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Abstract     

This comprehensive review examines the emerging field of affordable, screen-free 

robotics as an approach to developing computational thinking skills in early STEM 

education in underserved learning environments. Even though learning benefits 

exist for educational robots, many challenges still continue to plague widespread 

adoption in underserved communities. This paper therefore uses a comprehensive 

thematic literature review of peer-reviewed literature published in the range of 

2010 and 2025. The paper therefore attempts to synthesize the research across 

various disciplines involved in educational robotics. The theoretical foundations 

that form the foundation of educational robotics were reviewed. In addition, key 

engineering and mechatronics constraints involved in the development of 

educational robotics for underserved communities were also reviewed. The review 

identified significant research gaps which include the feasibility and under-

exploration of RFID for tangible programming. This synthesis showed that 

achieving equitable access to computational thinking education requires a new 

generation of educational robotics. These solutions must aim to be low-cost, 

screen-free, locally manufacturable, pedagogically effective, and environmentally 

sustainable, or any combination of these features. The findings from this review 

can potentially provide a roadmap for researchers, engineers, and educators 

working to democratize STEM education through accessible robotic platforms. 
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1. INTRODUCTION  

Educational Robotics (ER) has gained significant traction as a vehicle for developing Computational 

Thinking (CT) and problem-solving skills in early Science Technology Engineering and Mathematics 

(STEM) education [1, 2]. However, the cost of commercially available ER kits has limited its adoption 

despite the improvement it can bring to student’s learning [3, 4]. Furthermore, the growing body of evidence 

on the adverse effects of early screen exposure adds another dimension to this challenge [5] and creates 

demand for robotics solutions that are both screen-free and affordable.  

Screen-free robotics is a type of robotics in which learners program robots through tangible physical 

elements such as blocks, barcodes, or colours rather than digital screens [6, 7]. This form of robotics offers a 

promising solution to the challenge of accessibility and screen exposure. Despite the growing interest in this 

field, literature remains scattered across engineering, education, and computer science disciplines with no 

comprehensive and thematic synthesis of the design, pedagogical, and sustainability dimensions of 

affordable, screen-free ER for underserved contexts. 

This paper addresses that gap by presenting a comprehensive thematic review of screen-free educational 

robotics. This is done by synthesizing research across theoretical foundations, mechatronics design, tangible 

programming systems, practical trade-offs, and manufacturing sustainability. The novelty of this review lies 

therefore in its integrative, cross-disciplinary framing and its specific focus on design constraints relevant to 

underserved learning environments, this is an angle underrepresented in existing literature. 

2. REVIEW METHODOLOGY 

This review synthesizes research on low-cost, screen-free educational robotics and its role in developing 

computational thinking, with particular focus on K-12 classrooms in underserved learning environments. 
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Given the interdisciplinary nature of the field, a thematic literature review approach was adopted to identify 

key trends, design constraints, and research gaps. 

The search strategy targeted peer-reviewed journal articles, conference proceedings, book chapters, and 

authoritative reports published between 2010 and 2025, with emphasis on publications from the last five 

years. Primary databases included IEEE Xplore, ACM Digital Library, and Google Scholar. Search terms 

were combined using Boolean operators (AND, OR) and drew on keywords such as "educational robotics," 

"computational thinking," "screen-free programming," "tangible interfaces," "affordable robotics," and 

"underserved communities," among others. 

Articles were included if they addressed screen-free or tangible programming methods, affordability, 

sustainability, or pedagogical impact of educational robotics within K-12 settings and were written in 

English. Studies focused purely on screen-based or software-only programming, advanced university-level 

robotics, or non-peer-reviewed sources were excluded. 

3. THEORETICAL FOUNDATIONS 

For the purposes of this review, the following key terms are defined as used throughout this paper. 

"Underserved communities" refers to populations that face systemic barriers to accessing quality education, 

including but not limited to limited electricity, poor internet connectivity, and low household income, 

particularly prevalent in rural and peri-urban areas of developing nations. "Screen-free" describes educational 

tools and robotics systems that function entirely without the use of digital screens such as computers, tablets, 

or smartphones, relying instead on tangible physical interfaces. "Affordable" in this context refers to 

educational robotics solutions whose unit cost is low enough to be feasibly adopted at scale by schools and 

communities in resource-constrained settings, broadly aligned with costs under $50 per unit. "Early STEM 

education" refers to Science, Technology, Engineering, and Mathematics instruction delivered to learners in 

the K-12 category, with particular emphasis on foundational years up to approximately age 12. 

Wing explains computational thinking as a way of “solving problems, designing systems, and understanding 

human behavior, by drawing on the concepts fundamental to computer science” [8]. Computational Thinking 

(CT) has emerged as a foundational skill for the 21st century, enabling individuals to approach complex 

problems through decomposition, pattern recognition, abstraction, and algorithmic thinking [9–11]. These 

elements are depicted in Figure 1. Despite its recognized value in early STEM education, integrating CT into 

curricula remains challenging, particularly in underserved communities where the necessary infrastructure is 

often absent [12, 13]. Tangible programming, unplugged systems, and low-cost robotics represent promising 

pedagogical responses to this challenge, as they can introduce CT concepts without reliance on digital 

devices [14]. 

Educational Robotics is theoretically grounded in constructivist and constructionist learning frameworks. 

Piaget's Constructivism emphasizes how children build understanding through active interaction with their 

environment, progressively refining their mental models through experience. Papert's Constructionism 

extends this by positioning the act of making tangible artifacts, physical or digital, as central to meaningful 

learning, enabling learners to externalize and reflect on their thinking [15]. In this framework, the tools, 

media, and learning environment are not incidental but constitutive of the knowledge construction process 

[16]. Educational robotics operationalizes these principles by giving learners hands-on, making-centred 

experiences that simultaneously develop CT competencies. Research confirms that ER interventions can 

produce significant improvements in learning outcomes across multiple dimensions [17]. Existing kits such 

as LEGO Mindstorms, Thymio, KIBO, and Arduino-based platforms demonstrate the range of applications 

possible [1, 18, 19], though their cost and infrastructure requirements continue to limit uptake in resource-

constrained settings. 

4. ENGINEERING AND MECHATRONICS DESIGN IN EDUCATIONAL ROBOTICS 

4.1. Material Selection and Safety Standards 

The design of educational robotics kits usually involves careful consideration of materials, mechanics, 

electronics, and power systems. Each of these factors carry cost and safety implications relevant to 

underserved contexts. 
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Material selection for ER kits can be informed by toy safety standards such as ASTM F963, given that both 

products are actively handled by young children [20]. Plastic remains the dominant material due to its low 

cost and durability, but raises significant environmental and health concerns, particularly regarding toxic 

chemical content [21, 22].  

 
Fig. 1. Core Components of Computational Thinking 

Wood presents a safer, biodegradable alternative that is well-suited to low-cost, screen-free ER kits [23, 24]. 

Mechanical design determines the range of learning activities an ER kit can support. The main robot motion 

types include wheeled, legged, robotic arm, and modular designs. Each of these carry distinct trade-offs in 

complexity, cost, and pedagogical applicability, as summarized in Table 1. Figure 2 also shows various 

brands of educational robotics. Wheeled robots dominate ER applications due to their simplicity and 

versatility [25, 26], while modular designs, though flexible, tend to be significantly more expensive. The 

AERobot, for instance, achieved a unit cost of approximately $10 through a fixed, single-unit design. This is 

roughly 30 times cheaper than the modular KIBO kit [4, 27]. For underserved contexts, this cost differential 

strongly favours single-unit, open-source approaches. 

Table 1. Educational Robots Motion Types Summary 

Robot Type Advantages Disadvantages Examples Sources 

Wheeled 

Robots 

Simple, energy-

efficient, cost-effective 

Limited terrain 

adaptability 

LEGO 

Mindstorms, 

Ozobot 

[28] 

Legged 

Robots 

Can navigate rough 

terrain 

High power 

consumption, complex 

Boston Dynamics 

Spot, Hexapods 

[29, 30] 

Robotic 

Arms 

Precise, used for fine 

motor skills 

Not suitable for 

mobility 

Dobot, Arduino-

controlled arms 

[31, 32] 

Modular 

Robots 

Flexible, customizable Expensive, complex 

assembly 

KIBO, Cubelets [5, 33] 

 

 
Fig. 2. Various Educational Robots 
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Electronic and mechatronic integration is central to robot functionality. Microcontrollers such as Arduino 

(Atmega-based) and ESP32 have become popular choices for low-cost educational robots due to their open-

source ecosystems and suitability for low-power applications [34, 35]. Sensors, including distance, light, 

colour, and weight sensors, enable robots to interact with their physical environment and are particularly 

critical in screen-free systems, where tangible elements such as barcodes or physical blocks serve as 

programming inputs [36]. Notably, RFID and NFC technologies represent an underexplored low-cost 

alternative to barcode and optical tangible programming systems [37, 38]. Actuation is typically achieved 

through servo, geared DC, or stepper motors depending on the required movement profile [39]. 

Power management is especially critical in off-grid underserved environments. Most ER kits rely on lithium-

ion or lithium-polymer batteries, which offer high energy density but raise cost and sustainability concerns 

[40, 41]. Emerging alternatives such as supercapacitors and wireless charging remain at early stages of 

development and warrant further research for ER applications [42]. 

5. SCREEN-FREE ROBOTICS 

Screen-free robotics has its conceptual roots in Papert's LOGO Turtle, which introduced the idea of 

programming a physical robot through simple, tangible commands [43]. As screen-based ER kits came to 

dominate the market, concerns about early childhood screen exposure renewed interest in screen-free 

alternatives [44, 45]. This has produced a new generation of tangible programming platforms, of which 

KIBO is the most extensively researched. KIBO allows children to sequence wooden blocks with printed 

barcodes to program robot behaviour, demonstrating that young learners can develop meaningful CT 

competencies without any screen interaction [46]. Kupe's Journey extends this model with a low-cost, locally 

manufacturable design, further validating the potential of screen-free robotics for underserved contexts [7]. 

Tangible Programming Systems make screen-free robotics possible by using the physical properties of 

objects such as shape, colour, barcode, or embedded RFID, to convey programming instructions [47]. This 

abstraction of coding concepts into physical form has been shown to improve collaboration, problem-solving, 

and motivation among young learners compared to screen-based methods [48]. The Thymio robot 

implements a low-cost tangible system using printed icons interpreted through computer vision, while the 

PROTEAS kit advances this further by integrating both tangible and graphical programming interfaces to 

scaffold learners' transition toward virtual programming environments [47, 48]. Table 2 presents a 

comparative overview of key tangible programming interfaces across cost, durability, and functionality. 

Table 2. Tangible Programming Interfaces Comparison 

System Programming 

Method 

Cost Profile Durability Functionality Best For 

KIBO Wooden 

blocks with 

barcodes 

High 

(proprietary) 

High 

(physical 

blocks) 

Sequencing, basic 

logic 

Well-

resourced 

classrooms 

Thymio Printed icons 

(computer 

vision) 

Low (open-

source, 

printable) 

Medium 

(paper-based) 

Basic commands, 

visual feedback 

Budget-

conscious 

schools 

PROTEAS Hybrid 

graphical/tangi

ble 

Medium Medium-

High 

Transition tool 

(physical→virtual) 

Progressive 

learning 

environments  

 

6. PRACTICAL TRADE-OFFS 

6.1. Balance Between Affordability and Functionality 

A fundamental tension in educational robotics design is the balance between affordability and functionality. 

Commercial kits like KIBO and Bee-Bot offer rich learning experiences but at costs that effectively exclude 

underserved communities [5]. Lower-cost alternatives such as Kupe's Journey and the Thymio robot 

demonstrate that screen-free robotics can maintain strong pedagogical value while significantly reducing cost 

through locally sourced materials and open-source design philosophies [7, 47]. More research is needed, 

however, to establish minimum functionality thresholds that can guide the optimization of future low-cost 

kits. 
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The infrastructure challenges of underserved communities compound this affordability problem. Satellite 

imagery analysis estimates that 1.18 billion people live in energy-poor regions with no measurable electricity 

consumption [49]. In Nigeria specifically, fewer than 20% of households own a computer [50], and 96% of 

the world's offline population is concentrated in developing countries [51]. These conditions make screen-

based ER solutions practically unviable at scale, and position screen-free robotics as structurally necessary. 

This means that screen-free robotics solutions are not merely preferable, they are structurally needed 

alternative for achieving equitable access to CT education in line with UN SDG 4 [52]. 

Engineering design thinking has emerged as a productive pedagogical context for CT development. Studies 

show that children engaged in engineering design activities demonstrate measurable CT competency gains 

[53], and that students building computational models apply abstraction, decomposition, and algorithmic 

thinking organically [54]. Among available engineering-driven pedagogical models simpler frameworks such 

as Problem-Based Learning are better suited to resource-constrained environments, as they require lighter 

teacher training and are more feasibly implemented without extensive institutional support [55]. 

The choice between open-source and proprietary ER platforms significantly affects cost, adaptability, and 

accessibility [18, 56]. Proprietary kits like LEGO Mindstorms and VEX Robotics offer structured, 

curriculum-aligned experiences but are expensive and hardware-locked [57, 58]. Open-source platforms such 

as Arduino-based robots and Thymio allow full hardware and software modification, enabling locally 

appropriate adaptations and reducing replacement part costs [59, 60]. Despite these advantages, open-source 

adoption remains limited by poor documentation, lack of professional support, and legal uncertainties around 

CAD tool licensing [61, 62]. Scalability and modularity present a related trade-off: while modular designs 

offer flexibility across learning levels, the hardware complexity required for modularity drives up cost [63]. 

Single-unit, open-source platforms like AERobot offer a viable middle path, maintaining pedagogical 

effectiveness without the cost premium of modularity [4]. Table 3 summarizes key screen-free ER studies 

reviewed, mapping technology, findings, and relevance to the research focus. 

Table 3. Screen-Free Educational Robotics Literature Summary 

Study Focus Technology Key Findings Relevance to Research 

[64] Computational 

thinking through 

tangible robotics 

Cubetto Embodied learning aids in 

computational thinking by 

bridging spatial and 

representational 

discontinuities 

Supports physical 

interaction in coding for 

young learners 

[46] 

 

 

Early childhood 

robotics education 

KIBO Young children can master 

programming skills using 

tangible interfaces 

Demonstrates 

effectiveness of screen-

free robotics 

[7] Low-cost, screen-

free robotics 

Kupe's 

Journey 

Affordable tangible robotics 

can engage children in 

computational learning 

Highlights low-cost 

alternatives for 

underserved 

communities 

[47] Tangible 

programming 

Thymio Tangible programming 

encourages collaboration 

and engagement 

Validates use of non-

digital programming 

interfaces 

[48] Comparing 

tangible and 

graphical 

programming 

PROTEAS Kit Tangible programming 

results in fewer errors and 

better debugging among 

children 

Reinforces benefits of 

tangible over graphical 

programming 

[1] Robotics and 

engineering for 

young children 

KIBO Screen-free programming 

supports early engineering 

education 

Aligns with 

developmentally 

appropriate educational 

tools 

[65] Algorithmic 

thinking in young 

learners 

Bee-Bot Physical programming 

enhances understanding of 

sequencing 

Strengthens case for 

screen-free 

computational thinking 

[66] Gamified coding 

with robotics 

Dash & Botley Playful robotics promotes 

engagement and motivation 

Shows potential of 

gamification in tangible 
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in learning coding programming 

7. MANUFACTURING AND SUSTAINABILITY CONSIDERATIONS 

The manufacturing process and material choices for ER kits have direct implications for cost, safety, 

sustainability, and accessibility. This is particularly crucial for kits designed for use by young children in 

underserved environments. 

Three manufacturing approaches are most relevant to educational robotics. 3D printing is well-suited to 

prototyping and small-scale production, offering design flexibility and low tooling costs, though it is time-

intensive and produces parts that can be fragile [67, 68]. Laser cutting, commonly applied to wood and 

acrylic, offers greater accuracy and scalability for medium-volume production and supports the use of more 

sustainable wooden materials, though it requires significant expertise and capital investment [69, 70]. 

Injection moulding enables efficient, consistent large-scale production at low per-unit cost, but relies on 

petrochemical plastics and carries significant environmental concerns [71, 72]. Table 4 synthesizes these 

methods across material, environmental impact, scalability, and cost. 

Table 4. Manufacturing Method Sustainability Synthesis 

Method Material Environmental 

Impact 

Scalability Cost at 

Scale 

Sustainability 

Score 

Injection 

Moulding 

Petrochemical 

plastics 

High (non-

biodegradable, 

toxic chemicals) 

Excellent  Very Low Low 

Laser 

Cutting 

Wood/Acrylic Medium-Low 

(wood=biodegrada

ble; acrylic=plastic) 

Good  Medium Medium-High 

(for wood) 

3D 

Printing 

PLA/ABS 

plastics 

Medium (some 

biodegradable 

options) 

Poor  High Medium 

Beyond formal manufacturing, Do-It-Yourself (DIY) and open-source fabrication cultures enable local 

production of ER kits, putting design and assembly in the hands of communities themselves [89]. Prioritizing 

ease of assembly, disassembly, and repair through standard fasteners and snap-fit joints not only reduces cost 

but extends kit lifespan, curbs electronic waste, and creates additional learning opportunities [73–75]. 

Material safety is a non-negotiable dimension of ER kit design. Standards such as ASTM F963 define 

mechanical, chemical, and flammability requirements for children's products and provide a relevant 

benchmark for educational robotics [20]. While plastic dominates current kit production due to its durability 

and low cost, studies have found that many plastic toys contain toxic chemicals exceeding safety limits [76]. 

Wood, by contrast, is natural, non-toxic, and biodegradable, making it a strong candidate for sustainable, safe 

ER kit construction [23, 24]. Future research should prioritize locally sourced, biodegradable materials that 

satisfy existing safety standards while reducing the environmental footprint of ER kit production. 

8. RESEARCH GAPS & LIMITATIONS 

8.1. Research Gaps 

This literature review has provided an overview of the current research status with regard to educational 

robotics (ER) and its contribution towards supporting computational thinking (CT) via early STEM 

education. Nevertheless, some of the key gaps remain and need to be addressed for enhancing the discipline 

further, particularly while focusing on underprivileged societies. The following section therefore identifies 

these gaps and suggests future research and development directions. 

Access to educational robotics kits for underserved learning environments is the first and most significant 

gap. The expensive nature of commercially available kits, such as LEGO Mindstorms and KIBO, despite 

growing need for ER, is a significant barrier to their adoption [4, 46]. Although less expensive alternatives 

like Kupe's Journey and AERobot have been tried, more research is needed into scalable single-unit kits 

made with locally available materials for underserved learning environments [4, 7]. Further research on low-

cost, open-source robotics kits for applications at scale in resource-constrained settings would make ER kits 

more accessible. 

Another domain that needs more research is the development of screen-free and tangible programming 

interfaces for educational robotics as alternatives to popular screen-based platforms. Studies have shown that 
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these systems can successfully engage young children in computational thinking (CT) without using screens 

[46, 47]. However, the literature still reveals a significant gap in the robust implementation of RFID 

technology for tangible programming [46, 47]. While barcode and optical systems are well known, they tend 

to be less long-lasting and affordable compared to RFID technology [77]. Subsequent research needs to 

investigate the effectiveness and feasibility of RFID-based systems for the tangible programming interface of 

screen-free robotics kit as an alternative to barcodes and optical systems. 

Material selection and sustainability are yet another glaring gap in literature. Material selection for robotics 

learning kits is paramount in terms of safety, durability, and eco-friendliness. And despite this, much 

educational robotics research focus only on the functionality of the robot and less on the safety of materials 

selected. Even though wood has been identified as a greener and safer alternative to plastic, little data exist 

on how it behaves in the long term when applied in robotics [20, 23]. Traditional and non-traditional 

production processes such as injection moulding and 3D printing usually come at a cost to the environment 

that needs more research. It is important that ER kits align with global sustainability goals [78] therefore, 

future research should also be directed toward developing sustainable production techniques and 

biodegradable material usage within ER kits. 

Energy efficiency also represents a crucial technical gap, especially in contexts lacking stable power 

infrastructure. Power consumption by educational robotics kits is a matter of utmost concern, especially in 

disadvantaged communities where access to stable electricity is limited. While lithium-ion and lithium-

polymer batteries have extensive applications, their environmental impact and expense pose challenges [40]. 

Since studies into other power sources like supercapacitors and development of wireless charging technology 

is still in its early stages [42] there is a need for further studies to focus on low-power circuit design and 

optimized motor control systems to decrease energy consumption in ER kits [79]. 

Pedagogical effectiveness and instructor training are also an essential knowledge gap. Efficient utilization of 

ER in early STEM education requires carefully planned pedagogical interventions and instructor training. 

However, there is little evidence present regarding the influence of different engineering-based learning 

models in enhancing CT abilities among children [53, 54]. Moreover, the absence of standardized teacher 

training programs within marginalized communities hinders the possibility of ER achieving universal 

application [80]. Future research needs to prioritize the creation and assessment of easy-to-implement yet 

effective pedagogical models for early STEM education, as well as teacher training programs and their 

effects on the successful implementation of ER. 

Finally, scalability and customizability continue to be underdeveloped in the design of accessible educational 

robotics kits. Modular platforms, such as those offered by LEGO Mindstorms and KIBO, offer flexibility and 

ease but are also more expensive and thus less available to underprivileged communities [1, 4]. More 

research needs to be conducted on single-unit designs that can balance cost, function, and scalability. Also, 

other do-it-yourself (DIY) production techniques as well as 3D printing are also capable of enabling local 

customization and repair of robotics kits at reduced cost and thus should be explored to reduce the overall 

cost needed to make kits accessible on a large scale [58]. 

Educational robotics can be an inclusive way of helping young learners to learn computational thinking skills 

especially for learners in disadvantaged learning settings only if the research gaps identified in this review are 

addressed collaboratively. The synthesis strongly indicates a need for a new generation of ER solutions that 

are low-cost, screen-free, and manufactured sustainably using localized supply chains. Therefore, future 

research should prioritize the development and longitudinal assessment of an integrated, open-source 

platform that will balance safety, pedagogical effectiveness, and high mechanical reliability against the 

constraint of being accessible to the most resource-constrained communities worldwide. 

8.2. Limitations 

This review is subject to several limitations that should be considered when interpreting its findings. First, the 

search strategy, while comprehensive, was limited to three databases, IEEE Xplore, ACM Digital Library, 

and Google Scholar, and some other selected literature. This may not have captured all relevant publications 

indexed elsewhere. Second, only English-language publications were included, which may have introduced a 

linguistic bias and excluded potentially valuable contributions from non-English-speaking research 

communities. Third, the thematic rather than systematic approach to synthesis, while appropriate for an 

interdisciplinary field, means that the findings represent an interpretive rather than exhaustive account of the 

literature. Finally, given the rapid pace of development in educational robotics, some findings, particularly 

regarding specific kit costs and available technologies, may have been superseded by more recent 

developments at the time of reading. Notwithstanding these limitations, the review provides a substantive and 

timely synthesis of the field with direct relevance to underserved learning contexts. 
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9. CONCLUSION 

This review has examined the interdisciplinary landscape of affordable, screen-free educational robotics as a 

vehicle for developing computational thinking in underserved learning environments. The synthesis reveals 

that while the pedagogical case for screen-free ER is well-established, significant engineering, sustainability, 

and pedagogical gaps remain before its promise can be equitably realized. 

From a design perspective, the evidence favours single-unit, open-source platforms fabricated from locally 

available, sustainable materials as the most viable pathway to affordable, safe, and scalable ER kits for 

resource-constrained contexts. Tangible programming systems, especially those leveraging RFID technology, 

represent an underexplored frontier that could simultaneously achieve screen-free operation, durability, and 

low cost. Manufacturing approaches must balance accessibility with safety, adhering to established standards 

such as ASTM F963 while prioritizing biodegradable materials and repairability. 

Pedagogically, simpler engineering-driven models such as Problem-Based Learning are better suited to 

underserved environments than complex frameworks requiring extensive teacher training. Longitudinal 

studies assessing both the learning outcomes and material durability of low-cost ER interventions in real 

classroom settings remain critically absent from literature. Co-designing teacher training programs alongside 

ER kit development, rather than treating them as separate workstreams, is a direction future research should 

prioritize. 

Ultimately, inclusivity in educational robotics is an engineering problem as much as a pedagogical one. 

Achieving equitable access to computational thinking education requires a new generation of ER solutions 

designed from the outset for the most resource-constrained communities. It is only by designing for the 

margins that we can hope to deliver on the promise of quality STEM education for all. 
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