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      Abstract:
       Environmental education requires experiences that link learning and active participation in everyday spaces. This study proposes an educational intervention model supported by the Internet of Things, where playful interaction facilitates reflection on responsible practices. The proposal was developed based on a literature review, dialogue with specialists, and the integration of environmental sensors into an interactive touchscreen system. The experience was applied to 32 people, assessing interaction using the System Usability Scale. The results show a favorable perception, reflected in an average score of 75.3, along with observations aimed at visual and sensory adjustments. The experience demonstrates that the model allows environmental education to be brought into educational and community spaces, maintaining pedagogical consistency and offering possibilities for application in environments with similar conditions.
    

    
      
    

    
      Keywords:
       experiential learning; educational technology; playful interaction; usability evaluation; smart devices.
    

    
      
    

    
      Resumen:
       La educación ambiental requiere experiencias que vinculen aprendizaje y participación activa en espacios cotidianos. En este estudio se plantea un modelo de intervención educativa apoyado en Internet de las Cosas, donde la interacción lúdica facilita la reflexión sobre prácticas responsables. La propuesta se construyó a partir de revisión bibliográfica, diálogo con especialistas y la integración de sensores ambientales en un sistema interactivo con pantalla táctil. La experiencia se aplicó con 32 personas, valorando la interacción mediante la escala System Usability Scale. Los resultados evidencian una percepción favorable, reflejada en un puntaje promedio de 75.3, junto con observaciones orientadas a ajustes visuales y sensoriales. La experiencia demuestra que el modelo permite llevar la educación ambiental a espacios educativos y comunitarios, manteniendo coherencia pedagógica y ofreciendo posibilidades de aplicación en entornos con condiciones similares.
    

    
      
    

    
      Palabras clave:
        aprendizaje experiencial
      ;
       tecnología educativa
      ;
       interacción lúdica
      ;
       evaluación de usabilidad
      ;
       dispositivos inteligentes.
    

    
      
    

    
      INTRODUCTION
    

    
      
    

    
      The relationship between human activities and the natural environment poses challenges that affect resource availability, ecosystem stability, and long-term living conditions. International organizations warn that rapid climate change, species decline, and increased pollution require educational initiatives focused on environmental responsibility from an early age
      
        [1]
      
      . In this context, environmental education is presented as a formative approach aimed at promoting responsible attitudes, sustainable habits, and a more conscious relationship with the environment
      
        [2]
      
      ,
      
        [3]
      
      .
    

    
      
    

    
      Formal and community educational spaces have played an important role in environmental education; however, traditional teaching strategies often have limitations in capturing the interest of students immersed in digital environments. Several studies indicate that incorporating technological resources into pedagogical processes promotes more participatory experiences by stimulating interaction, curiosity, and motivation
      
        [4]
      
      ,
      
        [5]
      
      ,
      
        [6]
      
      . The integration of environmental education and educational technology is proposed as an alternative with potential in school and social settings
      
        [7]
      
      ,
      
        [8]
      
      .
    

    
      
    

    
      Within this landscape, the Internet of Things (IoT) stands out for its ability to link physical objects with digital systems capable of collecting and processing information in real time
      
        [9]
      
      ,
      
        [10]
      
      . This technology has shown applications in productive, health, and agricultural sectors, and has gradually begun to be incorporated into educational proposals geared toward active learning
      
        [11]
      
      . Experiences developed in European contexts show that educational environments supported by IoT and game dynamics promote awareness of energy consumption and care for the environment, demonstrating the influence of direct interaction on the formation of attitudes
      
        [12]
      
      . 
    

    
      
    

    
      Complementarily, gamification applied to environmental training processes has shown contributions to the appropriation of content and the internalization of values associated with respect for nature. By incorporating playful dynamics, visual feedback, and active participation, these strategies facilitate learning and promote reflection based on experience
      
        [13]
      
      . The combination of IoT and playful activities opens up possibilities for developing educational proposals that are closer to the interests of children, young people, and adults.
    

    
      
    

    
      In Latin America, the application of this type of initiative is of particular interest. The region has great natural diversity, while facing challenges related to urban growth, extractive practices, and limitations in environmental management processes
      
        [14]
      
      .  These conditions demand educational proposals supported by accessible technologies that can be applied in educational institutions and community spaces, promoting meaningful learning and the adoption of responsible behaviors.
    

    
      
    

    
      In this sense, IoT-based recreational devices represent an educational alternative that integrates physical and digital interaction. Through the use of sensors, actuators, screens, and audiovisual stimuli, these systems enable the development of educational activities related to recycling, responsible water use, and biodiversity conservation
      
        [15]
      
      ,
      
        [16]
      
      . Their presence in public and educational spaces encourages spontaneous participation, shared learning, and collective dialogue on environmental issues.
    

    
      
    

    
      Based on these considerations, this study proposes an educational intervention model supported by IoT technologies and playful dynamics, aimed at strengthening environmental education. The interactive device developed is used as a means of applying the model, allowing its technical and pedagogical components to be described, environmental sensors to be integrated, and the usability of the system to be evaluated using the System Usability Scale (SUS), considering a score of 68 or higher as a reference. This approach seeks to provide an educational experience that can be adapted to educational and community spaces, where technology acts as a support for learning and environmental awareness.
    

    
      
    

    
      RELATED WORK
    

    
      
    

    
      Environmental education and the use of technologies applied to learning have been addressed from multiple perspectives in scientific literature, giving rise to proposals that combine training, interaction, and responsible use of the environment. Various studies analyze how exposure to air, water, and soil pollutants affects ecosystems and human well-being, motivating the development of educational initiatives aimed at reflection and informed decision-making
      
        [17]
      
      ,
      
        [18]
      
      ,
      
        [19]
      
      . In the field of education, concepts such as the ecological footprint are used as a starting point to promote responsible behavior and strengthen environmental awareness. In this regard, the role of institutional campaigns and communication strategies linked to environmental care is also examined, which serve as support for educational and social actions
      
        [20]
      
      ,
      
        [21]
      
      .
    

    
      
    

    
      The Internet of Things is presented in the literature as a technological resource capable of coordinating measurement, visualization, and learning processes. Various studies describe its application in initiatives aimed at monitoring environmental variables and supporting data-based educational processes
      
        [22]
      
      . Other research analyzes its incorporation into production and organizational processes with sustainability criteria, addressing technical aspects and technology adoption
      
        [23]
      
      . Studies related to smart campuses and environments show applications focused on resource management, the use of distributed sensors, and the communication of environmental information to educational communities
      
        [24]
      
      ,
      
        [25]
      
      . Aspects related to privacy, information security, and data protection are examined, considered in projects involving interaction with users in educational and open spaces
      
        [26]
      
      ,
      
        [27]
      
      . Contributions on the use of visualization platforms to facilitate the interpretation of environmental indicators by non-specialized audiences are also reported
      
        [28]
      
      ,
      
        [29]
      
      .
    

    
      
    

    
      In the field of technology-supported education, experiences integrating IoT with participatory teaching strategies have been documented. The GAIA project is a benchmark in this field, incorporating sensor nodes in educational buildings and game dynamics aimed at promoting responsible energy use, demonstrating changes in students' attitudes and practices
      
        [30]
      
      . Other proposals analyze the incorporation of IoT technologies in public spaces for educational purposes, highlighting direct interaction as a means of encouraging citizen participation and shared learning. At the technical level, reviews of sensors applied to sustainable environments describe measurement repertoires useful for both teaching activities and the communication of local environmental information
      
        [31]
      
      . In natural settings, IoT-supported recreational applications have been explored that facilitate educational experiences linked to responsible practices for visiting and caring for the forest environment
      
        [32]
      
      .
    

    
      
    

    
      From the perspective of interactive learning, proposals have also been developed that integrate sensors, smart modules, and playful activities to promote user attention and interest. Experiences with smart planters and virtual courses show how reading variables such as soil moisture and CO
      ₂
       concentration can be used for educational purposes, supported by game dynamics and visual feedback
      
        [33]
      
      . Although aimed at different audiences, studies on IoT applied to childcare and human-robot platforms focused on interaction and emotion provide evidence of the ability of tangible devices to sustain user interest and enrich the educational experience
      
        [34]
      
      ,
      
        [35]
      
      .
    

    
      
    

    
      In other words, the studies reviewed agree that the integration of accessible technology with educational proposals based on interaction and play favors educational processes linked to caring for the environment. While some experiences prioritize energy management through IoT
      
        [36]
      
      , others focus on the educational activation of public spaces
      
        [37]
      
      , the measurement of environmental variables in urban settings
      
        [38]
      
      , or recreation with educational value in natural areas
      
        [39]
      
      .  
    

    
      
    

    
      METHODOLOGY
    

    
      
    

    
      The research was developed based on an educational intervention model supported by Internet of Things technologies, aimed at strengthening training processes related to environmental education through playful interaction experiences. The study was linked to the Telematics Engineering degree program at the Technical State University of Quevedo, where the conceptual, technical, and pedagogical design of the model was structured. The practical application was carried out at Paseo Shopping Quevedo, an everyday environment that allowed for the observation of spontaneous interaction between users and a technology-mediated educational proposal.
    

    
      
    

    
      The methodological design combined documentary work and practical application, articulating theoretical foundations with an educational experience implemented in an open space. This combination made it possible to structure the model, put it into practice, and analyze its performance from the perspective of interaction, user experience, and participant response.
    

    
      
    

    
      
    

    
      Methodological design of the intervention model
    

    
      
    

    
      The educational intervention model was structured around three integrated components: pedagogical, technological, and evaluative. The pedagogical component defined the content, recreational activities, and form of interaction with users; the technological component enabled the proposal to be implemented through IoT; and the evaluative component allowed for analysis of the user experience and collection of technical and educational assessments.
    

    
      
    

    
      During the documentation phase, academic research, technological projects, and educational experiences related to environmental education, gamification, and IoT were reviewed. This review made it possible to establish criteria for the design of educational activities, the selection of sensors, the type of interaction with the user, and the organization of the information presented in the interface. Based on this analysis, the guidelines for the model were formulated, prioritizing clarity of content, direct interaction, and ease of use.
    

    
      
    

    
      
    

    
      Application of the educational intervention model 
    

    
      
    

    
      The model was implemented using an interactive IoT-based system, which served as the means of implementing the educational proposal. The system was built using a Raspberry Pi 4 as a local server, a five-inch HDMI touchscreen, and DHT22, BMP280, HC-SR04, and FC-28 environmental sensors. The operating logic was developed in Java using Apache NetBeans, while interaction logs and sensory data were stored in a PostgreSQL database. The educational interface was organized into three main sections:
    

    
      
    

    
      	
        Habits, aimed at reflection through interactive questions
      

      	
        Did you know?, dedicated to the presentation of educational information
      

      	
        Select the correct answer, designed as a fun association activity
      

    

    
      
    

    
      Participants and procedure
    

    
      
    

    
      Thirty-two volunteers participated in the selected setting and interacted with the system for approximately five minutes each. After completing the interaction, participants answered the System Usability Scale (SUS) questionnaire to assess perceived ease of use, interaction quality, and overall experience.
    

    
      
    

    
      Additionally, interviews were conducted with three environmental specialists, identified by codes E1, E2, and E3, to gather suggestions related to educational content, thematic expansion, and possible digital extensions of the model. The identities of the specialists were kept anonymous throughout the process.
    

    
      
    

    
      Information analysis techniques
    

    
      
    

    
      The quantitative information was analyzed using descriptive statistics from the SUS questionnaire, considering values of central tendency and dispersion, as well as the representation of frequencies per item. The qualitative information obtained from interviews and field notes was organized by thematic categorization, which allowed for the identification of aspects associated with interaction, content presentation, and educational experience.
    

    
      This analytical process made it possible to establish relationships between the components of the model and the way in which users experienced the IoT-mediated educational proposal. 
    

    
      
    

    
      Ethical considerations and data protection
    

    
      
    

    
      All participants gave their informed consent prior to interacting with the system. No personal data was stored in the system database; records were limited to usage information and questionnaire responses. The codes assigned to the interviews were kept separate from the technological system and are not part of the manuscript content.
    

    
      
    

    
      The description of materials, software, and procedures is presented in sufficient detail to allow the model to be applied in other educational or community settings with similar characteristics, adjusting only logistical aspects such as physical space and participant availability.
    

    
      
    

    
      RESULTS
    

    
      
    

    
      Determination of device characteristics
    

    
      
    

    
      The application of the IoT-supported educational intervention model required identifying pedagogical and technical components that would enable the structuring of a training experience based on direct interaction. To this end, an analysis process was developed that integrated a review of specialized literature and consultations with professionals in the educational, technological, and environmental fields. This combination made it possible to establish criteria related to the user experience, content organization, and operation of the system that supports the model.
    

    
      
    

    
      A review of previous studies revealed that low-power computing platforms, such as Raspberry Pi and Arduino, are well suited for interactive educational proposals due to their compatibility with sensors and the availability of accessible development environments
      
        [40]
      
      ,
      
        [41]
      
      ,
      
        [42]
      
      . Similarly, the research consulted indicates that the incorporation of game dynamics, accompanied by visual and auditory stimuli, encourages active participation in training processes linked to environmental education
      
        [43]
      
      ,
      
        [44]
      
      . Likewise, it was identified that interfaces designed for educational spaces should prioritize visual clarity, direct interaction, and immediate readability, in line with experiences developed in interactive systems for public environments
      
        [45]
      
      ,
      
        [46]
      
      .
    

    
      
    

    
      The interviews conducted with specialists were organized into three areas: technical, pedagogical, and operational. From a technical standpoint, the use of a central unit with local processing capacity and sensors geared toward basic environmental variables was recommended. In the pedagogical sphere, the convenience of incorporating touch screens and game-based activities to encourage interaction with content was highlighted. In terms of implementation, it was suggested that priority be given to durable materials and local data storage to ensure continuity of operation in educational spaces. A summary of these contributions is presented in Table 1.
    

    
      
    

    
      Table 1.
      
         
        

        Results of expert interviews
      
    

    
      
        	
          
            Dimension
          

        
        	
          
            Contributions identified
          

        
        	
          
            Integration into the model
          

        
      

      
        	
          
            Technical
          

        
        	
          
            Use of a processing unit with integrated connectivity and sensors for temperature, humidity, pressure, and proximity.
          

        
        	
          
            Supports the capture of environmental information as input for interactive educational activities, allowing the scope of the model to be expanded according to the context of application.
          

        
      

      
        	
          
            
          

          
            Pedagogical     
          

        
        	
          
            Incorporation of touch screens and dynamic games with visual and audio feedback.   
          

        
        	
          
            Encourages active participation and guided exploration of content, strengthening experiential learning in environmental education.
          

        
      

      
        	
          
            Implementation
          

        
        	
          
            Local storage of information and selection of resistant materials with low energy consumption.
          

        
        	
          
            Contributes to the continuity of the model's use in educational and community spaces, reducing operational interruptions and facilitating its application in different scenarios.
          

        
      

    

    
      Source: Created by the authors
    

    
      
        

        Technological system as a means of applying the model  
      
    

    
      
    

    
      The educational intervention model was implemented through an interactive IoT-based system, used as a means to apply the training proposal. The system integrated a Raspberry Pi 4 Model B as the central processing unit, a five-inch LCD touch screen, environmental sensors (DHT22, BMP280, FC-28, and HC-SR04), and a metal protective structure that facilitated its installation and transport.
    

    
      
    

    
      In terms of the software environment, PostgreSQL was used for record storage, Apache NetBeans for Java logic development, Postman for communication testing, Visual Paradigm for system modeling, and Fritzing for electronic schematic representation. Table 2 presents the components used within the system that supports the educational model.
    

    
      
    

    
      Table 2.
      
         
        

        Hardware and software selected for the prototype
      
    

    
      
        	
          
            Category
          

        
        	
          
            Selected elements
          

        
        	
          
            Function within the model
          

        
      

      
        	
          
            Hardware
          

        
        	
          
            Raspberry Pi 4 Model B
          

        
        	
          
            Processing and control
          

        
      

      
        	
          
            5" LCD touchscreen
          

        
        	
          
            User interaction
          

        
      

      
        	
          
            Aluminum case
          

        
        	
          
            Physical protection and heat dissipation
          

        
      

      
        	
          
            Sensors (DHT22, BMP280, HC-SR04, FC-28)
          

        
        	
          
            Measurement of environmental and physical variables
          

        
      

      
        	
          
            UTP Cat 5e cables and connectors
          

        
        	
          
            Physical network communication
          

        
      

      
        	
          
            Software
          

        
        	
          
            PostgreSQL
          

        
        	
          
            Relational database
          

        
      

      
        	
          
            Apache NetBeans IDE
          

        
        	
          
            Java development
          

        
      

      
        	
          
            Postman
          

        
        	
          
            REST API testing
          

        
      

      
        	
          
            Visual Paradigm
          

        
        	
          
            UML modeling
          

        
      

      
        	
          
            Fritzing
          

        
        	
          
            Circuit schematics
          

        
      

      
        	
          
            Visual Studio Code
          

        
        	
          
            Code editor
          

        
      

      
        	
          
            RealVNC Viewer
          

        
        	
          
            Remote access to the Raspberry Pi
          

        
      

    

    
      
        Source: Created by the authors
        

      
    

    
      Figure 1 shows the interactive system used during laboratory and application space testing, showing the layout of the central unit, display, and integrated sensors. 
    

    
      
    

    

    
      
    

    
      Figure 1
      .
      
         
        

        Interactive prototype used for the educational model application
      
    

    
      
        [image: Caja blanca con rosa
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      Source: Created by the authors
      
        

      
    

    
      Integration and implementation of the IoT-supported educational intervention model
    

    
      
    

    
      The integration of the educational intervention model was developed based on a technological structure designed to support learning experiences based on direct interaction, observation, and active participation. The system architecture was conceived as a support that allows the pedagogical approach to be realized, where technology plays a mediating role between educational content and users. This organization sought to ensure operational stability, consistency between components, and continuity in the educational experience during all phases of implementation.
    

    
      
    

    
      Before implementation, a modular architecture was defined to regulate the flow of information and interaction actions (see Figure 2). This architecture is organized into three clearly differentiated layers, each with specific functions within the educational model. This separation facilitates understanding of the system, management of components, and adaptation of the model to other educational environments with similar conditions.
    

    
      
    

    
      The perception layer integrates environmental and proximity sensors (DHT22, BMP280, FC-28, and HC-SR04), which are responsible for capturing physical data from the environment and detecting the presence of users. These elements allow interaction to begin and generate immediate responses that introduce the user to the proposed educational activities. The selection of sensors responded to the need to work with variables that are understandable and close to environmental learning, favoring the relationship between observed information and educational content.
    

    
      
    

    
      The processing layer, hosted on the Raspberry Pi 4, is responsible for interpreting the readings captured by the sensors through GPIO and I²C interfaces. API services developed in Java under a REST scheme were implemented in this layer, which manage the system logic, access control through roles and tokens, and the storage of events in a local PostgreSQL database. This organization allows for a continuous and orderly flow of data, ensuring that the information presented to users is consistent with the actions performed during the interaction.
    

    
      The application layer corresponds to the touch interface visible to the user, structured into three educational sections: Habits, Did you know? and Select the correct answer. These sections feature short, playful activities that combine reading, multiple-choice questions, and visual feedback. This layer is the point of contact between the educational model and the participants, facilitating learning through direct experience.
    

    
      
    

    
      Figure 2
      .
      
         
        

        System architecture with three functional layers
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        Source: Created by the authors
      
    

    
      
    

    
      
    

    
      Initial system performance tests
    

    
      
    

    
      Once the architecture was defined, initial laboratory tests were conducted to verify the performance of the sensors, the response of the interface, and the correct persistence of data. These tests allowed us to observe the behavior of the system under controlled conditions, identify possible technical adjustments, and ensure that the educational experience would run smoothly.
    

    
      
    

    
      The activities included measuring distances using the HC-SR04 sensor to activate visual responses, recording temperature and humidity with the DHT22, reading atmospheric pressure with the BMP280, and verifying the storage of events in the local database. In addition, simulated interactions with test users were conducted to observe the fluidity of the touch interface and the synchronization between sensor readings and visual feedback.
    

    
      
    

    
      Table 3 presents a summary of the sensors and actuators used during this phase, along with their educational function within the model.
    

    
      
    

    

    
      
    

    
      Table 3.
      
         
        

        Sensors and actuators used in the prototype
      
    

    
      
        	
          
            Device    
          

        
        	
          
            Main function
          

        
        	
          
            Contribution within the educational model
          

        
      

      
        	
          
            HC-SR04
          

        
        	
          
            Distance measurement
          

        
        	
          
            Activation of interaction upon detecting presence
          

        
      

      
        	
          
            DHT22
          

        
        	
          
            Temperature and humidity recording
          

        
        	
          
            Association with content on the environment and environmental conditions
          

        
      

      
        	
          
            BMP280
          

        
        	
          
            Barometric pressure measurement
          

        
        	
          
            Relationship with climate variations
          

        
      

      
        	
          
            FC-28
          

        
        	
          
            Soil moisture measurement
          

        
        	
          
            Link to natural resource conservation
          

        
      

      
        	
          
            Pantalla LCD táctil
          

        
        	
          
            User interface
          

        
        	
          
            Presentation of activities and feedback
          

        
      

    

    
      
        

      
      Source: Created by the authors
    

    
      Operational implementation of the interactive system
    

    
      
    

    
      The implementation of the system was carried out as an organized sequence of technical and educational activities. First, the system modules were programmed in Java within Apache NetBeans, defining specific controllers for each sensor and the endpoints responsible for recording and querying events stored in local PostgreSQL. This structure allowed for orderly control of system actions and a consistent response to user interactions.
    

    
      
    

    
      Subsequently, the touch interface was set up with three interaction paths: Environmental Habits, Did You Know...? and Select the Correct Answer. Each path invokes sensor reading routines and returns immediate visual feedback, reinforcing the link between user action and system response. To facilitate monitoring and technical support during field testing, remote access was enabled through RealVNC, allowing the system's operation to be observed without directly interfering with the user experience.
    

    
      
    

    
      Communication between components was verified by querying the local services exposed by the application, using Postman as a testing tool. Figure 3 illustrates the physical layout of the system and the logical wiring between sensors, processing unit, and display.
    

    
      
    

    
      Figure 3
      .
      
         
        

      
      Connection diagram representing the physical architecture of the system.
    

    
      
        [image: Diagrama
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      Source: Created by the authors
    

    
      
    

    
      Pre-field application performance testing
    

    
      
    

    
      Before transferring the system to the application environment, a series of tests was performed to evaluate reading latency, data logging stability, and touch interface response. These tests confirmed that the system maintained consistent performance during extended sessions of use.
    

    
      
    

    
      At this stage, the distance was measured with the HC-SR04 to activate visual responses, temperature and humidity were recorded with the DHT22, atmospheric pressure was obtained using the BMP280, and the persistence of information in the database was validated. Table 4 summarizes the results observed during this phase. 
    

    
      
    

    
      Table 4.
      
         
        

        Preliminary performance results
      
    

    
      
        	
          
            Component    
          

        
        	
          
            Test applied
          

        
        	
          
            Main observation
          

        
      

      
        	
          
            HC-SR04
          

        
        	
          
            Presence detection at 1 m
          

        
        	
          
            Immediate activation of visual response
          

        
      

      
        	
          
            DHT22
          

        
        	
          
            Temperature and humidity recording
          

        
        	
          
            Stable readings within the expected range
          

        
      

      
        	
          
            BMP280
          

        
        	
          
            Atmospheric pressure measurement
          

        
        	
          
            Consistent values in controlled tests
          

        
      

      
        	
          
            LCD screen
          

        
        	
          
            Touch interaction
          

        
        	
          
            Quick response, but with visibility limitations at certain angles
          

        
      

      
        	
          
            Database
          

        
        	
          
            Record storage
          

        
        	
          
            Correct data flow in PostgreSQL
          

        
      

    

    
      
        Source: Created by the authors
        

      
    

    
      Technical and interaction adjustments
    

    
      
    

    
      Based on the results obtained in the laboratory, adjustments were made to improve the user experience and continuous operation of the system. Among the modifications applied were an increase in font size and interface contrast to improve readability at different angles, the incorporation of an audio module to reinforce sensory feedback, and optimization of the sensor reading code to reduce delays.
    

    
      
    

    
      Likewise, the physical support of the screen was reinforced in order to facilitate the transfer of the system and its prolonged installation in open or closed spaces. These adjustments contributed to consolidating a more stable and accessible educational experience for users.
    

    
      
    

    
      Validation of the model with users
    

    
      
    

    
      The model was validated at Paseo Shopping Quevedo, with the participation of thirty-two people and an average interaction time of five minutes per participant. After the experience, the System Usability Scale (SUS) was applied to gather perceptions about ease of use, clarity of the interface, and overall experience. The average score obtained was 75.3, which exceeds the threshold established for this study. To facilitate interpretation, the distribution of responses by item is presented in bar graph form in Figure 4.
    

    
      
    

    
      
    

    
      Figure 4
      .
      
         
        

        Results of the SUS scale applied to users
      
    

    
      
        [image: ]
      
    

    
      
        Source: Created by the authors
        

      
    

    
      Contributions from specialists and pedagogical validation 
    

    
      
    

    
      Technical and pedagogical validation was complemented by interviews with three environmental professionals, identified by codes E1, E2, and E3. These interviews allowed us to gather opinions on educational content, thematic expansion, and possible digital support for the model. The identities of the interviewees were kept anonymous. Table 5 summarizes the opinions and proposals gathered.
    

    
      Table 5.
      
         
        

        Main contributions from environmental experts
      
    

    
      
        	
          
            Code    
          

        
        	
          
            Main opinion
          

        
        	
          
            Recommendation
          

        
      

      
        	
          
            E1
          

        
        	
          
            The device encourages environmental education through direct interaction
          

        
        	
          
            Add topics on climate change and biodiversity
          

        
      

      
        	
          
            E2
          

        
        	
          
            The intuitive design makes it suitable for school audiences
          

        
        	
          
            Include a supporting mobile app
          

        
      

      
        	
          
            E3
          

        
        	
          
            Gamification strengthens user motivation
          

        
        	
          
            Use symbolic rewards to reinforce habits
          

        
      

    

    
      Source: Created by the authors
      
        

      
    

    
      Results of experimental field tests
    

    
      
    

    
      Continuous operation tests were conducted in the same application space. The system operated for four hours without interruption, maintaining touch response times of less than one second and favorable visual acceptance, especially among young users. Several people spontaneously suggested enlarging the screen size and enhancing the sound effects for activities in open spaces. Table 6 presents a summary of these findings.
    

    
      
    

    
      Table 6.
      
         
        

        Experimental field results
      
    

    
      
        	
          
            Variable observed
          

        
        	
          
            Result
          

        
      

      
        	
          
            Touch response time
          

        
        	
          
            Less than 1 second
          

        
      

      
        	
          
            Operational stability
          

        
        	
          
            Continuous operation for 4 hours without interruption
          

        
      

      
        	
          
            Visual acceptance
          

        
        	
          
            High, especially among young users
          

        
      

      
        	
          
            Spontaneous recommendations
          

        
        	
          
            Enlarge screen and add sound feedback
          

        
      

    

    
      
        Source: Created by the authors
        

      
    

    
      DISCUSSION 
    

    
      
    

    
      The analysis of the results obtained allows us to examine the IoT-based educational intervention model from a pedagogical and technological perspective, considering its performance in a real interaction environment. The average score achieved on the System Usability Scale (SUS), with a value of 75.3, indicates favorable user experience, reflecting that the educational proposal was perceived as clear, accessible, and easy to use by the participants. This result is consistent with the model's objective, which prioritizes direct interaction and spontaneous participation as ways to strengthen environmental education.
    

    
      
    

    
      The positive assessment obtained can be interpreted in light of previous studies that have reported good levels of acceptance in educational proposals that combine IoT technologies with game dynamics
      
        [47]
      
      . In those studies, sensor-mediated interaction and the visual presentation of information facilitate user attention and engagement. In the case of the present study, the experience was transferred to a physical space in everyday use, which allowed the educational proposal to be naturally integrated into people's routines, extending its reach beyond exclusively virtual environments.
    

    
      
    

    
      The implementation of the model in an open space showed that the physical presence of the interactive system encourages curiosity and voluntary engagement on the part of users. This behavior coincides with approaches to IoT applied to public spaces, where the installation of interactive devices contributes to activating the place and generating shared educational experiences
      
        [48]
      
      ,
      
        [49]
      
      . Tangible interaction, supported by a touch screen and proximity sensors, allowed the educational proposal to be perceived as an accessible and familiar activity.
    

    
      
    

    
      The qualitative observations collected during the application provided complementary information to the quantitative results. Suggestions related to screen size and the incorporation of audio feedback are consistent with design recommendations for interactive systems in open spaces, where visibility and multisensory stimulation facilitate content communication
      
        [50]
      
      ,
      
        [51]
      
      . These observations reinforce the idea that the model can be adjusted and adapted to different scenarios while maintaining its pedagogical structure.
    

    
      
    

    
      Another aspect discussed by specialists and users was the incorporation of symbolic incentives or rewards associated with the proposed activities. This suggestion is in line with experiences of gamification applied to environmental education supported by IoT, in which the introduction of additional stimuli encourages users to remain engaged in the activity and reinforces behaviors related to caring for the environment
      
        [52]
      
      ,
      
        [53]
      
      . In this sense, the model presents conditions for integrating these elements without altering its main architecture.
    

    
      Table 7 summarizes the main points discussed based on the results obtained and their relationship with contributions from specialized literature.
    

    
      
    

    

    
      
    

    
      Table 7.
      
         
        

        Summary of findings and their relationship with previous studies
      
    

    
      
        	
          
            Aspect analyzed
          

        
        	
          
            Observed result
          

        
        	
          
            Correspondence with the literature
          

        
      

      
        	
          
            System usability
          

        
        	
          
            Favorable SUS score
          

        
        	
          
            Consistent with IoT and gamification studies
            
              [54]
            
            ,
            
              [55]
            
            .
          

        
      

      
        	
          
            Interaction in physical space
          

        
        	
          
            High spontaneous participation
          

        
        	
          
            Related to IoT in public spaces
            
              [56]
            
            ,
            
              [57]
            
            .
          

        
      

      
        	
          
            Interface design
          

        
        	
          
            Clear reading with necessary adjustments
          

        
        	
          
            Recommendations on visualization
            
              [58]
            
            ,
            
              [59]
            
            .
          

        
      

      
        	
          
            Playful incentives
          

        
        	
          
            Interest in rewards
          

        
        	
          
            Educational gamification models
            
              [60]
            
            ,
            
              [61]
            
            .
          

        
      

    

    
      
        Source: Created by the authors
        

      
    

    
      CONCLUSIONS
    

    
      
    

    
      The study allowed us to consolidate an educational intervention model supported by IoT technologies, aimed at strengthening environmental education through direct interaction experiences. The results obtained show that an educational proposal based on active participation, visual feedback, and the integration of sensors can generate an accessible and attractive learning experience for diverse audiences.
    

    
      
    

    
      The usability evaluation carried out with thirty-two participants showed a favorable perception of the system, reflected in an average score of 75.3 on the SUS scale. This value supports the viability of the model as an educational resource for public and community spaces, where spontaneous interaction is a key factor for learning.
    

    
      
    

    
      From a technical standpoint, the integration of a Raspberry Pi 4 Model B, environmental sensors, and a touchscreen made it possible to build a stable, energy-efficient solution with potential for adaptation. These elements facilitate the implementation of the proposal in other educational environments with similar characteristics, requiring only adjustments to aspects such as physical space, interaction time, or number of participants.
    

    
      
    

    
      The analysis of qualitative observations identified opportunities for adjustment aimed at improving the user experience, such as increasing the visibility of the screen in brightly lit environments, incorporating audio feedback, and integrating playful incentives. These lines of action open up possibilities for expanding the scope of the model and enriching its application in future educational interventions.
    

    
      
    

    
      In short, the study provides a structured educational proposal that combines IoT technology and playful interaction as a means of strengthening environmental education. The developed model offers a solid basis for its application in various educational spaces, where technology acts as a mediator of learning and not as an end in itself.
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