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Abstract 

Combinatorial thinking skills are essential for integrating parameters such as annealing temperature, DNA template 

volume, and the number of cycles to optimize polymerase chain reaction (PCR) techniques. This study aims to develop 

research-based learning (RBL) integrated with science, technology, engineering, and mathematics (STEM) learning 

materials to enhance students' combinatorial thinking skills in confirming transgenic sugarcane using PCR. The 

development process followed the 4-D model, resulting in task plans (RTM), student worksheets (LKM), and student 

learning outcome tests (THBM). Validation was conducted by experts, while practicality and effectiveness were assessed 

through a small-scale implementation involving 25 students, utilizing pre- and post-tests, observations, and questionnaires. 

The learning materials were deemed valid (mean = 3.6), practical (mean = 3.8), and effective, as indicated by THBM 

(84%), activity scores (mean = 3.7), and positive responses (87%). Analysis of pre-test and post-test results demonstrated 

an increase in students' combinatorial thinking skills, with students categorized into low, medium, and high levels. The 

RBL-STEM learning materials effectively support the development of combinatorial thinking and problem-solving skills in 

molecular biotechnology. These materials present a promising approach to improving combinatorial thinking in 

biotechnology and can be adapted to other complex scientific topics that require analytical integration. 
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1. Introduction 

As science and technology advance, students' skills in higher-order thinking are increasingly needed, including 

combinatorial thinking. This skill enables students to evaluate multiple solution pathways by considering alternative 

combinations and making logical connections between processes and outcomes [1, 2]. Core indicators of combinatorial 

thinking include investigation, pattern recognition, generalization, proof, and further exploration [3].  

In biotechnology, to detect genetically modified organisms (GMOs), polymerase chain reaction (PCR) is a crucial 

method for amplifying DNA, including transgenic sugarcane with high sucrose content [4-6]. However, PCR is sensitive to 

parameters such as DNA template volume, annealing temperature, and number of cycles [7-9]. Inconsistent results, such as 

weak DNA bands and mismatches, can lead to false positives or negatives, requiring students to apply combinatorial 

thinking to address such issues [10-12].  

In responding to these needs, alternative learning models, including project-based learning (PjBL), problem-based 

learning (PBL), and research-based learning (RBL), have been widely developed [13, 14]. Among these models, RBL is 

considered the most appropriate in the context of transgenic sugarcane confirmation because it emphasizes the activities of 

examining, investigating, and applying ideas in real situations [15]. RBL encourages students to resolve issues through 

authentic research activities in the curriculum [16]. In contrast, PBL emphasizes more on formulating pre-existing 

problems, while PjBL emphasizes more on creating project products [17, 18]. These characteristics make RBL suitable for 

application to improve combinatorial thinking skills because it encourages students to explore various possible solutions 

from different combinations of variables. In its application, the RBL model is often combined with a specific learning 

approach, and some studies recommend a STEM approach [19, 20]. 

STEM here means teaching that incorporates interdisciplinary approaches from the four domains, emphasizing 

authentic problem solving [21]. Previous findings reported that in biotechnology courses, STEM can create a more active 

and positive learning environment [22, 23]. STEM-based learning encourages hands-on inquiry [24] and focus on solving 

real problems [25, 26] which makes learning more in-depth and relevant for students. 

The integration of RBL-STEM is a perfect fit because both share the same organizational emphasis, namely an 

emphasis on active student involvement in authentic problem-solving. This integration encourages students to engage in the 

research process and presents real-life phenomena in class [27]. RBL-STEM learning motivates students to do more than 

just comprehend the concepts of each field; it also encourages them to integrate cross-disciplinary knowledge to produce 

innovative solutions through the research process [16]. Empirical evidence shows that RBL-STEM can improve higher-

order thinking skills, including combinatorial thinking skills [28-30]. This model promotes a research-oriented learning 

environment that engages students in collaborative inquiry and real-world problem-solving, building a link between theory 

and practice [1, 27, 30, 31]. 

Although relevant, studies focusing specifically on enhancing combinatorial thinking skills through biotechnology 

learning, especially in PCR-based transgenic confirmation, remain limited. Therefore, to ensure that research is 

meaningfully integrated into the learning process, it is important to design and implement effective RBL-STEM-based 

learning materials. These materials can guide students taking biotechnology courses in implementing optimal PCR 

techniques by considering all existing parameters. This study focuses on developing and evaluating learning materials 

based on RBL-STEM to improve students' combinatorial thinking skills in the context of transgenic sugarcane confirmation 

through PCR techniques. Furthermore, we examine the outcomes of reviewers’ validation of the learning materials and the 

outcomes of their implementation for students taking biotechnology courses. 
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2. Research Method 
This study employed a research and development (R&D) design with a mixed-method approach (qualitative and 

quantitative). The developed product consisted of RBL-STEM-based learning materials, including the student assignment 

plan (LKM), student worksheet (LKM), and learning outcome test (THBM), which was designed through the Define, 

Design, Develop, and Disseminate (4-D) stages, referring to Thiagarajan et al. [32]. The development procedure is 

illustrated in Figure 1. 

 

 
Figure 1.  

4-D Model Design. 

 

The Define stage aims to identify existing needs and challenges related to PCR technique instruction. This stage begins 

with a pre-post analysis to identify specific learning problems and needs related to PCR instruction. Furthermore, 

classroom observations are used to determine the characteristics and backgrounds of students who will be targeted for 

research and to analyze biotechnology learning at universities. Task analysis is carried out to consider the skills needed to 

master the PCR technique. Meanwhile, concept analysis is used to compile the main materials that students must master, 

and learning objectives are formulated to ensure that they are appropriate, measurable, and aligned with learning needs. 

In the Design stage, a prototype draft (RTM, LKM, and THBM) and the instruments were constructed on the RBL-

STEM. The content was intentionally structured to improve students’ combinatorial thinking skills. In the Development 

stage, the learning materials were refined and improved based on expert validation and the results of limited trials. This 

stage involves producing learning materials that meet validity criteria (format, content, and language). The limited trial in 

this study was conducted in 2023 with 25 students of the Agrotechnology Study Program at the University of Jember who 

were enrolled in the Biotechnology course. Additionally, data collection and analysis were obtained from the results of 

semi-summative evaluations to assess the practicality and effectiveness of learning. Finally, the dissemination stage aims to 

distribute learning in other classes or through presentations at conferences or scientific journal publications. 

Validity data analysis follows, while practicality and effectiveness follow Marsidi et al. [33]. The results of the pre-test 

and post-test trials were further analyzed using SPSS 24, which includes normality tests and paired sample t-tests. In 

addition, we also analyzed qualitatively using NVivo 15 to visualize the mindset of students who have different 

combinatorial thinking skills. The analysis carried out includes student phase portraits, adjacency matrices, topography 

matrices, word clouds, word trees, comparisons, and project maps. 

 

3. Research Results  
The development and testing of RBL-STEM learning materials in this study were analyzed both quantitatively and 

qualitatively. The findings include assessments of validity, practicality, effectiveness, and an in-depth understanding of 

students' combinatorial thinking processes. Visual representations such as phase portraits, Total Depth (TD), Relative 

Asymmetry (RA), and word cloud analysis were employed to observe how students learn and think when confronted with 

the problem of transgenic sugarcane confirmation using the PCR technique. These visual tools facilitated the interpretation 

of students' learning behaviors in solving PCR-based problems related to transgenic sugarcane confirmation. 

 
3.1. Define 

A needs analysis was conducted by reviewing literature, conducting interviews, and observing classrooms. The results 

revealed that students had difficulty managing complex PCR parameters. Additionally, students exhibited diverse levels of 

foundational knowledge, clearly highlighting the need for a learning approach that integrates theoretical concepts with 

hands-on laboratory practice. Based on the analysis, specific learning objectives were formulated by incorporating STEM 

aspects into the resolution of biotechnology-related problems, as shown in Figure 2. 
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Figure 2. 
STEM Aspects. 

 

RBL-STEM learning materials offer an integrated and comprehensive approach. In the science aspect, students are 

guided to understand the basic principles and components involved in the PCR process. An understanding of PCR 

technology, which can amplify DNA, is also taught. Not only that, in the engineering aspect, students are encouraged to be 

able to optimize by considering all PCR parameters so that the PCR process can run optimally. Mathematical aspects are 

also included in learning, such as calculating the annealing temperature and calculating the number of PCR parameter 

combinations. The RBL-STEM syntax frame consists of six steps Figure 3. 

 

 
Figure 3.  

RBL-STEM Syntax Framework. 

 

In the first step of the process, students are presented with an open problem concerning PCR failure in confirming 

transgenic sugarcane. The types of PCR failures and their impact on the confirmation of transgenic sugarcane are examined 

at this stage to help students understand the fundamental concepts of real-world problems. Furthermore, in the second step, 

students explore strategies in the form of solutions by designing a combination of PCR parameters to optimize the 

confirmation process of transgenic sugarcane using PCR. 
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The third step emphasizes students collecting information that can support the strategies they have created through 

official protocols and scientific journals. Information such as DNA template volume, annealing temperature, and number of 

cycles is searched and discussed to obtain important points that can be used as references in conducting experiments. The 

fourth step focuses on experiments and analysis of results. Students are facilitated to conduct PCR and electrophoresis 

experiments to test the effectiveness of the combination of PCR parameters they have designed. 

The fifth step involves the generalization of the process and findings, where students are asked to conclude the 

scientific patterns and principles of the entire experiment. Students are engaged in the discussion process to analyze the 

results of electrophoresis data obtained from all groups and compare the intensity of the DNA bands formed in each 

combination. The sixth step is the presentation and reflection stage. Students compile and present a scientific report. This 

presentation includes the design of the experiment, the results of the analysis, the generalization of the group, as well as 

self-reflection. 

 

3.2. Design 

In the Design stage, the learning materials developed include RTM, LKM, and THBM. These materials are designed to 

facilitate students' active involvement in exploring concepts through RBL-STEM-based laboratory experiments. 

Additionally, development was carried out to compile several research instruments, such as validation sheets, activity 

observation sheets (for lecturers and students), and student response questionnaires. The prototype workflow was presented 

in Figure 4. 

 

 
Figure 4.  
Prototype Workflow for PCR-Based Confirmation of Transgenic Sugarcane. 

 
Figure 5 shows the workflow steps in the process of transgenic sugarcane confirmation using PCR analysis. The 

process includes PCR combination design, Tm calculation, information collection, PCR amplification, electrophoresis, and 

gel documentation. Successful amplification is indicated by the presence of nptII bands. In the workflow, directional 

arrows (→) indicate sequential steps, and bidirectional arrows (↔) indicate iterative processes that require adjustment or 
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re-evaluation when the results are not in accordance. This combination ensures procedural flow and feedback-based 

problem-solving to improve accuracy. 

 

3.3. Develop  

Three validators verified the learning materials, including expert lecturers in education, biotechnology, and language, 

and assessed their practicality and effectiveness based on small-scale implementation with students. The following results 

were obtained: 

 
3.3.1. Validity Testing 

The validity criteria of the learning materials were assessed using a Likert scale of 1-4, and the results are summarized 

in Table 1. 

 
Table 1.  
Recapitulation of Learning Materials Validation Results. 

Materials 

Aspect Score RTM LKM THBM 

Format Average score 3.0 3.7 3.7 

 Average percentage 75% 93% 93% 

Content Average score 3.3 3.5 3.7 

 Average percentage 83% 88% 93% 

Language Average score 3.7 3.9 4 

 Average percentage 93% 98% 100% 

Overall aspect average score 3.3 3.7 3.8 

Overall aspect average percentage 83% 93% 95% 

Conclusion Valid 

 

The validation results show that the overall average value was 3.6, which is in the range 3.25 ≤ Va < 4.00 and falls into 

the “valid” category. This finding indicates that, in terms of content, format, and linguistic appropriateness, especially in 

the THBM component, it has met the eligibility criteria. 

 

3.3.2.  Practicality Test  

Three observers were involved in the learning process. The practicality test was assessed by analyzing the viability of 

classroom instruction based on the activities of the lecture. The outcome of the observation is shown in Table 2. 

 
Table 2.  

Summary of Learning Process Observations. 

No Assessed Aspect Average Percentage 

I Syntax 4 100% 

II Social System 3.7 92% 

III Principles of Reaction and Management 3.7 92% 

Overall average score 3.8 94% 

 

The observation results yielded an average score of 3.8, equivalent to 94%, which lies within the interval 90% ≤ SR ≤ 

100%, indicating that the learning implementation is categorized as "very practical". 

 

3.3.3.  Effectiveness Test 

The effectiveness test assessed the extent to which the learning materials improved students' combinatorial thinking 

skills in addressing the confirmation of transgenic sugarcane. The results of this evaluation are presented as follows: 

 

3.3.3.1. Analysis of THBM  

About 21 out of 25 students scored above the minimum passing score of 75, which is 84%. These results show that the 

learning material effectively helps students achieve classical completeness. It also indicates an improvement in students' 

understanding and use of combinatorial thinking skills. 

 

3.3.3.2. Analysis of Students’ Activities 

The recapitulation of the student activities during the learning process is presented in Table 3. Based on the results of the 

recapitulation, the percentage obtained with an average score of 3.7 and a percentage of 92.5% indicates that the students 

fall into the "very active" category. 
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Table 3.  

Summary of Student Activity Observation. 

Indicator Mean score Percentage 

Opening Session 4 100% 

Core Learning Process 3.60 90% 

Lesson Conclusion 3.5 87.5% 

Overall average 3.7 92.5% 

 

3.3.3.3. Analysis of the Questionnaire 

The response questionnaire was distributed to 25 students to assess their level of acceptance of the learning materials. 

The questionnaire included "Yes" and "No" answers, where students evaluated whether the learning process met the 

indicators based on their experiences during the learning sessions. 

 
Table 4.  

Results of Data Recapitulation of Student Response Questionnaire Results. 

No Aspect Statement number Yes No Yes (%) No (%) 

1 Learning components 1-4 22.25 2.75 89 11 

2 Content novelty 5-8 23.25 1.75 93 7 

3 Engagement 9 19 6 76 24 

4 Language clarity 10-11 21.5 3.5 86 14 

5 Comprehension of tasks 12-13 22.5 2.5 90 10 

6 Visual design 14-15 22 3 88 12 

7 Group collaboration 16 22 3 88 12 

 Average 21.79 3.21 87 13 

 

The student response questionnaire regarding the implementation of RBL-STEM resulted in an average of 87% of 

students responding positively ("yes"), while 13% responded negatively ("no"). This indicates that the majority of students 

are satisfied with and enjoy using the RBL-STEM learning materials. Therefore, according to the established criteria, these 

learning materials are effective in supporting the learning process. 

After development, the learning was implemented on a larger scale. The results of the pre-test and post-test conducted 

during this phase are shown in the figure. 

 

 
Figure 5.  

Distribution of Students' Combinatorial Thinking Skills: a. Pre-test and Post-test Results of Each Student, b. Pre-

test Percentage, c. Post-test Percentage. 

 



 
 

               International Journal of Innovative Research and Scientific Studies, 8(5) 2025, pages: 1685-1699
 

1692 

The pre-test findings showed that students' combinatorial thinking skills initially consisted of two levels, namely low 

(84%) and medium (16%). The post-test results show an improvement in the distribution of skills across the three levels: 

28% at the high level, 56% at the medium level, and 16% at the low level. Additionally, a normality test was conducted 

using SPSS 24 software as a precondition for the paired sample t-test, and the results are shown in Table 5. 

 
Table 5.  

Normality Test Result. 

Test of Normality 

 Kolmogorov-Sminova Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Pre-test 0.165 25 0.078 0.923 25 0.060 

Post-test 0.206 25 0.008 0.933 25 0.103 
Note: a. Liliefors Significance Corrections. 

 

The results of the Shapiro-Wilk normality test show that the p-values are 0.060 and 0.103 (p ≥ 0.05), indicating that the 

data are normally distributed. Further analysis to examine the impact of learning materials was conducted using a paired 

sample test Table 6. 

 
Table 6.  

Paired Sample T-Test Result. 

Paired Samples Correlations 

  N Correlation Sig. 

Pair 1 Pre-test & Post-test 25 0.774 0.000 

 

The p-value of 0.00 (p ≤ 0.05) from the results of the paired sample t-test revealed that there was a statistically 

significant difference between the pre-test and post-test scores. Therefore, it can be concluded that the application of 

learning materials using the RBL-STEM learning approach has significantly improved students' skills in identifying 

transgenic sugarcane through the PCR technique. This study developed context-specific indicators to assess students’ 

combinatorial thinking skills in solving transgenic sugarcane confirmation using PCR techniques. These indicators are 

outlined in Table 7. 

 
Table 7.  

Combinatorial Thinking Skills in STEM Activities 

E. 1 Indicator E. 2 Sub-Indicator 

A. Identifying several cases in 

the confirmation of transgenic 

sugarcane through the PCR 

technique 

A. 1 Identifying factors causing PCR results to fail 

A. 2 Explaining the impact of PCR failure in the process of confirming 

transgenic sugarcane 

B. Recognizing patterns from all 

cases 

B. 1 Determining DNA volume 

B. 2 Calculating annealing temperature based on primer sequences 

B. 3 Finding the relationship between DNA volume, annealing temperature, 

and number of cycles on the intensity of the PCR DNA band 

C. Generalizing all cases C. 1 Creating a PCR parameter combination scheme and predicting results 

C. 2 Calculating all combinations 

D. Proving systematically D. 1 Analyzing the strengths and weaknesses of pattern-solving 

D. 2 Testing the validity of the optimal PCR parameter combination based on 

experimental results and scientific literature 

E. Considering other 

combinatorial problems 

E.1   Calculating all combinations, identifying other parameters outside of DNA 

volume, annealing temperature, and number of cycles that can affect the success 

of PCR. 

 

To further substantiate the findings, a phase portrait analysis was conducted to visualize students' cognitive pathways 

during the problem-solving process. The phase portrait of Student 1 (S1), categorized as having low-level combinatorial 

thinking skills, is shown in Figure 6.  
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Figure 6.  

Phase Portrait of S1: a. Graph representation, b. Adjacency matrix 

 

Student 1 (S1) worked on the test starting from identifying several cases (A.1 and A.2), but his reasoning was 

inconsistent; instead of proceeding to B.1, the student immediately jumped to B.3 and C.1, even though he eventually 

reviewed indicators B.1 and B.2. Key indicators such as C.2 and D.1 were left out, and the process ended at E.1. This 

pattern indicates limited systematic reasoning and shallow integration of PCR parameter combinations. We used a number 

of flow metrics, including Total Depth (TD), Mean Depth (MD), Relative Asymmetry (RA), and Relative RA (RRA), to 

examine the topological features of students’ thought routes to better comprehend their reasoning structure. These 

indicators help visualize the degree of connectivity, depth, and symmetry across each sub-indicator in the students’ 

combinatorial reasoning. The topological metrics of S1 are summarized in Table 8. 
 

Table 8.  

TD, MD, RA, and RRA Values of Student 1’s. 

Sub-indicator A.1 A.2 B.1 B.2 B.3 C.1 D.2 E.1 

TD 26 19 25 25 14 14 19 26 

MD 3.72 3.72 3.57 3.57 2 2 2.72 3.72 

RA 0.91 0.57 0.86 0.86 0.33 0.33 0.57 0.91 

RRA 2.49 1.57 2.36 2.36 0.92 0.92 1.57 2.49 

 

The finding reveals that sub-indicators A.1 and E.1 have the highest TD values, suggesting that students frequently 

revisit these stages throughout their reasoning process. Levels are comparatively inefficient. In contrast, lower RA and 

RRA values suggest that students advanced through these stages more quickly. These findings show that during the RBL-

STEM learning, B.3 and C.1 may serve as strategic checkpoints to help students build a more efficient thought process. 

Student 2 (S2) was categorized as having medium combinatorial thinking skills, demonstrated a more structured 

reasoning pattern compared to the low-level skill, as shown in Figure 7. 

 

 
Figure 7.  

Phase Portrait of S2: a. Graph representation, b. Adjacency matrix. 



 
 

               International Journal of Innovative Research and Scientific Studies, 8(5) 2025, pages: 1685-1699
 

1694 

Student 2 can be seen to pass most of the indicators, except indicator D.1. This shows that the student has 

comprehensive and strategic reasoning, although there is a small gap in the evaluation. The overall reasoning remains 

comprehensive and strategic. Sub-indicators B2 and D3 had the highest TD. Table 9, showing frequent use, while lower 

RA values in B3 and C1 (RA=1.0 and 0.9) indicated more efficient transitions in those steps. 

 
Table 9.  

TD, MD, RA, and RRA Values of Student 2. 

Sub-indicator A.1 A.2 B.1 B.2 B.3 C.1 C.2 D.2 E.1 

TD 32 24 29 35 18 17 21 27 35 

MD 4.0 3.0 3.63 4.38 2.25 2.13 2.63 3.38 4.38 

RA 0.86 0.57 0.75 0.96 0.35 0.32 0.46 0.68 0.96 

RRA 2.4 1.6 2.1 2.7 1.0 0.9 1.3 1.9 2.7 

 

The phase portrait of student 3 (S3) was shown in Fig. 8 to further demonstrate the reasoning trajectory of a student 

with advanced combinatorial thinking skills. 

 

 
Figure 8.  

Phase Portrait of S3: a. Graph representation, b. Adjacency matrix. 

 

As shown in Figure 8, student 3, categorized as having high combinatorial thinking skills, demonstrated a more 

systematic and comprehensive process, completing all sub-indicators without omission. A more detailed quantitative 

analysis of these students' reasoning path was summarized in Table 10. The highest TD values were found at A1 and E1 

(TD=45), showing full pathway transversal. Low RA values at B.3 and C.1 (RA=4) reflect efficient transitions, confirming 

strong integration and deep combinatorial reasoning throughout the RBL-STEM learning process. 

 
Table 10.  

TD, MD, RA, and RRA Values of Student 3’s. 

Sub-indicator A.1 A.2 B.1 B.2 B.3 C.1 C.2 D.1 D.2 E.1 

TD 45 37 31 27 25 25 27 31 37 45 

MD 5 4.11 3.44 3 2.78 2.78 3 3.44 4.11 5 

RA 1 0.77 0.61 0.5 0.44 0.44 0.5 0.61 0.78 1 

RRA 2.85 2.22 1.74 1.43 1.27 1.27 1.43 1.74 2.21 2.85 

 

NVivo software was used to code data to strengthen the qualitative analysis. The data obtained from students (S1, S2, 

and S3) were analyzed using NVivo, and a word cloud was presented in Figure 9. 
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Figure 9.  

Word Cloud from NVivo Analysis. 

 

NVivo analysis was used to visualize the word frequencies from the student interviews (Fig.9). Larger words such as 

“DNA,” “specific,” and “PCR” were the most frequently occurring words, indicating that the learning process focused 

heavily on GMO confirmation using PCR. Other words, like “combination,” “primer,” and “cycle,” reflected students’ 

involvement in the experimental procedure, highlighting students’ combinatorial thinking. These results are in line with the 

goal of RBL-STEM to directly integrate theory with practice. In addition to strengthening our qualitative analysis, we used 

query analysis to show the words that frequently appear together with DNA, and the results are shown in Figure 10. 

 

 
Figure 10.  

Word Tree of The Word “DNA”. 

 

The DNA keyword results revealed several technical challenges experienced by students when confirming transgenic 

sugarcane, such as double non-specific bands or smears, and the inability to detect the NPTII gene. Other terms also 

appeared, such as DNA volume (1-2) and annealing temperature (53-55), indicating active student involvement in testing 

combinations of PCR parameters. This finding indicates students' combinatorial skills in understanding DNA quality from 
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PCR results, and this supports the effectiveness of RBL-STEM in the learning process. We conducted an NVivo analysis 

using the comparison feature to assess the differences in combinatorial thinking skills among students from different 

categories, which are presented in Figure 11. 

 

 
Figure 11.  

Comparison of Students’: (a) S1 and S2; (b) S2 with S3; (c) S1 and S3. 

 

As shown in Figure 12, the differences in the level of combinatorial thinking skill indicators among the three students 

with varying skill categories are notable. The comparison between students 1 and S2 (Fig. 10a) reveals several similarities 

in their indicators; however, S2 demonstrates a broader range (indicator C.2), which S1 does not exhibit. Meanwhile, the 

comparison between S2 and S3 (Fig. 10b) shows an even wider range of indicators, with S3 outperforming S2 by 

incorporating indicators C2 and D.1. The comparison between S1 and S3 (Fig. 10c) highlights that S1 meets only 8 

indicators, while S3 meets 10. This suggests that S3 is capable of identifying, analyzing, and addressing more aspects of the 

transgenic sugarcane confirmation process through PCR techniques. In contrast, S1’s understanding is more limited, 

indicating that improvement is needed in several areas to achieve enhanced combinatorial thinking skills. A project map 

through NVivo analysis was conducted to map student involvement (S1, S2, S3) in the combinatorial thinking sub-

indicators. 

 

 
Figure 12.  

Project Map of Student Combinatorial Thinking Skills. 

 

The large circle on the project map shows the main indicator, and the child shows the sub-indicator. The project map 

results reveal that S1 only reaches some indicators, S2 is broader, while S3 can reach all indicators. This visualization 

supports the findings of the previous phase portrait analysis and strengthens the differences in combinatorial thinking skills 

between students, with S3 showing the most complete and systematic structure. 
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4. Discussion 
This study successfully developed RBL-STEM-based learning materials that improved students' combinatorial 

thinking skills in solving problems related to transgenic sugarcane confirmation through the PCR technique. The materials 

strengthen conceptual understanding while promoting higher-order thinking, particularly in data analysis and synthesis 

within an authentic laboratory experiment. The findings support previous research on RBL-STEM learning materials using 

the irregular reflexive k-labeling [33]. Although differing in disciplinary focus, this study equally emphasizes the 

importance of cross-field integration, such as biology, mathematics, and technology, to solve complex and authentic 

problems. These findings demonstrate the flexibility of the RBL-STEM learning materials in adapting to molecular 

biotechnology contexts, which previously centered more on mathematics and technology [1, 14, 15, 31]. 

The field implementation revealed that the developed learning materials met high-quality standards in terms of 

validity, practicality, and effectiveness, especially in enhancing students’ combinatorial thinking skills. These results align 

with previous studies claiming that the RBL-STEM model is more effective in developing combinatorial skills than 

conventional learning methods [34]. Through engagement in experimental activities and data interpretation, students 

applied theoretical knowledge to real-world challenges, an opportunity rarely afforded by conventional methods. Moreover, 

this study supports the development of important soft skills such as creativity, meta-literacy, and computational thinking 

[27, 31, 35]. 

This study expands the application of RBL-STEM learning into biotechnology education by guiding students in 

tackling combinatorial challenges in PCR-based transgenic confirmation. This demonstrates great potential in connecting 

theoretical concepts and practical applications across disciplines. However, the scope is limited to a specific technique 

(PCR). Future investigations should explore how combinatorial thinking can be cultivated in a broader context, such as 

bioinformatics, gene editing, or systems biology, to further validate and enrich the applicability of the RBL-STEM 

approach. 

 

5. Conclusion 
The RBL-STEM learning material developed has met the valid criteria as shown by the results of the expert lecturer 

validator, with an average value of 3.6, considered practical from the results of observations of lecturer activities, with an 

average percentage of 94%. These learning materials are also categorized as effective, as shown by 84% of students 

achieving the minimum standard score, 92.5% of students being actively involved, and 87% receiving positive responses. 

The pre-test and post-test results showed an increase in the scores of each student. Phase portrait analysis shows the flow of 

students' thinking supported by Total Depth, Relative Asymmetry, and word cloud data, indicating strong conceptual 

involvement. Thus, RBL-STEM is proven to be effective in improving students' combinatorial thinking skills in PCR 

confirmation of transgenic sugarcane. 
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