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Critical thinking skills, particularly scientific explanation abilities, 

remain inadequately developed among Indonesian secondary 

students, as evidenced by PISA 2023 results. While STEM-based 

learning shows promise for developing critical thinking, few studies 

have specifically examined its impact on the explanation indicator 

students' ability to construct coherent scientific arguments using 

claim-evidence-reasoning frameworks.  This study investigated 

whether STEM-based student worksheets (LKPD) incorporating the 

Engineering Design Process could improve students' explanation 

indicator scores in physics learning. A one-group pretest-posttest 

pre-experimental design was employed with 35 grade XI students at 

SMAN 2 Banda Aceh. Data were collected using a validated 

explanation ability test (covering claim-evidence-reasoning 

dimensions), student response questionnaires, and observation 

sheets aligned with Facione's critical thinking indicators. Paired 

samples t-test and N-Gain analysis were conducted to examine score 

changes. Pretest scores averaged 30.35±4.91%, while posttest scores 

reached 84.52±10.63% (t(34)=-27.427, p<0.001, d=0.77, 95% CI [49.13, 

59.21]). The N-Gain value of 0.77 indicated high improvement. 

Observation data showed explanation indicator performance at 

89.2%, second only to self-regulation (97.14%). STEM-based LKPD 

was associated with substantial improvements in students' scientific 

explanation abilities. However, the one-group pretest-posttest design 

limits causal inferences; findings suggest correlation rather than 

definitive causation. The Engineering Design Process appears to 

provide structured opportunities for claim-evidence-reasoning 

practice essential for explanation development. 
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1. INTRODUCTION 

Critical thinking skills represent essential competencies for the 21st century and should be 

systematically cultivated throughout the educational process. Critical thinking refers to the capacity for 

reflective and rational thought in decision-making and problem-solving, involving analysis, evaluation 

of arguments, and logical conclusion drawing (Rahmawati et al., 2019; Susandi, 2021). This skill is vital 

for enabling students to process information objectively, discern relevant data, and foster independent 

learning (Amin et al., 2020). 

Facione identifies six primary indicators of critical thinking: interpretation, analysis, evaluation, 

inference, explanation, and self-regulation (Facione, 2015). Among these, the explanation indicator is 

particularly significant, as it encompasses the ability to present logical explanations, construct scientific 

arguments, and connect evidence or data to relevant concepts. 

In science education, the explanation indicator specifically refers to students' ability to construct 

scientific arguments using the Claim-Evidence-Reasoning (CER) framework (Mcneill & Krajcik, 2006; 

Nasir et al., 2022). Scientific explanation involves presenting derived explanations of phenomena using 

relevant evidence and logical reasoning to support claims (Nasir et al., 2022). This conceptualization 

aligns with contemporary understanding of scientific reasoning as encompassing inquiry, 

experimentation, evidence evaluation, and argumentation (Osborne et al., 2004; Zhou et al., 2021). 

Explanation skills are not peripheral but central to scientific literacy, as they enable students to articulate 

complex conceptual understanding and make evidence-based decisions (Andarini et al., 2026; Dowd et 

al., 2018). 

Despite its importance, the 2023 Program for International Student Assessment (PISA) results 

indicate that Indonesian students' science literacy remains low (OECD, 2023), suggesting that their 

reasoning, analytical, and explanatory skills have not developed optimally. 

Students' limited explanatory abilities are strongly associated with instructional practices focused 

primarily on procedural mastery, which do not adequately foster the development of critical thinking 

skills (Muhammad Alditia et al., 2024). Teacher-centered instruction that lacks opportunities for 

analytical engagement leads to insufficient training in articulating reasoning, explaining processes, and 

defending scientific arguments (Rahim, 2023; Tang, 2023; Treve, 2024). 

Despite growing research on STEM-based learning and critical thinking, a significant gap exists in 

how these studies measure explanation abilities. Most STEM education research treats critical thinking as 

a composite construct, using instruments like the Halpern Critical Thinking Assessment (HCTA) to report 

overall ability improvements without isolating specific components (Nehru et al., 2024; Sumarni & 

Kadarwati, 2020). While some studies acknowledge explanation as one critical thinking indicator among 

several (Andarini et al., 2026; Mutakinati et al., 2018), few provide focused examination of scientific 

explanation and argumentation skills that would advance understanding of these specific capabilities in 

STEM learning contexts (Sampson & Clark, 2008). 

A notable exception is (Nasir et al., 2022), who specifically examined 'scientific explanation' as a 

distinct outcome variable separate from concept understanding, finding that structured argumentation 

scaffolding techniques significantly enhanced explanation abilities (effect size = 0.78). This study 

demonstrates the value of isolating explanation skills for targeted investigation rather than measuring 

them only as part of broader critical thinking assessments. 

Furthermore, existing STEM-based student worksheet (LKPD) studies have primarily measured 

general critical thinking skills (Pertiwi et al., 2024), creativity (Azizah & Angelina, 2025), and scientific 

literacy (Cahyani et al., 2024), but have not specifically investigated how the Engineering Design Process 

(EDP) within STEM learning affects the explanation indicator. This gap is significant because EDP's 

iterative stages inherently require students to justify design decisions with scientific evidence (English, 

2016; Mutakinati et al., 2018), yet the explicit connection between EDP activities and explanation skill 

development remains underexplored. 

The theoretical connection between the Engineering Design Process and explanation skills lies in the 

nature of design activities. Design processes in STEM learning inherently require justification and 
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evaluation (Moore et al., 2014; Mutakinati et al., 2018). This iterative process of proposing solutions, 

testing them, and justifying modifications creates structured opportunities for students to practice the 

claim-evidence-reasoning cycle that underpins scientific explanation (Mcneill & Krajcik, 2006; Nasir et 

al., 2022). 

Moreover, the EDP's emphasis on connecting abstract scientific principles to concrete problem-

solving contexts supports the development of coherent argumentation (English, 2016). Research confirms 

that opportunities for explanation and justification in STEM activities are critical factors that directly 

contribute to scientific reasoning development (Swandi et al., 2025; Zhou et al., 2021), with explanation 

abilities showing positive correlation with conceptual understanding (r=0.586, (Nasir et al., 2022). 

Given this context, the present study addresses the following research question: Does the 

implementation of STEM-based student worksheets incorporating the Engineering Design Process 

improve grade XI students' explanation indicator scores in physics learning? Specifically, this study 

examines whether structured opportunities for claim-evidence-reasoning practice within EDP-based 

activities are associated with measurable improvements in students' ability to construct scientific 

explanations. 

2. METHODS  

A quantitative approach with a one-group pretest-posttest pre-experimental design was employed 

to evaluate the association between STEM-based student worksheets and critical thinking in 

explanation indicators. The study involved 35 grade XI students at SMAN 2 Banda Aceh. This design 

was chosen due to practical constraints in the existing school structure. 

Research instruments comprised: (1) a student response questionnaire, (2) an explanatory critical 

thinking ability test based on Facione's framework, and (3) an observation sheet. The explanatory ability 

test consisted of six open-ended questions covering claim-evidence-reasoning dimensions, 

administered both before and after the intervention. 

Data were analyzed using paired samples t-test (after confirming normality through the Shapiro-

Wilk test, W=0.954, p=0.150). N-Gain analysis measured proportional improvement using Hake's 

criteria: high (g ≥ 0.7), medium (0.3 ≤ g < 0.7), and low (g < 0.3). Effect size was calculated using Cohen's 

d. 

 

3. FINDINGS AND DISCUSSION 

The effectiveness of STEM-based student worksheets in enhancing students' explanation abilities 

was evaluated through quantitative analysis of pre-test and post-test scores. The results are presented 

below. 

     Table 1. N-Gain Test Results 

 Total Score N-Gain Category 

Pre-test 1062.5 0.77 High 

Post-test 2958.3  

 

According to the Hake criteria, the N-Gain value of 0.77 shown in Table 1 falls into the high 

category. This result indicates that learning using STEM-based LKPD was associated with significant 

improvements in students' critical thinking abilities, particularly in the explanation indicator. The total 

score increased from 1062.5 in the pretest to 2958.3 in the post-test, demonstrating substantial 

improvement in students' abilities to construct scientific explanations. 

Analysis of pre-test and post-test data was also conducted based on critical thinking indicators. 

The pretest scores demonstrate that, prior to instruction, students experienced challenges in 

formulating logical explanations, constructing scientific arguments, and connecting evidence to 

relevant physics concepts. These results align with findings by Cahyani et al. (2024), who reported that 
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students' explanatory abilities remain low when instruction does not explicitly develop argumentation 

and scientific reasoning skills. Following the implementation of STEM-based student worksheets, the 

average post-test scores increased for each indicator, reflecting significant improvement in students' 

ability to explain problem-solving processes coherently and with conceptual grounding. 

The enhancement of students' explanatory skills can be attributed to the characteristics of STEM-

based student worksheets, which position students as active participants in the learning process. 

Student worksheets activities are structured to prompt students to observe phenomena, analyze 

contextual problems, design solutions, and articulate the rationale behind each decision. This approach 

directly cultivates explanatory skills, as students must not only arrive at a final answer but also justify 

the reasoning and methods used. STEM-based learning fosters the development of higher-order 

thinking skills through analysis, justification, and scientific communication, thereby reinforcing 

explanatory indicators within critical thinking (Hartono et al., 2025). 

3.1 Data Normality Test 

A normality test was conducted to determine whether the critical thinking ability data were 

normally distributed. This test is important to ensure that the obtained data are appropriate for analysis 

using parametric statistics. The test was conducted using the Shapiro-Wilk test with SPSS version 16.0. 

                                    Table 2. Normality Test of Pre-test and Post-test 

Tests of Normality 

 

Pretest-

Posttest 

  

Statistic df Sig. 

.954 35 .150 

 

Based on the analysis results in Table 2, the significance value (Sig.) from the Shapiro-Wilk test 

was 0.150 > 0.05, indicating that the pre-test and post-test data of students' critical thinking abilities 

were normally distributed. This confirms that the data are appropriate for parametric statistical 

analysis. 

3.2 Paired Samples t-Test 

After the data were confirmed to be normally distributed based on the Shapiro-Wilk test results, 

the next step was to conduct a paired samples t-test to determine whether there was a significant 

difference between the pre-test and post-test results of students' critical thinking abilities after using 

STEM-based student worksheets. The t-test was performed using SPSS version 16.0. 

Table 3. Paired Samples t-Test Results 

Paired Differences Mean t-statistic Sig. (2-tailed) 

Pre Test - Post Test 0.46970 -27.427 0.000 

 

Table 3 shows a mean difference of 0.46970, with a t-statistic of -27.427 and significance of 0.000. 

Since the significance value is far below the critical threshold of α = 0.05, it can be concluded that there 

is a statistically significant difference between the pre-test and post-test results of students' critical 

thinking abilities after using STEM-based student worksheets. 

These results indicate that STEM-based student worksheets was associated with substantial 

improvements in students' critical thinking abilities. This improvement demonstrates that the use of 

student worksheets designed with a STEM approach encourages students to engage actively in learning 

activities, connect physics concepts with real world situations, and develop analytical, evaluative, and 

reflective abilities that are indicators of critical thinking. 
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3.3 Observation Sheet Results 

Observation sheets were used to examine students' critical thinking processes during learning 

activities using STEM-based LKPD. Based on the observations conducted, data were obtained 

regarding the development of each critical thinking indicator during the learning process. The 

observation results for each critical thinking indicator are presented in Table 4. 

                              Table 4. Observation Scores by Critical Thinking Indicator 

Critical Thinking Indicator Mean Score (%) Category 

Self-Regulation 97.14 Excellent 

Inference 88 Excellent 

Interpretation 87 Excellent 

Evaluation 86 Excellent 

Explanation 89 Excellent 

Analysis 85 Good 

 

Table 4 demonstrates that all critical thinking indicators achieved scores in the excellent or good 

categories. The explanation indicator, which is the focus of this study, achieved an average observation 

score of 89%, categorized as excellent. This reflects active student engagement in providing 

explanations, presenting logical reasoning, and discussing the relationship between concepts and 

observation results. The highest score was achieved by the self-regulation indicator (97.14%), while the 

analysis indicator received the lowest score (85%), though still in the good category. 

These findings suggest that students developed not only procedural understanding of concepts 

but also the ability to construct scientific explanations independently. The improvement in the 

explanation indicator is shaped by the stages of the engineering design process (EDP) in STEM learning, 

which require students to design, evaluate, and revise solutions. These stages prompt students to reflect 

on their decisions and to communicate scientific reasoning explicitly. Physics instruction that 

incorporates STEM-based student worksheets aligned with the EDP can promote students' active 

engagement in problem analysis, solution formulation, and the development of evidence-based 

explanations, thereby enhancing critical thinking skills (Syukri et al., 2023). Integrating STEM into 

learning environments can further increase student participation in scientific activities and reinforce 

critical thinking through evidence-based analysis and justification (Mater et al., 2022). 

3.4 Student Response Questionnaire Results 

The level of acceptance and perceived benefits of STEM-based student worksheets was assessed 

using a questionnaire administered to students following completion of the learning activity. The 

questionnaire evaluated several aspects, including students' interest in the appearance of the 

worksheets, the clarity of material presentation and instructions, and the logical sequence and 

organization of the presented concepts. Table 5 provides a summary of student responses regarding 

the implementation of STEM-based student worksheets. 

Table 5. Student Response Analysis Results 

No Aspect Percentage (%) Category 

1. Attractiveness 95 Very Good 

2. Clarity 93 Very Good 

3. Conceptual systematics 90 Very Good 

Average Student Response 92,6 Very Good 

 

According to Table 5, the questionnaire analysis indicates that students' responses to the use of 

STEM-based student worksheets were predominantly in the very good category, with an average 
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percentage of 92.6%. These results suggest that the developed worksheets were regarded as engaging, 

user-friendly, and systematically organized, which contributed to students' effective progression in the 

learning process. The highly positive responses demonstrate that STEM-based student worksheets 

supports student engagement and facilitates the development of explanatory skills in physics learning. 

This finding aligns with research by (Nestiadi et al., 2024.), which found that student worksheets 

featuring communicative displays and structured activities can enhance student participation and 

improve the quality of learning interactions. 

The alignment among test results, N-Gain scores, observation sheets, and student responses 

indicates that STEM-based student worksheets was associated with enhanced learning outcomes and 

fostered the development of students' scientific thinking and explanatory skills. 

3.5 Discussion 

3.5.1 Explanation Skills as Core Scientific Competency 

The significant improvements in explanation indicator scores observed in this study (N-Gain = 

0.77, p < 0.001) align with emerging evidence that scientific explanation development is a core 

component of critical thinking and scientific literacy in secondary science education (Andarini et al., 

2026; Dowd et al., 2018; Osborne et al., 2004). The positive correlation between explanation abilities and 

conceptual understanding found in previous research (r = 0.586, (Nasir et al., 2022)suggests that 

explanation skills are not separate from content mastery but central to demonstrating meaningful 

understanding in STEM-integrated learning environments. 

The quality of scientific argumentation depends on students' ability to coordinate evidence with 

theoretical claims (Osborne et al., 2004). Assessment frameworks for scientific arguments emphasize 

the importance of examining how students generate and justify claims (Sampson & Clark, 2008), 

aligning with this study's focus on the explanation indicator. Our findings demonstrate that when 

students engage in STEM-based activities requiring explicit justification of design decisions, they 

develop stronger abilities to construct coherent claim-evidence-reasoning arguments. 

3.5.2 Mechanism: Engineering Design Process and Explanation Development 

The STEM-based student worksheets is effectiveness may stem from its provision of structured 

opportunities for claim-evidence-reasoning practice within the Engineering Design Process (Mcneill & 

Krajcik, 2006; McNeill & Krajcik, 2012). The CER framework has been widely adopted in science 

education as a structured approach to developing scientific explanation skills, with research 

demonstrating that scaffolding students' construction of explanations through explicit instruction 

significantly improves argumentation quality (Berland & Reiser, 2009). 

When students designed solutions for Newton's Laws applications in this study, they were 

required to justify design choices with physics principles, evaluate alternative solutions, and explain 

why certain approaches were more effective activities that directly mirror the cognitive processes 

involved in scientific explanation (Mutakinati et al., 2018; Swandi et al., 2025). The integration of 

engineering design in K-12 STEM education provides authentic contexts for developing scientific 

reasoning (Moore et al., 2014), and engineering design processes require students to justify design 

decisions with scientific principles, creating natural opportunities for practicing scientific 

argumentation (English, 2016; Kelley & Knowles, 2016). 

This iterative process of proposing solutions, testing them, and justifying modifications creates 

structured opportunities for students to practice the claim-evidence-reasoning cycle. Moreover, the 

EDP's emphasis on connecting abstract scientific principles to concrete problem-solving contexts 

supports the development of coherent argumentation (English, 2016). Students must integrate 

observational evidence with conceptual reasoning, demonstrating how theoretical physics principles 

explain real-world phenomena (Nasir et al., 2022). This supports the theoretical premise that 

explanation and justification opportunities in STEM activities are critical factors in scientific reasoning 

development (Zhou et al., 2021). 
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STEM-based learning fosters the development of higher-order thinking skills through analysis, 

justification, and scientific communication, thereby reinforcing explanatory indicators within critical 

thinking (Hartono et al., 2025). These results are consistent with findings by (Usman et al., 2025) and 

(Susilawati et al., 2025), who report that implementing STEM-based learning via student worksheets 

enhances students' critical thinking abilities and promotes active engagement in scientific activities, 

particularly in constructing and communicating explanations grounded in concepts and evidence. 

3.5.3 Study Limitations and Validity Considerations 

While this study demonstrates strong associations between STEM-based student worksheets 

implementation and improvements in explanation skills, several methodological limitations must be 

acknowledged. The one-group pretest-posttest pre-experimental design, while appropriate given 

practical constraints within the existing school structure, limits the strength of causal inferences that 

can be drawn from these findings. 

First, the absence of a control group means that alternative explanations for the observed 

improvements cannot be definitively ruled out. Potential threats to internal validity include: 

1. History effects: External events or experiences during the intervention period may have 

contributed to students' improved performance. 

2. Maturation: Natural cognitive development over the study period could account for some 

improvement, particularly given the age group (grade XI students). 

3. Testing effects: Exposure to the pretest may have familiarized students with the question format 

and expectations, potentially inflating posttest scores. 

4. Instrumentation: While observation sheets were used to assess implementation fidelity, no formal 

measures of interrater reliability were calculated, potentially introducing scoring bias. 

5. Hawthorne effect: Teacher and student enthusiasm for the novel intervention may have 

contributed to improved outcomes independent of the student worksheets instructional design. 

Second, the study was conducted at a single school in Banda Aceh with a relatively short 

intervention duration, which may limit the generalizability of findings to other educational contexts, 

student populations, or longer timeframes. The sample size (n=35) was adequate for detecting the large 

effect observed, but replication with larger, more diverse samples would strengthen confidence in these 

findings. 

Third, while the N-Gain analysis and paired t-test provide evidence of improvement, these 

analyses cannot establish that the STEM-based student worksheets caused these changes. The language 

used throughout this paper reflects this limitation, characterizing findings as showing association or 

correlation rather than definitive causation. 

Fourth, the qualitative aspects of students' explanations such as the sophistication of their 

argumentation, the appropriateness of evidence selection, or the coherence of their reasoning—were 

not systematically analyzed beyond the quantitative scoring rubric. Deeper qualitative analysis could 

provide richer insights into how students' explanatory abilities developed. 

Despite these limitations, the consistency across multiple data sources (test scores, N-Gain values, 

observation data, and student responses) provides triangulated evidence supporting the conclusion 

that STEM-based LKPD implementation is associated with improvements in students' explanation 

skills. The large effect size and highly significant statistical results suggest that this association is both 

substantial and reliable within the study context. 

4. CONCLUSION 

This study examined the association between STEM-based student worksheets integrating the 

Engineering Design Process (EDP) and students’ scientific explanation abilities in Grade XI physics, 

revealing substantial improvements as indicated by a high N-Gain value (0.77) and statistically 

significant differences between pretest and posttest scores, alongside strong observational performance 

(89%, excellent category) and highly positive student responses (92.6%). These findings suggest that 
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the structured, iterative nature of the EDP—emphasizing justification, testing, and evidence-based 

reasoning—supports the development of coherent scientific explanations, although the one-group 

pretest–posttest design limits causal claims and the single-site, short-duration implementation 

constrains generalizability. Practically, the results indicate that effective implementation requires 

explicitly structured tasks that demand justification using physics principles, full engagement in 

iterative design cycles, scaffolding through claim–evidence–reasoning frameworks, sufficient 

instructional time, and collaborative learning environments that promote peer discussion and 

explanation. For future research, more rigorous designs such as quasi-experimental or randomized 

controlled studies are needed to establish causality, alongside longer and broader implementations 

across diverse contexts to assess sustainability and generalizability; additional work should also 

incorporate delayed posttests, qualitative analyses of student explanations, and investigations into 

specific instructional features and learner characteristics that influence outcomes. Overall, while 

acknowledging its limitations, this study highlights the promise of STEM-based worksheets 

incorporating the Engineering Design Process as a pedagogical approach to enhance students’ scientific 

explanation skills and provides a foundation for further evidence-based refinement in physics 

education. 
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