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Interventions in Circuit Education in K-12 Worldwide: A Systematic Review

Abstract

Understanding introductory circuit concepts would be beneficial for K-12 students pursuing
related majors in college. Accordingly, various educational interventions have been designed and
implemented for students at the K-12 level. Previous reviews of circuit interventions were
limited to the undergraduate population, outdated, or did not identify intervention types.
Therefore, we investigated (a) what types of interventions were conducted in circuit education at
the K-12 level around the world from 2000 to 20257 (b) what impact these interventions had on
students, and (c) what similarities and differences exist in these interventions across countries.
We conducted a systematic review by searching and filtering studies published from 2000 to
2025. Specific keyword searches and forward and backward snowballing were used to locate 23
papers, including 38 studies. Due to our defined eligibility criteria, such as publication in
English, 43% of the papers reporting interventions included in this study were administered in
the United States. Among categories of interventions, motivational interventions were the least
common, and regarding learning strategies, cognitive-focused interventions outnumbered
metacognitive and management strategies. Interventions at the high school level were mainly
designed to have effects on student perceptions, as preparations for engineering majors align
more with high school curricula. Hence, there were generally more interventions at this level to
shape perceptions of electrical engineering. High school curricula also covered more advanced
topics, offering instructors greater flexibility in designing interventions and necessitating
strategies to address these challenging subjects.

Keywords: Circuits, Interventions, Elementary, Middle School, High School, Pre-College
1. Introduction

Developing new teaching methods is essential to effectively impart knowledge, spark students’
interest, and encourage further exploration. This is especially true in science and engineering
education, where complex concepts often need thoughtful teaching methods to help students
understand and stay engaged. One area where such interventions are particularly important is
circuits education. Almost all modern devices and systems, such as those used in
communication, computing, or power delivery, are built using circuit elements that have grown
increasingly complex over time. Electrical circuits form the basis for designing, optimizing, and
sustaining a wide range of electronic systems. According to the U.S. Bureau of Labor Statistics,
the demand for electrical and electronics engineers is expected to increase by 9% from 2023 to
2033 [1]. In response to this growing need for electrical and computer engineering, educators
have increasingly emphasized introducing circuit-related concepts as early as the K-12 level [2].

Over the past 25 years, several reviews have examined circuits education interventions to better
understand and track instructional approaches and their impacts on students [3]-[5]. While some
reviews focused primarily on undergraduate populations [3]-[4], they did not comprehensively
categorize different types of interventions used [5]. In addition, a significant gap remains in the
literature regarding pre-college populations, where distinct instructional interventions have been
implemented but not systematically examined (e.g., [6]). Classifying interventions by



instructional type helps identify effective teaching strategies and supports evidence-based
decision-making by educators and policymakers in K-12 education. To address this gap, this
study conducts a systematic review of 23 papers published over the past 25 years that focus on
circuits education interventions for K-12 students. Several papers reported multiple intervention
studies (e.g., [7]), resulting in a total of 38 studies analyzed.

1.1 Objectives of the Review

The primary goal of this paper is to systematically review interventions in circuits education at
the K-12 level, categorize them, and synthesize findings from existing studies. This paper
addresses the following research questions: (a) What types of interventions have been carried out
for K-12 students learning about circuits from 2000 to 2025?; (b) What impact did these
interventions have on students?; and (c) What similarities and differences exist in these
interventions?

2. Literature Review
2.1 Typology of Interventions

According to the APA dictionary, in a research design, an intervention refers to an experimental
manipulation intended to assess the effect of changing one or more independent variables on a
single dependent variable [8]. In general, an intervention is a planned, organized, and usually
time-limited strategy designed to change a process or outcome for a student or group of students
[9]. In educational research, interventions may vary widely in instructional approach, primary
focus, level of structure, and mode of implementation. Such interventions are commonly used to
enhance students’ learning outcomes, engagement, and conceptual understanding. To better
understand how these interventions are structured and applied in educational research for
students, several scholars have proposed classification frameworks.

Referring to the classifications proposed by [9]-[11], this paper categorizes interventions into
three major types: (a) motivational interventions, (b) learning strategies interventions, and (c)
practice- or research-based instructional strategies. Motivational interventions usually aim to
improve student engagement and self-efficacy. [9] further divides this category into several
subcategories, such as (a) task value, (b) framing, (c) personal value interventions, (d) mitigating
stereotype threat, and (e) changing attributions. Another major category, learning strategy
interventions, focuses on teaching purposeful techniques to students, such as organization,
elaboration, and monitoring, which help them learn more effectively. This is further divided into
three sub-categories: (a) cognitive strategies, (b) metacognitive strategies, and (c) management
strategies [10].

The third important classification, Practice-Based/Research-Based Instructional Strategy (RBIS),
refers to instructional approaches that have been proven through research to enhance student
learning outcomes. It is further divided into sub-categories as follows: (a) conceptual changed
strategies, (b) cooperative learning, (c) discovery learning, (d) inquiry-based learning, (e) peer-
led instruction, and (f) problem-based learning [11]. Table 1 presents the intervention categories,
sub-categories, and examples for each one.



Table 1. Classification of Interventions Based on Categories and Sub-Categories

Categories Sub-Categories Examples Reference
Motivational Task Value Utility-Value, Communal Utility-Value, [9]
Interventions Parent Utility-Value
[9] Framing Attributional Reframing, Mindset, Self- [12]

Efficacy, Social Belonging
Personal Value Values Affirmation [13]
Learning Cognitive Strategies Elaboration, Organization, Rehearsal [14]
Strategy Metacognitive Strategies | Self-Planning, Self-Monitoring, Self- [15]
Interventions Evaluating
[10] Management Strategies | Management of Effort (Self-Regulation), [16]
Peer/Teacher, and Environment
Research Conceptual Changed Cognitive Conflict [17]
Based/ Practice | Cooperative/ Team Structured, Group Collaboration [18]
Based Collaborative
Instructional Discovery Learning Guided Experiments, Testing Hypothesis [19]
Strategy Flipped Classrooms Pre-class Videos and Modules [20]
(RBIS) [11] Inquiry-based Learning | Question-driven Investigations [21]
Peer-led instruction Peer Instruction, Teaching Assistants [22]
Problem-based Learning |Projects, Real-world Difficulties [23]

2.2 Interventions in Circuits Education in K-12

Teaching electric circuits is widely recognized as a persistent and challenging conceptual issue
due to students’ difficulties in forming accurate mental models and overcoming common
misconceptions [24]-[25]. Additionally, the K-12 level is a crucial window for circuits education,
as students at this level are actively developing foundational scientific reasoning skills and
forming their attitudes toward STEM disciplines. Introducing circuit concepts early helps prevent
misconceptions and supports the growth of systems-thinking abilities [26]-[27]. Therefore, a
variety of interventions have been developed to improve the conceptual accessibility and
engagement of circuits. These interventions range from inquiry-based curricula and hands-on Kits
to virtual and graphical simulations. Utilizing the Squishy Circuits is an example of a hands-on
learning intervention that engages young learners through tangible materials to explore
conductivity and circuit components [28]. Similarly, using virtual platforms such as the PhET
Circuits Construction Kit allows safe visualization and experimentation of electrical current [29].

Notably, circuits interventions for K-12 are often studied in isolation, without being
systematically classified or compared within a comprehensive framework. In addition, while K-
12 STEM education is well-studied, systematic reviews of circuit-specific instructional
interventions remain limited. Much of the existing circuit education literature has emphasized
undergraduate populations, resulting in a gap in understanding how best to support younger
learners [3]-[4]. Consequently, there is a clear need for a systematic review that identifies,
categorizes, and synthesizes the range of intervention types used in K-12 circuits education. Such
a review would clarify how different instructional strategies support conceptual understanding of
circuits and inform the development of more coherent and effective teaching practices at this
critical stage.



3. Method

To ensure transparency and reproducibility of this review, a systematic approach was utilized
based on accepted synthesis principles. Building on foundational steps for conducting systematic
reviews by [30] and specific protocols for selection and synthesis phase by Cochrane’s handbook
[31], the systematic review process was conducted through a framework with the following
phases: (a) defining the eligibility criteria, (b) implementing searching strategies and screening
process for the literature, (c) extracting and categorizing the data based on defined coding
themes, (d) synthesizing findings and (e) interpreting the evidence.

3.1 Defining the Eligibility Criteria

The first stage involved developing the study questions and setting inclusion and exclusion
criteria. These criteria defined the standards a study had to meet to be considered relevant within
the context of this review. For a study to be included in this systematic review, it had to meet all
the following four criteria: (a) Primary Focus: The study must have a specific educational
intervention, teaching strategy, or pedagogical approach aimed at teaching concepts of electric
circuits; (b) Target Population: The study population must involve students at K-12 grade levels.
Studies that involved only graduate or undergraduate students were ineligible; (c) Publication
Timeframe: Studies published between January 1, 2000 and December 31, 2025 were included in
the review; and (d) Publication Language: Studies must be available in English, regardless of
country of origin.

3.2 Searching Strategies and Screening Process for the Literature

The initial Google Scholar search yielded a large number of results, many of which were
irrelevant to our study. We then refined our keyword searches, yet the volume and irrelevance of
some studies persisted. To better target circuit interventions, we focused our search on several
well-known journals and conferences in STEM education, such as Journal of Engineering
Education (JEE), Journal of Research in Science Teaching (JRST), Institute of Electrical and
Electronics Engineers (IEEE), and American Society for Engineering Education (ASEE). IEEE
was included because circuit education falls under electrical engineering, while ASEE was
chosen to capture relevant conference papers alongside journal articles. Search keywords used
for locating articles from ASEE, IEEE, JEE, and JRST are summarized in Table 2.

Table 2. Keywords and Search Results from Popular Journals and Conferences

Keywords Used ASEE IEEE JEE | JRST
“circuits” 8,976 | 459,548 57 75
“circuits” AND “intervention” 932 1,090 14 43
“circuits” AND “teaching” AND “intervention” 864 17 13 43
“circuits” AND “intervention” AND “high school” 642 184 13 12
“circuits” AND “intervention” AND “middle school” 266 6 5 10
“circuits” AND “intervention” AND “elementary” 145 7 2 7

Note. ASEE = American Society for Engineering Education; IEEE = Institute of Electrical and
Electronics Engineers; JEE = Journal of Engineering Education; JRST = Journal of Research in
Science Teaching



However, this approach excluded a considerable number of relevant studies, particularly
international research and articles published in less widely indexed journals. To address this, we
expanded our search by accessing additional academic databases available through the university
libraries, including ERIC (via EBSCOhost), ProQuest Research Library, Scopus (Elsevier), and
Wiley Online Library. Additionally, we used Al tools, such as ChatGPT, to discover further
relevant journals and publications, introducing us to sources, such as the International Journal of
Science Education, EURASIA Journal of Mathematics, Science and Technology Education, and
many more. Selected articles were used to identify further relevant papers using the forward and
backward snowballing strategy as defined by [32]. The snowballing procedure was iteratively
repeated until no further relevant articles could be found.

After creating the initial pool from the identified articles collection, papers deemed relevant to
educational interventions were selected through a preliminary title-based screening. The number
of papers was further narrowed by reviewing the abstracts in a second round of screening. Lastly,
a detailed full-text review was conducted to ensure that the most relevant intervention-based
studies meeting the inclusion criteria were selected. Figure 1 presents how articles were
identified using each strategy and the process of selecting 23 articles for inclusion in this study.

Figure 1. Number of Papers Collected via Three Searching Strategies
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Number of Articles Chosen for Review: 23

3.3 Extracting and Categorizing the Data Based on the Defined Coding Themes

Data extraction was conducted by two researchers and recorded in Microsoft Excel. A second-
year undergraduate student majoring in Electrical Engineering reviewed each paper and
extracted the relevant information for coding. The extracted data were then cross-checked by a
Ph.D. student in Engineering Education with an Electrical Engineering background. An assistant
professor in Engineering Education guided each step of the systematic review and supervised the
whole process to ensure the consistency of coding.



In the case that the articles included two or more intervention studies (e.g., [7]), specific study
IDs were created for each study, and each study was coded separately. Overall, in the 23
extracted articles, we identified 38 studies reviewed in this paper. In summary, our coding
included the following information about the papers: author(s) and publication year, country of
origin, intervention, number and education level of the participants, research design, assessment
tools, intervention category and subcategory, and findings.

3.4 Synthesizing Findings and Interpreting the Evidence

Using the predefined coding scheme, we synthesized interventions from all studies to address the
research questions and identify patterns in K-12 circuits education. Intervention characteristics
and outcomes were systematically examined by reviewing the results, discussion, and conclusion
sections of each article. This process allowed us to determine how each intervention influenced
students’ learning, engagement, and performance, and to ensure that reported effects were
interpreted within the context of each study’s design and implementation. We grouped
interventions into categories and subcategories to enable cross-study analysis that allowed
consistent comparison of instructional approaches, modes of implementation, and the outcomes.
Both quantitative evidence, such as pre- and post-test results and performance measures, and
qualitative evidence, including observations of student engagement and conceptual
understanding, were considered in the synthesis.

The integration of these findings enabled us to identify dominant intervention trends and
recurring instructional patterns. Based on this synthesis, research questions were addressed, and
interpretations were developed to clarify how different types of interventions existed within K-12
circuits education. This combined analytical approach strengthened the data extraction,
categorization, and interpretation, providing a comprehensive understanding of how instructional
strategies support learning in electric circuits.

4. Results
4.1 Demographic and Publication Overview

Table Al in the appendix presents the results of our review of 23 papers that include a total of 38
studies. Figure 2 illustrates the countries in which the interventions were conducted.
Accordingly, most studies were conducted in the United States, with 10 papers, followed by
Greece, Indonesia, and Finland with 3, 2, and 2 papers, respectively. Other represented countries
include Israel, the Netherlands, the Philippines, Portugal, Taiwan, and Turkey, each contributing
one paper.



Figure 2. Distribution of 23 Papers Across 10 Countries Included in the Review
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Participants’ educational levels varied across the articles: 8 papers focused on PreK to
elementary school students, 5 on middle school students, and 8 on high school students. Two
papers focused in more than one levels: middle school & high school [33] and elementary school
& high school students [34]. Reported sample sizes across studies showed wide variability,
ranging from as few as 7 participants [35] to as many as 2,880 in a single study [36]. Figure 3
presents the distribution of the reviewed publications across time. Specifically, 17.4% of the
studies were published in the 2000s, 47.8% in the 2010s, and 34.8% between 2020 and 2025.
Most of these papers (82.6%) were journal articles, while conference papers made up 17.4%. The
most frequently represented journals were Journal of Research in Science Teaching (JRST) and
Journal of Science Education and Technology (JSET), each featuring four papers.

Figure 3. Distribution of Included Studies Across 26 Years of Publication from 2000 to
2025
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4.2 Study Designs and Assessment Frameworks

Regarding research design, seven articles employed quantitative approaches, three utilized
qualitative approaches, and thirteen adopted mixed methods research design. . The most
prevalent intervention involved the use of various circuit Kits, appearing in seven studies.
Reviewed interventions ranged from curriculum-based implementations (e.g., [37]) to
technology-driven approaches, such as microcontrollers [33] and Arduino platforms [38]. In
addition, a number of studies also integrated simulation tools and emerging technologies, notably
Internet of Things (10T) applications (e.g., [39]), at the high school level.

For assessment strategies, a variety of tools were employed, including pre- and post-tests,
classroom discussions, and interviews. Certain studies utilized specialized instruments, such as
the Word Association Test (WAT) [37] and concept inventory assessments (e.g., [40]), to
evaluate student performance. Overall, the most frequently used method involved administering
pre- and post-tests to evaluate changes in students’ learning and understanding of circuits
concepts.

4.3 Intervention Characteristics and Outcomes

Table 3 delineates the distribution of interventions across various categories and subcategories,
with 42.1% of the studies employing research-based or practice-based instructional approaches.
The remaining studies were distributed between learning strategy interventions and motivational
interventions, accounting for 39.5% and 18.4%, respectively. Regarding study outcomes, among
the 23 interventions analyzed, only 3 reported no effects. All other studies demonstrated positive
results. The majority of the studies primarily focused on student performance outcomes (52.6%),
while a considerable proportion examined student perceptions and related parameters, including
motivation (15.8%), creativity (13.16%), cognitive structures (10.5%), and problem-solving
skills (10.5%). Notably, interventions targeting creativity and other affective or cognitive
parameters uniformly yielded positive outcomes. Conversely, 21.1% of the studies assessing
performance failed to identify statistically significant improvements.

Table 3. Classification of Interventions by Category and Sub-category

Categories Sub-Categories Studies
n %

Motivational Interventions Task Value 2 5.3 18.4
Framing 2 5.3
Personal Value 3 7.9

Learning Strategies Interventions |Cognitive Strategies 11 28.9 39.5
Metacognitive Strategies 3 7.9
Management Strategies 1 2.6

Research Based/Practice Based | Conceptual Changed 5 13.2 42.1
Instructional Strategy Discovery Learning 8 21.1
Intervention Flipped Classrooms 0 0.0
Inquiry based Learning 1 2.6
Peer led instruction 0 0.0
Problem-based Learning 0 0.0




Cooperative/Collaborative 2 5.3

Total 38 100.0] 100.0

5. Discussion
5.1 Demographic and Design Trend

Because our inclusion criteria were limited to studies published in English, it is very likely that
many valuable interventions reported in other languages were missed. Instructional strategies for
teaching circuits are probably being developed all around the world, but they remain
underrepresented in the international literature. In another word, the geographic distribution of
the included studies is heavily skewed towards the United States. As a result, the findings should
be interpreted with caution when discussing global trends in circuit-based interventions. In
addition, since popular American journals were our main starting point for identifying studies, a
large proportion of the reviewed articles came from the United States. From the studies that were
included, most interventions were conducted at the high school level. This pattern makes sense
because high school can become an important stage [41] where students can build a foundation
before entering college, while also being cognitively ready to grasp more complex electrical
concepts as compared to middle school or elementary school students.

The wide variation in sample sizes across studies highlights the flexibility of circuit education
interventions. Some studies focused on small-scale classroom implementations, while others
demonstrated large-scale impact, such as curriculum reforms implemented across as many as 152
schools in three U.S. states [36]. This shows that effective interventions can be designed and
implemented at both micro and macro levels. Also, a clear upward trend in publications on
circuit education interventions is evident from Figure 3. While 11 studies were included from the
2010s, 8 studies have already appeared in just the first half of the 2020s, which strongly reflects
the growing importance and research interest in circuits education. Finally, as noted by [3], the
period following COVID-19 appears to have influenced this growth. Findings from Figure 3
suggest a noticeable increase in publications after the pandemic, possibly due to increased
internet accessibility and the widespread adoption of virtual modalities that became normalized
during and after lockdown.

Among the reviewed studies, mixed methods research design is the most popular. More than half
of the papers combined quantitative tests with qualitative assessment, giving us a better idea of
the effects of interventions. Circuit kits are commonly used, especially at the elementary and
middle school levels as they provide hands-on, tangible learning experiences. However, many
commercially available kits and technology-based tools require financial investment, which can
limit their accessibility in schools with limited resources. To address this gap, initiatives like
those by [42] in Turkey have focused on developing affordable, low-cost kits that make hands-on
learning more accessible.

5.2 Intervention Characteristics and Outcomes

Among categories of interventions, motivational interventions were the least common, as shown
in Table 3. This scarcity may stem from the misconception that K-12 students are too young to



develop a genuine interest in circuits or electrical engineering. However, interventions can be
done with students as early as pre-school to attract their interests in circuits. Regarding learning
strategies, cognitive-focused interventions outnumber metacognitive and management strategies.
This pattern suggests that many interventions prioritize introducing core concepts and
stimulating initial cognitive engagement in K-12 students rather than promoting students’ self-
regulated learning skills, which may develop later in their academic journey. Finally, the high
proportion of cognitive interventions is not surprising. Additionally, students tend to be naturally
drawn to interactive gadgets and tools, which can make learning more enjoyable and effective.

Most interventions focused on performance outcomes, reflecting the traditional emphasis on
measurable academic achievement when evaluating educational effectiveness. However,
improvements in test scores are not always guaranteed, as 21.1% of studies reported no
statistically significant gains. This suggests that performance scores alone may not fully capture
the breadth of students’ learning and development. Instead, it raises a concern: could an
overemphasis on performance testing unintentionally limit students’ creativity or motivation?
Although this idea is not yet strongly supported by empirical evidence, it points to the potential
value of balancing performance measures with greater attention to creativity, engagement, and
motivation in evaluating the effectiveness of educational interventions. The promising positive
effects of interventions support the value of using intervention-based approaches in this area of
circuits education.

5.3 Implications for Practice

Our findings indicate that classroom activities involving hands-on manipulation of components
and experimentation, such as utilizing various circuit kits, Arduino microcontrollers, E-textiles
toolkits, and FPGA boards, facilitate a more effective construction of conceptual understanding
among students. Nevertheless, a more comprehensive comparison among the available physical
tools, their impact on student learning, and their overall application within K-12 education is
needed.

Educators are encouraged to perceive interventions not solely as assessment-driven instructional
tools aimed at enhancing student performance but also as opportunities to increase engagement
among young learners, particularly those encountering circuitry for the first time in K-12
settings. Consequently, integrating circuit-related interventions in K-12 education may
significantly influence students' decisions to pursue electrical engineering as a future academic
discipline.

5.4 Limitations and Future Direction

Despite the insights this review provides in K-12 circuits education, there are certain limitations.
The fact that only those studies written in English were eligible for the review made it
linguistically biased, because some effective interventions worldwide may not have been
reviewed because either they were never documented or were in other languages. Differences in
the research designs, encompassing subjects, grade levels, and interventions in these studies also
made studies not directly comparable each other. It is also important to have more research in K-



12 circuits education in the future, as well as appropriate assessment tools to measure the impact
on student outcomes.

It is important to acknowledge that the term “K-12” used in this study may not be universally
applicable across different national education systems. Historically, K-12 education has been
characterized as comprising primary or elementary education and lower secondary education. By
the early 21st century, these terms had increasingly been replaced by the concept of “basic
education” [43]. However, because we were unable to find recent reports and updates on this
topic, we have used K-12 education for the education period from the start of elementary
schooling through the final year of high school.

5.5 Conclusion

This systematic review examined the effects and trends of instructional interventions in circuits
education and found that 78.9% of the studies reported positive impacts on students’ learning or
on other measured parameters in K-12. This high success rate shows that well-designed
interventions can effectively support students’ understanding of circuits. At the same time, the
trends observed in the literature indicated that classrooms were continuously adapting to rapid
technological progress. While this direction is promising, greater attention should also be given
to developing and implementing motivational interventions to foster students’ interest and
engagement for sustained learning. Across different countries, interventions continued to be
implemented and refined, demonstrating a global effort to improve K-12 circuits education.

One of the key contributions of this review is the organization of a wide range of intervention
approaches into clear categories and subcategories, making it easier to identify patterns in
instructional strategies within K-12 circuits education. Therefore, this review provides practical
guidance for teachers, curriculum designers, and researchers who aim to select or design
effective circuit curricula. Furthermore, it highlights the need for future studies to expand the
number of interventions, make greater use of mixed methods designs to explain both how and
why the intervention affected students’ perceptions and performance, and explore long-term
learning outcomes. Focusing on these interventions will facilitate more efficient and impactful
circuits education.
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