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Abstract. STEM-integrated project-based
learning (STEM-PjBL) can support science
learning, but evidence from under-resourced
rural schools in P. R. China remains limited.
This study developed a low-cost STEM-
integrated project-based learning module on
electricity (STEM-E-PjBL, where “E” denotes
electricity) and examined its effects on

Grade 9 students’ electricity achievement,
critical thinking skills, and science learning
interest. A pragmatist mixed-methods
approach was used, combining a quasi-
experimental pretest-posttest nonequivalent
control-group design with semi-structured
interviews. One hundred students from two
intact classes in one rural middle school
participated. The experimental group (n =
50) completed the six-week STEM-E-PjBL
module, whereas the control group (n =

50) received conventional physics lessons.
Quantitative data were collected using

an electricity achievement test, a critical
thinking scale, and a science learning interest
questionnaire. Thirty experimental-group
students were interviewed and classified

as high-, medium-, or low-gain students
according to their pretest-posttest gains on
the electricity achievement test, enabling
differentiated analysis of students’ learning
experiences. ANCOVA showed significant
experimental-group advantages in all three
outcomes, with large effect sizes. Interviews
indicated that hands-on activities, authentic
contexts, and collaborative inquiry supported
understanding, reasoning, motivation, and
engagement, with different gain groups
emphasizing different forms of support and
learning value. The STEM-E-PjBL module
offers a feasible approach for improving rural
students’ electricity learning and supporting
equitable STEM education.
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Introduction

As innovation-driven economies place increasing demands on scientific
and technological literacy, a central challenge for contemporary science
education is no longer whether STEM (Science, Technology, Engineering, and
Mathematics) education should be prioritized, but how its benefits can be
equitably realized across unevenly resourced educational contexts (Belbase
etal, 2021; Zhan & Niu, 2023). In P. R. China, national policies have increas-
ingly emphasized the cultivation of critical thinking, innovation, and scientific
literacy (Liang & Chang, 2022; Xie et al., 2025). However, substantial dispari-
ties in educational resources persist, particularly in rural areas of P. R. China
(Song, 2023;Ying & Hatta, 2025a). Many rural schools face limited teaching
expertise, insufficient experience with digital teaching, inadequate labora-
tory facilities, and a shortage of high-quality STEM curriculum resources (Li
et al,, 2025; Rehman et al., 2025). These constraints reduce the quality of
science learning and opportunities to rural students and may further rein-
force educational inequities between rural and urban schools (Chen, 2024;
Murphy, 2020; Zenda, 2024).

Within the Chinese compulsory physics curriculum, electricity is a core
contentarea and a cognitively demanding topic because it involves abstract
and highly interrelated concepts such as current, voltage, resistance, and
circuit relationships (Li & Singh, 2016; Ministry of Education of the People’s
Republic of China, 2022; Moodley & Gaigher, 2019). Students are expected
to understand invisible and highly interrelated concepts such as electric cur-
rent, voltage, and resistance (Hermawati, 2022). In many rural middle schools,
physics teaching remains largely lecture-based and teacher-centered,
reflecting broader examination-oriented classroom practices in P. R. China
(Cheng & Chen, 2022; Zhang & Lamb, 2025). Such teaching often prioritizes
formula memorization and repetitive problem-solving, while providing
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fewer opportunities for authentic application, experimentation, and active student engagement (Amirova, 2025;
Hatch & Clark, 2021; Nkanyani et al., 2024). This learning context may lead students to experience low confidence,
frustration, and a perception that physics is abstract, monotonous, and weakly connected to everyday life (Tang
et al., 2024; Verawati & Nisrina, 2025).

Critical thinking is increasingly regarded as a key twenty-first-century competency and has become an im-
portant focus of educational reform in P. R. China (Chen et al., 2024; Xie et al., 2025). In physics education, critical
thinking extends beyond conceptual understanding to include evaluating evidence, interpreting experimental
findings, and judging alternative explanations (Jamil et al., 2024; Ubaidillah et al., 2023). However, classroom
practices that emphasize standard answers and fixed problem-solving procedures may limit students’ opportuni-
ties to question, justify, and evaluate scientific ideas (Chen et al., 2024; Mendoza-Figueroa et al., 2025). This issue
is particularly relevant in rural learning contexts, where students may have fewer opportunities for independent
reasoning, open-ended inquiry, and evidence-based discussion (Kurniawan et al., 2023; Shafiyeva, 2021).

In addition to academic achievement and critical thinking, science learning interest is crucial for students
sustained engagement in STEM learning (Amalina et al., 2025; LaForce et al,, 2017; Perez et al., 2019). Existing
evidence indicates that science learning interest is positively related to classroom participation, depth of learning
engagement, and students’ intentions to continue with science-related studies and careers (Harefa et al., 2023;
Kaleva et al., 2023). However, in many rural middle school contexts, science learning often remains centered on
knowledge memorization, partly due to limited experimental opportunities and weak connections between cur-
riculum content and students’ everyday experiences (Meng & Jumaat, 2024; Zhao, 2015). Electricity learning may
further intensify these difficulties, as abstract concepts and complex calculations can increase cognitive burden,
learning anxiety, and declining interest (Firdaus et al., 2025; Pitterson & Streveler, 2016). Prolonged exposure to
passive learning environments may therefore weaken students’intrinsic motivation toward science and hinder the
development of scientific literacy (Haw et al.,, 2021; Manzano-Ledn et al., 2022; Owens et al., 2020).

Against this background, project-based learning (PjBL) has been widely recognized as an inquiry-oriented ap-
proach with the potential to improve academic achievement, critical thinking, and learning motivation by engaging
students in collaborative exploration of authentic and complex problems (Almulla, 2020; Kokotsaki et al., 2016; Spires
et al,, 2022; Zulkarnaen et al., 2025). The integration of PjBL and STEM education can support student-centered,
contextualized, and interdisciplinary learning by helping students relate scientific concepts to practical problem
solving (Chistyakov et al., 2023; Diana & Sukma, 2021). Existing international evidence has reported positive effects
of STEM-PjBL on achievement and higher-order thinking across diverse student populations (Han et al., 2015).

Despite this growing evidence, several gaps remain. First, most empirical studies of STEM-PjBL have been
conducted in well-resourced urban schools or economically developed regions, whereas its effectiveness in
under-resourced rural settings remains insufficiently examined (Chen & Lin, 2019; Zhang, 2024). Second, although
electricity is a conceptually demanding and curriculum-central topic, relatively few PjBL studies have focused on
electricity or energy, and those that have done so have often been situated at the primary level or framed around
general energy literacy rather than STEM-integrated electricity modules for ninth-grade students (Karacalli &
Korur, 2014; Karpudewan et al., 2016). Third, academic achievement, critical thinking, and science learning interest
have often been examined separately rather than as interrelated outcomes within a coherent intervention (Han
etal., 2015; Zhang & Ma, 2023). Fourth, limited evidence is available on how low-cost and readily implementable
STEM-PjBL modules can be designed and sustained under conditions of limited equipment, teaching expertise,
and curriculum resources, or how such modules influence student outcomes in rural schools (Chen & Lin, 2019; Li
etal,, 2025; Rehman et al., 2025; Zhang, 2024).

Addressing these gaps is significant both nationally and internationally. Nationally, this study responds to
P. R. China’s policy commitment to narrowing the urban-rural education gap and localizing STEM education in
resource-constrained schools. Internationally, it contributes to discussions on equitable and inquiry-based science
education by examining a low-cost and transferable module that may inform comparable under-resourced contexts.
Accordingly, this study developed a STEM-integrated project-based learning module on electricity, hereafter referred
to as STEM-E-PjBL, with “E” denoting electricity, and examined its effects on rural ninth-grade students’ electricity
achievement, critical thinking skills, and science learning interest. It also explored students’ learning experiences
during the module through qualitative inquiry. By integrating cognitive, affective, and experiential dimensions,
the study seeks to provide empirical evidence on how STEM-PjBL can be adapted to support meaningful science
learning in rural middle school contexts.
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Literature Review
STEM Education and Project-Based Learning (PjBL)

STEM education is increasingly understood as an integrative educational approach rather than a simple ag-
gregation of science, technology, engineering, and mathematics. Its central value lies in engaging students with
complex, authentic problems that require the application of interdisciplinary knowledge (Bybee, 2010; English,
2016). This orientation resonates with the project method influenced by Deweyan educational thought, which
emphasized purposeful activity, inquiry, and learning through experience (Kilpatrick, 1918; Peterson, 2012; Zhang
etal,, 2022). In contemporary STEM education, PjBL is therefore not merely a general student-centered strategy; it
becomes particularly meaningful when project tasks require learners to connect conceptual understanding with
engineering design, technological tools, mathematical reasoning, collaboration, and evidence-based decision
making (Blumenfeld et al., 1991; Nguyen, 2025; Nurhidayah et al., 2021).

Accordingly, combining PjBL with STEM education has been regarded as a useful approach for promoting
contextualized and practice-oriented science learning. STEM-PjBL can provide students with opportunities to
apply disciplinary knowledge across problem situations, engage in inquiry, and produce meaningful artifacts or
solutions (Chistyakov et al., 2023; Santhosh et al., 2023; Simamora, 2024). Research syntheses generally indicate
positive associations between STEM-PjBL and students’academic achievement, critical thinking, analytical reason-
ing, communication, collaboration, and learning engagement (Azzahra et al., 2025; Bell, 2010; Feziyasti et al., 2025;
Han et al., 2015; Kokotsaki et al., 2016; Setyawati et al., 2022). However, its effectiveness should not be assumed
as automatic. Prior reviews emphasize that outcomes depend on the quality of project design, teacher scaffold-
ing, assessment alignment, available time, and learning resources (Condliffe, 2017; Kokotsaki et al., 2016; Margot
& Kettler, 2019). These conditions are especially consequential in rural and resource-constrained schools, where
inadequate teacher preparation, limited interdisciplinary curriculum experience, and unequal access to resources
may shape the implementation and effects of STEM-PjBL (Haryadi & Pujiastuti, 2022; Margot & Kettler, 2019; Utomo
et al., 2025). Thus, the key issue is not whether STEM-PjBL has theoretical value, but under what contextual and
pedagogical conditions it can be implemented effectively.

Challenges in Rural Middle School Students’ Electricity Learning

Electricity learning in rural middle schools in P.R. China is shaped by the intersection of resource constraints,
prevailing classroom practices, and the conceptual complexity of electricity itself (Cheng & Chen, 2022; Hermawati,
2022; Moodley & Gaigher, 2019; Ying & Hatta, 2025b; Zhang & Lamb, 2025; Zhang et al., 2025). Outdated laboratory
facilities, insufficient qualified teachers, and limited access to digital learning materials can restrict inquiry-based
and experiment-oriented science learning. Yet meaningful inquiry depends on precisely these forms of support,
including adequate materials, teacher scaffolding, sufficient time for investigation, and opportunities for students
to observe, test, discuss, and construct evidence-based arguments (Furtak et al., 2012; Hermawati, 2022; Hmelo-
Silver et al., 2007; National Research Council, 2006; Zhang et al., 2025). When such conditions are weak, electricity
lessons may rely heavily on verbal explanation, textbook exercises, and procedural problem solving.

These contextual constraints are compounded by the abstract nature of electricity. Students often struggle
to construct coherent explanations of circuit behavior, especially when they must coordinate conceptual models,
measurement results, and observable phenomena (Dounas-Frazer et al., 2016; Van De Bogart et al.,, 2017; Van De
Bogart & Stetzer, 2018). Classroom practices that prioritize correct answers and repeated calculation procedures
may allow students to apply formulas without developing a deeper understanding of the underlying principles
(Abdollahi et al., 2022; Stanger-Hall, 2012; Yaki, 2022). Over time, this mode of learning may weaken students’learn-
ing confidence, reduce their willingness to engage in open-ended inquiry, and diminish their intrinsic motivation
toward physics learning (Khouna et al., 2025; Rendon et al., 2022).

Improving electricity learning in such contexts therefore requires more than adding isolated activities to
existing lessons. These challenges point to the need for structured pedagogical designs that translate abstract
concepts into concrete learning experiences, embed circuit principles in authentic problem contexts, and support
students in testing, revising, and justifying their ideas (Furtak et al., 2012; Hmelo-Silver et al., 2007; Kokotsaki et al.,
2016; National Research Council, 2006). STEM-PjBL is aligned with this need because project- and design-oriented
learning can connect circuit concepts with observable functions and practical problem solving (Blumenfeld et al.,
1991; Dounas-Frazer et al., 2016; Kokotsaki et al., 2016). For rural schools, however, such modules must be low-cost,
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manageable for teachers, and aligned with curriculum requirements. This makes rural electricity learning a suitable
context for examining the feasibility and educational value of locally adaptable STEM-PjBL.

Fostering Critical Thinking and Sustained Interest Through STEM-PjBL in Science Learning

STEM-PjBL offers a pedagogical context for fostering critical thinking, as students are required to engage in
inquiry, design activities, evidence-based reasoning, and collaborative problem solving (Feziyasti et al., 2025; Furtak
etal, 2012; Kokotsaki et al., 2016). In project-based STEM activities, students are expected to identify problems, plan
solutions, analyze data, evaluate evidence, refine designs, and justify conclusions. By engaging students in these
processes, STEM-PjBL provides repeated opportunities for higher-order cognitive activity, which prior research has
linked to the development of students’ critical thinking (Nisa, 2025; Setyawati et al., 2022).

Science learning interest should be understood as a multidimensional affective construct rather than a single
undifferentiated outcome. Interest research typically distinguishes situational interest, elicited by specific features of
alearning activity or environment, from individual interest, a more stable disposition toward a domain (Hidi & Ren-
ninger, 2006; Renninger & Hidi, 2016). In science education, hands-on inquiry, real-life relevance, and collaborative
problem solving may generate situational interest by making learning activities more meaningful and engaging
(Hulleman & Harackiewicz, 2009; Palmer, 2009). Repeated positive experiences may gradually contribute to more
sustained interest in science, although short-term interventions are better interpreted as influencing students’
learning-related and situationally responsive interest rather than fully developed individual interest. Against this
conceptual background, students’ science learning interest may be strengthened when scientific concepts are
embedded in authentic and contextually meaningful project tasks (Nurhilal et al., 2024). Interest is better under-
stood as a developmental process rather than a fixed learner attribute, shaped by the learning environment, the
perceived value of tasks, and students’ opportunities for meaningful participation (Hidi & Renninger, 2006; Potvin
&Hasni, 2014). Project tasks can connect scientific concepts with observable phenomena, practical challenges, and
collaborative artifact construction, thereby stimulating situational interest. When students perceive science learning
as useful and connected to real-life problem solving, such interest may develop into more sustained engagement
and intrinsic motivation (Harackiewicz et al., 2016; LaForce et al., 2017; Suryaningsih et al., 2022; Wijnia et al., 2024).

In project-based STEM learning, critical thinking and science learning interest may be mutually reinforcing
rather than separate outcomes. Collaborative inquiry requires students to evaluate evidence, revise explanations,
communicate ideas, and justify solutions; at the same time, meaningful participation and visible project outcomes
can strengthen engagement and motivation (Le et al., 2023; Suciana et al., 2023). Taken together, the literature
suggests that STEM-PjBL has the potential to support cognitive and affective learning outcomes simultaneously.
However, further evidence is needed on how low-cost STEM-PjBL modules can support electricity achievement,
critical thinking, and science learning interest in rural middle school contexts in P. R. China. This need provides the
basis for the research questions addressed in the present study.

Theoretical Orientation

This study was informed by constructivist learning theory and embodied cognition, which served as sensi-
tizing theoretical perspectives for module design and interpretation rather than as directly measured constructs.
Constructivist learning theory views understanding as something learners build through active engagement with
problems, materials, peers, and prior knowledge, rather than as information transmitted directly from teacher to
student (Piaget, 1970; Vygotsky, 1978; Taber, 2019). In the present study, this perspective informed the design of
project tasks that required students to explore electricity problems, discuss alternative solutions, build and test
circuits, and revise their ideas through collaborative inquiry.

Embodied cognition further suggests that conceptual understanding is shaped by learners’interaction with
physical materials, tools, and situated actions (Barsalou, 2008; Skulmowski & Rey, 2018; Kersting et al., 2021). This
perspective is particularly relevant to electricity learning because many electricity concepts, such as current,
voltage, resistance, and circuit relationships, are abstract, not directly observable, and commonly associated with
persistent student difficulties (McDermott & Shaffer, 1992; Engelhardt & Beichner, 2004; Li & Singh, 2016). Accord-
ingly, the STEM-E-PjBL module incorporated hands-on circuit construction, manipulation of everyday materials,
visual representations, and project-based design activities to help students connect abstract electricity principles
with concrete experiences.
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These two perspectives jointly informed the pedagogical logic of the module. Constructivism supported
the use of collaborative inquiry, problem solving, and reflection, whereas embodied cognition supported the use
of hands-on manipulation, visualization, and situated project tasks. However, the study did not directly measure
constructivist learning processes or embodied cognition mechanisms. Instead, the outcomes focused on electricity
achievement, critical thinking skills, and science learning interest, while qualitative interviews were used to explore
how students experienced the learning processes embedded in the module.

Research Questions

Given the continuing challenges of low achievement, limited critical thinking, and declining interest in science
among rural middle school students, there is a clear need for pedagogical approaches that are both educationally
meaningful and feasible in resource-constrained settings. This study developed a STEM-integrated project-based
learning module on electricity (STEM-E-PjBL) for rural ninth-grade students and examined its effects on electricity
achievement, critical thinking skills, and science learning interest. Beyond assessing these outcomes, the study
also investigated students’ experiences after the intervention, with attention to whether high-, medium-, and
low-achievement-gain students perceived the module in similar or different ways. By focusing on a low-cost and
locally adaptable intervention, the study offers empirical evidence and practical insights for implementing STEM-
PjBL in rural middle schools in P.R. China and for advancing more equitable STEM education. Specifically, the study
addressed the following research questions:

1) How can a STEM-E-PjBL learning module be developed for rural ninth-grade students in a resource-
constrained middle school in P. R. China?

2) After controlling for pretest scores, does the STEM-E-PjBL module significantly improve students’elec-
tricity achievement, critical thinking skills, and science learning interest?

3) Whatlearning experiences do rural ninth-grade students report after participating in the STEM-E-PjBL
electricity module, and how do these experiences vary across high-, medium-, and low-achievement-
gain students?

Research Methodology
Design

Within a pragmatist mixed-methods framework, an explanatory sequential design was employed. Quantita-
tive data were collected and analyzed in the initial phase, and qualitative interviews were subsequently conducted
to help explain and contextualize the quantitative results. The study was conducted over six weeks during the
fall semester at a resource-constrained rural lower-secondary school in P. R. China. It developed and evaluated a
STEM-integrated project-based learning module on electricity (STEM-E-PjBL) for ninth-grade students. In the quan-
titative phase, a quasi-experimental pretest-posttest nonequivalent control-group design was used to assess the
effects of the module on students’electricity achievement, critical thinking skills, and science learning interest. The
qualitative phase comprised semi-structured interviews, conducted after the intervention with 30 students drawn
from the experimental group, which explored students’ reported learning experiences and provided contextual
interpretation of the quantitative results.

Participants

Using cluster and purposive sampling, the study included two intact ninth-grade classes from the rural school
described above. Each was a pre-existing class of 50 students, yielding a total of 100 students who voluntarily par-
ticipated. The intact classes were retained to preserve authentic classroom conditions and to avoid disrupting the
school’s normal teaching arrangements. The experimental group included 50 students, with 32 boys and 18 girls,
whereas the control group included 50 students, with 29 boys and 21 girls. All participants were between 14 and
16 years old. Most of their parents were ordinary workers, farmers, or self-employed, and the students generally
had limited educational support and learning resources at home. Approximately 95% had no prior experience in
STEM-related activities or competitions and almost no access to extracurricular STEM tutoring, with their science
learning depending mainly on regular school classrooms. The two classes did not differ significantly in age or
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pretest scores, indicating baseline comparability before the intervention. The large effect sizes observed across all
three outcomes (r)p2 =.19-.29) further indicate substantial between-group differences following the intervention.

Intervention Procedure

Figure 1 presents the six-week intervention procedure. During Week 1, the research purpose was introduced
to the students, consent forms were collected, and the participating teachers were trained. In Week 2, the pretests
of electricity achievement, critical thinking skills, and science learning interest were administered, and students’
questions about the study were addressed. From Week 3 to Week 5, three STEM-E-PjBL activities were implemented
sequentially in the experimental group, with each activity lasting four hours. During the same period, the control
group received conventional physics lessons based on the school’s physics textbook and followed the school’s regular
teaching schedule. The control lessons covered the same electricity topics as the experimental group, including
current and circuits, voltage and resistance, Ohm'’s law, electric power, and electricity in daily life. In these lessons,
the teacher mainly explained textbook concepts, demonstrated example problems, guided students through for-
mula application, and assigned textbook exercises. Students primarily listened to teacher explanations, took notes,
answered teacher questions, and completed individual practice tasks. Unlike the experimental group, the control
group did not engage in STEM-integrated project tasks, group-based product design, hands-on construction, or
project presentation activities. In Week 6, the same three measures were re-administered as posttests.

Figure 1
Flowchart of the research procedure

|

[ Week 1 ] [ Research purpose introduction | Sign consent from | Teacher training ] [ 120 mins

L—

[ Week 2 ] | Pre-test of Achievement in electricity & Critical thinking & Interest in science learning | [ 60 mins

Control Group (N=30)
Traditional Physics Curriculum with School-
Based Physics Textbook

Activity 1: The Fascinating Traftic Signal System Chapter 15: Current and circuit 240 mins
. y e o oL e Chapter 16: Voltage and Resistance 5 —
Activity 2: A Journey into Household Circuits Chapter 17: Ohm’s Law 240 mins
i = : . Chapter 18: Electric Power 7 )
Activity 3: The Little Energy Saver Bl He el o Daily il 240 mins

60 mins

Experimental Group (N=30)
Intervention with the STEM-E-PIBL Module

.

—

[ Week 6 ] Post-test of Achievement in electricity & Critical thinking & Interest in science learning

Instruments

The quantitative data were collected using one achievement test and two questionnaires. The Achievement
in Electricity Test (AET) was adapted from the China Senior High School Entrance Examination (ZZKST), a standard-
ized and authoritative assessment designed by local educational authorities to evaluate middle school graduates
and determine their eligibility for admission to academic upper-secondary schools. Three experienced physics
teachers selected 18 test items from the authentic ZZKST papers of the past three years in the local municipality.
The final version comprised 27 sub-items, yielding a maximum score of 27 points, and was administered within a
35-minute time limit. In this study, electricity achievement was defined as students’ overall performance on the
AET. Drawing on distinctions among conceptual knowledge, procedural knowledge, and application in educa-
tional assessment and learning research (Anderson & Krathwohl, 2001; Rittle-Johnson & Schneider, 2015), the AET
was designed to assess three interrelated aspects of electricity learning: conceptual understanding, procedural
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knowledge, and application, as shown in Table 1. Although these aspects were conceptually distinguished in the
test design, the present study used the total AET score as an overall indicator of students’ integrated mastery of
the electricity curriculum.

Table 1
Dimensions of Electricity Achievement Measured by the AET

Dimension Operational definition Example content
Conceptual understanding Understanding key concepts and relationships in Current, voltage, resistance, series circuits, parallel circuits
electricity
Procedural knowledge Using formulas, circuit rules, and calculation procedures  Ohm'’s law, circuit calculations, identification of circuit rules
accurately
Application Applying electricity principles to contextualized or practi- Home circuits, safe electricity use, energy-saving situa-
cal problems tions

To further examine the quality of the AET items, item analysis was conducted using students’pretest responses
before the main analysis. For each item, difficulty was determined by the proportion of correct responses, and
discrimination was estimated through the upper-lower group method. Specifically, students were ranked by their
total AET scores, and the upper 27% and lower 27% were compared for each item. The item difficulty indices ranged
from .32 t0 .78, indicating an appropriate range of item difficulty. The item discrimination indices ranged from .24
t0.61, suggesting acceptable discrimination among students with different levels of electricity achievement. These
results, together with the KR-20 coefficient of .89, provided evidence for the quality of the AET.

The critical thinking questionnaire was developed with reference to Chai et al's (2015) instrument, supported
by subsequent validation studies (Chiu & Hwang, 2024; Guilen, 2019; Lin et al.,, 2019). Three experts revised the items
to suit the cognitive level of ninth-grade students. The finalized questionnaire contained 14 items, each rated on
a 5-point Likert scale. Representative items included “I think about whether what | have learned in this learning
activity is correct.” Evidence of measurement quality was provided by a scale-level content validity index of .93 and
a Cronbach’s alpha coefficient of .91, suggesting satisfactory internal consistency.

The science learning interest questionnaire was developed by drawing on the scales of Avery (2013) and Kier et
al. (2014), combined with the science-related component of Davidson (2018) for item categorization. In this study,
the questionnaire was used to capture students’ learning-related interest in science, including their enjoyment
of science activities, perceived relevance of science to everyday life, engagement in science tasks, and intention
to continue science-related learning. Consistent with the conceptual distinction outlined in the literature review,
the measure reflected students’ affective responses to science learning after the module rather than a long-term
assessment of stable individual interest. The finalized scale contained 14 items rated on a 5-point Likert scale, with
evidence of strong content validity (5S-CVI =.93) and good internal consistency (Cronbach’s alpha = .93).

Semi-structured interviews provided qualitative evidence to contextualize the quantitative results and examine
students’ perceived changes in electricity learning, critical thinking, and science learning interest, together with
their experiences of the STEM-E-PjBL module. To establish the quality of the interview protocol, two experts and
one experienced physics teacher reviewed the draft in terms of clarity, relevance, coverage, and consistency with
the research objectives. Five students then participated in a pilot interview to examine the comprehensibility of
the questions. Revisions were made based on their feedback, resulting in a final protocol consisting of four sec-
tions and six questions. Each interview lasted approximately 20 minutes. After the intervention, 30 students from
the experimental group (n = 50) took part in semi-structured interviews on a voluntary basis. The interviewees
spanned a range of attainment, comprising high-, medium-, and low-gain students in roughly balanced propor-
tions, as defined by their score gains from pretest to posttest on the Achievement in Electricity Test (AET), and
included both boys and girls. The sample therefore represented students with different levels of improvement,
providing more targeted interpretive support for the quantitative findings. Table 2 presents the interview guide.
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Table 2
Semi-structured Interview Protocol

Part Topic Guiding Questions

Do you think this learning module helped you understand electricity concepts? Please explain

Electricity Learning in detail

PartA

Outcomes Which activity best helped you learn electricity knowledge? Please explain why.
Compared with your regular classroom, did these activities require you to think more deeply?
Part B Critical Thinking :SWOV\;TJ thi):l?Ilr(:isa feg;iit;; module helped improve your thinking or reasoning skills? Please
provide a concrete example.
Part C Science Learning Interest Did this learning module increase your interest in learning science? Please explain.
Part D STEM-E-PjBL Experience ~ What are your feelings about using the STEM-E-PjBL learning module to learn electricity?

Data Analysis

Quantitative data from the electricity achievement test, critical thinking scale, and science learning interest
questionnaire were analyzed using IBM SPSS Statistics. Before the main analysis, the distributions of the variables
were checked through skewness and kurtosis values, which suggested no serious departure from normality. De-
scriptive statistics were then used to summarize students’ pretest and posttest scores. To compare the two groups
after the intervention, ANCOVA was conducted for each outcome variable, with the corresponding pretest score
included as the covariate. This adjustment was made because the study used intact classes rather than random
assignment. The assumptions for ANCOVA were checked before analysis, including normality, equal variances,
and homogeneity of regression slopes. Effect sizes were reported as partial eta squared (npz) for each outcome.

Qualitative interview data were examined using thematic analysis (Braun & Clarke, 2006).The analysis proceeded
in three steps: (a) an initial coding framework was established on the basis of the core dependent variables from the
quantitative phase; (b) two educational researchers independently conducted open coding and then inductively
categorized and synthesized recurring views and experiences in students’ responses into thematic codes; and (c)
the frequency of each theme was calculated to identify students’ predominant perceptions and shared experi-
ences. Inter-rater agreement was .85 (Huberman & Miles, 2002), and coding disagreements were resolved by a third
researcher. Theme frequencies were also compared across the high-, medium-, and low-gain groups to examine
whether students with different levels of achievement gain reported similar or different learning experiences.

Ethical Considerations

Prior to implementation, this study obtained the necessary ethical approval and institutional permission
from the participating school. The researchers explained the research purpose and implementation procedures
to the school principal, teachers, students, and their guardians. The study was conducted only after guardians had
signed informed consent forms. All participants joined the study voluntarily and retained the right to withdraw at
any stage without any negative consequences. All data were anonymized throughout the research process, and
participant confidentiality was carefully maintained. As a token of appreciation, students who completed all study
activities received a lunch voucher provided by the school.

Development of the STEM-E-PjBL Module

Previous research has indicated that learning modules, as supportive learning resources, can facilitate students’
understanding and development of specific knowledge content and related skills (Arifin & Siew, 2023; Jacobson
et al.,, 2006; Lumbantoruan et al., 2024). This study selected the school-based physics textbook for ninth grade in
central China and developed the STEM-E-PjBL module based on the revised ADDIE model (Allen, 2006).
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Analysis Phase

At the initial stage, semi-structured interviews were conducted with rural middle school physics teachers
and students to identify key challenges in electricity teaching. These challenges included the abstract nature of
electricity concepts, limited opportunities for developing critical thinking in classroom learning, and low levels
of student learning interest. Concurrently, the interview results revealed that a shortage of teaching resources
and inadequate experimental materials were significant practical constraints for implementing STEM teaching in
rural schools. Therefore, “low-cost and easy-to-implement” was established as a key design principle for module
development to enhance feasibility and applicability in rural educational contexts.

Design Phase

Based on the identified learning needs and classroom constraints, this study designed three project themes
closely related to real-life contexts around the core electricity content of the ninth-grade curriculum: “The Fasci-
nating Traffic Signal System” (basic circuit principles), “A Journey into Household Circuits” (home circuits and safe
electricity use), and “The Little Energy Saver” (Ohm’s law and energy efficiency). The three projects were grounded
in authentic contextual problems and combined scientific knowledge with engineering practices, with the aim of
improving students’ application of electricity concepts and increasing their learning engagement.

In line with the theoretical orientation of the study, the module design translated constructivist principles
into collaborative inquiry, problem solving, peer discussion, and reflection activities. Embodied cognition was
reflected in hands-on circuit construction, visual representations, and the use of concrete materials to support
students’ understanding of abstract electricity concepts. In this way, the project tasks were designed not only to
cover curriculum content but also to create learning opportunities through which students could construct, test,
revise, and apply their understanding in situated contexts.

To ensure alignment between learning activities and curriculum standards, the researchers systematically
planned each activity in the STEM-E-PjBL module based on the electricity learning objectives of the school-based
textbook. In designing these learning activities, the researchers also considered the three aspects of electricity
learning assessed by the AET, namely conceptual understanding, procedural knowledge, and application, so that
the modaule activities and outcome assessment were aligned. As shown in Table 3, the objectives for each activity
were organized in line with the revised Bloom’s taxonomy, beginning with understanding and gradually extending
to applying, analyzing, evaluating, and creating. This progression was intended to support students in building
foundational knowledge while gradually strengthening their critical thinking and problem-solving skills (Adams,
2015; Marta et al., 2024). Additionally, during the project design process, the researchers considered the resource
conditions of rural schools, prioritizing learning tasks that could be accomplished with everyday materials to
reduce implementation costs and improve classroom operability. The development of the STEM-E-PjBL module
integrated the four disciplinary domains of STEM education, ensuring interdisciplinary integration across activi-
ties, as shown in Table 4.

Table 3
Learning Objectives of Each STEM-E-PJBL Activity Mapped to Textbook Content and Bloom’s Cognitive Domain

Electricity Bloom’s
Activity Content of the Learning Objectives Cognitive
Textbook Domain
Identify and explain the roles of current and resistance in series and parallel circuits Understand
The .
Fascinating Current, resist-  Construct a functional traffic signal circuit model using basic components Apply / Create
. ance, series and — — —
Traffic Signal parallel circuits Analyze and compare alternative circuit designs for efficiency and reliability Analyze / Evaluate
System Reflect on the relevance of traffic signal systems to real-life safety applications Evaluate

Describe the basic components of a household circuit (live wire, neutral wire, ground wire)  Understand
Household elec-

ﬁ ;S;Jerzz?/dinto tricity, switches, Simulate household circuit connections and detect potential safety hazards Apply / Analyze
Circuits fuses, grounding,  Propose and justify improved safety measures for household wiring Evaluate / Create
safety rules — — - -
Reflect on the significance of safe electricity use in everyday life Evaluate
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Electricity Bloom’s
Activity Content of the Learning Objectives Cognitive
Textbook Domain
Apply Ohm’s law to determine the relationships among current, voltage, and resistance Apply
Ohm'’s law, - - - - -
The Little electrical power, Design and test a multi-mode energy-saving lamp with adjustable power levels Create / Apply
Energy Saver efficiency, energy  Compare and evaluate the energy efficiency of different design alternatives Analyze / Evaluate
conservation — - -
Reflect on the implications of energy conservation for sustainable development Evaluate

Table 4
Overview of STEM Knowledge Integration in the Three Activities

Activity Science Technology Engineering Mathematics

The Concepts of electric current, ~ Use of electrical components  Design and construct a traffic Apply Ohm’s law qualitatively;

Fascinating resistance, series and parallel  (LEDs, switches, resistors, signal model under constraints of  calculate current/voltage in

Traffic Signal  circuits wires) time, materials, and functionality ~ simple series-parallel circuits

System

A Journey Household electricity, fuses, Use of wiring, switches, Plan and simulate a household Apply formulas for power and

into House-  grounding, safety rules fuses, circuit breakers circuit model that prioritizes current; analyze load distribu-

hold Circuits safety and reliability within a tion in household circuits

scaled model

The Little Ohm’s law, electrical power, Use of variable resistors, Design and test a multi-mode Apply Ohm’s law quantitatively;

Energy Saver  energy conservation lamps, and switches to energy-saving lamp with ef- calculate electrical power and
regulate power ficiency as the optimization goal  energy consumption under

different resistance settings

Development Phase

The STEM-E-PjBL module was designed based on the project-based learning (PjBL) model proposed by
Boondee et al. (2011). The model comprises seven steps: orientation, project theme presentation, information
gathering, planning, experimentation, conclusion and reporting, and evaluation and dissemination. The three
thematic activities within the module were all implemented strictly following the above procedure, guiding stu-
dents through an iterative project-based learning process that involved sustained problem exploration, solution
design, and outcome refinement. An example of the PjBL design for “The Fascinating Traffic Signal System”activity
is illustrated in Figure 2.

Figure 2
Integration of PjBL with STEM-E in the “Fascinating Traffic Signal System” Activity

Understand traffic light logic: Explarc smizs, lighting rules

Master basic circuits; [KC\'IL"\E' control logic & circuits: J
Goal: build a working system. electrical principles & safety.

Differentiate series/parallel:
Identify components ©
Sketch with symbols & design rationale.

[ Watch violation videos & diagrams . ]

Discuss social role, risks & twraffic flow impact
Topic Information
Orientation i i Plannin
g Presentation : E Gathering e

PJIBL Seven-Step Procedure with STEM-E Activities
A Case of the Fascinating Traffic Signal System

R Y " \
Evaluation&Promotion QConclusion&Report <:: N Experiment
Self, peer & teacher assessment; Select materials (LEDs, switches., wires):
Optimize product based on feedback: Build circunt;
Explain improvements. Teamwork & photo documentation

Present innovations & operation:
PPT report on design concept. pros & cons
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Considering the limited experimental resources in rural schools, this study emphasized low cost and easy
accessibility in material selection. All experimental activities employed common and inexpensive materials, such
as batteries, wires, small bulbs, switches, resistors, and cardboard boxes, ensuring that schools could conduct the
relevant teaching activities without relying on expensive equipment. Concurrently, the research team developed
a student learning manual and a teacher guide to support teaching consistency and operational standardization
in classroom implementation. Selected examples of module activities are shown in Figure 3.

Figure 3
Sample Content Excerpts from the STEM-E-PjBL Module

T (M |

ELBETRICITY TOP|
STENRE-PJBL MODDO

Implementation Phase

Before the intervention, the participating teachers received a short structured training session on the STEM-
E-PjBL approach and its classroom procedures. During the six-week module, which was integrated into the regular
school timetable, students in the experimental group worked in groups of five and progressed through problem
exploration, solution design, model construction, testing, and refinement. Across the three project activities, stu-
dents applied core electricity concepts such as series and parallel circuits, switches, conductors, and power sources
to authentic contexts, producing functional artifacts such as a sequenced traffic-light model, a household lighting
circuit, and an energy-saving device (Figure 4). Each group then presented its work publicly, consolidating and
reflecting on what they had learned and thereby strengthening their understanding of electricity concepts and
engineering practices.
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Figure 4
Representative student-designed projects during STEM-E-PjBL implementation

Evaluation Phase

An evaluation framework was developed to examine how the STEM-E-PjBL module influenced students’learn-
ing outcomes and learning experiences. The evaluation content consisted of two main components: dependent
variable measurement and project work assessment. For dependent variables, changes in students’ electricity
achievement, critical thinking skills, and science learning interest were examined through pretest and posttest
measures. In addition, students were required to present their final project outcomes in groups and engage in
inter-group oral peer assessment covering aspects such as design rationality, functionality, and presentation qual-
ity. This component was used for formative feedback rather than formal scoring.

Research Results
Quantitative Data Analysis Results
Descriptive statistics were first calculated for the pretest and posttest scores of both the experimental
group (EG) and the control group (CG). Figure 5 shows the pretest and posttest mean scores of the two groups on
the Achievement in Electricity Test (AET), the Critical Thinking Skills in Science Learning Scale (CTSSLS), and the

Interest in Science Learning Questionnaire (ISLQ).

Figure 5
Pretest and posttest means of EG and CG on the AET, CTSSLS, and ISLQ
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As shown in Table 5, the two groups showed similar pretest AET scores, although the experimental group
scored slightly lower than the control group. Both groups improved at posttest, but the gain was substantially
larger for the experimental group (M = 18.30, SD = 3.04) than for the control group (M = 15.86, SD = 2.81).

Table 5
Descriptive Statistics on AET, CTSSLS and ISLQ in the EG and the CG

EG CG
Measure Pre-test Post-test Pre-test Post-test
M SD M SD m SD M SD
AET 8.34 244 18.30 3.04 8.90 2.56 15.86 2.81
CTSSLS 2.90 0.27 3.58 0.38 2.87 0.33 3.22 0.48
ISLQ 3.24 0.29 3.55 0.39 3.22 0.27 3.14 0.35

Note. AET = Achievement in Electricity Test, CTSSLS = Critical Thinking Skills in Science Learning Scale, ISLQ = Interest in Science
Learning Questionnaire, EG = experimental group, CG = control group.

A similar pattern emerged on the CTSSLS, where the groups started from comparable pretest levels. Both
improved at posttest, yet the experimental group gained more (M = 3.58, SD = 0.38) than the control group
(M =3.22,5D = 0.48).

The two groups had highly similar ISLQ pretest scores, with only a minimal difference between them. Follow-
ing the intervention, the experimental group showed an increase in science learning interest (M = 3.55, SD = 0.39),
whereas the control group exhibited a slight decrease in posttest scores (M = 3.14, SD = 0.35).

To evaluate the effects of the STEM-E-PjBL module on electricity achievement, critical thinking skills, and sci-
ence learning interest, ANCOVA was used to compare posttest scores between the experimental group (EG) and
control group (CG), with the corresponding pretest scores entered as covariates. The posttest scores on the AET,
CTSSLS, and ISLQ served as the dependent variables.

Before conducting ANCOVA, the relevant assumptions were checked. The Kolmogorov-Smirnov test showed
no significant departure from normality for any variable (p > .05), and Levene’s test supported the assumption
of equal variances. The group-by-covariate interaction was also non-significant, indicating that the relationship
between the covariate and the dependent variable was comparable across groups. These results suggested that
the assumptions for ANCOVA were met.

Table 6 shows that, after pretest scores were controlled, students in the experimental group achieved signifi-
cantly higher electricity achievement scores than those in the control group, F(1, 97) = 38.68, p < .001, npz =.285.
For critical thinking skills, the experimental group also obtained significantly higher scores than the control group,
F(1,97)=22.66,p <.001, npz =.189.The same pattern was found for science learning interest, with the experimental
group again scoring significantly higher than the control group, F(1, 97) = 36.20, p < .001, npz =.272.

Across the three outcomes, the npz values (.285,.189, and .272) indicate large effects (Cohen, 2013), suggesting
that the STEM-E-PjBL module had substantial effects on students’ electricity achievement, critical thinking skills,
and science learning interest.

Table 6
ANCOVA Results for the AET, CTSSLS, and ISLQ

Measure Group F p n’

AET EG 38.676 <.001 285
CG

CTSSLS EG 22.658 <.001 189
CG

ISLQ EG 36.202 <.001 272
CG
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Qualitative Data Analysis Results

Through thematic analysis, several core themes were identified. Table 7 presents the themes, codes, overall
coding frequencies, and their distribution across high-, medium-, and low-gain students. To provide a more dif-
ferentiated interpretation of students’ learning experiences, achievement gain was calculated for all 50 students
in the experimental group by subtracting each student’s pretest score from the posttest score on the Achieve-
ment in Electricity Test (AET). The 50 gain scores were then ranked and divided into three approximately equal
gain-level intervals. Because the interviews had been conducted on a voluntary basis, the 30 interviewees were
not evenly distributed across these intervals. Based on their AET gain scores, the interviewees were classified as
high-gain students (n = 13), medium-gain students (n = 9), and low-gain students (n = 8). Percentages in Table 7
were calculated within each gain group.

Table 7
Summary of Qualitative Coding Results from Student Interviews

Research focus Codes generated from students’ responses gv:?(:; Hig’],h(-oz;lin Med;u(rzi/; )gain Lor\;v(-%a)iin
Improved understanding of circuit concepts 24 9(69.2) 8(88.9) 7(87.5)
Electricity achieve- Better understanding through hands-on experiments 21 7(53.8) 8(88.9) 6(75.0)
ment Visual learning helped comprehension 15 4(30.8) 4(44.4) 7(87.5)
Group discussion facilitated learning 13 4(30.8) 5(55.6) 4 (50.0)
Required deeper thinking than traditional classes 25 12 (92.3) 7(77.8) 6(75.0)
Improved problem-solving ability 22 11 (84.6) 7(77.8) 4 (50.0)
Critical thinking Increased reasoning during circuit design 19 8 (61.5) 6 (66.7) 5(62.5)
Encouraged analysis and troubleshooting 17 7(53.8) 7(77.8) 3(37.5)
Developed collaborative thinking 14 6 (46.2) 3(33.3) 5(62.5)
Increased interest in science learning 26 13 (100.0) 8(88.9) 5(62.5)
Science learning Real-life applications increased motivation 20 9(69.2) 6 (66.7) 5(62.5)
interest STEM projects made learning more engaging 18 7(53.8) 8(88.9) 3(37.5)
Interest in future science learning increased 13 5(38.5) 4(44.4) 4 (50.0)
Module was more interactive than traditional lessons 24 11 (84.6) 8(88.9) 5(62.5)
Preferred collaborative learning environment 20 8 (61.5) 7(77.8) 5(62.5)
S:;M'E'PJBL eXperl- it more confident in learning electricity 18 7(53.8) 5(55.6) 6(75.0)
Activities were challenging but meaningful 15 4(30.8) 4(44.4) 7(87.5)
Some activities required more time and guidance 7 2(154) 3(33.3) 2(25.0)

Overall, students’experiences with the STEM-E-PjBL module were predominantly positive, with“increased inter-
est in science learning” being the most frequently occurring theme. The subgroup distribution further suggested
that students with different levels of achievement gain shared several common experiences but also emphasized
different aspects of the module. For example, all high-gain students referred to increased interest in science learning,
13 out of 13 (100.0%), compared with 8 out of 9 medium-gain students (88.9%) and 5 out of 8 low-gain students
(62.5%). Similarly, the code “required deeper thinking than traditional classes”appeared frequently across all three
groups, but was most prominent among high-gain students, 12 out of 13 (92.3%). By contrast, codes related to
visual and concrete learning appeared particularly salient among low-gain students; for instance, “visual learning
helped comprehension”was mentioned by 7 out of 8 low-gain students (87.5%), compared with 4 out of 13 high-
gain students (30.8%) and 4 out of 9 medium-gain students (44.4%). A similar pattern was found for“activities were
challenging but meaningful,” which was reported by 7 out of 8 low-gain students (87.5%). These patterns suggest
that high-gain students tended to emphasize interest, deeper thinking, and problem solving, whereas low-gain
students more often highlighted the value of visualization, hands-on support, and meaningful challenge.
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Regarding electricity achievement, most students reported that the STEM-E-PjBL module helped them under-
stand abstract electricity concepts. Through designing the traffic signal system and constructing circuits, students
were able to relate theoretical knowledge to real-world situations. Many students noted that hands-on practice
and group collaboration significantly enhanced their understanding of series circuits, parallel circuits, and the
principles of current flow. This was reflected in the relatively high frequency of “improved understanding of circuit
concepts”across all three groups: 9 high-gain students (69.2%), 8 medium-gain students (88.9%), and 7 low-gain
students (87.5%). One student remarked:

“Previously, | just memorized formulas when learning circuits, but after building the traffic light circuit myself, | truly under-
stood the difference between series and parallel connections.” (S3)

At the same time, a few students indicated that they still encountered difficulties with certain complex circuit
connections and required additional guidance from the teacher. This need for support was especially relevant for
lower-gain students, among whom visual learning and meaningful challenge were more frequently emphasized.

Concerning critical thinking skills, most students believed that the STEM-E-PjBL module placed greater em-
phasis on thinking and problem-solving compared to traditional classrooms. Throughout the project implemen-
tation, students continuously analyzed problems, discussed solutions, and conducted testing and adjustments,
which fostered their reasoning and reflective abilities. The code “improved problem-solving ability” was reported
by 11 high-gain students (84.6%), 7 medium-gain students (77.8%), and 4 low-gain students (50.0%), suggesting
that perceived gains in problem solving were especially strong among students with higher achievement gains.
Students commented:

“In previous classes, we mainly listened to the teacher. This time, we had to think for ourselves about why the circuit failed
and discuss how to fix it (S12)

“When the traffic light did not work properly, we needed to check the problem step by step, which taught me how to analyze
and reason.” (S5)

Additionally, several students acknowledged that the discussion process within group collaboration helped
them consider problems from different perspectives, further strengthening their critical thinking development.

In terms of science learning interest, most students indicated that the module strengthened their interest in
science and encouraged more active engagement in learning. Compared with traditional lecture-based teaching,
students generally perceived the STEM-E-PjBL module as more interesting and engaging, particularly because of
its hands-on activities, real-world problem contexts, and collaborative learning format. The subgroup results indi-
cated that increased interest was especially strong among high- and medium-gain students but was also evident
among low-gain students. Students stated:

“l used to find science class rather dull, but building the traffic light project was very enjoyable, and | was more willing to
participate in class activities.” (529)

“Through hands-on making and experimentation, | realized that science is not just about content in textbooks; it is related
to real life” (S18)

Furthermore, some students indicated that the module made them more willing to pursue further science-
related learning. The code “interest in future science learning increased” was reported by 5 high-gain students
(38.5%), 4 medium-gain students (44.4%), and 4 low-gain students (50.0%), indicating that this forward-looking
interest was not limited to the highest-gain group.

In general, most students responded positively to the STEM-E-PjBL module and described it as providing a
more interactive, open-ended, and challenging learning experience. Students generally believed that group col-
laboration, problem-based inquiry, and project practice made the classroom more dynamic and enhanced their
sense of engagement. For example, “module was more interactive than traditional lessons” was reported by 11
high-gain students (84.6%), 8 medium-gain students (88.9%), and 5 low-gain students (62.5%). Students noted:

“This learning approach is very different from before. We not only had to learn knowledge but also work together to solve
problems.” (56)
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“Although some tasks were quite difficult, | felt a strong sense of achievement after completing them.” (S17)

Meanwhile, a few students considered that some activities were time-consuming and required more teacher
guidance and support during the experimental procedures. Overall, the qualitative findings suggest that the STEM-
E-PjBL module enhanced students’learning experiences and classroom participation across all three gain groups,
while also indicating that students with lower gains may benefit from more explicit scaffolding, visual support,
and sufficient time for experimentation.

Discussion

This study integrated STEM education with electricity content to develop a STEM-E-PjBL module for rural
ninth-grade students in P. R. China and examined its effects on their electricity achievement, critical thinking
skills, and science learning interest. Compared with students who received conventional physics lessons, those
in the experimental group demonstrated significantly greater improvement across all three outcomes, with
large effect sizes. Although evidence for STEM-PjBL has so far been generated mainly in well-resourced set-
tings (Cavus et al., 2026; Pasaribu et al., 2025; Salmah et al., 2025), the present findings indicate that it can also
promote science learning and higher-order thinking in under-resourced rural Chinese schools.

For electricity achievement, the experimental group scored significantly higher than the control group,
indicating that the module supported students’ understanding and application of electricity concepts. This
result is consistent with evidence that combining STEM education with project-based learning enhances sci-
ence learning through practical inquiry and authentic problem contexts (Chistyakov et al., 2023; Safitri, 2024).
A plausible explanation is that STEM-based activities strengthen knowledge construction and conceptual
understanding, while the project structure promotes knowledge transfer and engagement (Diana & Sukma,
2021; Zulkarnaen et al., 2025). The present study extends this evidence to rural students with limited learning
resources (Kurt & Akoglu, 2023), for whom a contextualized, design-oriented approach appears to provide
richer learning experiences than conventional lessons.

A similar pattern was found for critical thinking. The greater improvement in the experimental group
suggests that the module fostered students’ analytical, reasoning, and problem-solving abilities. This finding
corroborates research indicating that the inquiry, collaboration, and reflection emphasized in project-based
learning, combined with the interdisciplinary integration emphasized in STEM education, jointly support
higher-order thinking and decision-making in authentic contexts (Affandy et al., 2024; Auliyani et al., 2025; Le
et al.,, 2023; Simamora, 2024). Interpreted through the theoretical orientation of this study, these gains may
be partly associated with the combination of constructivist and embodied learning opportunities embedded
in the module. Collaborative inquiry, peer discussion, and iterative problem solving encouraged students to
actively construct and revise their understanding, while hands-on circuit construction and the manipulation
of concrete materials made abstract electricity concepts more visible, tangible, and experientially accessible
(Almulla, 2023; Hidayatullah, 2024; Zhou & Qu, 2024). In this sense, the module appeared to support critical
thinking not only by increasing students’ exposure to inquiry-based tasks, but also by creating conditions in
which students could test ideas, evaluate evidence, troubleshoot problems, and justify their solutions in situ-
ated learning contexts.

Science learning interest also differed significantly between groups, with students in the experimental group
reporting higher levels of interest than those in the control group. This is consistent with evidence that STEM
education and project-based learning strengthen students’ identification with science through collaborative
inquiry, hands-on activities, and authentic contexts (Duo & Ishak, 2024; Mims et al., 2025). Student-centered
approaches tend to promote more active participation and engagement than lecture-based teaching (Bhardwaj
et al.,, 2025; Mat & Jamaludin, 2024). For rural students, open and interactive learning environments may con-
tribute to more positive science-related attitudes and stronger willingness to continue learning science (Chen
&Lin, 2019; Cheng & Yang, 2023). The experimental group’s interest increased, whereas the control group’s de-
clined slightly. This contrast can be interpreted in relation to the distinction between situational and individual
interest. The gain observed in the experimental group likely reflects students’ strengthened learning-related
and situationally responsive interest during the intervention, as the module provided hands-on tasks, real-life
relevance, and collaborative problem-solving opportunities that made science learning more meaningful and
engaging. By contrast, the slight decline in the control group is consistent with the well-documented decrease
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of science interest under conventional, examination-oriented conditions (Potvin & Hasni, 2014). Thus, the find-
ings suggest that the STEM-E-PjBL module helped sustain and enhance students’science learning interest over
the study period by creating a more active, authentic, and participatory learning environment.

The interview data substantiate and help explain these quantitative patterns. Most students perceived
the module as more interesting and interactive than conventional classes and reported that it helped them
understand electricity concepts more deeply. Many also noted that it demanded more thinking and collabora-
tive discussion, which they felt strengthened their analysis and reasoning, and that the hands-on activities and
authentic contexts heightened their interest and sense of engagement. The subgroup analysis further adds
nuance to these findings. High-gain students particularly emphasized increased science learning interest,
deeper thinking, and improved problem solving, suggesting that students who achieved greater academic
improvement may have benefited from the module’s cognitive demands and open-ended inquiry opportuni-
ties. Medium-gain students also reported strong benefits from hands-on experimentation, interactivity, and
collaborative learning, indicating that the module was broadly accessible rather than effective only for the
highest-gaining students. Low-gain students, while showing less emphasis on problem-solving gains, more
frequently valued visual learning, concrete manipulation, and meaningful challenge, suggesting that the mod-
ule offered important forms of learning support for students who may have struggled with abstract electricity
concepts. These differentiated perceptions indicate that STEM-E-PjBL may support students through multiple
pathways: by deepening reasoning for higher-gain students, sustaining engagement for medium-gain students,
and making abstract concepts more visible and manageable for lower-gain students.

Overall, the qualitative findings suggest that the module supported not only students’academic achieve-
ment but also the development of higher-order thinking and more positive attitudes toward science learn-
ing. More importantly, the comparison across high-, medium-, and low-gain students indicates that students’
experiences of the module were not uniform. Rather, the module appeared to offer different forms of value
for different types of learners, further supporting the suitability of STEM-E-PJBL as a flexible and inclusive
pedagogical approach for resource-constrained rural classrooms.

Conclusion and Implications

This study developed and evaluated a low-cost, locally adaptable STEM-E-PjBL module on electricity for
rural ninth-grade students in P. R. China. In this quasi-experimental study, after controlling for pretest scores,
students in the experimental group showed significantly higher adjusted posttest scores than those in the
control group on electricity achievement, critical thinking skills, and science learning interest, with large effect
sizes. The qualitative findings further supported these results by showing that students perceived the module
as more engaging, interactive, and cognitively demanding than conventional teaching. The comparison across
high-, medium-, and low-gain students also suggested that the module supported different learners in different
ways: higher-gain students tended to emphasize deeper thinking and interest, whereas lower-gain students
particularly valued visual support, hands-on learning, and meaningful challenge.

Collectively, these findings offer several theoretical and practical implications. Theoretically, the study
supports constructivist learning theory and embodied cognition as useful perspectives for designing and in-
terpreting rural electricity-focused STEM-PjBL. By engaging students with authentic problems, peers, materials,
circuits, and visual representations, the module helped students approach abstract electricity concepts through
active construction and concrete experience rather than mainly through formula memorization. Practically,
the findings suggest that rural STEM innovation need not rely on expensive laboratories or advanced digital
equipment. Low-cost materials, structured project tasks, visual scaffolding, and collaborative inquiry can create
accessible opportunities for meaningful electricity learning in resource-constrained classrooms. The differenti-
ated responses of high-, medium-, and low-gain students further suggest that teachers should provide flexible
scaffolding, including deeper reasoning opportunities for some learners and more concrete manipulation,
visual guidance, and staged support for others.

Limitations and Future Research
Certain limitations should be acknowledged. First, the study was conducted with two intact classes from

one rural school in a single region of central China, which limits the external validity of the findings. Although
the school was selected because it reflected the resource constraints commonly faced by many rural schools,
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this context-specific design means that the findings cannot be assumed to generalize to other rural contexts
in P.R. China or to rural schools internationally. Future research should therefore include multiple rural schools
across different regions, socioeconomic contexts, and school types to examine the transferability and robust-
ness of the STEM-E-PjBL module. Second, the intervention lasted only six weeks, which limits conclusions about
the sustainability of the observed gains. The present study can show short-term improvements in electricity
achievement, critical thinking skills, and science learning interest, but it cannot determine whether these effects
are maintained over time or whether longer participation in STEM-E-PjBL would support the development of
more complex STEM competencies, such as sustained engineering design thinking, interdisciplinary problem
solving, and long-term scientific inquiry practices. Longitudinal and follow-up studies are therefore needed to
examine the durability and developmental trajectory of these outcomes. Finally, the interviewees participated
voluntarily, which may have introduced self-selection bias, as students who were more willing to be interviewed
may have differed from their peers in engagement, confidence, or attitudes.

Future research should pay closer attention to how low-cost STEM-PjBL modules can be translated into
regular rural classroom practice. This includes examining how teachers adapt project tasks to different school
conditions, how teacher professional development can support effective implementation, and what forms of
classroom scaffolding are most useful for students with different learning profiles. In particular, further studies
could explore how visual guidance, staged task support, peer collaboration, and differentiated questioning
help lower-gain learners engage more productively with abstract electricity concepts. Such work would clarify
not only whether STEM-PjBL is effective, but also how it can be implemented, supported, and scaled in ways
that contribute to more equitable rural science education.
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