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Abstract

:

STEM education is of paramount importance, especially in the lower levels of education, and it has been proven beneficial for students in many ways. Although there are various tools available, there are significant drawbacks mainly related to the cost and the ease of use. In this study, we introduce a new low-cost educational framework oriented toward elementary and secondary educational needs. The proposed system exploits open tools and low-cost devices. The system’s core is based on the popular Arduino microcontroller, a low-cost device supported by a large community. The overall system was designed and developed, providing an expandable, modular system of low complexity suitable for students with no or low prior knowledge in related subjects, among others, to programming, embedded devices, sensors and actuators, as well as robotics. Our scope was to provide a system with a small learning curve. Practically, this makes it possible in a short amount of time for the students to perform appealing yet straightforward tasks which will boost their self-confidence and creativity, improve their technical skills and simultaneously provide a system with several capabilities usable in different kinds of projects. The introduced system was tested through a preliminary study using flow theory in a team of 68 students of the three last grades in an elementary school in Greece.
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1. Introduction


The use of Science, Technology, Engineering and Mathematics (STEM) tools has been proven useful for both teachers and students in many learning contexts. These have been widely used in closely related fields, among others, for programming, automation, and robotics. In [1], the authors introduced conceptual frameworks regarding the practical implementation of STEM education concepts in different countries, while in [2], the authors compared the conceptualization and teaching practices in geographically proximate countries, since no homogeneous standards regarding this issue exist. However, even when students are not interested in STEM-oriented disciplines, they are motivated by them when they are involved as a way of teaching in other fields such as arts and music [3,4,5]. Reviews of the use of STEM education in early childhood [6] and on the status and trends in STEM education research [7] summarize the majority of the latest publications in this field and discuss a number of issues concerning its increased popularity. Based on the aforementioned publications, STEM tools are considered to be important and innovative and can shape education from kindergarten to university in a variety of fields [8,9].



The core idea behind STEM tools is the constructionism learning theory developed by Papert [10], based on concepts initially introduced in the constructivism theory by Piaget [8,11]. Based on this approach, by manipulating and constructing objects, the students interact with their environment, continually adding new knowledge and building upon existing experiences by adapting previously held ideas to create new information [12].



STEM tools offer hands-on activities that encourage students to become active learners and create an interactive environment where they can investigate and work with complex real-world problems. In this sense, they construct and constantly reconstruct their knowledge and meaning through personal experience as they become active learners [3,8,13,14]. Physical devices can transform the procedure of learning into a fun activity that attracts and keeps students interested in learning, therefore enhancing students’ interest and curiosity [9]. Through this procedure, students have the opportunity to improve their critical thinking and problem-solving skills [4,11]. At the same time, many studies report a positive impact on personal development, including collaboration, social and communication skills, cognitive, meta-cognitive, and social responsibilities [4,15]. By developing their self-confidence and self-direction, students increase their creativity, innovation and motivation [4,8,11,16]. Exposure to the use of STEM tools has also been proven useful in assisting students making career choices towards STEM domains and as it was highlighted in [17], a significant, positive, strong correlation between interpersonal skills, STEM exposure, career choice, family and school support, and external motivation exists.



Programming is perceived as an essential skill for everyone to learn with the potential of fostering computational thinking and problem-solving competence. Hence, a variety of different curriculum and different approaches to teaching programming have been proposed [18]. Despite its importance, programming is perceived by students as a difficult task to perform [5,19]. Students in programming courses must familiarize themselves with the fundamental programming concepts while athey must simultaneously learn each programming language’s rigid syntax and commands [20]. Learning to program becomes more difficult when learners are not native English speakers, as most programming languages use simple English keywords to represent syntactic and semantic rules. At the same time, students must learn how to solve a problem and transform their solution into a textual representation. Studies also show that the acquisition of programming skills is considered more challenging for female and younger students [14]. In this notion, learners perform a heavy cognitive effort during the programming learning process, leading to decreased motivation and satisfaction. Accordingly, students can adopt a negative attitude towards programming [20].



On these grounds, extensive research has been performed regarding the learning methods and how the educational environment can be transformed when STEM tools, i.e., educational robots, are used as a tool [21,22]. In a programming context, robots as tangible devices can provide a physical environment where students can manipulate physical objects to solve problems through innovative play. With the use of sensors and actuators, robots allow learners to explore and interact with the real world’s complex problems while programming. They have the opportunity to constantly design and test their ideas while they receive immediate feedback on their solutions. Through experimentation, students improve their motivation and interest, which leads to easier knowledge acquisition and retention. When they reflect on and correlate problem solving strategies with authentic contexts, students are equipped with the confidence to successfully solve problems in real situations [5,20,21]. Additionally, tangible robots assist the student in solely concentrating on solving a problem and finding the algorithmic solution of a given exercise instead of dealing with each programming language’s features. Thus, students perceive programming as a fun and challenging activity instead of a painful procedure [23]. Because of its simplicity, the robot as a means of teaching enables students of different ages, intellectual backgrounds, or with learning disorders to access learning [24,25,26].



Another aspect of educational robots that can affect the quality and effectiveness of learning is the game factor. Many researchers have noted different game features such as challenge, fantasy, complexity, rules, strategy, and goals can make a game an engaging educational tool [14,21,27]. By using game activities in the learning process, a student’s motivation and interest are increased as they are actively involved in an entertaining procedure [21]. At the same time, game activities introduce competition and cooperation, factors that encourage learners to immerse themselves in learning. Given a specific challenge, students tend to discover solutions and new strategies in order to increase their performance and win [14]. Furthermore, games are fun, turning programming tasks perceived by learners into a source of enjoyment. Essentially, users’ attention is exclusively devoted to the programming and acquisition or improvement of their algorithmic skills [11,14,20]. However, for a game activity to be effective in education, certain features must be attained. The game cycle is the key component, consisting of the loop triplet judgment–behavior–feedback triggered by specific game features such as the degree of guidance and difficulty. Consequently, integrating the playful aspect of robotics in learning must be done with caution [27].



The application of a tangible user interface has been widely studied with different robotics kits in many different group ages [5]. Several tangible programming projects have a seam to influence the development of tangible programming. AlgoBlockwas one of the first tangible programming tools developed by Suzuki and Kato in which they introduced interlocking blocks representing the commands of a language similar to Logo [18,20].



Tangible programming Brick developed by McNerney added the use of parameters and variables. More precisely, this tangible programming interface used Lego bricks with embedded electronics to program, through the combination of bricks in the correct order, the graphical user interface of Logo Block and Lego Mindstorms [5,20,22].



Lego Mindstorms is a programming and engineering-oriented system consisting of graphical software and handy hardware. The Lego kit includes a control unit in the form of a brick that controls the system, a set of motors, modular sensors (e.g., touch sensors and ultrasonic sensors), and parts from the technic line such as gears and Lego bricks based on the traditional Lego design for the building part. It also includes a graphical programming language where students can manipulate the available picturized commands and connect them just like puzzle pieces to create a program. Learners can build the instructed models included in the kit by following building instructions or experimenting with customizing their robots with different sensors, motor placement, and gearing [13].



More programming concepts were added with systems such as FlowBlock, that enabled students to see the changes in variables based on the movement of lights on a series of arrows-blocks and comprehend the structure of the sequence, repetition, and branch with the use of probes, by counting the times the light passes [14]. Other studies followed, proposing innovating platforms such as TurTan by Gallardo where instructions appear as figures, the Electronic Blocks by Wyeth, which allowed students to build and program robots and mechanisms with blocks and Quetzal–Tern by Horn, which could identify the connected commands with the use of a scanning system [18,20,28,29].



Acknowledging that tangible interfaces enhance learning experiences and increase students’ algorithmic/programming thinking skills, a lot of robotics kits were developed to assist students in learning [5]. The most common educational robotic kits used today for teaching programming to younger students are Lego Education (including Mindstorms and Wedo), Engino Robotics, Bee-Bot, and Arduino-based kits. Most of the proposed systems convert written programming to graphical, and others support palpable code over using a computer keyboard, or mouse [30,31]. Even though this is suitable for young novice programmers, students seek more from a tangible programming interface after learning basic programming or reaching a certain age.



Summary of Contribution


Motivated by the wide adoption of STEM approaches in elementary and secondary education and the limited availability of open low-cost tools, we introduce a new educational framework oriented towards the needs mentioned above. The proposed system is based on a two-fold approach. On the one hand, we have the hardware and software based on the popular Arduino microcontroller, a low-cost device supported by a large community, and Ardublockly, a visual programming editor for Arduino. On the other hand, the second part refers to the model of the education procedure using Petri Nets, a typical discrete event-based modeling and simulation method. This enables their use in any STEM-related activity concerning the interacting entities and state-changing events. This, combined with the open nature of hardware and software, can accommodate different kinds of STEM activities. To the best of our knowledge, this is the first formal approach, which combines the tools mentioned above towards developing a working STEM system for elementary and secondary education students.



The overall system is designed and developed to provide an expandable, modular system of low complexity suitable for students with no or low prior knowledge in related subjects, among others, to programming, embedded devices, sensors and actuator, robotics, etc. Furthermore, our scope is to provide a system with a small learning curve. Therefore, the students would be able to perform appealing yet straightforward tasks in a short time period, which will boost their self-confidence and creativity. Simultaneously, it would provide a system with several features that may be adopted in different projects. Furthermore, we decided not to constrain our approach with a robotic device as the majority of the methods in the literature but instead focus on an open architecture that will allow the students to compose their working prototypes/systems.



The rest of the paper is organized as follows. In Section 2, we describe our proposed system in full detail, starting from the overall motivation, the hardware which was developed, and the related software which was adopted and enhanced to accommodate our needs.In Section 3, we present the modeling of the educational process, which was performed using the Petri Nets theory, for the monitoring and observation of the educational procedure. The proposed model ensures the consistency of the followed procedure for all groups of students and that the training process is teacher independent. It also provides a valuable tool to the teacher to detect and solve possible problems during the education process. In Section 4, we describe in detail the procedure followed to preliminary validate our approach using flow theory in an elementary school in Greece. Our main goal was to identify the students’ acceptance of the proposed system and how the system managed to put the students in a “flow state”. To achieve the goal mentioned above, we accompanied the proposed system with a series of sample courses, with an open-ended structure based on the principles of problem-based learning. Finally, in Section 5, we offer some concluding remarks and some thoughts for future research.





2. The Proposed System


2.1. Motivation


The proposed system was designed, with some key characteristics in mind essential for its proper adaptation from the target group, which consists of 9–15-year-old students. The overall approach is presented in Figure 1. Our design philosophy, was based on an effort to increase access to STEM education, a necessity which was identified in [32], by using low cost, user friendly, modular devices. At the same, the educational goals, align with the approach presented in [33] and the learning outcomes as they were identified in educational robotics, which are applicable to other STEM-related activities [23].



During the design and development phase, it was identified that the user-friendliness of the proposed system was of paramount importance. Creating even simple circuits using the conventional approach requires significant effort and understanding from the students and skills that they may lack, especially during the introductory phase with the equipment at hand. The proposed system minimizes the complexity since the student is required to make simple connections.



Crucial factors for the success of the proposed system were its expandability and modularity since these are the key elements that affect the functionality and adaptability in different educational scenarios. Another key issue was the hardware and software complexity of the proposed system since it has been shown that high levels of complexity create frustration and a lack of focus for the students.



The aforementioned design and functional characteristics were considered to meet a diverse set of educational goals. The main one was the encouragement of creative thinking through the simultaneous development of software and the interaction with the environment through different sensors and actuators. In addition, the overall design considered the minimization of the learning curve since the educator has limited time in the classroom to demonstrate the proposed system’s functionality and highlight the educational goals of the lecture. By keeping the learning curve small, the student has more time to actually focus on the actual content of the course.



We decided to adopt open tools both for hardware and software during the design process and the maximization of the impact of the proposed system and the minimization of the cost. The core of the hardware system was based on the Arduino family of microcontrollers, which is an extremely popular solution for different kinds of educational projects and the microcontroller of choice is the Arduino Mega 2560. The proposed system’s software was based on the popular platform Blockly, which was developed by Google [34], and Ardublockly [35] which is a visual programming editor for Arduino.




2.2. Hardware


Hydra’s core module is based on the popular Arduino Mega 2560, which was chosen based on its excellent cost-to-capabilities ratio. It currently consists of eight blocks as presented in Figure 2.



These are divided into four output modules (highlighted with purple): (a) a four LED module; (b) a seven-segment display; (c) a red, green, and blue (RGB) LED; and (d) a DC motor, three input modules (highlighted with cyan): (a) a potentiometer, (b) sonar sensor, and (c) a four-button interaction module and the main control board (highlighted in yellow). All the modules were designed using the Autodesk Eagle PCB.



The Arduino Mega 2560 was adapted to the main control board through proper connectors. All the external modules were connected to the mainboard using RJ45 connectors, which were properly aligned around the mainboard. The usage of the RJ45 connection assures that all the external modules can be connected in a unique way to the mainboard, therefore minimizing the potential errors that the user might make. Overall, the mainboard consists of a USB type-B port (mainly for powering the motors) and nine RJ45 connections grouped in three categories: (a) digital, (b) analog, and (c) PWM, as presented in the schematic in Figure 3.



The digital ports can have two different values: HIGH, which corresponds to 5 V; and LOW, which corresponds to 0 V and can be used as input or output ports, while the analog ports can only be used as input ports for the analog input ranging from 0 to 5 V which corresponds to values ranging from 0 to 1023. Finally, the PWMs can be used as outputs to create rectangular voltage pulses with a variable duty cycle which can control the rotation speed of a motor in the respective module or control the brightness of the LEDs.



The overall approach is modular and allows the students to effortlessly make all the necessary connections without focusing on the time-consuming and sometimes frustrating procedure—especially for non-experienced users—of creating a working circuit. An example of how the proposed system differs from the conventional approach is presented in Figure 4.



As we mentioned earlier, our goal was to provide an affordable platform compared to commercial solutions. In Table 1, the detailed bill of materials used per set is presented, and in this cost, we have to add the cost of printing the PCBs in an external vendor. The overall cost is approximately EUR 35 per set without including an external power supply since most of the commercial USB chargers can be used.




2.3. Software


The software of the Hydra platform is an enhanced and modified version of Ardublockly [35], which is a visual programming editor for Arduino based on Google’s Blockly, which has been properly modified to generate Arduino code. The main features of Ardublockly, therefore, inherited by Hydra, is that it can generate an Arduino code with visual drag-and-drop blocks, which it can load to an Arduino Board, and it produces useful code block warnings whilst being compatible with a wide range of official Arduino boards. Another key advantage is that the students can access to the Arduino IDE. Therefore, the code as used by the micro-controller is accessible.



Hydra builds upon the original version and provides support for all the hardware modules, which were described in detail in Section 2.2. In order to optimally address the needs of the targeted audience, the main menu of the Ardublockly environment was modified in a minimal manner, and an extra tab for the Hydra modules was added. For every single hardware module, there is a corresponding software module which can access every function. Apart from the single software module for the cases in which there are more than one controllable element in a hardware module, simplified versions that can access single elements were also developed, i.e., the LED case where there is a module responsible for controlling the whole hardware module and a software module responsible for controlling a single LED, as presented in Figure 5.



A sample Ardublockly program for controlling the rotation direction of a DC motor using two buttons is presented in Figure 6. The Hydra DC motor module and the four-button interaction module were used in the configuration presented in Figure 7.





3. Modeling of the Educational Procedure


Petri Nets (PNs) are a popular mathematical and graphical tool widely used for the modeling, analysis, synthesis, performance evaluation, simulation, and control of processes and systems typically considered as discrete events. They allow the representation and study of the structure as well as of the dynamic behavior of systems and processes and have been proven to be a powerful tool for studying system concurrency, sequential, parallel, asynchronous, distributed deterministic or stochastic behavior, resource allocation, mutual exclusion, and conflicts [36,37,38]. Popular fields of Petri Nets use include production and manufacturing systems, project management, computer networks, software development and engineering, traffic monitoring and control, power systems, and robotic tasks. However, apart from the typical engineering applications, Petri Nets have been used for studying chemical and biochemical processes, medical and healthcare tasks, and cognitive, educational, and learning procedures.



In [39], the authors used Petri Nets to model the beginning of one lecture and the alternative routes, containing different types of source materials, that a university student could follow to successfully finish the final test of this lecture. In [40], Fuzzy Petri Nets are used to create a concrete model for the adaptation of web-based teaching processes to the individual users of different profiles. In contrast, in [41], the authors introduced a Petri Net-based methodology used to verify the intelligent tutoring system for the English language in Taiwan.



In [42], the authors used Petri Nets to create a model of student behavior in an LMS e-course. In particular, using the available Moodle’s log files, the authors were able to see the parts of the course that the students visited, the route that they followed through the different individual parts of the course (Learning part), the parts that were ignored or repeated and the time that they spent in each part. The results from this procedure were used to modify the e-course in order to become more efficient and to compare the actual students’ behavior with the respective behavior considered during course design. In [43], the authors introduced a learning evaluation model which applies a high-level fuzzy Petri net (HLFPN) and infers via a fuzzy reasoning method the different answering performances generated by different students’ abilities corresponding to the test items with different degrees of difficulty. The results of the test were used to evaluate the overall performance of students not only by considering scores but also by comparing the students’ performance. From this study, significant conclusions concerning students’ performance as well as indicators for the teachers for the students that need more concern and more efficient guidance were extracted. In [44], the authors introduced a Petri Net-based intelligent tutoring system, used for teaching English courses. The proposed system consists of different parts for teachers and students that can communicate and interact. From all the previous works, it is obvious that Petri nets comprise a valuable tool for a number of applications in education.



In this paper, Petri Nets were used for the monitoring and observation of the educational procedure described. In particular, the implemented model ensures the consistency of the followed procedure for all the groups of students as well as that the training process is teacher independent. Furthermore, monitoring the educational process ensures that the trainer can detect and solve the possible problems such as the timing of the process due to constraints of the overall educational process following the necessary actions.



3.1. Petri Net Fundamentals


Ordinary Petri Nets (OPNs) are bipartite directed graphs formally defined as five-tuple:   P N = { P , T , I , O ,  m 0  }  . The respective sets for the two types of nodes are   P = {  p 1  ,  p 2  , ⋯ ,  p  n p   }   which is a finite set of places and   T = {  t 1  ,  t 2  , ⋯ ,  t  n t   }   which is a finite set of transitions.   P ∪ T = V   where V is the set of vertices and   P ∩ T = ∅  .



In Petri Nets, places describe conditions (e.g., for control purposes) or resource availability. Transitions represent events or actions and arcs (that may have weight equal or greater than one), direct connections, access rights, or logical connections between places and transitions. Thus, places are the passive element of the PN, while transitions are the active one. I represents the input function, the output function by O and   m 0   is the PN initial token distribution referred to in the literature as marking. Transitions become enabled when all their input places contain several tokens at least equal to the weight of the arc connecting place to transition and fire by removing tokens equal to these weights from all the input places and adding tokens to all the output to the transition places according to the respective arc weights. PN properties (reachability, coverability, safeness, k-boundedness, conflicts, liveness, reversibility, persistency, deadlock-freeness, P- and T-invariants) capture the precedence relations and structural interactions between system components. More analytically, PN theory was described in [36,45].



The inclusion of time delays (constant, following distribution, or random according to the actions) in the transitions of the initial formalism implements T-timed PNs (TPNs). TPNs are defined as   { P , T , I , O ,  m 0  , D }   with the first five variables responding exactly to the same features as in the case of OPNs and D representing time delay that is a function of the set of non-negative real numbers   { 0 , I  R + }  . TPNs have advanced use compared to OPNs as, except for modeling purposes, they can be used for the simulation and calculation of the time duration of sequences of events.



The use of arc extensions increases the modeling power of the initial model as this makes possible the representation of more sophisticated concepts implemented with more compact net structures. Arc extensions were used to activate or deactivate the executions of parts of the PN as long as certain conditions are active. In the literature, three types of arcs are usually used, the standard arcs (→), inhibitor arcs that are represented by arcs whose end is marked with a small circle (-O), and activator arcs that are drawn as dashed vectors [44].




3.2. Application of Petri Nets for Modeling of the Educational Procedure under Study


The main steps of the followed educational procedure include the introduction of the students to the basic concepts of the Hydra by the teacher, and them interacting with the different hardware modules and the programming environment. The students were then divided into groups, and the teacher assigned different roles, namely “programmer”, “electronic”, and “manager/secretary”. The manager/secretary coordinates the efforts of the team based on the educational material which is available and takes appropriate notes during the experimentation; the electronic interacts with the hardware; and the programmer develops the code modules based on the feedback from the team members and the material that accompanies the different modules. The educational material which is distributed to the students is briefly and concisely written, highlighting the key concepts by simultaneously giving several degrees of freedom to the students to experiment and develop their own working paradigms using the available devices. The goal of each session is that the students will develop small projects of their own using the material at hand. First, the students briefly describe the small projects to the teachers, and afterward, they implement them using the Hydra modules.



Based on the aforementioned concept, we modeled the educational procedure that the student will follow, as presented in Figure 8, using PN models. The overall Petri Net model consists of 15 places and 12 transitions, is conflict-free, and live. Its execution is mainly sequential, with the exception of   t 5   that models parallelism and   t 6   that models concurrency. The exact meaning of the places in the PN model was presented in Table 2, while the transitions of the model are presented in Table 3.



In the Petri Net model of Figure 8, all the connection arcs have unitary weight apart from the initial ones (from   p 1   to   t 1  ). This happens because the educational procedure cannot start if three students are unavailable, as each of these will take a specific role in the following steps. In addition, after the firing of   t 5   (role assignment), each of the three students has to do their own tasks which are independent, especially for electronic and programmer, while the secretary interacts with both in a manner. For the electronic and programmer, these tasks are independent in their first stage while the secretary interacts with both in the second stage, giving their final approval. For this reason, in this part of the PN, test arcs were added. In particular, the two test arcs from   p 9   and   p 10   to   t 8   show that when the programmer and electronic finish their tasks, the secretary will check them and two test arcs from   p 14   to   t 9   and   t 10   to show that when the secretary approves code and connection, the respective tasks can be completed. However, the whole process cannot be terminated unless all three students have finished their tasks. In addition, tokens were added in places   p 8  ,   p 9   and   p 10   to show a state of the modeled system. In this state, the programmer finished coding, the electronic finished the connections, and the secretary will start the checking and approval procedure. Since all preconditions are satisfied,   t 8   will launch the next step of PN execution.



The presented Petri net model can be used in its present form for the educational process monitoring and observation from the trainer. The simplicity of representation makes it easy to understand even for trainers with reduced technical skills. In addition, it can be used to ensure that different trainers follow exactly the same steps defined during educational process design. Finally, the implemented model can be used for a what-if scenario simulation to distribute the available time between the different stages in the most efficient way with respect to the performance indicators used for assessment.



The advanced capabilities arising from the extensive use of sensors nowadays, as well as the implementation of technologies closely related to the Internet of Things and Industry 4.0, such as digital twins, cyber-physical systems, machine learning, and analytics, increase the significance, the fields of possible application as well as the efficiency of the implemented models. Furthermore, the exploitation of these advances and tools will improve the real-time monitoring, execution, evaluation, design, and update of the educational procedure concerning the feedback received from the students. Thus, the final target is the optimization of the learning procedure and the personal development of the students through an always up-to-date, interactive, and non-static educational procedure.





4. Proof of Concept and Experimental Evaluation


Informatics, robotics, automation, and other STEM-related courses are relatively new in the curriculum of secondary education in Greece and are only integrated at an elementary level in primary education. A detailed study about the courses currently offered and their content can be found in [46]. The tools that are used vary from Lego devices to popular Arduino kits. We decided to perform a preliminary pilot study in primary education to identify the feasibility of our proposed approach. The assessment was based on the basic principles of flow theory that will be described in the following subsection. The main goal was to identify the students’ acceptance of the proposed system and how this system managed to put the students in a “flow state”. To proceed, we developed a series of sample courses with an open-ended structure based on the principles of problem-based learning [47].



4.1. Flow Theory


Flow experience (flow) is defined as the state in which an individual feels completely absorbed and fully engaged in an activity [48]. Flow is a concept initially introduced by Csikszentmihalyi [49] in their book ‘Beyond Boredom and Anxiety’. Flow experience is an extremely rewarding experience, balancing challenge and skill. Flow is often associated with high levels of performance and is a positive psychological experience [50]. It allows the individual to perform at an optimum level. Flow has been used and researched in various fields of everyday life, including but not limited to sports, work-related environments, creative arts, media, and related educational activities where the high state of performance could be beneficial. Flow occurs when one is totally involved in the task at hand. It can occur at different levels of complexity, however, by definition, flow is intrinsically rewarding, regardless of whether it involves a simple game of throw and catch or a complicated and dangerous gymnastics routine [50]. When in flow, one feels strong and positive, not worried about themselves or of failure. To be found in such a psychological state, they must meet two factors which play the most important role: (a) their perception of the difficulty of the challenges they have to face; and (b) their perception of their own skill and ability to deal with this challenge [51].



There are nine key factors that contribute to the appearance of flow which are described in detail in [50,52]. Namely, these nine factors are: (1) challenge–skill balance; (2) action–awareness merging; (3) clear goals; (4) unambiguous feedback; (5) total concentration on the task at hand; (6) sense of control; (7) loss of self-consciousness; (8) transformation of time; and (9) autotelic experience. All the factors mentioned above contribute to the optimal psychological state of flow.




4.2. Pilot Study


For the pilot study of the proposed approach, we distributed the system to 68 students with their ages ranging from 9 to 12 years old (21 students of the 4th, 26 students of the 5th and 21 students of the 6th grade of the Greek Elementary school). The participants were a mixed group consisting of 35 boys (51.5%) and 33 girls (48.5%). All the students from the three classes participated in the pilot study without considering any prior experience in similar tools or programming. The experiments were conducted inside their school premises, and more specifically, in the school’s computer room. Each session with the proposed system lasted approximately 45 min, and at each session, nine students, using one full system per three persons, participated.



The students during their experimentation were monitored by a teacher who was familiar with the system and the related processes. They were initially introduced to the basic concepts of Hydra by the teacher, and afterward, they followed the procedure as described in Section 3.2. The students were only allowed to interact with their team members, while the teacher had minimum intervention, encouraging the students to provide their solutions to any problems that they may have.



Upon the completion of the process, as described in Section 3.2, they answered an anonymous questionnaire consisting of a set of closed-type questions, divided into two main categories. The first category had seven questions concerning the system and its functionality, and the second category had ten questions related to the key factors of flow theory. The structure of the questionnaire and the related questions/statements regarding flow experience were similar to the ones presented in [53]. All the answers were based on a seven values scale where one corresponds to easy/low while seven corresponds to high/hard.



As far as the first category of questions is concerned, the key findings show that 92.6% of students found the overall procedure easy and only 7.4% found it to be of medium difficulty (Figure 9).



None of the students expressed the opinion that the proposed system was difficult to use. The students were self-confident with regard to their skills in the related activity since 89.7% declared that they were highly confident in their skills while only 10.3% perceived that they had medium skills. On the other hand, 69.1% answered that they did not have any previous experience related to programming or automation-related projects, and only 30.9% declared that they had some previous experience with the activities mentioned above. It is worth mentioning that 69.1% stated that they did not have any previous experience with similar systems, highlighting how easy it is to adopt the proposed approach if we consider the answers to the previous question too. Furthermore, the students’ opinion was in favor of “Hydra” per se, since they found that: (a) the course demands were medium (79.4%) or low (20.6%); (b) that the software was easy to use (70.6%); and (c) that the hardware was very handy (88.2%).



Flow experience was measured using the flow short scale which measures all components of flow experience with ten items and was used to measure the flow during all activities [53]. The statistical analysis was performed using the SPSS statistical package. The internal consistency for the flow score was   α = 0.92  .



The mean of the answers in the ten questions was combined in a new variable named FLOW. The flow experience reported by the students which participated in the aforementioned study (t = 19.24) statistically differed from the average of the scale (MD = 2.32, df = 67, p < 0.001). The high average of the flow experience indicates that the proposed system is appealing in all cases of students independently from factors including sex and age (Figure 10).





5. Conclusions


In the proposed manuscript, we present a new low-cost framework for STEM education based on open tools. We present in detail the hardware and software developed in addition to the modeling of the overall educational process using Petri nets. As a proof of concept, we present a preliminary evaluation based on the testing of the proposed system by 68 students of three different grades of a Greek elementary school, using flow theory. The overall adoption rate of the proposed system was high among the participants, highlighting the approach’s potential. Although our experiments were conducted using a small sample of students, the reported results are promising. Further research is required to detect the significant effects, confirm our intuitions, and further generalize the findings. In future work, the proposed framework will be tested on a larger sample of participants.



We are currently working on the second prototype of the HYDRA system, which will include a new design aiming to increase the robustness of the system and increase its capabilities by adding new modules. Furthermore, we are developing new structural components which will enclose the electronic components, to allow the users to create complex working prototypes. We also aim to develop an augmented reality application, which will work in tandem with the proposed system. This will significantly enhance the education process by providing an appealing visual tool that will guide the education process using the concept described in detail in Section 3.2. At the same time, it will provide the students with a visual guide that will be accessible using an intuitive interface.



Our vision is to offer the solutions mentioned above through a web-based system, accompanied by the related educational material and detailed electronic and 3D drawings. Thus, the users—both students and teachers—will have the opportunity to interact and simultaneously participate by uploading their material in the aim of a sustainable, low-cost approach to education.
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Figure 1. Design philosophy. 
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Figure 2. The complete set of Hydra modules. 
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Figure 3. Main board schematic of Hydra. 
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Figure 4. Comparison between (a) the traditional approach and (b) the Hydra approach. 
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Figure 5. Ardublockly software modules for 4 LED boards. 
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Figure 6. Sample Hydra configuration for DC motor control. 
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Figure 7. Sample Ardublockly program for controlling Hydra DC motor module. 
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Figure 8. PN model of the educational procedure. 
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Figure 9. Evaluation findings based on the first set of questions. 
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Figure 10. Flow experience distribution. 
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Table 1. Bill of materials (per Hydra set).
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	Type of Electronic Part
	Quantity
	Cost (EUR)





	Arduino Mega 2560
	1
	8



	PCB RJ45 Connectors
	17
	4



	Male 8pin header 2.54 mm
	5
	0.5



	Red led 5 mm
	4
	0.1



	Tact switch 12 × 12 × 7.3 mm
	4
	0.2



	Linear potentiometer 5–10 kΩ
	1
	1.5



	7-segment display CK
	1
	0.5



	Sonar sensor HC-SR04
	1
	2



	Motor shield MX1508
	1
	1



	Dual axis Geared DC Motor 5 V
	1
	1.5



	RGB led 10 mm CK
	1
	0.2



	Resistors and transistors
	21
	0.5



	USB type b pcb connector 90 degree
	1
	0.2



	USB cable type b
	1
	2
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Table 2. Places of the Petri Net model.
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	Place
	Meaning





	   p 1   
	Available students



	   p 2   
	Team of three students has been created



	   p 3   
	Completed predefined laboratory examples



	   p 4   
	Team has no more questions



	   p 5   
	Open-ended project is defined



	   p 6   
	Programmer



	   p 7   
	Electronic



	   p 8   
	Secretary



	   p 9   
	Finished coding



	   p 10   
	Connections have been implemented



	   p 11   
	Code and connections are checked



	   p 12   
	Coding has been approved by secretary



	   p 13   
	Connections have been approved by secretary



	   p 14   
	Secretary has finished their tasks



	   p 15   
	Finished educational procedure
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Table 3. Transitions of the Petri Net model.
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	Transition
	Meaning





	   t 1   
	Initiation of the educational procedure for the team



	   t 2   
	Design of laboratory sheets



	   t 3   
	Answer of questions and explanations



	   t 4   
	Definition of open ended project



	   t 5   
	Role assignment



	   t 6   
	Code writing (or coding)



	   t 7   
	Implementation of connections



	   t 8   
	Secretary checks code and connections



	   t 9   
	Coding has been terminated



	   t 10   
	Connections have been finalized



	   t 11   
	Approval of code and connections



	   t 12   
	Measurement recording and operation validation
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