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Abstract

:

Digitization offers new perspectives for educational research to identify the effects of visualizations regarding cognitive processing. In addition, new types of data can be generated, expanding the possibilities for visualizing cognitive processes and understanding human learning. Digital twins are already used in Industry 4.0, as an additional visualization to a real object, for data mining and data analysis for process optimization. The increasing integration of digital twins in the industrial sector requires the formulation of corresponding educational goals to ensure high-quality and future-oriented education. Therefore, future generations must be introduced to technologies from industry during their education. In this paper, an intelligent photometric measurement system called SmaEPho with a digital twin for science, technology, engineering, and mathematics (STEM) learning is presented. In addition to its function as a photometric measurement device, an intelligent sensor technology allows for data generation on the user’s usage behavior. The digital twin reflects and visualizes these data in real-time. This enables a variety of new didactic and methodological approaches in teaching. A first study evaluating the hardware and tracking components of SmaEPho shows that the deviation accuracy of the measurement system is sufficient for experimental applications in schools. Another study with   n = 52   students confirmed the excellent usability of the SmaEPho hardware platform. These research results lay the foundation for a variety of future research questions on data analysis and machine learning algorithms with the aim of increasing the quality of education. The use of intelligent digital twins as an element of digitization in educational contexts offers the extended possibility of identifying cognitive processing steps using this technology.
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1. Introduction


The realignment of education goals focused on increasing the quality of education in line with the UN Sustainable Development Goals. The focus is primarily on the development of key competencies for mastering individual and societal challenges in a complex digital world. Technological innovations are, therefore, increasingly transforming education and provoking the fourth industrial revolution in education, “Education 4.0”. Education 4.0 implies a digital transformation to technology-enhanced teaching and learning [1].



Of particular interest for educational research are the effects of new technology-based teaching and learning concepts on psychological and cognitive learning processes [1,2]. Findings from educational research and technology development are molding educational goals in the digital world and paving the way for new digital technologies in science, technology, and mathematics (STEM) education. An understanding of scientific relationships and structure–function interactions from the real world is essential in STEM education [3,4]. In this context, inquiry-based learning has become increasingly popular, using authentic methods and practices from research to build knowledge [5]. Experimentation is one phase of the inquiry circle [5]. In science lessons, experimentation has long-term effects on basic science education [6]. Experiments are indispensable, especially for gaining practical experience and memorable experiences. However, traditional hands-on laboratory experiments are limited by their cognitive complexity, the need for pedagogical support, and methodical instructions regarding learning success [7]. Often, the implementation of experimental measurement methods is not obvious due to the black box nature of the measurement device, thus hindering the development of conceptual connections [8]. To transcend these limitations and provide insight into the black boxes of measurement devices, new technologies in the field of extended reality offer enriching possibilities in terms of learner success [8]. One approach, for example, is to enrich traditional experiments with additional virtual representations [9,10]. This allows for previously invisible phenomena or apparatus setups in laboratory equipment to be visualized and functional relationships between real components and virtual representations to be highlighted.



The additional virtual information has often been connected with the DeFT-Framework dealing with multiple external representations, their design, functions, and tasks [11]. One possibility is to extend the real experimental setup with multiple representations in augmented reality. Thereby, scientific relationships of the experiment can be directly visualized and clarified by combining real and virtual components in multiple external representations.



Furthermore, the use of digital twins as multiple representations is possible. A digital twin is a replication of a physical system into the digital world [12,13]. In industry, Digital Twins are already used as another representation to visualize, simulate, analyze and optimize different industrial processes. Digital twins can be used as a simple virtual environment for testing, evaluating, and training processes or they can enable an open optimization loop through continuous data flow to the real object. For educational processes, this means that digital twins offer the possibility of performing virtual experiments as a means of preparation or consolidation of real experiments. The use of digital twins allows for the execution of realistic experiments that would not be possible in schools due to safety regulations or missing equipment, without risking the consequences of handling errors. A continuous flow of data between the physical object and the digital twin requires sensor systems that can capture as many variables of the experiment as possible to integrate the real-time transmission of data to the digital twin. Real-time transmission in the data flow opens up another layer of possibilities for multiple representations. The effects of using the intelligent sensor-based hardware on the digital twin and vice versa become visible. This means, for example, that the changes in state and their consequences on an intelligent hardware can be directly reflected to the user via the representation in the digital twin. This possibility offers multiple representations for the individual experimentation process, in which complicated and unclear hardware elements can be represented simplistically. In addition, handling errors can be identified and reflected more easily in cases of error messages/attempts. For the experimentation process in the classroom, this means that, for example, only one intelligent device would have to be provided to guide and track the experimentation processes with the digital twin. In industry, data on smart hardware and digital twins are already evaluated by algorithms, and decisions are made about actions in the production system based on the processing of these data. For the educational process, similar steps could be used to create a smart digital twin. The wealth of real-time information about the current state of the experiment offers rich opportunities for data-mining in education and AI-based feedback for the user or other data-driven applications in the digital twin.



In this paper, we present a novel experimentation platform called Smart Education Photometer (SmaEPho). The SmaEPho is a portable photometric measurement system and is suitable in the context of inquiry-based learning in STEM education. It provides insights into the black box of photometric measurement systems and electrical circuits to gain deep insights into photometry. Learners can use the SmaEPho along the inquiry-based circle not only as a measurement system for data generation, but also to explore, apply, and transfer various photometry expertise across science subjects. Furthermore, through the use of smart electronics, measured values and changes in the electrical circuit are registered in real-time, transmitted to a digital twin, and visualized accordingly. This adds the aforementioned didactical and methodological value to the representation, for example in the area of self-monitoring. The development of the SmaEPho was based on the photometer from the non-profit organization desklab (Schriesheim, Germany). Analogies in the design of the systems were deliberately created in order to use the intelligent SmaEPho as a demonstrator in combination with the already established desklab photometer. In this case, the teacher would demonstratively build the circuit on the SmaEPho. During this process, the students can observe this circuit setup via the representation of the digital twin and perform the circuit setup at the same time on the design-similar desklab photometer. This is to facilitate knowledge-building regarding electrical circuits and photometry. In future prospects, parallel generated data-log-files can be used to analyze and reconstruct all user actions and interpret cognitive processes to improve the learning process of pupils or students and to support this using AI-based feedback functions.



To take these further steps towards an intelligent digital twin, the main contributions of this paper are as follows:




	
A portable photometric measuring system with smart electronics for inquiry-based learning in STEM lessons called SmaEPho;



	
A digital twin of the SmaEPho including visualization and recording function implemented on an iPad;



	
An evaluation of the hardware and tracking components of the SmaEPho;



	
An initial field study with   n = 52   students to evaluate the usability of the SmaEPho hardware platform to ensure comparability of usability with students with the already-established system;



	
Laying the foundation for a wide range of future research questions regarding data analytics and machine learning algorithms








The paper is structured as follows: Section 2 discusses the theoretical background of the research. In Section 3, we present the general design of the SmaEPho, the cable and component tracking system, the photometric measuring chamber, and the data communication. The digital twin is described in more detail in Section 4. Section 5 describes the results of the hardware evaluation as well as the usability. In Section 6, the final discussion, concrete further development possibilities, and future research questions are presented. The conclusion in Section 7 provides a final overview of the educational innovation and research platform SmaEPho, and summarizes the first research results as a starting point for future research.




2. Background and Related Work


In this section, we present related work on STEM learning and enhancing the senses by merging the physical and virtual worlds. Additionally, we provide a short overview of the development of digital twins in education and the evaluation of their usability in educational technology. The brief literature review will provide an overview of the theoretical background and motivation for the research project.



2.1. Learning STEM: Competencies and Skills through Inquiry-Based Learning


Twenty-first-century problem-solving competencies and skills can be acquired through multidisciplinary understanding and engineering design using the STEM interdisciplinary educational approach [14]. The goal of STEM education goes hand-in-hand with the advancement of technology and the need for skilled workers in STEM occupations [15]. Among the most important 21st-century skills is the aptitude for inquiry learning. The core competency here is to experimentally acquire scientific principles, problem-solving, research, and learning skills in real-world contexts [14]. This acquisition of skills helps students to learn about and develop solution structures for problems. Furthermore, this should lead to students being able to find solutions to the problems they encounter outside of school [14]. Studies show that STEM-enhanced science education effectively influences perceptions of inquiry learning skills and technical knowledge [14]. This also has a positive effect on self-regulation skills [16].



Experimentation is considered the most important method of knowledge acquisition in research. To understand scientific thought structures, it is indispensable for young scientists or students to get to know and be able to carry out this method of knowledge in an authentic professional research project in laboratory environments, to ensure that they are able to understand scientific thought structures [17]. Observations of scientific phenomena and manipulation of experimental variables can be used to explore or verify system–structure relationships and functional interactions. For this reason, it is not surprising that inquiry-based learning has been considered one of the most important methods in STEM education in recent years and is used with increasing frequency [5]. Pedaste [5] identifies five different general stages of inquiry uing an inquiry-based approach (orientation, conceptualization, investigation, conclusion, and discussion) with the aim of solving a problem by applying research skills. Despite these advantages, and multiple skill developments in the inquiry-based education approach, several empirical studies show contrary results in terms of learning gains [18,19,20]. In the context of advancing technology developments, educational technologies are increasingly used in experimentation to facilitate learning and increase effectiveness [9,10,18,21].




2.2. Enhancement of Senses by Merging the Physical and Virtual World


The conflict between the rapid development of educational technology and the simultaneous cognitive load on the limits of human cognitive architecture challenges educational developers to create technology-enhanced learning tools that consider learners’ mental capacities [22]. New educational technologies widen the spectrum of immersive technological interfaces, which are referred to as extended reality (XR) [23]. Schneider et al. [24] refer to this as a merging of the digital and physical worlds, resulting in new ways of interacting with the environment or the environment interacting with us. Therefore, display technologies and sensor technologies play a key role in development.



Display technologies, such as electronic devices or public displays, enable the visual representation, integration, and presentation of data or images [25]. Sensor technologies, on the other hand, enable the development of real-time information systems and the extension of classical objects for integration into digital environments. Everyday objects can serve as sensing and tracking objects and have intelligent capabilities. A sensor is defined as a device that detects or measures a physical property and records, displays, or otherwise responds to it. Sensors enable the capture of observable and measurable events in the learning process of the learner’s behavior and the learning context. By linking sensors with software components, data can be measured and analyzed, and the results presented immediately. Based on the collected and analyzed data, actions can be decided that support learning by providing relevant information for performance support, analysis, and context recognition. This allows for sensor-based platforms to act as learning tools.



The merging of the physical and virtual worlds creates new possibilities for multiple external representations (MER). This means that learners can access information from different virtual or real representations (  n < 1  ) through measurement data, texts, symbolic elements, or schematized physical objects and abstract elements [10]. The importance of multiple representations during STEM learning has been well documented [26]. Multiple external representations may offer advantages when building knowledge with new, complex contexts. A Design, Functions, Tasks (DeFT) framework has been developed for learning with multiple representations, which identifies three fundamental aspects of learning that must be satisfied for the effectiveness of multiple representations [11]. In addition, Ainsworth [11] highlighted three core functions for learning MERs [10]:




	
Representation of diverse and complementary information or approaches to information processing;



	
Mutually influencing the use or interpretation of the representations involved;



	
Facilitating the formation of deeper knowledge structures, due to the integration of related information from different representations.









2.3. Digital Twins in Education


While digital twins are already known from Industry 4.0, their implementation in education, in learning environments at schools and universities, has yet to be realized. The concept of the digital twin involves the replication of a physical system into the digital world [12,13,27]. The connection between the physical system and its digital counterpart enables their simultaneous existence. Digital data transmission provides information about the appearance and state of the physical system to the digital system. The digital representation should ideally synchronize and visualize, all the system information and changes to the system, and vice versa [12,13]. The development of digital twins integrates various technologies such as the Internet of Things, artificial intelligence, machine learning, and data analytics [12]. In the industrial sector, digital twins are used, for example, to optimize the operation and maintenance of production systems [28]. Thus, especially in industry, digital twins are more than pure data, because they contain algorithms that describe their real-world counterparts and decide on actions in the production system based on the processed data [29]. Moreover, the sole use of a digital twin, without the physical unit, enables simulations and creates virtual environments for testing and evaluating processes, thus sparing necessary physical investments. Digital twins can be used in a variety of applications besides industry, e.g., in financial management, e-learning and remote learning, as well as in everyday life when shopping or during social interactions on the internet [12].



Due to the numerous existing applications and concepts of a digital twin, there is a different and incomplete understanding of the digital twin. The main difference is the degree of data integration, from manually modeled to fully integrated into real-time data exchange, between the physical system and the digital twin [29,30]:




	
Digital model: digital representations are modeled manually; this can be a digital representation of an existing or planned physical object, without automatic data exchange between the physical–digital objects. Thus, a change in the state of the physical object does not directly affect the digital object and vice versa.



	
Digital shadow: digital representations are visualized through real-time data exchange; automated one-way data flow between the state of an existing physical object and a digital object. A state change in the physical object results in a state change in the digital object, but not vice versa.



	
Digital twin: real-time data exchange is completed; the data flow between an existing physical system and a digital object is fully integrated in both directions. A change in the state of the physical object directly leads to a change in the state of the digital object and vice versa.








Due to the increasing integration of technology in the industrial sector, educational goals on the “tool” digital twin need to be formulated to support its adoption in both the educational sector and the industrial sector. These important connections between understanding digitization and creating harmony with the industrial sector are also reflected in the term Education 4.0 [13].




2.4. Evaluation of the Usability in Educational Technology


In the context of research on user experiences with digital educational technologies, usability is a significant factor [31,32].




Usability suggests the extent to which a system, product, or service can be used by specified users to achieve specified goals with effectiveness, efficiency, and satisfaction in a specified use context [33].





Brooke defines usability as the characteristic interaction between humans and the system [34]. Cognitive Load Theory (CLT) of Sweller [35] yields a theory-based relationship between the usability of a learning medium and the acquisition and processing of information [36,37]. Cognitive load can be induced by the complex learning media, low prior knowledge, or inadequate design. Therefore, the maximum possible reduction in insignificant extrinsic cognitive load is necessary to enable and facilitate purposeful learning [38]. With the connection to the CLT, it can be assumed that insufficient usability leads to an increase in extrinsic cognitive load when learning with digital media, and thus prevents learning [36,37]. Several studies have already evaluated usability in relation to the results of a performance test and have proven corresponding effects on learning effectiveness, performance, and the interest of the students in the learning task [37,39]. Usability tests, when integrated into the development process of educational technologies, show growing user acceptance and define usability as an indicator for the development of more effective learning technologies [32,40].



Usability tests have to consider some limiting factors in their validity. They differ from standard qualitative research approaches in that they focus less on the subjective perspectives of actors and their contexts of communication and interaction, instead involving intensive, prolonged contact in a field setting [40,41]. Typically, usability studies also use a small number of participants [40]. This limits the wider generalization of the results. However, Nielsen [42] showed a model on the basis of which the assumption can be made that, with a sample of 15 subjects, 90% of all usability problems (  λ = 0.15  ) are identified. The Poisson model of Nielsen describes the finding of usability problems in usability tests, and thus provides an indication of the necessary subjects [42]. Despite these limiting factors, usability studies, even when only containing a low number of subjects interacting with the investigated educational technology, lead to invaluable insights and explanations in terms of complementary and future quantitative results [40].



Lewis [43] investigated the relationship between two widely used questionnaires for measuring perceived usability: the computer system usability questionnaire (CSUQ) and the system usability scale (SUS). Both concepts include subjective and objective components. The focus is on perceived ease of use or satisfaction and efficiency, such as the time and effort needed to use the digital tool. The research by Lewis [43] showed that the independently developed standardized questionnaires, with different item contents and formats, largely equally measure perceived ease of use. Since its introduction, the most popular questionnaire for usability studies of technology-based applications is the SUS questionnaire developed by Brooke [34]. There are several reasons for using the SUS that explain its attractiveness and popularity. The SUS is a quick method, using only ten statements to measure the satisfaction and ease of use of the system [34]. This makes it simpler for the study participants to answer the survey and speeds up the evaluation immediately after completion. In addition, the SUS is technology-independent. The item formulation is kept open by the use of the term system and can be adapted by the appropriate definition of the term with regard to the investigated application. Another argument in favor of its use is that the survey results are presented as a single score, making it relatively easy to understand [34]. Furthermore, Bangor et al. [44] identified matching adjective scores and comparisons to school grading scales in relation to the average SUS scale. These gives the scores a tangible classification. Vlachogianni and Nikolaos [32] considered the assessment of the perceived usability of educational technology using SUS in a systematic review. The review provides a basic overview of the use of SUS and the usability scores achieved and, furthermore, serves as a useful reference for educational technology developers, practitioners, and researchers regarding the perceived usability of educational technology systems.




2.5. Photometry in the Educational Context


In the context of STEM education, photometry plays a special role as an interdisciplinary topic. This is evident in the curricular anchoring of the topic in the STEM disciplines and the method itself. Photometric methods are based on measurements of the absorption or transmission of radiation from solutions, which are primarily used in the field of analytics in biotechnology, biochemistry, or biophysics [45]. Quantitative interpretation is based on Lambert–Beer’s principle [46]. Photometry is used for the quantitative determination of, for example, ions in water samples, photopigments, or food ingredients [45]. If the test sample cannot be directly photometrically determined in the UV-VIS range, such as photopigments (e.g., chlorophyll), it is necessary to produce colored samples in the visual range by chemical reaction with appropriate reagents. It is also possible to perform a growth analysis and quantitative enzymatic analysis with photometric measurements. The relative method is used to perform a measurement. First, the absorbance of solutions of a known concentration (standard solutions) is determined and a calibration curve (  E = f ( c )  ) is established. The concentration of the test sample can then be graphically or mathematically determined by interpolation. Due to the everyday and tangible applications of photometry and the easily understandable physical principles of the measurement method, the subject is an integral part of school education in STEM subjects.



The often inadequate equipment in schools hinders the implementation of inquiry-based experiments, such as photometric measurements. The purchase of a professional photometric measurement system is difficult for schools with a small budget. In addition, they are usually not portable and their operation is not apparent to students. In openly available resources, there are several do-it-yourself instructions for a low-cost photometer. However, this requires cost-intensive tools and exhausts the time capacities if used for the provision of a classroom set of self-built, low-cost photometers, which means that these are not generally used in the classroom. In this respect, a modular photometer from desklab (https://desk-lab.de (accessed on 27 January 2023)), also referred to as desklab photometer, offers a low-cost alternative, which is already widely used in German education. desklab describes its modular photometer as providing “new possibilities for experimentation and research in science and technology lessons with a focus on interdisciplinary and problem-oriented tasks and issues. The desklab photometer is modular in three parts (microcontroller, breadboard, measurement chamber) that were 3D-printed and can be assembled with magnetic connections. Desklab describes magnetic connections that allow for the flexible assembly of the photometer and a specific alignment to the individual components. The measurement setup can be supplemented step by step with the required components and remain clearly arranged. In addition, desklab uses a microcontroller in its photometer that is compatible with the Arduino standard frequently used in educational institutions (Arduino Uno (https://store.arduino.cc/products/arduino-uno-rev3 (accessed on 27 January 2023))). This choice is justified by the easy transfer of well-known workflows from other Arduino projects. The design made specific use of color coding, allowing for all components to be examined in detail, and their function explored, without losing track of the correct structure.



With reference to the aforementioned desklab information, the construction of the photometer reduces the complexity of photometry to such an extent that the students can better understand the measuring method and do not just use a “black box”. The didactic preparation of the photometer focuses on understanding the photometric measurement process and the underlying physical principles. For example, the beam path of the photometer can be viewed by the students. This also includes the construction of the electrical circuit up to the programming of the program code on the microcontroller. It should also be noted that the measurement accuracy of the system is sufficient for use in schools. The wide range of possible applications for photometry opens up a variety of new and motivating teaching contexts, which can be implemented with the desklab photometer. The decisive factor when choosing the desklab photometer in the context of educational research on digital media was the didactic advantages provided by the special open design of the desklab photometer. These advantages constituted the point of departure for this paper to consider further interdisciplinary research areas for this measurement system and to use this potential in combination with new smart technologies.





3. Hardware Platform


This section first describes the general design of the SmaEPho. Subsequently, the individual components, consisting of the cable and component tracking system, over current protection techniques, the photometric measuring chamber, and the data communication between SmaEPho and iPad, are explained in more detail.



3.1. General Overview


In general, the SmaEPho is based on the principles of the desklab photometer presented in Section 2.5 and is, therefore, very similar in arrangement and coloring. However, the objectives in the development of the SmaEPho significantly differ from those of the desklab photometer. In addition to integrating the object tracking system, protecting the electrical components, and connecting it to the digital twin, and all the resulting possibilities, the aim was to develop a much larger and more robust device that could also function as a demonstrator in larger groups. In this regard, a demonstration of the circuit setup is possible through the additional display of the digital twin by the teacher, in combination with the individual circuit design on the desklab photometer by the students. This can be used facilitate the understanding and setup of the desklab photometer. Figure 1 shows the hardware platform of the SmaEPho, which can be divided into three main components:




	
The microcontroller with the display on the left, which provides a power supply of five volts and an analog input for voltage measurement. The display allows for easy interaction with the user without the need to use an iPad.



	
The breadboard in the middle is used to build the electrical circuit. The sockets of the upper and lower two rows are connected horizontally. The remaining sockets in the middle are connected vertically. In the construction and design of the breadboard, attention was paid to the similarity with a commercial of-the-shelf breadboard.



	
The photometric measuring chamber on the right consists of a replaceable LED, a replaceable phototransistor, a diffuser, and a recess to hold the cuvettes. Further details can be found in Section 3.2.









3.2. Photometric Measuring Setup


Following the measurement setup developed by desklab, the photometric measurement setup of the SmaEPhos was designed to be as basic as possible without compromising the required accuracy. The housing of the measuring chamber is completely 3D-printed and consists of a blue outer shell and a black insert. At the upper edge, custom circuit boards, equipped with specially selected LEDs, can be inserted. By using different colored LEDs, various wavelengths can be measured. At the lower edge, another custom circuit board, equipped with a commonly used phototransistor (SFH 300 from Osram (https://www.osram.com/ecat/Radial20T1203-420SFH20300/com/en/class_pim_web_catalog_103489/prd_pim_device_2219651 (accessed on 27 January 2023))), can be inserted. Between the LED and the phototransistor, there is a small diffuser and a recess for a standard cuvette. To block as much disturbing light from the outside as possible, the measurement chamber can be closed off with a 3D-printed cover. The circuit structure that has to be built up on the breadboard for measurements is also kept simple. The LED is connected with a resistor in series with the voltage source. The current through the phototransistor is measured by the voltage drop across an adjustable 25  k  Ω  resistor (potentiometer). An external 10-bit analog-to-digital converter (MCP3021 from Microchip (https://www.microchip.com/en-us/product/MCP3021 (accessed on 27 January 2023))) connected to the microcontroller is used to measure the voltage. The exact circuit diagram is shown in Figure 2.



The SmaEPho also offers a mode in which the optical density is directly shown on the display. Therefore, the zero point must first be set using the blank. The blank sample should include all the components of the sample measurement, with the sole exception of the substance to be analyzed. After insertion, the resistance of the potentiometer is adjusted so that the voltage across the resistor is exactly   3.9    V . This value was defined by us and used in the calculation of the optical density in the software of the SmaEPho. Starting from this zero point, the optical density of the following samples was calculated. In order to obtain usable measurement results for an educational environment, despite the simple structure of the photometric measurement unit, a quadratic regression to previously determined measurement values was chosen for the calculation of optical density in SmaEPho. For this purpose, a number of samples for each LED were measured with the SmaEPho, as well as with a professional laboratory photometer (Agilent Technologies, Cary 60). The voltage values measured on the SmaEPho were then normalized by the specified blank value of   3.9    V  and adjusted to the optical density measured by the laboratory photometer using a quadratic approximation. This procedure makes it possible to directly compensate for inaccuracies and non-linearities in the measurement setup, but also involves considerable effort due to the large series of measurements required for calibration.




3.3. Cable and Component Tracking


The tracking of each pluggable component on the SmaEPho forms a very important part of its functionality. In addition to all cables and components used to build the circuit, each LED and phototransistor can be uniquely identified. For this purpose, the “Cable Identification System” based on the one-wire-protocol (https://www.maximintegrated.com/en/products/ibutton-one-wire.html, (accessed on 27 January 2023)), which was presented in [10], was used as a starting point and slightly modified for our needs. The technology used in the trackable objects does not differ from the original system. Still, the 64 bit ID of a 1 kbit EEPROM Chip (DS2431 from Maxim) is used in each object for identification. However, the implementation of the master that reads the ID on each socket was modified. On the SmaEPho a total of 73 sockets have to be monitored (3 on the microcontroller part, 64 on the breadboard, 4 next to the measurement chamber, 1 for the LED, and 1 for the phototransistor). To achieve a reasonable response time, a total of nine masters were implemented in parallel on the small field-programmable gate array (FPGA; iCE40HX8K from Lattice Semiconductor Corporation). Each master was multiplexing over 8 or 9 sockets and reported detected changes in the microcontroller. The detection of multiple clients per socket, which is used if plugs can be stacked on top of each other, is not required on the SmaEPho and, therefore, was not implemented.




3.4. Overcurrent Protections


Since a wide variety of circuits can be implemented on the breadboard, it is essential to detect possible short-circuits and protect the hardware. This is particularly important as there should be no need for a teacher to check the circuit separately before applying the voltage. In general, the source current was limited to 500  m  A , and the cable, as well as the potentiometer and resistor, were selected accordingly to ensure that no damage was taken at this current. Nevertheless, when the current limit is reached, a signal is sent to the software, which can then specifically deactivate the voltage source if necessary or trigger actions on the digital twin. Specially selected shunts are used to monitor the current through the LED and phototransistor, reporting the status to the software, which can then disable the connections through photorelays. In addition, all connections to the microcontroller and FPGA are protected by bidirectional digital isolators.




3.5. Data Communication


The data connection between iPad and SmaEPho was established via Bluetooth Low Energy (BLE). An nRF52840 System on Chip (SoC) from Nordic Semiconductor (Trondheim, Norway) is used for this purpose (https://www.nordicsemi.com/Products/nRF52840, (accessed on 27 January 2023)). In addition to communication, this is also used to pre-process the cable and component tracking data, process the measured values, and control the display. The processed data are then labeled with predefined packet identifiers and sent to the iPad. The following information is exchanged:




	
Current measured value of the analog-digital converter (socket A0);



	
Status and, if available, the ID of the inserted object for all sockets;



	
Status and, if available, the ID of the inserted LED and phototransistor;



	
Status of the overcurrent detection mechanisms and the associated disconnectors for the voltage source, LED, and phototransistor.










4. SmaEPho–Digital Twin


The app, which forms the digital twin of the SmaEPho, runs on an iPad. This is based on Apple’s ARKit (https://developer.apple.com/augmented-reality/arkit/, (accessed on 27 January 2023)) and is connected to the physical SmaEPho via the BLE interface. The received data are used to display the exact state of the SmaEPho using a three-dimensional model of the SmaEPho and all its components. In addition, warnings are issued in the event of short-circuits, for example. Furthermore, the data are also stored in special log files for later analysis and further processing. Configurations on the SmaEPho can also be changed via the app. This applies, for example, to different measurement modes, such as voltage ranges or direct conversion to optical density. Considering the clearly recognizable data flow between the SmaEPho and the digital twin, this can be assigned to the digital shadows after precise categorization Section 2.3. This means that, as previously defined, there is an automated one-way data flow between the state of the SmaEPho, the physical object, and the digital twin. A change in the state of the SmaEPho leads to a change in the state of the digital twin via the intelligent sensor system. Figure 3 shows an image of the SmaEPho with the digital twin and a visualization of the data flow. In Figure 3, according to the definition of a digital twin, the data flow between an existing physical system and a digital object is fully integrated in both directions. Currently, the data flow from the digital twin to the SmaEPho is limited when changing settings and activating or deactivating the hardware, for example, in the event of a short circuit. This data flow is currently very restricted, but was not the focus of the core development work. In future work, the data flow from digital twin to hardware will be established. The presentation of the current state of SmaEPhos on the digital can be used in a teaching–learning context in the form of an additional presentation level, as a demonstrator. Using a presentation medium, e.g., a beamer, the digital twin can be presented and the circuit design can be re-enacted live in a large group. As a further development of the digital twin, the possibility of interaction is planned to enable its use in a remote learning setting.




5. Evaluation


Two types of evaluations were carried out to assess the newly developed SmaEPho in practice, two types of evaluations. First, the hardware platform of the SmaEPho was evaluated for its functionality. This includes the accuracy and precision of the photometric measurement system compared to a professional laboratory photometer, as well as the maximum latency of the object tracking. The second evaluation consisted of a field study with high-school students who tested the usability of the SmaEPho evaluated with the System Usability Scale, as in Brooke [34]. Acceptable usability is an essential cornerstone for further research projects. The prerequisite here is that the usability of SmaEPho is at least as good as that of the comparable and currently established desklab system for reference, ensuring its meaningful use as a demonstrator of SmaEPho in combination with the desklab photometer.



5.1. Hardware Platform Evaluation


In the education sector, the requirements for a measuring system differ considerably from those in a laboratory setup. Absolute accuracy often plays a subordinate role, as it is usually more important to understand the basic measurement principle of measurement. However, larger delays between the physical and the digital world, e.g., after plugging in a cable, can quickly become irritating and disturbing.



5.1.1. Object Tracking


The object tracking of the SmaEPho is based on the device ID of the one-wire interface, which is digitally retrieved from the respective inserted component. In addition to the ID, a cyclic redundancy check (CRC) is also transmitted, so transmission errors can be reliably detected. Since we use one master interface to query up to nine slots, one after the other, the maximum latency between two queries in the same slot is around 135  m  s . For processing and transmission of the data to the digital twin, a maximum latency of 25  m  s  could be determined.




5.1.2. Photometric Measurement System


The aim of the photometric measuring system is clearly to demonstrate the basic operation of a photometric measuring device. Therefore, when designing the measuring system, more emphasis was placed on a simple circuit and standard components than on absolute accuracy. As light sources with a limited range in wavelengths, standard LEDs with various peak wavelengths were used in our case to cover the different measurement ranges ( 470  n  m , 530  n  m , 590  n  m , 620  n  m , 660  n  m ). The spectral full width at half maximum (FWHM) of the LEDs was approx. 60  n  m , resulting in a much more widely scattered light than what is used in modern laboratory photometers. The latter operates in the range of a few nanometers in width. A standard phototransistor (SFH 300 from Osram) with a preferably linear behavior between irradiance and current was used to measure the luminous intensity. The phototransistor was connected in series to an adjustable resistor and the voltage dropping across the resistor was measured by the ADC. In this way, a direct correlation can be established between the measured voltage irradiance.



To calibrate the measuring system, the reference point must first be set using a blank sample, including all dissolved components in the sample solution, with the exclusion of the substance that is to be analyzed. After inserting the blank sample into the measuring chamber, the resistance of the potentiometer is adjusted so that the voltage across the resistor is exactly   3.9    V , or the value of optical density is   0.00  . This value was specifically defined in the development and stored in the calculation of the optical density in the software of the SmaEPhos.



As described in Section 3.2, a quadratic approximation on pre-determined measurements with a laboratory photometer was used to determine the optical density to compensate for possible non-linearities and inaccuracies in advance. To evaluate the system, a series of measurements were again performed, in comparison with the laboratory photometer. A colorimetric detection reaction was used to evaluate the optical density (OD) of a standard series with 12 different phosphates (PO   4  ) concentrations in  m  g /  L  − 1    (  0.01  ;   0.05  ;   0.1  ;   0.2  ;   0.35  ;   0.5  ;   0.75  ; 1;   1.5  ; 2;   3.5  ; 5) measured in triplicate on the SmaEPho, as well as on the laboratory photometer, for each of the LEDs. Figure 4 shows the mean values of the difference, i.e., the potential error of the optical density between SmaEPho and the laboratory photometer for each concentration of the measured samples. The SmaEPho only displays the optical density to two decimal places. This means that the display error is in the range of   ± 0.01   for almost all of our measurements. However, the results also show higher deviations in the limit range at higher and lower concentrations at wavelengths 620  n  m  and 660  n  m . Here, optimization possibilities remain open. For simple measurements in the educational field, such as the determination of the concentration of nitrate, nitrite, or phosphate ion to examine water samples, or for the determination of growth curves of a cultivation, for example, an algae culture, the results are more than sufficient.





5.2. Usability Evaluation


Evaluating usability is a common method to lay the first cornerstone for further research questions. High usability implies that the target group, in this case, students, is satisfied with the use (e.g., low complexity) and efficiency (e.g., the time and effort required to use the device). If high usability has already been established and further research questions focus, for example, on cognitive load or learning efficiency, influencing factors regarding usability can already be excluded and used to justify the results. Based on this, the first field study with high school students, focusing on the usability of our intelligent photometric measurement system, is presented in this paper. Our intention is to lay the foundation for large fields of potential future research questions, which the SmaEPho, with its digital twin as an innovative educational technology, will open. One goal of the study is that the usability of the SmaEPho reaches at least the usability of comparable photometric measurement systems for education. Due to the fact that the SmaEPho was developed on the basis of the desklab photometer, which is well-established in the classroom, and that analogies were made in the design and construction of the hardware platform, we used this as a comparative system for the usability study.




5.3. Hyoptheses and Research Questions


The aim of this study is to evaluate the usability of the newly developed SmaEPho hardware platform and determine whether it is at least comparable to the already established photometric measurement system from desklab. The design of the SmaEPho was conceived and further developed based on the portable photometer from desklab. The design of the desklab photometer is explained in Section 2.5. With regard to the technology-based educational goals, measurement systems can be extended in many ways, with new technologies and innovations, especially with regard to sensor-based and AI-based learning systems. Based on the existing smart sensor system [10] for STEM experiments in electrical circuits with cable identification for circuit reconstruction, SmaEPho was developed. Due to the increased space requirements for the plugs and sockets of the intelligent sensor system, the structure of the SmaEPho hardware was enlarged (dimensions: approx. 44  c  m  × 23  c  m ). The number of plug contacts was minimized to 64 compared to the desklab photometer, which reduces the plugging possibilities or the number of correct or incorrect plug connections in the circuit design. The actual photometer (measuring chamber) is identical in construction, so that the measuring accuracy is guaranteed and the measurement results remain comparable to the desklab photometer.



Since the design of the SmaEPhos was developed on the basis of the desklab photometer, the usability of the already-established desklab photometer served as a reference. The following hypothesis was formulated for the usability study: With the present study set-up, the usability of the SmaEPhos shows no significant differences when compared to the usability of the desklab photometer that has already been established for use in the classroom.



It is interesting to observe the effects of the structural changes to the breadboard due to the intelligent technology, and to determine their effects on usability. Due to the intelligent sensor technology and the resulting enlarged construction with a reduced number of slots on the breadboard, there are far fewer plug-in options than there are with the desklab photometer. In this respect, however, it is assumed that this lower number of possibilities leads to a better overview and can be defined as a possible indicator for lower cognitive load or easier handling. The measurement of the time required to operate the SmaEPhos serves as an initial basis for related data. Another hypothesis was formulated based on this: The time required to set up the circuit and perform a photometric measurement is lower with the SmaEPho than with the desklab photometer. However, in order to investigate the effects of the reduction in cognitive load on circuit design, more specific research is needed.



5.3.1. Participants


In total, 52 high-school students (24 male, 27 female, 1 diverse/non-binary) participated in the usability study. The students attended the upper secondary level (in German: gymnasiale Oberstufe) of two high schools and had an average age of   16.5   (sd   0.96  ). Participation in the study was voluntary and, as a prerequisite, at least one science subject should be studied to ensure students have a comparable interest in science and technology.




5.3.2. System Setup


The evaluated system consisted of a photometric measurement system (SmaEPho or desklab photometer) and written instructions for the two parts of the investigation phase. For the assembly of the circuit in the first part, the participants were provided with a suitable amount of cables, one potentiometer, and one resistor. In addition, the required LEDs for the corresponding wavelengths and a phototransistor were provided. The components of the electrical circuit were each adapted to the photometric measurement system. Figure 5 shows a photo of the setup for the usability evaluation of the desklab photometer. A photo of the setup for the usability evaluation of the desklab photometer can be found in Figure 6.



In the study, two tasks had to be completed by the study participants, related to possible applications and tasks during inquiry-based learning. The set-up of the usability study was not designed to investigate the usability of the SmaEPho in the context of inquiry-based learning, focusing instead on the system itself. The generation of measurement data and the construction of different or more advanced electrical circuits for the function of the photometer or other applications are possible application examples of inquiry-based learning, and were reflected in the study tasks. The time required to complete each task was documented. First, general information about the construction of electrical circuits on a breadboard, the components of the photometric measurement systems, and the experiment were provided in an explanatory video. In the first task, the study participants had to build the circuit on the SmaEPho or desklab photometer with the help of detailed written instructions and a pictorial circuit diagram. After the circuit was successfully built, the second task was to perform three photometric measurements and record the results. The test samples were provided to the participants.




5.3.3. Instruments


To evaluate the usability of the system, the System Usability Scale by Brooke [34] was used as a post-test after participants completed all study tasks. Participants rated their level of agreement with 10 statements about the handling and usefulness of the system on a 5-point scale. The items were translated into German (Table 1; [9,34]), in which case the term “system” was defined as the synergy between the experimental task, the performance of the experimental task, and the photometric measurement system (SmaEPho or desklab photometer). To obtain the final score from 0 (worst) to 100 (best), the individual point scores (range of values: 0–4; some items inverted) were added and multiplied by a factor of   2.5  , as described by Brooke. Following the review of Bangor et al. [44], classifications can be further defined.




5.3.4. Procedure


The experimental study design is shown in Figure 7. The design includes two experimental groups, to which study participants were randomly assigned. Study participants in both groups performed the same experiments, differing in the educational technology used for this purpose. The independent variable “photometric measurement system” was manipulated in the groups and usability was evaluated regarding their dependence on this. Since the focus was an evaluation of the usability of the SmaEPho, the term experimental/intervention group (EG) refers to the group of study participants who performed the photometric measurement with the SmaEPho. The control group (CG), on the other hand, performed the study with the desklab photometer. In the study procedure, there was no pre-test on conceptual knowledge, as there was no performance test in the procedure. The knowledge needed to complete the required study tasks was presented to the participants in an introductory video.



After the welcome and an explanation of the goals of the study, the thematic introduction was provided. Both groups were first provided with an introduction containing general information on the construction of electrical circuits on a breadboard, the components of the photometric measurement systems, and the experiment in a 5-min explanatory video. The experimental tasks were identical in both groups and the participants had 20 min to complete them. In a post-test, the usability of the respective photometric measurement system was evaluated. In addition, the demographic data of the study participants were collected to describe their general profile. After that, the study was finished. An analysis of the collected data follows. The experimental tasks in the intervention phase were identically structured for both groups and divided into two parts. In the first part, participants set up one of the photometric measurement systems using identical written instructions. In the second task, students performed measurements with prepared test samples. These samples were photometrically measured in the measuring systems according to a specified pure sequence, using identical written instructions. The prescribed sequence provoked the participants to change the LEDs three times, which was individually required for the measurement. After each LED change, the measuring system had to be re-calibrated with a blank sample. Thus, the real measurement process was simulated and the usability of the measurement was evaluated.




5.3.5. Results


In the case of the desklab photometer, the data showed an average usability score following the scoring by Brooke [34] of   78.8   (sd   11.02  ). According to the classification by Bangor et al. [44], this falls into the category ‘excellent‘. The internal consistency of the SUS is    α c  = 0.76   (Cronbach’s alpha [47]).



In comparison, the average usability score for the SmaEPho, following the scoring by Brooke [34], is   82.3  , with a standard deviation of   9.3   (sd   9.3  ) and falls into the category ‘excellent‘ following the classification by Bangor et al. [44]. The internal consistency of the SUS, in this case, is    α c  = 0.68   (Cronbach’s alpha [47]). The results are shown in Figure 8.



In Figure 9 the time required to set up the circuit and perform three photometric measurements with the desklab photometer (blue) and the SmaEPho (red) is shown for comparison. Building the electrical circuit took the participants an average of 4  min  19  s  less with the SmaEPho (SmaEPho average time 4  min  49  s  (sd   3.37  ); desklab photometer average time was 9  min  8  s  (sd   5.75  )). In addition, the three photometric measurements were performed at an average of 2  min  53  s  (sd   0.96  ) with the SmaEPho and 4  min  58  s  (sd   5.91  ) with the desklab photometer. Accordingly, the time needed to perform the measurements was 2  min  5  s  less with the SmaEPho.






6. Discussion


The evaluation of the hardware platform showed that the measurement accuracy is sufficient to carry out basic photometric measurements that are suitable for the school context. With the accuracy of the measured values, measurements in the school context can be optimally mapped, for example, to determine the concentration of the photopigment chlorophyll.



In a first usability study, the two hypotheses “The SmaEPho achieves a comparable usability to the desklab photometer that is already established in the classroom” and “The time required to set up the circuit and perform a photometric measurement is lower with the SmaEPho than with the desklab photometer” were investigated. Both hypotheses could be verified with the data from the usability study. The smaller sample of N = 52 participants does not have a substantial limiting influence on the significance of the usability results, as argued by Nielsen [42], and counts as an acceptable evaluation aspect in the development process of the educational technology SmaEPho. Regarding the discussion of latency between the sensor and digital twin, it was decided that this would not be pursued further. Latency does not affect the digital twin on an external screen as much as it affects augmented-reality applications.



Both systems achieved a high usability scale score with the classification ‘excellent‘ [44]. In comparison, the SmaEPho was about five scale points ahead of the desklab photometer. The usability of the SmaEPho is, thus, not necessarily higher but comparable to that of the desklab photometer. The difference is very small and, due to the high standard deviations, the differences are not statistically significantly distinguishable. With regard to the research question and hypotheses, it can be said that the usability of the two measuring devices does not differ and, accordingly, the redesign of the hardware of the SmaEPhos does not have a significant negative influence on usability. Furthermore, it should be noted that the study specifically focused on the evaluation of usability and no full comparison, including of statistical tests, was conducted. The high usability of the SmaEPhos lays the cornerstone for further research, e.g., in terms of cognitive load and learning gains achieved with the SmaEPho. The analysis of the internal consistency of the scales showed acceptable consistency, with Cronbach’s alpha values of around   0.7   for the system usability scale. According to the literature, consistency values below   0.5   are considered unacceptable, while values above   0.7   are considered acceptable [48].



Our research objective included the study of the correlation between the time required to build the circuit and the time required to perform a photometric measurement. Based on the design changes made in the development of the SmaEPho, it was possible to hypothesize that the time required to set up the circuit and perform a photometric measurement would be less with the SmaEPho than with the desklab photometer. The data on time recording for the two experimental tasks confirm this hypothesis, with significant results. On average, the study participants needed about 40% less time ( 4  min ) to set up the circuit with the SmaEPho and to set up the photometer. In addition, the time required to perform three photometric measurements was reduced by about half ( 2  min ) compared to the desklab photometer. This time-saving can probably be explained by the effects of the structural changes in the breadboard due to the intelligent technology in the SmaEPho. The enlargement of the cables and the board, the reduction in the plug-in options, and the removal of the necessity of wiring the plus/minus contact of the LED at each change significantly contributed to the reduction in the time required. The faster set-up and measurement time determined with the SmaEPho are particularly suitable for explaining the principle to the students and making faulty circuits quickly understandable. In addition, the positive effects of the time savings can be seen, for example, in the creation of interpolation points in an absorption curve, where frequent changes in the LED are required. When creating a calibration series that requires several successive measurements of standard samples at one wavelength, the time difference might not be noticeable. Whether the high usability and the time savings contribute to a reduction in the cognitive load and a learning gain has yet to be shown by further investigations.



Future Investigations


Further studies are planned to investigate teaching–learning effects caused by the additional representation by the digital twin and the SmaEPho. For this purpose, the following hypothesis/research question will be considered: “How far does the learning effectiveness change with the additional presentation of the circuit on the SmaEPho by the digital twin in plenary compared to no additional presentation with only written instructions on the circuit design”.



Further open research topics arise, e.g., regarding the extension of the digital twin with interactivity and its possible integration in distance learning environments. The main goal of all further research questions relates to ‘understanding learning’. To this end, several further developments are currently planned regarding to the development of an intelligent digital twin of the SmaEPho. The data from the log files provide a possible approach to the construction of an AI-supported learning application in the digital twin, e.g., a feedback-based scaffolding framework. Analysis of the data may also be of interest to teachers regarding individualized assessments and evaluation. Based on the data on the handling of the SmaEPho, it may be possible to assess students individually or reflect on different didactic teaching concepts with the SmaEPho and digital twin in a data-based way. Furthermore, a link with AR/VR environments is conceivable and of research interest.



Furthermore, an automated digital analysis of the measured values in a data file of a spreadsheet program is planned. In the digital twin, a representation of the measured values in the diagram should be directly possible and can be further evaluated by the students. These further developments are underpinned by future studies with students.



The research project is integrated into an overall project “U.EDU” (Funding number: 01JA1916), with a focus on the development of digitization topics. This enables extensive linkage to other research areas, as well as the enlargement of the research spectrum. The interdisciplinarity in the project opens up many possible SmaEPhos applications in diverse research projects of different disciplines and research interests. For example, the SmaEPho can also be used in university teaching in physical internships, especially in medical training, teacher training, and in all scientific training areas.





7. Conclusions


The SmaEPho was developed with the aim of using new digital technologies to better understand cognitive processes and increase the quality of education. The SmaEPho is a new intelligent photometric measurement system. Its twin, a digital twin of the hardware platform, reflects and visualizes changes in the circuit and measured values in real-time. This adds more diverse didactic and methodological values, for example, in the field of MERs. In a first usability evaluation with   n = 52   students, the comparability with an already established photometric measurement system for use in schools could be shown. The SmaEPho hardware achieved an excellent system usability score. Furthermore, in studies evaluating the hardware and tracking components of the SmaEPho, its suitability for experimental applications in schools could be established. With the development of this system and the first positive study results, we have established a basis for a variety of future research questions regarding the SmaEPho and the digital twin. Digital Twins, and all their diverse application potentials as a smart new technology in Education 4.0, still spark many open research questions. Due to their huge development potentials, they have not yet reached their conclusion.
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Figure 1. The hardware platform of the SmaEPho. 
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Figure 2. Circuit diagram of the photometric measuring setup. 
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Figure 3. SmaEPho with its digital twin and the data flow between the state of the SmaEPho and the digital twin. 
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Figure 4. Shown are the mean values of the difference in optical density between SmaEPho and the laboratory photometer for the concentrations of phosphate ions in  m  g /  L  − 1    (  0.01  ;   0.05  ;   0.1  ;   0.2  ;   0.35  ;   0.5  ;   0.75  ; 1;   1.5  ; 2;   3.5  ; 5) measured in triplicate by a colorimetric detection reaction. The error bar corresponds to the standard deviation. 






Figure 4. Shown are the mean values of the difference in optical density between SmaEPho and the laboratory photometer for the concentrations of phosphate ions in  m  g /  L  − 1    (  0.01  ;   0.05  ;   0.1  ;   0.2  ;   0.35  ;   0.5  ;   0.75  ; 1;   1.5  ; 2;   3.5  ; 5) measured in triplicate by a colorimetric detection reaction. The error bar corresponds to the standard deviation.



[image: Education 13 00136 g004]







[image: Education 13 00136 g005 550] 





Figure 5. The system set-up for the usability evaluation of the SmaEPho including the SmaEPho, cables, LEDs, resistor, potentiometer, cuvettes, and the two worksheets with written instructions. 
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Figure 6. The system set-up for the usability evaluation of the desklab photometer including the desklab photometer, cables, LEDs, resistor, potentiometer, cuvettes, and the two worksheets with written instructions. 
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Figure 7. Flow of participants through the experimental procedure. 
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Figure 8. The usability score for the desklab photometer (blue; N = 26) and the SmaEPho (red; N = 26) based on the SuS of Brooke. 
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Figure 9. The time required to set up the circuit and perform three photometric measurements with the desklab photometer (blue) and the SmaEPho (red) in comparison. 
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Table 1. The following table shows the original SUS of Brooke [34] and the corresponding translation into the German language [9].
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	Original Item (Englisch)
	Angepasstes Item (Deutsch)





	1
	I think that I would like to use this system frequently.
	Ich denke, ich würde dieses System gerne häufiger verwenden.



	2
	I found the system unnecessarily complex
	Ich empfand das System als unnötig komplex.



	3
	I thought the system was easy to use.
	Ich denke, das System ist einfach zu nutzen



	4
	I think that I would need the support of a technical person to be able to use this system.
	Ich denke, ich bräuchte die Unterstützung einer technisch versierten Person, um das System nutzen zu können.



	5
	I found the various functions in this system were well integrated.
	Ich denke, die verschiedenen Funktionen des Systems waren gut integriert.



	6
	I thought there was too much inconsistency in this system.
	Ich denke, es gibt zu viele Widersprüchlichkeiten im System.



	7
	I would imagine that most people would learn to use this system very quickly.
	Ich kann mir vorstellen, dass die meisten Personen sehr schnell lernen das System zu nutzen.



	8
	I found the system very cumbersome to use.
	Ich empfand das System als sehr umständlich zu bedienen.



	9
	I felt very confident using the system.
	Ich fühlte mich in der Bedienung des Systems sehr sicher.



	10
	I needed to learn a lot of things before I could get going with this system
	Ich musste viele Dinge lernen, bevor ich mit dem System starten konnte.
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