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Abstract- Robotics-integrated Science, Technology, Engineering, and Mathematics (STEM) 

education offers opportunities to connect theoretical knowledge with practical problem-solving, 

creative design, and scientific investigation. By designing, constructing, programming, and 

testing robotic systems, learners can explore scientific principles, apply mathematical reasoning, 

develop technological skills, and evaluate engineering solutions. This thematic article examines 

how robotics-integrated STEM education can foster creativity, innovation, and scientific inquiry, 

while considering the teaching approaches and institutional conditions that influence its 

educational value. The discussion draws on published systematic reviews and meta-analyses, 

alongside established perspectives on constructionist learning, inquiry-based education, and 

engineering design. Existing evidence suggests that educational robotics can support STEM 

learning and creativity, although outcomes vary according to learners’ age, instructional design, 

subject area, duration, and teacher support. Robotics activities are most educationally meaningful 

when learners investigate authentic problems, generate and compare alternative solutions, test 

prototypes, interpret evidence, and revise their designs. However, equipment costs, unequal 

access, insufficient teacher preparation, excessive emphasis on coding, and limited assessment 

of creative and scientific processes may restrict the benefits. The article argues that robotics 

should be integrated into STEM curricula as a means of inquiry and design rather than treated 

merely as a technical activity. It proposes a pedagogical framework linking problem 

identification, scientific investigation, creative design, prototype testing, evidence-based 

revision, and reflection. The article concludes that the educational value of robotics depends less 

on the presence of robotic equipment than on the quality of the learning experiences developed 

around it. 
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I.  Introduction  

 
Science, Technology, Engineering, and Mathematics (STEM) education helps students 

connect what they learn in different subjects and use that knowledge to solve real-life 

problems. When these subjects are taught separately, students may find it difficult to 

understand how they work together. Robotics-integrated STEM education helps 

overcome this difficulty by allowing students to design, build, programme, test, and 

improve robots. For example, students can build a robot that detects obstacles, measures 

temperature, or follows a particular path. Through these activities, they can understand 

scientific concepts, use mathematics, and learn how technology works in practical 

situations. 

 

Research has shown that robotics can support STEM learning. Darmawansah et al. 

(2023), in a review of 39 studies published between 2012 and 2021, found that project-

based learning was commonly used in robotics-integrated STEM education. The review 

also highlighted the importance of developing STEM knowledge and skills that can be 

applied in different situations. Similarly, Ouyang and Xu (2024) analysed 21 studies 

and found that educational robotics had a moderately positive overall effect on STEM 

learning, although the benefits varied depending on what students were learning and 

how the activities were organised. 

 

The value of robotics goes beyond teaching students how to build or programme 

machines. It can encourage them to ask questions, think of new ideas, test possible 

solutions, and learn from mistakes. These activities support three important learning 

outcomes: creativity, which means developing new ideas; innovation, which means 

turning those ideas into useful solutions; and scientific inquiry, which involves asking 

questions, observing what happens, testing ideas, and drawing conclusions from 

evidence. These skills do not develop simply because students use robots. If students 

only follow instructions to build a robot in a fixed way, they may have few opportunities 

to think independently. However, when they are encouraged to explore problems, try 

different designs, test their ideas, and explain their decisions, they can develop a deeper 

understanding of STEM subjects. Therefore, this article examines how robotics can be 

used meaningfully in STEM education to develop creativity, innovation, and scientific 

inquiry. 
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II. Robotics-Integrated STEM Education 
 

Robotics-integrated STEM education involves using robots to teach concepts and skills 

in science, technology, engineering, and mathematics through practical activities. 

Students may build robots, programme their movements, connect sensors, take 

measurements, and improve their designs to solve a particular problem. The main 

purpose is not simply to teach students how to operate or programme robots, but to help 

them understand how different STEM subjects work together. For example, designing 

a robot to monitor soil moisture requires students to understand plant-water needs in 

science, interpret sensor readings using mathematics, connect electronic components 

through technology, and construct a suitable device using engineering principles. 

Darmawansah et al. (2023) explained that robotics-based STEM activities can involve 

either one main subject or several subjects working together to solve a problem. 

Similarly, Anwar et al. (2019), in a systematic review of 147 studies, examined 

educational robotics in relation to learning and transferable skills, creativity, 

motivation, student participation, and teacher professional development. These findings 

suggest that robotics should be viewed as a learning approach rather than merely a 

technical subject focused on coding. In this context, three important outcomes are 

creativity, innovation, and scientific inquiry. Creativity involves developing new ideas, 

innovation involves turning those ideas into useful solutions, and scientific inquiry 

involves asking questions, collecting and examining evidence, and drawing 

conclusions. Although these outcomes are related, they are different. Students may 

develop an original robot design without testing whether it works effectively, while 

others may conduct a careful investigation using an existing design. Well-planned 

robotics activities can bring these three outcomes together by encouraging students to 

develop ideas, test their designs, learn from the results, and make improvements. 

 

III. Thematic Approach 

 
This article uses a narrative thematic review approach, drawing on selected research 

studies, systematic reviews, and meta-analyses related to educational robotics, STEM 

learning, creativity, problem-solving, and computational thinking. It examines both the 

benefits of using robotics in education and the teaching methods that can make these 

activities more effective. The discussion is organised around five themes: developing 

creativity through robotics, encouraging innovation through engineering design, 
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promoting scientific inquiry through testing and evidence, supporting collaboration and 

interdisciplinary learning, and addressing the teaching and institutional conditions 

needed for successful implementation. The article does not claim to be a complete 

systematic review, nor does it conduct a new statistical analysis. Instead, findings from 

existing reviews and meta-analyses are interpreted in relation to the article’s focus on 

creativity, innovation, and scientific inquiry in robotics-integrated STEM education. 

 

Robotics as a Context for Developing Creativity 

Creativity in STEM education involves identifying problems, developing different 

ideas, exploring possible solutions, and improving them based on evidence and 

practical limitations. Robotics provides opportunities for this process because students 

can design and build robots in different ways to solve the same problem. For example, 

when asked to design a robot to collect lightweight waste, students may develop 

different mechanisms, such as a rotating collector, a scoop, or a pushing device. They 

can then compare their designs based on efficiency, stability, cost, and ease of use. In 

this way, creativity involves not only generating new ideas but also testing, comparing, 

and improving them. Supporting this view, Hou et al. (2023), in a meta-analysis of 48 

experimental and quasi-experimental studies involving 6,057 participants, reported a 

positive effect of educational robotics on student creativity, with an overall effect size 

of 0.576. Their findings also indicated the potential value of prototype creation and 

inquiry-based teaching. Similarly, Zhang and Zhu (2024), in a meta-analysis of 20 

studies involving K–12 learners, reported positive effects of educational robotics on 

creativity and problem-solving, with a stronger effect on creativity. However, these 

findings do not mean that every robotics activity automatically develops creativity. 

Students need opportunities to make decisions, explore different approaches, and revise 

their designs. Teachers should therefore provide a clear problem and suitable guidance 

without prescribing every step. A balance between structured support and independent 

exploration can help students develop creative thinking while strengthening their 

understanding of STEM concepts. 

 

Robotics, Innovation, and Engineering Design 

Creativity and innovation are closely related, but innovation involves turning ideas into 

practical solutions to real problems. Robotics provides opportunities for students to 

develop this ability by designing, building, programming, and testing devices to meet 

specific needs. For example, students may design a low-cost device to monitor the 

temperature of a greenhouse. They must identify what needs to be measured, select 
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suitable components, programme the device, and test whether its readings are accurate. 

If the device does not work as expected, they can investigate the problem and improve 

their design. Darmawansah et al. (2023) found that project-based learning was the most 

commonly used teaching approach in the robotics-based STEM studies they reviewed. 

Similarly, Ouyang and Xu (2024) reported a moderate overall positive effect of 

educational robotics on STEM learning, although the outcomes varied across different 

learning areas. These findings suggest that the benefits of robotics depend not simply 

on using technology but also on how learning activities are planned and carried out. To 

encourage innovation, teachers should ask students to explain their design choices, test 

their prototypes, evaluate the results, and suggest improvements. The main aim is not 

necessarily to produce a commercially useful invention but to help students develop the 

ability to identify problems and create, test, and improve practical solutions. 

Assessment should therefore consider not only whether the final robot works but also 

the learning process, including design sketches, component selection, test results, 

comparisons between prototypes, and explanations of changes made. This approach 

helps students understand that effective engineering involves careful planning, testing, 

evidence-based decisions, and continuous improvement rather than simply trying 

different solutions until one works. 

 

Scientific Inquiry Through Observation, Testing, and Evidence 

Scientific inquiry involves asking questions, making predictions, collecting evidence, 

examining results, and changing conclusions when the evidence does not support the 

original ideas. Robotics can help students develop these skills by allowing them to 

observe how a system behaves under different conditions. For example, students 

working with a line-following robot can investigate whether changing the position of 

its sensors affects its ability to follow a track. They can predict the outcome, test 

different sensor positions, record errors, and compare the results. Similarly, a robot 

equipped with a temperature sensor can help students examine changes in temperature 

across different locations or times. However, simply changing the programme until the 

robot works may not develop a clear understanding of why it works. Teachers should 

encourage students to make predictions, identify the factors being changed, record 

observations, and explain their findings using evidence. When the results differ from 

expectations, students should be encouraged to investigate the reasons rather than 

regard the outcome as a failure. Darmawansah et al. (2023) identified project-based 

learning as a common approach in robotics-integrated STEM education, while Hou et 

al. (2023) found that inquiry-oriented teaching was associated with stronger creativity 
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outcomes in their meta-analysis. Although these findings support the value of 

investigation-based activities, they do not establish that robotics automatically develops 

every aspect of scientific reasoning. Therefore, teachers should assess not only whether 

a robot works but also whether students can ask testable questions, collect and interpret 

data, and explain their conclusions using evidence. This approach helps learners 

understand that scientific inquiry is not simply about obtaining the correct result but 

about discovering and explaining why a particular result occurs. 

 

Interdisciplinary Learning, Collaboration, and Communication 

Robotics projects provide opportunities for students to apply knowledge from science, 

technology, engineering, and mathematics to solve a common problem. For example, 

science helps them understand the principles behind a robot’s operation, mathematics 

supports measurement and calculation, technology enables programming and the use 

of sensors, and engineering guides the design and testing of the device. Darmawansah 

et al. (2023) found that programming was a common focus in robotics-based STEM 

education and that project-based learning was frequently used, although the level of 

integration across STEM subjects varied. This highlights the importance of designing 

activities that connect different subjects rather than concentrating only on coding. 

Robotics projects can also develop collaboration and communication when students 

share responsibilities, explain their ideas, compare designs, and discuss test results. For 

instance, group members may work on programming, sensor connections, construction, 

and testing while ensuring that everyone understands how the complete system 

functions. However, simply dividing tasks does not guarantee effective teamwork; all 

students should have opportunities to contribute ideas and understand the decisions 

made by the group. Teachers can encourage this by asking students to explain their 

design choices, support their conclusions with evidence, and respond to questions from 

classmates. Presentations can help students describe the problem they addressed, the 

solution they developed, the tests they conducted, and the improvements they made. In 

this way, robotics-integrated STEM education can connect subject knowledge with 

teamwork, critical discussion, and evidence-based communication. 

 

Pedagogical Conditions for Meaningful Robotics-Integrated STEM Learning 

The success of robotics-integrated STEM education depends on how well the activities 

are planned, taught, and assessed. Ouyang and Xu (2024) found that educational 

robotics had moderate positive effects on STEM learning overall, although the results 

varied across outcomes. Their analysis showed moderate effects on learning 
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performance and attitudes, but the overall effect on computational thinking was not 

statistically significant. This suggests that simply using robots does not guarantee 

improvement in every skill. Teachers should begin with a clear learning objective, give 

students opportunities to explore different solutions and test their ideas, and help them 

connect practical activities with scientific and mathematical concepts. Assessment 

should consider both the final product and the process through which students develop 

and improve their designs. Teachers also need adequate technical knowledge, along 

with the ability to guide discussions, identify misconceptions, encourage teamwork, 

and support reflection. Professional development should therefore include practical 

experience, lesson planning, and appropriate assessment methods. In addition, 

expensive or advanced robotic equipment is not always necessary; simple robots, 

sensors, and programmable devices can support meaningful learning when used for 

suitable tasks. The choice of equipment should depend on the curriculum, students’ 

experience, available resources, and intended learning outcomes. Ultimately, effective 

robotics-integrated STEM education depends more on purposeful teaching and 

meaningful student participation than on the sophistication of the technology. 

 

Challenges in Implementing Robotics-Integrated STEM Education 

Robotics-integrated STEM education faces several challenges, including limited 

resources, inadequate teacher preparation, technical difficulties, and problems in 

assessing students’ learning. The cost of robotic kits, computers, sensors, and 

maintenance may prevent some institutions from providing equal learning 

opportunities. However, low-cost devices, recycled materials, and shared equipment 

can help students participate in robotics activities. Teachers also need both technical 

knowledge and the ability to connect robotics projects with curriculum objectives. 

Darmawansah et al. (2023) found that programming was a major focus in robotics-

based STEM research, while the integration of robotics across different STEM subjects 

varied. This highlights the need to prepare teachers to design activities that develop 

scientific understanding, mathematical reasoning, technological skills, and engineering 

knowledge rather than concentrating only on coding. Another challenge is that 

beginners may struggle to assemble components, write programmes, interpret sensor 

readings, and solve mechanical problems simultaneously. Ouyang and Xu (2024) 

showed that the learning outcomes of educational robotics vary, suggesting that 

activities should be introduced gradually, with guidance suited to students’ prior 

knowledge and abilities. Assessment also requires careful attention because a working 

robot does not necessarily demonstrate creativity, scientific reasoning, or engineering 
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competence. Teachers should evaluate students’ ideas, design choices, predictions, 

observations, test results, and improvements, alongside the final product. Hou et al. 

(2023) reported a positive overall effect of educational robotics on creativity, but this 

does not mean that all robotics activities produce the same results. Therefore, clear 

assessment criteria should consider both individual learning and group contributions. 

Addressing these challenges requires affordable resources, appropriate teacher training, 

curriculum-based activities, suitable technical support, and assessment methods that 

recognise the learning process as well as the finished robot. 

 

IV. A Proposed Pedagogical Framework for Robotics-Integrated 

STEM Education 

 
The thematic synthesis supports a pedagogical framework that integrates five 

interconnected stages: problem identification, scientific investigation, creative design, 

prototype testing and improvement, and reflection and communication. The process 

begins with identifying a meaningful problem and the STEM concepts relevant to 

addressing it. Learners then investigate the problem, gather background information, 

formulate questions, and make predictions before developing alternative designs and 

selecting appropriate materials. They construct a robotic prototype, test its 

performance, record observations, identify limitations, and make improvements based 

on the evidence obtained. In the final stage, learners explain their design decisions, 

present their findings, discuss the limitations of their solutions, and suggest further 

improvements. These stages are not strictly linear, as test results may require learners 

to reconsider their initial assumptions, modify the prototype, or develop a different 

explanation. Throughout the process, teacher guidance, interdisciplinary integration, 

collaboration, inclusive participation, and formative assessment are essential to 

maintaining a clear connection between practical activities and intended learning 

outcomes. 

 

The application of this framework can be illustrated through a project in which learners 

design a robot to monitor soil moisture in a school garden. The activity begins with 

identifying the need to determine when plants require watering. Learners investigate 

soil moisture, explore the functioning of sensors, and predict how readings may vary 

under different conditions. They then develop alternative designs and decide how the 

sensor, controller, and indicator should be arranged. After constructing the prototype, 
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they test the system, compare sensor readings with other observations, and modify the 

design when results are inconsistent. Finally, they explain the system’s operation, 

present the evidence collected, and acknowledge its limitations. The project integrates 

several dimensions of STEM learning: creativity is encouraged through the generation 

of alternative designs, innovation is demonstrated by developing a functional prototype, 

and scientific inquiry is practised through observation, prediction, testing, and 

evidence-based interpretation. Mathematics supports measurement and comparison, 

technology enables sensing and programming, and engineering guides construction, 

testing, and revision. 

 

The proposed framework is a conceptual synthesis informed by research on robotics-

based STEM education, creativity, and inquiry-oriented teaching (Darmawansah et al., 

2023; Hou et al., 2023; Ouyang & Xu, 2024). It emphasises that robotics-integrated 

STEM education should extend beyond assembling devices or learning programming 

skills to include scientific reasoning, creative problem-solving, engineering design, and 

reflection. However, the framework has not yet been empirically validated. Its 

educational value and practical applicability therefore need to be examined through 

classroom implementation and systematic evaluation across different learner groups, 

educational settings, and STEM learning objectives. 

 

Implications for Teachers, Curriculum Designers, and Educational Institutions 

Robotics-integrated STEM education requires coordinated efforts from teachers, 

curriculum designers, teacher education institutions, and educational administrators. 

Teachers should plan robotics activities around clearly defined learning objectives 

rather than the mere availability of equipment. They need to identify the scientific, 

technological, engineering, and mathematical concepts involved and determine how 

learners’ understanding will be assessed. Open-ended problem-solving tasks, guided 

investigation, prototype testing, and structured reflection can help connect practical 

activities with conceptual understanding. Curriculum designers should provide 

opportunities for sustained projects that integrate scientific inquiry, engineering design, 

and mathematical reasoning, as brief demonstrations alone may not allow learners 

sufficient time to develop, test, and improve their solutions. Curriculum materials 

should therefore include assessment criteria that recognise learners’ reasoning, design 

decisions, investigation processes, and revisions, in addition to the final product. 

Teacher education institutions also have a responsibility to prepare prospective teachers 

to manage the technical and pedagogical dimensions of robotics-based learning through 
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practical experience with robotic components, interdisciplinary lesson planning, 

differentiated guidance, and appropriate methods of assessing creativity and scientific 

reasoning. Educational institutions, meanwhile, should consider affordability, 

maintenance, technical support, and equitable access when introducing robotics 

programmes, ensuring that technology selection is guided by educational purpose and 

long-term sustainability. The findings of Ouyang and Xu (2024) reinforce the 

importance of this approach, as the educational effects of robotics vary across learning 

outcomes and instructional conditions. Consequently, the success of a robotics 

initiative should be judged by its contribution to the intended learning outcomes rather 

than by the acquisition or availability of equipment alone. 

 

V. Research Gaps and Future Directions 
 

Research on educational robotics has expanded, further investigation is needed to 

understand the conditions under which robotics-integrated STEM education contributes 

to creativity, innovation, and scientific inquiry. Existing reviews have identified 

variations in research designs, learning objectives, and outcome measures, which make 

comparisons across interventions difficult (Anwar et al., 2019; Darmawansah et al., 

2023). Future studies should therefore examine creativity, innovation, and scientific 

inquiry as distinct but related outcomes, using clearly defined indicators and 

appropriate assessment tools rather than assuming that improvement in one necessarily 

indicates progress in the others. Longitudinal research is also needed to determine 

whether learning gains are sustained over time and transferred to unfamiliar problems, 

as successful completion of a guided robotics project does not necessarily demonstrate 

learners’ ability to apply the same reasoning independently in new situations. In 

addition, comparative studies of inquiry-based, project-based, and highly structured 

robotics activities could clarify how different forms of instructional guidance influence 

learning across developmental stages. Such investigations should consider the roles of 

teacher expertise, intervention duration, group composition, and access to equipment. 

Greater contextual diversity is equally important because findings from particular 

educational systems may not be directly applicable to schools with different curricula, 

infrastructure, and resource constraints. Darmawansah et al. (2023), for instance, 

reported that more than half of the studies included in their review were conducted in 

the United States, indicating the value of further research in other educational contexts. 

Future studies should also examine the cost, accessibility, and sustainability of robotics 
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programmes alongside their educational outcomes. Transparent reporting of the 

materials used, implementation duration, teacher preparation, assessment procedures, 

and practical difficulties would enable more meaningful comparisons across studies 

and help educational institutions make evidence-informed decisions about integrating 

robotics into STEM curricula. 

 

VI. Conclusion 

 
Robotics-integrated STEM education connects scientific understanding, technological 

application, engineering design, and mathematical reasoning while providing 

opportunities for learners to develop creativity, innovation, and scientific inquiry. 

Research indicates promising benefits for STEM learning and creativity, although 

outcomes depend on instructional design and implementation conditions (Hou et al., 

2023; Ouyang & Xu, 2024). To realise these benefits, robotics activities should 

emphasise meaningful problem-solving, evidence-based investigation, design 

improvement, and reflection rather than programming or robot construction alone. 

Teacher preparation, curriculum alignment, equitable access to resources, and 

appropriate assessment are essential. Further research should examine the long-term 

effects of robotics-based learning across diverse educational settings. Ultimately, its 

educational value depends not on the number of robots used, but on how effectively 

learners investigate problems, develop ideas, evaluate evidence, and improve their 

solutions. 
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