 
Stereotyped group (not sure) 
Students at risk 
Students from historically underrepresented backgrounds 
Underserved groups 
Other non-dominant groups 
Diverse students 
Individuals who are demographically different 
Students over age 25 
Young students 
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ABSTRACT 
Integrated Science, Technology, Engineering and Mathematics (iSTEM) education is a promising approach 
to attracting more qualified and better motivated students to STEM fields. In this study, we respond to one 
of the salient challenges facing integrated STEM educational research, namely investigating its educational 
impact. We developed a large-scale intervention where all STEM components are integrated and examined 
the impact this integrated STEM curriculum has had on cognitive performances regarding physics, 
mathematics, technological concepts, and integrated physics and mathematics. In total, 859 grade 9 students, 
distributed across 39 Flemish different schools, participated in a long-term study. The results of multilevel 
analyses show that iSTEM education had positive effects on cognitive performance in terms of mathematics 
knowledge and application and technological concepts. Also, differential intervention effects were found 
with regard to student characteristics. Since the impact was only apparent after two years, we stress the 
importance of a long-term integrated STEM approach. 

Keywords: STEM, integrated STEM, cognitive performance, longitudinal research 
 

INTRODUCTION 

Generating a sufficient number of qualified professionals in science, technology, engineering and mathematic 
(STEM) areas is a matter of international concern (Thibaut et al., 2018a; Hernandez et al., 2014; Bøe, Henriksen, 
Lyons and Schreiner, 2011). Awareness of the problem with regard to young people’s increasing reluctance to 
participate in STEM emerged in the early 1990s, and this has been a growing problem to this day (Bøe et al., 2011; 
Moore and Smith, 2014; Keith, 2018; Hermans et al., 2022; De Loof et al., 2022), as national reports continue to 
identify shortages of STEM graduates. The World Economic Forum (2016) predicted an increased demand for 
specialists in the STEM field for the years to come and stated that the pace of technology adoption is expected to 
remain unabated and may accelerate in some areas (World Economic Forum, 2020). The current knowledge-based 
society demands a large number of students graduating from STEM-related fields (National Academies of Science, 
2007). Countries need a sound economy and need to find solutions for societal and environmental matters, such 
as sustainable energy production in a world with shrinking resources, adequate healthcare in an aging society, and 
well-considered technology development (Wang, Moore, Roehrig and Park, 2011; Kjærnsli and Lie, 2011; Bøe et 
al., 2011). Integrated STEM can play a central role in motivating students to choose a STEM study or profession 
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and has the potential to improve students’ learning (Honey, Pearson and Schweingruber, 2014; Becker and Park, 
2011). 

Integrated STEM 

STEM is an integration of the four subjects: science, technology, engineering, and mathematics (Wang et al., 
2011). However, as the term is widely used, there is no consensus about the nature and range of the concept. Some 
researchers and educators use the term STEM to refer to one or more of its components, others use it only in the 
integrated sense (Wang et al., 2011; English, 2016). As we are discussing the term in the integrated sense, we will 
use ‘integrated STEM’ (iSTEM) in this paper. Sanders (2009) defines iSTEM approaches as “Approaches that 
explore teaching and learning between/among any two or more of the STEM subject areas, and/or between a 
STEM subject and one or more other school subjects” (Sanders, 2009: 21). According to Honey et al. (2014), 
iSTEM education includes a range of different experiences that involve some degree of connection. “The 
experiences may occur in one or several class periods, throughout a curriculum, be reflected in the organization of 
a single course or an entire school or be encompassed in an out-of-school activity” (Honey et al., 2014: 2). 
Consequently, they define integration as “…working in the context of complex phenomena or situations on tasks 
that require students to use knowledge and skills from multiple disciplines” (Honey et al., 2014: 52). 

In the current study, we use Honey et al.’s definition, and thus we approach iSTEM in terms of the integration 
of all its components into a single curricular project that emphasizes concepts and their application from across 
the four disciplines (Roehrig, Moore, Wang and Park, 2012). Within this approach, the literature differentiates 
between multidisciplinary and interdisciplinary integration (Wang et al., 2011). The metaphor of chicken noodle 
soup versus tomato soup provided by Lederman and Niess (1997), is often used to explain the differences between 
these two forms of integration. The chicken noodle soup represents multidisciplinary integration, where each 
ingredient maintains its identity without a direct mixture in the totality of the integration. Multidisciplinarity starts 
from subject-based content and skills, and students are expected to form connections between the subjects that 
they have been taught in different classes (Wang et al., 2011). Tomato soup, on the other hand, represents 
interdisciplinary integration, where the boundaries between subjects are blurry. Interdisciplinarity starts from a 
problem that requires an understanding of the content and skills of multiple subjects (Wang et al., 2011). Vasquez, 
Sneider, and Comer (2013) add an additional level of increased integration by introducing the concept of 
transdisciplinary integration. Knowledge and skills from multiple disciplines are hereby applied to solve real-world 
problems. In the current study, we approach education in iSTEM as a transdisciplinary concept. 

Educational Research in Integrated STEM  

Removing barriers between disciplines is meant to increase students’ conceptual understanding and 
achievements regarding STEM topics and increase recognition of the relevance of the subjects in relation to each 
other and to the context of real-world problems (Honey et al., 2014; Thibaut et al., 2018a). Integrated STEM 
education is a promising approach to attracting more qualified and motivated students in STEM fields by 
improving students’ interest and learning in STEM. It has received increasing attention from educators and 
researchers over the past decade (Honey et al., 2014; Yang and Baldwin, 2020). Besides the possible positive effects 
of iSTEM education on the general student population, it has also been argued that iSTEM might be particularly 
beneficial to certain student populations. Cantrell, Pekca, and Ahmad (2006) for instance, showed that an integrated 
engineering curriculum diminished achievement gaps in typically low-achieving ethnic minority student groups. 
Newton et al. (2020) demonstrated that informal STEM learning in robotics and game design could influence 
computational thinking skills in African-American students living in an urban context. Other studies demonstrate 
that gender differences in performance might reduce when students follow iSTEM courses linked with real-world 
activities (Standish, Christensen, Knezek, Kjellstorm and Bredder, 2016). Hence, student characteristics that might 
have an effect on cognitive STEM outcomes might have a differential impact in an iSTEM educational approach. 
In the literature, such characteristics are well documented: previous research has indicated that gender, abstract 
reasoning ability and socioeconomic status (SES) might influence cognitive scores on STEM domains (e.g., 
Halpern et al., 2007; Deary, Strand, Smith and Fernandes, 2007; Yerdelen-Damar and Peşman, 2013). 

To conclude, an iSTEM educational approach is promising for both the general student population and for a 
variety of students with different characteristics. In response, numerous new teaching materials, projects, and even 
complete study programs have been developed (e.g., Yang et al., 2021). Such a development entails the challenge 
to investigate empirical evidence to support the effective implementation of iSTEM education (Becker and Park, 
2011). Indeed, the notion that learning becomes more meaningful and prolonged when students can make 
connections between STEM concepts has prompted research that aims to investigate the cognitive benefits of 
iSTEM education. 
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Becker and Park (2011) have synthesized research findings on the effects of integrated approaches among 
STEM subjects on students’ cognitive performances. In their meta-analysis they described 28 studies reporting on 
effectiveness regarding students’ learning in integrated STEM conditions. According to Becker and Park (2011), 
the small number of studies is due to the finding that many pieces of research are in the form of opinion papers 
without empirical data. Studies varied in the degree to which they addressed the integration of two or more STEM-
subjects, the number of participants, and their age. A first gap in the current body of knowledge is the number of 
studies that integrated all components of STEM and reported on all associated cognitive outcomes. Only one study 
addressed the integration of all components, i.e., a study on the effect of integrated STEM on students with learning 
disabilities (Lam et al., 2008). Five studies discussed achievement scores after integration of S-T-E, and five studies 
reported on scores after the integration of S-T-M. Other studies integrated only two components. Regarding the 
measured achievement, only Lam et al. (2008), reported on the scores on all components, and just two studies 
measured the scores on S-T-E. No studies reported scores on questions addressing integrated STEM. A second 
concern is the low number of participants and the small scale of the interventions. Since the mean number of 
participants is 174.58 (min. = 21; max. = 1,053), it is difficult to draw far-reaching conclusions. A third shortage is 
that studies are limited in terms of time perspective. No longitudinal studies could be included, which has the 
implication that little is known about the long-term effect of iSTEM education. 

Studies published after Becker and Park’s (2011) meta-analysis encounter the same problems (i.e., a skewed 
focus on science at the expense of mathematics, no integration of all subjects, limited numbers of participants, and 
no studies from a long-term perspective) (English, 2016; Yildirim, 2016), and continue to be small in number. To 
conclude, long-term research with all STEM components integrated is very rare and, as a result, the effects of an 
iSTEM approach on cognitive performances is a crucial gap in the field. More empirical research on the educational 
effects of (integrated) STEM education is therefore needed (Honey et al., 2014). With our current long-term study, 
we respond to this challenge and to the need to fill the gaps in integrated STEM educational research. We focus 
explicitly on the effect of a large-scale intervention where all STEM components are integrated in the developed 
learning modules. 

Design of the Intervention 

The intervention, called STEM@School is a collaborative project between two universities (KU Leuven, 
University of Antwerp) and two educational umbrella organizations (GO!, Catholic Education Flanders) covering 
approximately 70% of all schools in Flanders. The KU Leuven developed the learning materials in collaboration 
with teacher design teams, and the University of Antwerp evaluated the project. The role of the two umbrella 
organizations was to support the participating schools in their implementation, and to monitor the content of the 
developed materials so that they cover all learning objectives and curriculum guidelines. 

Five iSTEM learning modules were developed. Schools incorporated three of these modules into the curriculum 
in grade 9 (third year in secondary education; age: 13-15 years), and two in grade 10 (fourth year in secondary 
education; age: 14-16 years). The participating schools introduced an integrated STEM subject in which the learning 
modules were addressed. To implement these learning modules, 4 to 5 teaching hours a week were required for 
the duration of each of two semesters. The schools taught the integrated STEM subject partly within the teaching 
hours of the regular mathematics, physics and engineering classes (where the regular content was aligned with the 
curriculum of the integrated STEM subject), and partly within additional hours in the form of optional classes. 
More detailed information of the project and its implementation approach can be found in the project paper of 
STEM@School (Knipprath et al., 2018).  

The learning modules consisted of challenges that were relevant in terms of societal and ecological problems, 
applying a transdisciplinary approach (Vasquez et al., 2013). Students address these challenges by applying 
knowledge and skills across disciplines, hereby making connections between principles and concepts. Problem-
solving in an integrated STEM context also requires inquiry and design competences on the part of the students 
(Thibaut et al., 2018a). These characteristics constituted the core of the iSTEM intervention and were the 
foundation of all learning modules. 

An example of one of the learning modules is the challenge of the optimization of traffic flow through a green 
wave (i.e., the coordination of traffic lights to allow continuous traffic flow). Students had to design and program 
a car in such a way that it could drive through a green wave without exceeding a safe speed limit. To succeed in 
this challenge, they had to use knowledge and skills from all STEM disciplines, such as acceleration (science), 
building the car with appropriate materials (technology), programming the car (engineering), and functions 
(mathematics). Obviously, this division is to some extent artificial, as these domains are interdependent. For 
instance, mathematics is already embedded in the physical concept of acceleration (Becker and Park, 2011), and 
some authors consider engineering as a subset of technology (Williams, 2011). Nevertheless, all modules could be 
considered as challenges which incorporated themes from the different STEM domains. 
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Current Study 

Given the need for long-term educational research regarding iSTEM education, we aimed to evaluate the 
effectiveness of a large-scale two-year intervention in which students had to respond to relevant challenges by 
making use of knowledge and skills from different STEM domains. To respond to challenges posed in previous 
integrated STEM educational research, we incorporated all four domains in the intervention, and investigated the 
cognitive effects on physics’ knowledge, physics’ application, mathematics’ knowledge, mathematics’ application, 
technological concepts, and integrated physics and mathematics. We put forward two research questions: 

Research question 1. What is the impact of an iSTEM curriculum on cognitive performances regarding 
physics (both knowledge and application), mathematics (both knowledge and application), technological concepts, 
and integrated physics and mathematics after one and two years? 

Research question 2. What is the differential effectiveness of the iSTEM curriculum regarding student 
characteristics (i.e., gender, SES and abstract reasoning)? 

METHOD 

Participants and Procedure 

The schools in this study were part of STEM@School and volunteered to take part in this longitudinal study. 
Thirty schools involving 612 grade 9 students implemented the experimental condition of the iSTEM education 
program. To assemble a representative control group, all Flemish schools (i.e., schools serving the Dutch-speaking 
community of Belgium) were listed, and an inventory of relevant characteristics was created, such as the number 
of students, study track options, and membership of educational umbrella organizations. Subsequently, for each 
experimental school, three matching schools were selected at random and invited to participate in the project. 
Control schools were invited through a letter, and if no response was received, school administrators were called 
by a researcher as a follow-up. Nine control schools took part in the project, involving 247 students in the control 
condition of a traditional education program, with separate physics, engineering, and mathematics courses. 

The students in this study were taking classes in one of the following three study tracks: 1. Science and 
Mathematics, 2. Engineering, and 3. Latin and Mathematics. The total number of participants and the division over 
condition and study track can be found in Table 1. 

 
Table 1. Number of participants (absolute and relative) divided over condition and study track 
 Experimental condition Control condition Total % 
Science & mathematics 396 169 565 66% 
Engineering 201 47 248 29% 
Latin & mathematics 15 31 46 5% 
Total 612 247 859 100% 
% 71% 29% 100% 100% 

 

 
 
The participants totalled 859 (66% boys and 34% girls) grade 9 students with a mean age of 13.86 years (SD = 

.54) at the start of the study. We followed a quasi-experimental longitudinal design over two years. Three 
measurement moments were undertaken in both the experimental and control conditions: (1) before the start of 
grade 9, (2) at the end of grade 9, and (3) at the end of grade 10 (Figure 1). 
 

 
Figure 1. Measurement moments before start of grade 9, after the end of grade 9, and after the end of grade 10 
 

While in total 859 unique participants were involved in the study, some of them were missing at different 
measurement moments. This could be due to schools dropping out of the project over time, or the failure of 



European Journal of STEM Education, 2022, 7(1), 13 

© 2022 by Author/s  5 / 17 

schools to administer surveys to students on a measurement moment, and because of the illness of individual 
students on a particular measurement moment. No selective attrition was observed, as Little’s MCAR test showed 
that the data were missing completely at random. Table 2 provides an overview of the number of recorded 
responses of students over the three measurement moments. 

 
Table 2. Number of recorded responses over measurement moments 
 Time 1 Time 2 Time 3 
Experimental 556 443 302 
Control 238 208 138 
Total 794 651 440 

 

 
Students were allotted a unique code to guarantee their anonymity and to allow the researchers both to connect 

different questionnaires and tests within measurement moments, and to link questionnaires and tests across time. 
At the first measurement moment, students filled in an online questionnaire to provide demographic information 
and completed a test measuring abstract reasoning ability. Online multiple-choice tests were administered, 
measuring cognitive outcomes with regard to STEM concepts. Cognitive outcomes were re-assessed at the second 
and third measurement moments, with tests that were adapted to the expected level at the end of grades 9 and 10 
respectively. Students completed the online questionnaires and tests during normal school hours under supervision 
of the schools’ contact person of [name project]. Students and their parents were provided with information about 
the aim of the study, and with a passive informed consent procedure. This procedure was approved by an 
institutional ethical committee. 

Instruments 

Demographic information 

Information regarding age, gender, and the SES of participants was obtained from the self-report of students 
on an online questionnaire. SES was determined by language spoken at home, country of birth of respondents and 
both parents (Tate, 1997), both parents’ education, and both parents’ occupational status1 (Bornstein and Bradley, 
2003). We performed exploratory factor analysis with varimax rotation on the above-mentioned variables, which 
led to two underlying variables: (1) origin and (2) occupation and education. The weighted sum of the factor scores 
on these two variables led to a total SES score for each student. 

Abstract reasoning ability 

We gathered information on abstract reasoning ability as a proxy for general and non-verbal intelligence 
(Conway, Cowan, Bunting, Therriault and Minkoff, 2002; Raven, Court and Raven, 1977). The test consisted of 
40 items and involved inductive reasoning about spatial features and relationships. Every item consisted of a series 
of figures with one inconsistent figure.  

Cognitive outcomes regarding STEM concepts 

Six instruments were developed to measure cognitive performance with regard to physics, mathematics and 
technological concepts: (1) physics knowledge, (2) physics application, (3) mathematics knowledge, 
(4) mathematics application, (5) technological concepts, and (6) integrated physics and mathematics (IPM). 
Adapted instruments for these outcomes were developed to respond to the expected level at each measurement 
moment, i.e., the start and end of the ninth grade, and the end of the tenth grade. Instruments were constructed 
based on the curriculum for physics, mathematics, and technological concepts of the ninth and tenth grades by 
pedagogical and subject-matter experts. In the case of integrated physics and mathematics, no items were 
developed for measurement moment 1, as students at the beginning of grade 9 were not yet familiar with curricular 
mathematics and physics concepts that lend themselves to be integrated in an overarching question. Information 
about the number of items per instrument, and an example item for each of the six measured outcomes, can be 
found in Appendix A. To reduce the burden on students and to make it possible to administer these tests during 
school hours, only eight items of each instrument were selected at random by the online software and presented 
to the students.  

 
1 Typically, information about the family’s economic situation is also used to calculate a measure for SES (Bornstein and 
Bradley, 2003). However, as we questioned students with an age range of 13-15, the current study did not include economic 
questions (Bradley and Corwyn, 2002).  
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The psychometric qualities of the tests for physics knowledge, physics application, mathematics knowledge, 
mathematics application, technological concepts, and integrated physics and mathematics were investigated, using 
latent trait models under Item Response Theory (IRT; Rizopoulos, 2006). A detailed description of the IRT 
analyses can be found in Appendix B. After the psychometric qualities of the instrument were investigated, a 
factor score for each student was calculated. This procedure was repeated for every cognitive test instrument for 
each of the three measurement moments. Due to poor psychometric qualities of the physics knowledge test at 
measurement moment 3, no individual scores were available for that scale. 

Plan of Analysis 

First, we investigated the intercorrelations among the dependent variables of the study which are shown in 
Table 3. Given that the correlations were between .01 (no linear relationship) and .42 (a small linear relationship), 
we conducted separate univariate analyses for all six cognitive outcomes. 

 
Table 3. Intercorrelations among the dependent variables of the study 
Variables 1. 2. 3. 4. 5. 6. 
1. Physics knowledge       
2. Physics application .11***      
3. Mathematics knowledge .11*** .24***     
4. Mathematics application .21*** .20*** .42***    
5. Technological concepts -.03 -.01 .06* .11***   
6. Integrated physics and mathematics .10*** .06 .09** .18** .09***  
Note. The scores on the variables are aggregated IRT scores over time. 
*p<.05. **p<.01. ***p<.001. 
 

Subsequently, we constructed mixed models which allowed us to investigate the general and differential effects 
of the iSTEM intervention. We conducted multilevel analysis employing JMP software (John’s Macintosh Project) 
version JMP pro 13. Linear mixed models in JMP make use of all data (and not only complete cases), thereby also 
including information of cases with missing values.  

This study used a three-level model where measurement moments at level 1 were nested within students at level 
2, which in turn were nested within schools at level 3. Multilevel modelling allows data to be clustered in groups 
(e.g., multiple measurement moments of one student, multiple students in one class group, multiple class groups 
in one school, etc.), and to have a hierarchical structure (e.g., students are part of a class group, and class groups 
are in turn part of a school). As students are measured three times, and their results are not independent. ‘Student 
ID’ was thus included as a random factor. Also, students learn together in a school, which could cause the outcomes 
of students within the same school to be more highly correlated than the outcomes of students between schools. 
Therefore, school was also included as a random factor. For all six investigated outcomes, we inspected whether a 
model with a fixed slope (random intercept model) fitted better to the data than a model with a random slope 
(random intercept and random slope model) (Raudenbush and Bryk, 2002). A multivariate likelihood-ratio test 
(2log (likelihood random slope)–2 log (likelihood random intercept)) revealed that the random slope model fitted 
better than the restricted (i.e., fixed slope) model in the case of physics application and mathematics knowledge. 
To examine agreement among students and agreement among schools we computed intra-cluster correlation 
coefficients (ICC). 

With regard to the fixed effects, we included six main effects to control for their direct influence on the 
cognitive outcomes. Besides condition (0 = control condition, 1 = experimental condition), and measurement 
moment (1 = time 1, 2 = time 2, 3 = time 3), we also controlled for gender (1 = male, 2 = female), abstract 
reasoning and SES, as previous research indicated that these variables might influence cognitive scores on STEM 
domains (Halpern et al., 2007; Deary, Strand, Smith and Fernandes, 2007; Yerdelen-Damar and Peşman, 2013). 
Scores for abstract reasoning abilities and SES were standardized. It was also important to control for study (1= 
focus on science and mathematics, 2 = focus on engineering, 3 = focus on Latin and mathematics) as this variable 
was not homogenous in our sample. 

To investigate the general intervention effects over time (see research question 1), we added the interaction 
between condition and measurement moment in the model. Differential intervention effects (see research 
question 2) for students with specific characteristics (i.e., gender, SES and abstract reasoning) were investigated by 
adding three-way interactions to the model. 
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RESULTS 

Mixed models were constructed for each cognitive outcome, containing the main effects of condition, time, 
study, gender, abstract reasoning ability, and SES, the interaction effect of condition x time, and three-way 
interactions of condition x time with the other predictors. The results, including intra-cluster correlation 
coefficients (ICC) of the two levels (students and school) are summarized in Table 4. Employing dummy coding, 
the last category was used as a reference category each time. 

Inspection of the ICC indicated that the correlation between scores of the same student (that were not explained 
by the model) was 2% for physics knowledge, 13% for physics application, and 23% for mathematics knowledge. 
Correlation between schools was 2% for physics knowledge, 16% for mathematics knowledge, 7% for mathematics 
application, and 4% for integrated physics and mathematics. Note that ‘student ID’ is nested in ‘school’, so that 
the correlations of scores with regard to the same student entail correlations within the same school. For instance, 
no extra ICC for students was found for physics knowledge (2%), as the ICC of school was already 2%. 

General Intervention Effects 

We examined to what extent cognitive performances in terms of physics (knowledge and application), 
mathematics (knowledge and application), technological concepts, and integrated physics and mathematics 
questions are impacted by the iSTEM intervention (research question 1). More specifically, we investigated whether 
or not students in the experimental schools would perform better on STEM concepts than students in the control 
schools. Additionally, we also investigated whether or not students in the experimental condition would perform 
better after two years than after one year, in comparison to the control group, by examining the scores in the two 
different conditions over time. 

The univariate analyses for the six cognitive outcomes are presented together in Table 4. The interaction 
between condition and time, indicating the effect of the iSTEM intervention, is displayed underneath the ‘two-way 
interaction’ header. This interaction was significant for mathematics (knowledge and application), and 

Table 4. Multilevel analysis of the effects of condition (0 = control, 1 = experimental), time (1 = time 1, 2 = 
time 2, 3 = time 3, study track (1 = science and mathematics, 2 = engineering, 3 = Latin and mathematics), gender 
(1 = male, 2 = female), abstract reasoning, and SES on cognitive outcomes 
Fixed effects Phys. know. Phys. app. Math. know. Math. app. Techn. IPM 

β SE β SE β SE β SE β SE β SE 
Intercept -0.01 0.08 0.07 0.09 -0.20 0.13 0.03 0.12 -0.06 0.08 0.02 0.08 
Main effects             

Condition [0] -0.05 0.05 -0.06 0.06 -0.09 0.12 -0.20* 0.09 -0.15** 0.05 -0.10 0.05 
Time [1] 0.02 0.03 -0.02 0.03 -0.01 0.04 -0.07 0.04 -0.09** 0.03   
Time [2]   -0.05 0.04 -0.08 0.04 -0.06 0.04 -0.06 0.03 -0.03 0.03 
Study track [1] 0.00 0.08 -0.15 0.09 0.17 0.11 0.07 0.11 0.15* 0.08 0.03 0.08 
Study track [2] 0.03 0.09 -0.19* 0.10 0.27 0.15 0.19 0.13 0.12 0.08 0.15 0.09 
Gender [1] 0.02 0.04 0.18*** 0.04 0.09 0.05 -0.01 0.05 0.03 0.04 -0.02 0.04 
Abstract reasoning 0.01 0.02 0.09*** 0.02 0.08** 0.03 -0.00* 0.03 -0.03 0.02 0.03 0.02 
SES 0.02 0.02 0.04* 0.02 0.04 0.02 0.04 0.02 -0.00 0.02 0.00 0.02 

Two-way interaction             
Condition [0]×time [1] 0.20 0.16 -0.11 0.15 0.65*** 0.19 0.23 0.19 0.30* 0.14   
Condition [0]×time [2]   -0.08 0.15 0.64** 0.19 0.74*** 0.20 0.45** 0.16 0.21 0.13 

Three-way interactions             
Con. [0]×time [1]×study track [1] -0.31 0.18 0.31 0.17 -0.65** 0.21 0.02 0.21 -0.10 0.16   
Con. [0]×time [2]×study track [1]   0.14 0.18 -0.29 0.22 -0.57* 0.23 -0.30 0.19 -0.29* 0.15 
Con. [0]×time [1]×study track [2] 0.21 0.28 0.78** 0.24 -0.56 0.31 0.05 0.31 -0.27 0.22   
Con. [0]×time [2]×study track [2]   0.29 0.25 -0.97** 0.32 -1.49*** 0.34 -0.13 0.26 -0.43* 0.20 
Con. [0]×time [1]×gender [1] 0.04 0.17 -0.36* 0.14 -0.22 0.18 -0.06 0.18 0.12 0.13   
Con. [0]×time [2]×gender [1]   -0.11 0.16 0.02 0.20 0.13 0.21 -0.02 0.16 0.20 0.12 
Con. [0]×time [1]×abs. reas. 0.08 0.08 -0.03 0.07 0.14 0.08 0.22* 0.08 0.01 0.06   
Con. [0]×time [2]×abs. reas.   -0.03 0.08 0.20* 0.09 0.09 0.09 0.03 0.07 0.01 0.06 
Con. [0]×time [1]×SES -0.06 0.06 -0.13* 0.06 -0.09 0.08 -0.04 0.08 0.02 0.06   
Con. [0]×time [2]×SES   -0.06 0.08 0.09 0.10 -0.01 0.10 -0.02 0.08 0.01 0.06 

Random effects             
ICC student .02*  .13***  0.23**  0.09  .01  .11  
ICC school .02**  .02  0.16***  0.07**  .01  .04*  

Note. *p<.05; **p<.01; ***p<.001. Non-reference categories are specified between brackets. 
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technological concepts. No significant interaction was found for physics (knowledge and application) and 
integrated physics and mathematics. This finding indicates that iSTEM education mainly has an effect on cognitive 
performances in terms of mathematics and technological concepts. 

A closer inspection of the interaction effect between condition and time for all cognitive outcomes can be 
found in Figure 2. The scores on the six outcomes are graphically displayed for control and experimental 
conditions across the three measurement moments. Note that these are IRT scores at a particular time-point, which 
means that this gives information about the relative scores of students on this time-point, but not about general 
progress over time. 

In the case of physics knowledge, physics application and integrated physics and mathematics, no significant 
differences were found between the control and experimental condition over time. For mathematics knowledge, 
mathematics application and technological concepts, significant interactions were found. After two years, students 
in the experimental condition scored significantly higher on mathematics knowledge than did students in the 
control condition. The same result was found for technological concepts. However, both for mathematics 
knowledge and technological concepts, no significant difference between conditions could be found after one year. 
This finding indicates that the difference between the control and the experimental condition would become more 
pronounced after two years of iSTEM. For three of the six outcomes (mathematics knowledge, mathematics 
application and technological concepts), a difference was found between the scores after the first year compared 
to the scores after the second year. In addition, from this perspective, students in the experimental condition 
performed better than students in the control condition. 

Differential Intervention Effects 

Besides the general intervention effects, we also examined the differential cognitive effects of an iSTEM 
curriculum with regard to students with specific characteristics (research question 2). More specifically, we 
investigated whether the effects of the iSTEM intervention differed for boys or girls, students with different SES, 
and students with different levels of abstract reasoning ability. 

The interaction between condition, time, and specific student characteristics, indicating the differential effect 
of the iSTEM intervention, is displayed in Table 4 underneath the ‘three-way interaction’ header. The relationship 
between condition and time differed according to the study track for mathematics (knowledge and application) 

 
Figure 2. IRT scores on physics (knowledge and application), mathematics (knowledge and application), 
technological concepts and integrated physics and mathematics in control and experimental conditions on pre-test 
(= Time 1), post-test 1 (= Time 2), and post-test 2 (= Time 3). 

Note. Significant interactions between condition and time are indicated with an asterisk. 
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and technological concepts. We found a remarkable result for the effect of gender on the physics application 
scores. In general, male students performed better on this subject than did female students. However, females in 
the experimental condition performed significantly better after two years than females in the control condition, 
while no difference was observed for males. Abstract reasoning ability might to a certain extent positively determine 
the scores with regard to cognitive outcomes (i.e., for physics application and mathematics knowledge), but in the 
case of mathematics knowledge and application, the condition determines the impact of this relationship. For 
students in the experimental condition, the impact of abstract reasoning ability on mathematics (knowledge and 
application) was larger than for students in the control condition. With regard to the SES of students, a three-way 
interaction between condition and time was found for physics application. The relationship between SES and 
scores on physics application was stronger for students in the control condition. Students with higher SES have 
an advantage over students with lower SES when it comes to their scores on physics application, but this advantage 
was more pronounced in the control condition than in the experimental condition. Otherwise stated, the impact 
of SES was lower for students in the experimental condition of integrated STEM. 

DISCUSSION 

The aim of this study was to investigate the effect of an iSTEM curriculum on students’ cognitive performances 
regarding physics (both knowledge and application), mathematics (both knowledge and application), technological 
concepts, and integrated physics and mathematics. We answered two research questions: (1) what is the impact of 
an iSTEM curriculum on cognitive performances after one and two years, and (2) what is the differential 
effectiveness of an iSTEM curriculum with regard to student characteristics? 

General Intervention Effects 

Aligned with previous research (e.g., Becker and Park, 2011), our study highlights the potential of an iSTEM 
education approach on diverse cognitive outcomes. However, some differences were found regarding the domains 
on which the intervention of an integrated approach had an impact. Becker and Park (2011), Honey et al. (2014), 
and English (2016) pointed out that the positive impact of iSTEM education differed for science (i.e., physics) and 
mathematics, with less evidence of a positive effect on mathematics’ outcomes. Our results contrasted with these 
findings from previous research, as we found a positive impact of iSTEM on mathematics (both for knowledge 
and application), but not for physics. 

Students in the experimental condition scored significantly better on mathematics than students in the control 
condition after two years of the intervention. For students in the experimental condition, the relevance of 
mathematics might have become clearer and less abstract throughout the learning modules, leading to an improved 
understanding of mathematical concepts and applications (Fitzmaurice, O’Meara and Johnson, 2021). While 
outcomes on both mathematics knowledge and mathematics application could be considered as medium effects 
according to Cohen (1988), the largest effect was found for mathematics application. An explanation for this 
finding might be that students in the iSTEM condition are more familiar with applying concepts of one subdomain 
to another. In this way, the ability to apply STEM concepts might be facilitated.  

In this study, we did not find an intervention effect in terms of physics knowledge or application. That we did 
not these find these effects does not necessarily suggest that such an intervention could not have benefits regarding 
cognitive physics’ outcomes. A possible explanation for the absence of positive effects with regard to physics 
knowledge might be that no data were collected on the third measurement moment due to the poor psychometric 
qualities of the test. Consequently, we could only analyze the difference between the first and the second 
measurement moment with regard to the two conditions. The fact that we did not find significant differences 
between the two conditions with regard to these two measurement moments might not be surprising, as no 
significant results were found for the other cognitive outcomes of this study either. Only when the third 
measurement moment (i.e., after two years of iSTEM education) was taken into account, were significant 
differences between experimental and control condition found. Presumably, this might also be the case for the 
outcomes regarding physics knowledge. However, this does not explain why we did not find an effect in terms of 
physics application. Given the larger effects with regard to mathematics application compared with mathematics 
knowledge, and given the findings from previous studies (e.g., Becker and Park, 2011), we might have expected an 
apparent effect on physics application as well.  

The contrasting findings with those of previous research (i.e., effect on physics versus mathematics) might 
potentially be a consequence of differences in the operationalization of the intervention. The number and the 
degree of integration of the different components of STEM might, for example, be decisive factors. Also, 
interventions could differ in their emphasis on particular concepts or topics. It has been reported by English (2016) 
and Yildirim (2016) that a skewed focus on science at the expense of mathematics, and no integration of all subjects, 
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is a common limitation within iSTEM education research. As little research exists involving the integration of all 
STEM components, further empirical research on the effects of iSTEM education needs to be conducted to extend 
the findings of the current study. 

Analogous to the results with regard to mathematics knowledge, a positive effect of iSTEM education was 
found in terms of the results regarding technological concepts. Students in the experimental condition scored 
higher than students in the control condition after the third measurement moment (i.e., after two years of iSTEM 
education), both when compared to the first and the second measurement moments. The effect size of iSTEM on 
technological concepts was small (Cohen, 1988), in contrast to the effect sizes of mathematical outcomes, which 
were medium. This result indicates that further growth might be possible, by more explicitly addressing the 
technological concepts within the learning modules of the intervention. With regard to integrated physics and 
mathematics, no significant results were found. This result is remarkable, as the curriculum explicitly focused on 
the integration of the STEM domains. This finding demonstrates that it is not because connections between STEM 
domains are emphasized in the curriculum, students’ own ability to integrate knowledge and skills necessarily 
improves. Thus far, the intervention of an integrated STEM curriculum appears to only effect cognitive outcomes 
regarding separate domains. 

But the impact of an iSTEM educational approach might go beyond the cognitive outcomes measured in this 
study. Irrespective of the effects on the measured cognitive outcomes, the iSTEM approach could motivate 
students to see real-world applications and the relevance of the different STEM fields, even though students’ 
performance did not increase in this study (Becker and Park, 2011). 

To summarize, a positive impact of an iSTEM approach was found with regard to mathematics (knowledge 
and application) and technological concepts. Our findings indicate that the positive impact of iSTEM education is 
not limited to science but could also positively influence cognitive scores in other domains. From this perspective, 
it is important for future initiatives to explicitly incorporate all STEM domains in teaching materials, and not only 
select two pragmatic combinations such as physics and technology. As already mentioned, no differences were 
found between conditions after one year of iSTEM. This stresses the importance of a long-term iSTEM approach 
and has implications for the design of new integrated STEM programs. Long-term approaches with iSTEM 
incorporated in the standard curriculum are better suited to increase students’ cognitive performance than short-
term interventions. 

Differential Intervention Effects 

Our results showed an interesting positive impact on the performance of females with regard to ‘physics 
application’ (while no changes were found for the performances of males). As the lower physics scores of females 
is a well-known concern in the literature (Halpern et al., 2007), this might be an extra argument for the 
implementation of an integrated approach to STEM. Also, integration with more STEM domains (e.g., biology) 
or arts (so called ‘STEAM’) might have extra positive effects for girls. Previous research shows that girls tend to 
be more interested in biology than in physics (Baram-Tsabari and Yarden, 2008), and that STEM activities are 
more appealing to girls when also arts are involved (Boyle, 2021). 

Scores on physics application differed for students with lower SES, when the integrated STEM condition was 
compared with the traditional approach. The negative impact of low SES (Yerdelen-Damar and Peşman, 2013) 
was smaller for students in the experimental condition of iSTEM. From this perspective, iSTEM education might 
create more equity. 

For students in the experimental condition, the impact of abstract reasoning ability on mathematics (knowledge 
and application) was larger than for students in the control condition. This finding implies that, with regard to 
mathematics, an iSTEM approach favors those who already have more cognitive capabilities. The challenging 
nature of the learning modules might provide an explanation for this finding. When designing an integrated STEM 
intervention, educators should bear in mind that the impact of the intervention could vary with reasoning ability. 

Limitations and Directions for Future Research 

While our study has several strengths, such as its scale and longitudinal design, the explicit focus on iSTEM 
(the inclusion of all STEM domains), and the inclusion of multiple cognitive outcomes, limitations should also be 
acknowledged. First, we compared experimental schools with control schools, but it could not be guaranteed that 
the experimental schools implemented the iSTEM intervention in an impeccable way (O’Donnell, 2008), and that 
students in the control condition had no STEM initiatives whatsoever in their schools. It is more plausible that the 
experimental schools varied in the extent to which they implemented the intervention as intended, and that the 
control schools varied in the degree to which they did not implement (other) STEM initiatives. Nevertheless, we 
could ensure that all experimental schools were familiar with the integrated approach and that they implemented 
the learning modules in their classes. Also, intervisions with experimental schools and educational umbrellas were 
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regularly organized so that schools were guided through the process and could optimize their iSTEM approach. 
The control schools, on the other hand, were queried about their ongoing STEM initiatives during the study. Most 
control schools did provide STEM projects for their students. However, they were only small-scale (e.g., extra 
programming exercises) and did not follow an integrated approach. In conclusion, we could presume that the 
critical component of the intervention (i.e., an iSTEM approach) was not present in the control condition. Another 
component in which experimental and control schools could differ was the time-on-task. While iSTEM was taught 
in the regular hours for mathematics and physics, schools still had the autonomy to allocate optional hours to the 
iSTEM learning modules. This extra time-on-task could accordingly have led to improved cognitive performances 
on STEM domains. But control schools might also have optional hours in which students can opt for further 
deepening in mathematics or sciences. And even when time-on-task was different for experimental and control 
schools, we know from earlier research that variation in cognitive performance is not consistently explained by 
differences in instructional time: only 1 to 15 percent of the variance was explained by time-on-task (Karweit, 
1984), and explained variance varied depending on the time-on-task estimation method (Kovanovic et al., 2015). 
Therefore, providing extra time is not a sufficient condition for learning to take place. Also, if time-on-task was a 
crucial factor, we could expect that all learning outcomes would benefit from extra learning time. However, this 
was not the case in the current study. Future research could measure different characteristics (e.g., degree of 
integration, presence of a design challenge, time-on-task, etc.) of STEM initiatives in experimental and control 
settings and determine the relationship with students’ cognitive outcomes. In this way, a measure for 
implementation fidelity in the experimental setting could be provided, and a stricter oversight of the control 
condition could be attained. 

A second limitation is that the role of the teacher was not included explicitly in this study. Variations in the 
implementation of the intervention could be mainly attributed to teacher characteristics and practices. Factors such 
as teachers’ individual characteristics when accepting a new instructional approach, their attitudes towards an 
integrated approach with regard to STEM education, and their prior experiences could have an influence on the 
implementation of the learning modules (Thibaut et al., 2018b; Henderson and Dancy, 2007). Although teacher 
influence could be partially accounted for by controlling for the random effect of schools, we suggest that future 
research incorporates teacher characteristics when investigating the effect of iSTEM education. At the same time, 
further research is needed on ways of assisting teachers to implement iSTEM learning modules (Moore and Smith, 
2014; Sevimli and Ünal, 2022). 

Summarizing, research regarding educational interventions is complex due to its multifaceted nature, such as 
the impact of implementation fidelity, teachers’ characteristics, and complex settings. This exploratory study 
provided a first insight into the effects of iSTEM on a wide range of cognitive outcomes and encourages future 
research to further investigate the crucial ingredients and the effective mechanisms associated with an iSTEM 
education. 

CONCLUSION 

This longitudinal study revealed that iSTEM education had positive effects on cognitive performance on 
mathematics knowledge and application, and technological concepts. Furthermore, the intervention had a positive 
impact on the performance of females on physics application, the negative impact of low SES was smaller in the 
case of physics application, and students with high abstract reasoning capabilities were favored when it came to 
mathematics knowledge and application. Our research shows the importance of a long-term integrated STEM 
educational approach and advocates the integration of all STEM domains in educational initiatives. 
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APPENDIX A 

Physics Knowledge 

A light beam passes through a plate. Which of the images below is correct when the refractive indices are 
n1<n2? 

 
A) a 
B) b 
C) c 
D) d 

Physics Application 

The spring constant of three identical massless springs is 0.200 N/cm. What is the stretching of the feathers 
when they are hung next to each other in order to carry a common load with a mass of 300 g? 

A) 0.667 cm 
B) 4.905 cm 
C) 14.715 cm 
D) 19.620 cm 

Mathematics Knowledge 

The directional coefficient of the line through (a, 0) and (0, b) equals: 
A) a/b 
B) -a/b 
C) b/a 
D) -b/a 

Mathematics Application 

Peter would like to know the height of the tree. For this purpose, he can use grandma’s walking stick, which is 
1.0 m long. Given the illustration below, what is the height of the tree? 
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A) 6.8 m 
B) 5.8 m 
C) 4.8 m 
D) 0.2 m 

Technological Concepts 

Given the program code below: 
number i=0 
number j=5 
REPEAT AS LONG AS (i<3 and j+1<10) { 
 PRINT (i, j) 
 i=i+1 
 j=j+1 
 MEMORIZE i 
 MEMORIZE j 
} 
PRINT (i, j) 

what will be the printing output? 
A) 0 5 1 6 2 7 3 8 
B) 0 5 1 6 2 7 3 8 4 9 5 10 
C) 0 5 1 6 2 7 3 8 4 9 
D) 0 5 1 6 2 7 2 7 

Integrated Physics and Mathematics 

 
Two tractors are pulling a pole out of the ground. The red tractor uses a force of 5,000 N and the blue tractor 

uses a force of 2,500 N. What is the magnitude (in integers) of the total force that is applied on the pole in the 
direction of the y-axis? 

A) 2500 N 
B) 7500 N 
C) 3590 N 
D) 5590 N 
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APPENDIX B 

The ltm-package of R (open source software for statistical computing) was employed, using latent trait models 
under IRT, which is fit for an analysis of multivariate dichotomous data (Rizopoulos, 2006). Difficulty (i.e., the 
ability required to guarantee a 50% probability of answering the item correctly) and discrimination of the items 
(i.e., an index of an item’s capability to differentiate between students in different positions on the latent ability) 
were analyzed, and items with a discrimination value of less than 0.15 were removed from the item battery. 
Subsequently, IRT was re-performed with the remaining items. Thereafter, the model with the best fit for the data 
was identified by analysis of variance (ANOVA). The Rash model (i.e., all items have a discrimination index of 1 
logit) was compared with the one-parameter logistic model (1-PL, i.e., the discrimination index are the same for all 
items, but can have a value other than 1) and with the two-parameter logistic model (2-PL, i.e., the discrimination 
index can vary over items). For each instrument, the model with the best fit, the initial number of items, the 
remaining number of items, and information regarding discrimination values (α) and difficulty (β) are presented. 

Instruments Measurement Moment 1 

In Table B1, the results of the IRT analyses of the pretest instruments (measurement moment 1) are shown. 
Analysis of variance (ANOVA) showed that for physics (knowledge and application) and mathematics (knowledge 
and application) the 2-PL model had the best fit for the data. The 1-PL model had the best fit for the data on 
technological concepts. All items from the mathematics tests (knowledge and application) were retained, as no 
item had low discrimination values (α<0.15). For the other instruments, one or more items were omitted. 
 
Table B1. IRT analyses of instruments measurement moment 1 
 Phys. know. Phys. app. Math. know. Math. app. Techn. IPM 
Model 2-PL 2-PL 2-PL 2-PL 1-PL 

/ 

# initial items 10 15 8 25 25 
# remaining items 9 14 8 25 18 
Min α 0.35 0.36 0.41 0.15 0.61 
Max α 1.33 1.72 1.24 1.62 0.61 
Mean α 0.65 0.70 0.84 0.93 0.61 
Min β -4.26 -1.94 -2.81 -2.00 -6.36 
Max β -0.77 3.93 0.49 3.45 2.93 
Mean β -1.88 0.30 -0.74 -0.67 2.93 

 

Instruments Measurement Moment 2 

ANOVA showed that for all the instruments used in the first posttest (measurement moment 2) the 2-PL 
model had the best fit for the data (Table B2). For each instrument one or more items were omitted due to low 
discrimination values. 
 
Table B2. IRT analyses of instruments measurement moment 2 
 Phys. know. Phys. app. Math. know. Math. app. Techn. IPM 
Model 2-PL 2-PL 2-PL 2-PL 1-PL 2-PL 
# initial items 29 22 10 31 25 14 
# remaining items 22 15 9 29 20 9 
Min α 0.19 0.20 0.24 0.29 0.18 0.18 
Max α 1.87 2.02 1.37 2.38 2.31 17.91 
Mean α 0.78 0.68 0.60 0.91 0.90 2.30 
Min β -2.82 -1.56 -2.30 -1.55 -1.47 -0.92 
Max β 9.68 4.92 1.49 3.45 8.36 5.60 
Mean β 0.73 1.09 -0.02 0.40 0.65 2.02 

 

Instruments Measurement Moment 3 

Table B3 shows the results of the IRT analyses of the second posttest (measurement moment 3). The 2-PL 
model best fitted the data of physics (application) and mathematics (knowledge and application), whereas the 1-
PL model best fitted the data of technological concepts and integrated physics and mathematics questions. Of all 
17 items in the physics knowledge test, only one item had a discrimination index of α>0.15, which was insufficient 
to perform further analysis. As a result, no reliable indicators of physics knowledge were collected in the second 
post-test of the study. 
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Table B3. IRT analyses of instruments measurement moment 3 
 Phys. know. Phys. app. Math. know. Math. app. Techn. IPM 
Model  2-PL 2-PL 2-PL 1-PL 1-PL 
# initial items 17 13 15 29 19 12 
# remaining items 1 11 15 28 10 9 
Min α  0.16 0.37 0.35 0.64 0.5 
Max α  1.95 2.51 8.36 0.64 0.5 
Mean α  0.64 1.45 1.77 0.64 0.5 
Min β  -3.03 -1.73 -1.48 -1.07 0.83 
Max β  8.39 3.76 5.06 1.90 3.54 
Mean β  1.12 0.55 0.45 0.22 1.92 
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