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Interactive and adaptive scaffolds implemented in electronic mathematics textbooks bear high potential for supporting students individually in learning mathematics. In this paper, we argue that emotional and behavioral engagement may account for the effectiveness of such digital curriculum resources. Following the general model for determinants and course of motivated action, we investigated the relationship between students’ domain-specific motivational and emotional orientations (person)—while working with an electronic textbook on fractions (situation), their emotional and behavioral engagement while learning (action), and their achievement after tuition (outcome). We conducted a case-study with N = 27 students from one sixth-grade classroom, asking about the relationship between students’ motivational and emotional orientations and their emotional and behavioral engagement, and whether emotional and behavioral engagement are unique predictors of students’ cognitive learning outcomes while working with an e-textbook. For that, we designed a four-week-intervention on fractions using an e-textbook on iPads. Utilizing self-reports and process data referring to students’ interactions with the e-textbook we aimed to describe if and how students make use of the offered learning opportunities. Despite being taught in the same classroom, results indicated large variance in students’ motivational and emotional orientations before the intervention, as well as in their emotional and behavioral engagement during the intervention. We found substantial correlations between motivational and emotional orientations (i.e., anxiety, self-concept, and enjoyment) and emotional engagement (i.e., intrinsic motivation, competence and autonomy support, situational interest, and perceived demand)—with positive orientations being associated with positive emotional engagement, as expected. Although the correlations between orientations and behavioral engagement (i.e., task, exercise, and hint count, problem solving time, and feedback time) also showed the expected directions, effect sizes were smaller than for emotional engagement. Generalized linear mixed models revealed that emotional engagement predicted cognitive learning outcomes uniquely, while for behavioral engagement the interaction with prior knowledge was a significant predictor. Taken together, they accounted for a variance change of 44% in addition to prior knowledge. We conclude that when designing digital learning environments, promoting engagement—in particular in students who share less-promizing prerequisites—should be considered a key feature.
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INTRODUCTION
Implementation of digital media in classrooms is one central goal of recent educational policies and of global interest in research on teaching and learning—particularly in times of increased use of digital learning due to the COVID-19 pandemic. One reason for that is the commonly agreed upon idea that technology-enriched classroom instruction (compared to traditional “non-technological” learning settings) offers a variety of advantages for learning—which is largely supported by empirical results (e.g., Reinhold et al., 2020a; Roschelle et al., 2010; Özyurt et al., 2014; and see Hillmayr et al., 2020 for an overview of the current literature). In particular, recent research supports the hypothesis that the use of technology in secondary school mathematics and science supports students’ cognitive learning outcomes (i.e., better acquisition of conceptual and procedural knowledge of the content), yet the effectiveness of interventions varies largely and is dependent on how digital media is implemented in classrooms (Hillmayr et al., 2020).
When considering not only cognitive learning outcomes, but also motivational and emotional learning outcomes, empirical results also support the hypothesis that technology-enriched classroom instruction is beneficial for students’ motivation and attitudes toward the subjects learned (e.g., Özmen, 2008; Aliasgari et al., 2010; Rahman et al., 2014; and see Higgins et al., 2019 for an overview). Recent meta-analyses revealed that the effectiveness of interventions on motivation and attitudes depends considerably on the specific conditions of the implementation of digital media into mathematics classrooms (Higgins et al., 2019).
These results are in agreement with the main argument of the media debate (Clark, 1994; Kozma, 1994)—that is, not the mere medium has an effect, but its design features and its implementation. In fact, bringing together these two recent metanalytical studies (Higgins et al., 2019; Hillmayr et al., 2020), it becomes apparent that effects of implementing digital media into classrooms moderate both, cognitive and non-cognitive learning outcomes.
However, up to now, only little is known about how to explain these effects. To bring the two—i.e., effects on cognitive and non-cognitive learning outcomes—together, a framework that describes how motivation and action interact seems necessary (Kanfer and Ackerman, 1989). As previous studies rarely used a holistic approach to combine motivational and emotional prerequisites, as well as egagement and performance outcomes in one model, we do not know yet how this overall association works when students learn with digital media. Hence, the goal of the present study is to better understand the role of motivation and emotion in learning with digital media, and to address the gap of research on how motivational, emotional, and behavioral aspects interact in these learning settings. This has been identified as a sine qua non for research on digital learning (Hillmayr et al., 2020).
We suggest that the general model for determinants and course of motivated action as product of person and situation (Figure 1, Heckhausen and Heckhausen, 2018; see also Blum et al., 2018; Sternberg, 2019) can be utilized successfully to explain the broad variety of positive effects of digital media when learning mathematics. This approach argues that students’ action arises as product of situational (i.e., instructional design features of an interactive electronic textbook to learn basic fraction concepts) and individual factors (i.e., domain-specific motivational and emotional orientations). Our hypothesis is that person × situation results in individual forms of emotional and behavioral engagement (that describes students’ action while learning), which in turn predict achievement after tuition (Figure 1). In particular, this approach considers individual prerequisites as one relevant predictor of learning success (see also the “Aptitude-Treatment Interaction approach to skill acquisition” by Kanfer and Ackerman, 1989; and examples of its implementation in mathematics classrooms in Bakri et al., 2020; Maskur et al., 2020).
[image: Figure 1]FIGURE 1 | General model for determinants and course of motivated action as product of person and situation (Heckhausen and Heckhausen, 2018). In the present study regarding learning mathematics, we operationalize person as motivational and emotional orientations (i.e., mathematics anxiety, self-concept, and enjoyment) in the situation of working with an interactive and electronic textbook on fractions. Action encompasses measures that aim to describe if and how students make use of the learning opportunities offered in the electronic textbook—conceptualized as both, motivational-emotional engagement described by students’ states (i.e., intrinsic motivation, situational interest, perceived competence and autonomy support, and perceived demand), and behavioral engagement derived from process data capturing student’s interactions with the e-textbook (i.e., count and time measures). The result is measured as the cognitive learning outcome in a written posttest (i.e., conceptual and procedural knowledge of fractions). Extrinsic consequences do not lie within the scope of the present study.
In the following paragraphs, we describe in detail our operationalization of situational and personal factors—such as motivation, emotion, and behavior—relevant for learning mathematics in general and with digital media in particular. By integrating these factors into the above-mentioned model (Figure 1) we suggest a holistic model to describe the process and the outcome of learning with digital media. Drawing on that, we investigated the relationship between students‘ domain-specific motivational and emotional orientations, and their emotional and behavioral engagement while learning mathematics with digital media in classrooms. For that, we utilized an electronic textbook on fractions, which has already proven successful in authentic learning scenarios (Reinhold et al., 2020a). In this article, we report a case study with 27 students from one sixth-grade classroom, learning basic fraction concepts with this electronic textbook (e-textbook). The goal of this explorative study is to evaluate whether the holistic model for determinants and course of motivated action as product of person and situation is suitable to describe students’ individual learning in technology-supported classroom scenarios.
Situational Factors: Interactive Electronic Textbooks
One of the most used learning materials in schools are textbooks (Fan et al., 2018), which are starting to be developed digitally—offering specific ways to tailor mathematics instruction to individual students’ needs, to embed assessment and reporting, and to manage classroom activities (Pepin et al., 2017). Interactive e-textbooks can be classified as Digital Curriculum Resources (DCR). These are “specifically organized systems of digital resources in electronic formats that articulate a scope and sequence of curricular content” (Pepin et al., 2017, 647). From a mathematics education point of view, the question of how instructional material can be designed and technologically implemented is important for fostering students‘ learning (Reinhold et al., 2020a).
From the perspective of instructional design research, the cognitive theory of multimedia learning (Mayer, 2014) provides a broad framework describing the potential of interactive electronic textbooks. They can consist of multimedia content combining texts and pictures (Wilson et al., 2002; Lew, 2016, p. 106; Yerushalmy, 2016; Sheen and Luximon, 2017; Usiskin, 2018), and they can embed interactive learning contents like, for instance, dynamic representations (Choppin et al., 2014; Yerushalmy, 2014; Lew, 2016; Yerushalmy, 2016).
Moreover, interactive e-textbooks can support teachers with implementing individualized learning during classroom instruction. Even in large and heterogeneous learning groups, e-textbooks offer the opportunity to adapt to the learner’s prior knowledge by adjusting task difficulty (Leutner, 2002; Leutner, 2004; Yerushalmy, 2014; Usiskin, 2018). In addition, they can offer scaffolds for aiding problem solving processes that can be accessed autonomously (Hoch et al., 2018b; Reinhold et al., 2020a), and they can embed immediate individualized feedback on students' solution attempts (Embong et al., 2012; Choppin et al., 2014; Lew, 2016).
Through these aspects of instructional design and individualization, we consider e-textbooks (and digital learning tools, in general) to also induce a positive motivational-emotional mindset—and thereby lead to higher classroom engagement that may influence learning positively. However, these factors have received substantially less attention in previous research on technology-enhanced learning than cognitive aspects (e.g., Hillmayr et al., 2020).
Individual Factors: Motivational and Emotional Orientations
Motivational and emotional orientations form a common operationalization of rather stable mathematics-related affects (McLeod, 1989; McLeod, 1992; Schukajlow et al., 2012; Schiepe-Tiska and Schmidtner, 2013; Hannula et al., 2016). Important aspects are mathematics-related anxiety, self-concept, and enjoyment—as distinguishable manifestations of an inseparable interplay (Zan et al., 2006; Dowker et al., 2016). These facets can explain individual performance differences in mathematics (Hembree, 1990; Ma and Kishor, 1997; Núñez-Peña et al., 2013; Stankov and Lee, 2014; Lai et al., 2015; Hannula et al., 2016; Schukajlow et al., 2017). Moreover, they influence decisions for or against mathematical and scientific education (Ma, 1999; Köller et al., 2000; Pekrun et al., 2007; Dowker et al., 2016) and effect decisions to choose a profession that may require a high proportion of mathematical knowledge (Ashcraft and Moore, 2009).
Mathematics-related anxiety is a feeling of concern that occurs when working on mathematical problems (Richardson and Suinn, 1972). In general, mathematics related anxiety has negative effects on learning mathematics as well as applying mathematics (Hembree, 1990; Ma, 1999; Ashcraft and Moore, 2009; Dowker et al., 2016). For instance, Ashcraft and Kirk (2001) showed that anxious students had access to fewer cognitive resources in a mental arithmetic task than less anxious students with comparable mathematical abilities. In addition to an influence on working memory capacity (Ashcraft and Ridley, 2005), Maloney et al. (2011) could show that intuitive notions of numerical magnitude are also worsened by mathematics anxiety. In addition, mathematics-related anxiety can negatively influence mathematical thought processes and performance in test situations through physiological reactions—such as stress, restlessness or distracting thoughts (Strohmaier et al., 2020). In a meta-analysis, Ma (1999) found that mathematics anxiety and mathematics performance are negatively correlated, i.e., lower mathematics anxiety is associated with better mathematics performance, and vice versa—with the latter effect being stable across gender groups, class levels, and all ethnic groups studied (see also Namkung et al., 2019).
Mathematics-related self-concept describes a student’s self-perception regarding his or her mathematical competence. In general, it develops through both experience with and interpretations of the individual’s environment (Shavelson et al., 1976; Marsh et al., 2012). In school contexts, the mathematics-related self-concept arises mainly through social comparisons with other students and through comparisons of one’s own performance in other subjects. Self-concept is related to performance, the development of interests, course choices, and well-being at school (Köller et al., 2006; Marsh and Martin, 2011; Möller et al., 2011), which makes the development of a realistic self-concept an educational goal itself (Schiepe-Tiska and Schmidtner, 2013).
Enjoyment in mathematics is a positive emotional orientation to deal with certain mathematical contents. According to control-value theory, it can be conceptualized as an achievement-related emotion that is important for learning (Pekrun, 2006; Schukajlow and Rakoczy, 2016) and—as such—it is considered a desirable goal of education (Kunter, 2005).
There is an overall and broad consensus that motivational and emotional oriantations strongly influence learning in general and mathematics in particular. Yet, up to our knowledge there are no specific studies of how they influence learning mathematics with digital media. Following the holistic model described above (Figure 1) we argue that they should be taken into account when designing and evaluating any learning environment and especially when focusing on digital learning environments, which bear the potential to offer particularly motivating learning scenarios.
Motivation and Behavior: Students’ Classroom Engagement
Students’ classroom engagement is a multifaceted process variable, important for academic outcomes in general (Appleton et al., 2006; Skinner et al., 2008), and achievement in mathematics in particular (Singh et al., 2002; Barkatsas et al., 2009; Fung et al., 2018). Engagement consists of a behavioral, emotional, and cognitive dimension (Fredricks et al., 2004; Fredricks and McColskey, 2012). The present study focuses on emotional and behavioral engagement, which are explained in the following.
Emotional Engagement
Commonly agreed-upon conceptualizations of emotional engagement are closely related to “students’ affective reactions in the classroom” (Fredricks et al., 2004, 63), aiming at a description of the “emotional quality of children’s involvement in initiating and carrying our learning activities” (Skinner and Belmont, 1993, 572). We conceptualize such motivational-emotional engagement as a combination of different states, following the ideas of expectancy-value theory of achievement motivation (Eccles et al., 1983; Wigfield and Eccles, 2000) and self-determination theory (Ryan and Deci, 2000; Deci and Ryan, 2012).
Within the field of educational psychology, intrinsic motivation is understood as a students’ desire to engage in learning (mathematics) with no present external rewards but the rewards being “inherent in the activity. Even though there may be secondary gains, the primary motivators are the spontaneous, internal experiences that accompany the behavior” (Deci and Ryan, 1985, p. 11; see also; Renninger, 2000; Krapp, 2005). Such activity-inherent rewards can be enjoyment, or the feeling of the task being important for oneself, which offers a commonly agreed-upon conceptualization of intrinsic motivation in mathematics education (Middleton and Spanias, 1999; Hannula et al., 2016; Schukajlow et al., 2017). Intrinsic motivation is related to an individuals’ perceived competence and autonomy (Ryan and Deci, 2000; Deci and Ryan, 2012).
Perceived competence support is a students’ awareness of if and how they are informed about their own competence in mathematics during classroom teaching (Ryan and Deci, 2000; Deci and Ryan, 2012). Consequently, perceived autonomy support can be conceptualized as students’ awareness of if and how their need for autonomy (Ryan and Deci, 2000; Deci and Ryan, 2012) is addressed during the learning of mathematics in school. We consider both facets elements of students’ situation-specific motivational-emotional engagement: They describe two basic needs, which are important for classroom practice, differ between individual students, and can be altered through specific situations during tuition (Deci, 1971; Deci and Ryan, 1985; Skinner and Belmont, 1993).
Situational mathematical interest can support learning processes (Hidi and Renninger, 2006) and has long-term positive effects on the willingness to engage in mathematics (Pekrun et al., 2006). It may serve as the foundation for the development of a more general domain specific interest (Krapp, 2002; Hidi and Renninger, 2006). In addition, research has shown a positive correlation between mathematics achievement and mathematics-related interest (Köller et al., 2001) on the one hand and task-related interest on the other hand (Schukajlow and Krug, 2014). Yet, it is noteworthy that results in the field of mathematics education vary between studies—with different operationalizations of mathematics-related interest being one possible explanation (Ufer et al., 2017). Situational interest is caused by external factors (Eccles et al., 1983; Hidi, 1990; Krapp and Prenzel, 2011), for example a mathematical task, or specific interactive elements or scaffolds of an e-textbook, as described above.
We utilize students’ perceived demand as an operationalization of the negative value cost (Eccles et al., 1983), that is negative aspects of engaging in particular classroom activities or tasks while learning mathematics in school. Such perceived demand can be influenced by motivational and emotional orientations, for example “performance anxiety and fear of both failure and success” (Wigfield and Eccles, 2000, p. 280) and students’ realization of how much effort is needed to complete the task successfully. The latter aspect is closely related to cognitive overload, which is well-discussed in the field of mathematics education (Tarmizi and Sweller, 1988; Ayres, 2001, 2006) and, for instance, is one main reason for systematic errors in solving algebraic equations (Ayres, 2001).
As mentioned above, there is empirical evidence that digital media bear potential to support students’ emotional engagement (Özmen, 2008; Aliasgari et al., 2010; Rahman et al., 2014; Higgins et al., 2019). Yet, up to our knowledge it is not clear how motivational orientations relate to emotional engagement in technology-supported learning scenarios and whether emotional engagement can explain positive effects of learning with digital media.
Behavioral Engagement
Behavioral engagement refers to the extent to which students are involved in the learning process actively, as indicated by observable behaviors (e.g., time on task, concentration, effort, participation; see Fredricks et al., 2004). Behavioral engagement is considered an important aspect for learning in school contexts: It can explain individual differences in achievement after classroom instruction and varies considerably between students (Kelly, 2007; Jurik et al., 2013, 2014; Clarke et al., 2016; Böheim et al., 2020). Results of empirical studies suggest that positive behavioral engagement is linked to positive academic outcomes (Christenson et al., 2012; Sedova et al., 2019), while negative behavioral engagement—for example inattentive, withdrawn, or disruptive behaviors—is associated with low academic outcomes (Finn et al., 1995).
In technology-enriched learning scenarios, novel forms of assessing behavioral engagement, which are not viable in scenarios without digital media, emerge. Here, process data (or logfile data) referring to students’ interactions with e-textbooks, educational technology, or software in general (Goldhammer et al., 2017; Hoch et al., 2018b) offer a unique opportunity to assess behavioral engagement anonymously, objectively, unobtrusively, and during the actual learning process (Henrie et al., 2015). In such scenarios, quantitative observational measures are commonly used as operationalizations for behavioral engagement, which tend to be positively correlated to learning outcomes (Junco and Clem, 2015; Hew et al., 2016; Huang et al., 2019). They encompass time and count measures (Henrie et al., 2015; Hoch et al., 2018b).
We argue that the conceptual idea of time measures for assessing behavioral engagement can be rooted down to models for the utilization-of-learning-opportunities (Helmke, 2010; Seidel, 2014) in educational psychology (Hoch et al., 2018b). Within these frameworks, classroom instruction is thought of as an offered learning opportunity, provided by the teacher (Helmke, 2010; Seidel, 2014). Active learning time is one agreed-upon operationalization for how students make use of such learning opportunities (Winfield, 1987; Helmke, 2010). Yet, recent studies suggest that the anticipated relation of higher active learning time and better learning outcomes may not be that simple or direct (Hoch, 2021; Hattie, 2009; Goldhammer et al., 2014; Goldhammer et al., 2017; Kovanović et al., 2015; Hoch et al., 2018b). This opens up questions for potential interactions or moderations, such as prior knowledge as well as the need for additional measures of behavioral engagement.
A second category of process data derived from technology-enriched learning environments are count measures. They can rather easily be administered by “counting how many actions students take within the system” (Hoch et al., 2018b, 843). They can encompass, for instance, the number of postings in an online forum (Henrie et al., 2015), the number of completed tasks in a learning environment (Hew et al., 2016; Huang et al., 2019), or how often students ask for assistance autonomously (Hoch, 2021; Feng et al., 2006; Zheng et al., 2019). Although research suggests a tendency of more frequent task behavior (i.e., higher scores in such count measures) being positively related to higher learning outcomes (Henrie et al., 2015; Junco and Clem, 2015; Hew et al., 2016; Huang et al., 2019), such relation—again—may not be that simple or direct as anticipated, as individual characteristics, such as prior knowledge, may moderate this effect (Hoch, 2021).
The Present Study
We investigated the relationship between students’ domain-specific motivational and emotional orientations and their emotional and behavioral classroom engagement while working with an e-textbook on fractions. We argue that emotional and behavioral engagement may predict cognitive learning outcomes when learning with e-textbooks: The design of this study followed the general model for determinants and course of motivated action as product of person and situation (Figure 1, see also Heckhausen and Heckhausen, 2018). In this context, we considered individualized learning with the e-textbook in mathematics classrooms the situation and mathematics-related motivational and emotional orientations as characteristics of the person. We assume students’ action (i.e., if and how students make use of the learning opportunities offered in the e-textbook, operationalized as behavioral and emotional engagement) to be influenced by person × situation which in turn leads to different cognitive learning outcome after tuition as a result.
To investigate this relationship, we utilized an electronic textbook on fractions, which has already proven successful in authentic learning scenarios in a large cluster-randomized controlled trial with 1,005 students in grade 6 (Reinhold et al., 2020a). For the purpose of this case study, we assumed that this electronic textbook offers a suitable way of introducing fractions in mathematics classrooms.
In this study, emotional engagement was assessed after students engaged in learning fractions. For that, we utilized self-reports as one commonly used and rather easy to administer measurement for assessing engagement (Fredricks and McColskey, 2012; Wiebe et al., 2014; Henrie et al., 2015). In addition, we utilized unobtrusively collected, machine-coded, and objective process data measures, indicating students’ behavioral engagement while working with an e-textbook on basic fraction concepts during mathematics classroom instruction.
As we conducted a case-study with one classroom, we aim at deriving hypotheses for future research—focusing on the following research questions:
RQ1: What is the relationship between students’ motivational and emotional orientation and their classroom engagement in mathematics while working with an electronic textbook?
For RQ1, we investigated correlations between motivational and emotional orientations (i.e., mathematics-related anxiety, self-concept, and enjoyment) and emotional engagement (i.e., intrinsic motivation, competence and autonomy support, situational interest, and perceived demand), as well as behavioral engagement (i.e., count and time measures reflecting e-textbook-use derived from process data). We assumed enjoyment and self-concept to be positively correlated, as well as anxiety to be negatively correlated with preferable emotional and behavioral engagement.
RQ2: Are emotional and behavioral engagement while working with an electronic textbook unique predictors of students’ cognitive learning outcomes?
For RQ2, we predicted that gains in mathematics knowledge about fractions was related to students' emotional and behavioral engagement. We expected to derive hypotheses about which student characteristics should be considered beneficial for learning in e-textbook-scenarios, assuming emotional and behavioral engagement two distinct and desirable predictors for achievement—with the latter one bearing the potential to interact with prior knowledge.
METHODS
Sample
Participants were 27 sixth-grade students (14 girls and 13 boys) from one German Gymnasium classroom. The Gymnasium is the highest public secondary school within the three-track secondary school system in Bavaria, Germany, with students demonstrating above-average grades at the end of primary school. In the present curriculum, fractions are taught in grade six for the first time in Bavaria.
MATERIAL
We used the e-textbook from the ALICE:fractions project (Reinhold et al., 2020a), which offers a beneficial way of introducing fractions (i.e., curriculum) based on theoretically established instructional design principles for suitable digital learning offers (i.e., implementation).
The curriculum to teach basic fraction concepts covers i. the part-whole concept with one and many wholes (Behr et al., 1983); ii. fraction magnitude (Reinhold et al., 2020b); iii. expanding and simplifying fractions, i.e., divisions becoming more refined or coarser (Prediger, 2006; Lamon, 2012); iv. fractions on the number line (Bright et al., 1988); v. fractions representing more than one whole and mixed numbers (Padberg and Wartha, 2017); and vi. the comparison of the size of two fractions (Reinhold et al., 2020b). This curriculum focuses on conceptual rather than procedural knowledge of fractions—allowing for transitions between a variety of non-symbolic and symbolic representations of fractions, providing intuitive pathways to core fraction concepts, and making sure students explore non-symbolic fractions before more formal representations (see Reinhold, 2019; Reinhold et al., 2020a for a more detailed analysis of the content with regards to evidence-based mathematics instruction).
The implementation of the material as an e-textbook on iPads focused on technology-enhanced learning. Several aspects guided us in developing the e-textbook: i. making use of touchscreen technology to achieve congruent user interactions with the e-textbook (Black et al., 2012); ii. lowering students (actual and perceived) demand and supporting their perceived competence while learning fractions through adaptive task difficulty (Kickmeier-Rust and Albert, 2010) and individual exploratory feedback (Hattie and Timperley, 2007); and iii. yielding opportunities for autonomous learning within the given structured classroom scenarios by implementing self-regulated graded assistance providing hints for solution steps during mathematical problem solving (Paas, 1992). The e-textbook was designed within the iBooks Author framework, utilizing CindyJS (von Gagern et al., 2016) as the programming environment for all interactive content, i.e., a total of 92 HTML5 widgets (see Hoch, 2021; Hoch et al., 2018b; Reinhold et al., 2020a for a more detailed overview of the technological implementation). The e-textbook is available online under a CC-BY 4.0 license (Hoch et al., 2018a)—with sample widgets demonstrating key features implemented in the e-textbook shown in Figure 2.
[image: Figure 2]FIGURE 2 | Sample widgets from the e-textbook “Fractions. Getting in touch with rational numbers” by Hoch et al. (2018a), demonstrating four key features implemented. Note. The screenshots show: self-regulated graded assistance providing hints for solution steps for solving the problem “2/4 of 36” (above, left); interactive diagrams offering opportunities for individual explorations of new content, here equal sharing of three chocolate bars with four kids (above, right); individual exploratory feedback with regards to the students wrong solution and the correct solution in marking 3/7 in a rectangular diagram (below, left); and utilizing congruent gestures as user interaction on the touchscreen by vanishing the middle line to coarsen the given partition in 8/10 (below, right).
Instruments
We utilized paper-pencil tests, paper-based self-reports, and measures derived from process data of the e-textbook. We describe the scales in detail within the next paragraphs and present an overview of the scales in Table 1.
TABLE 1 | Instruments used to operationalize motivational and emotional orientations, emotional engagement, and behavioral engagement.
[image: Table 1]Motivational and Emotional Orientations
We operationalized students’ motivational and emotional orientations in mathematics with self-reports asking students about their mathematics-related anxiety, self-concept, and enjoyment. We used 4-point Likert scales, with 1 = the least acceptance and 4 = the highest acceptance of a given statement.
Mathematics-related anxiety was assessed using the PISA ANXMAT scale (5 items, Cronbach’s α = 0.87). The scale consisted of statements like “I worry about getting bad grades in math” (OECD, 2003).
Mathematics-related self-concept was assessed using the PISA SCMAT scale (5 items, Cronbach’s α = 0.88). One sample item is “I have always been convinced that mathematics is one of my best subjects” (Marsh et al., 2012).
Enjoyment of mathematics was assessed using the PISA INTMAT scale (4 items, Cronbach’s α = 0.81). The scale consisted of items like “I am looking forward to my mathematics lessons” (OECD, 2003).
Emotional Engagement
We operationalized students’ emotional engagement with self-reports on their perceived intrinsic motivation, competence and autonomy support, situational interest, and perceived demand. All scales were adopted from Prenzel and Drechsel (1996). We used 4-point Likert scales, with 1 = the least acceptance and 4 = the highest acceptance of a given statement.
Students intrinsic motivation was assessed as students’ desire to engage in learning mathematics using the e-textbook with no present external rewards (3 items, Cronbach’s α = 0.85). A sample item is “I really get into it in mathematics lessons”.
Students’ perceived competence support encompassed the awareness for if and how they are informed about their own competence in mathematics during their work with the e-textbook (5 items, Cronbach’s α = 0.72). One sample item is “During mathematics lessons I am informed about my individual progress”.
Perceived autonomy support was assessed as the awareness for if and how students’ need for autonomy is addressed during learning with the e-textbook (6 items, Cronbach’s α = 0.64). The scale consisted of items like “During my mathematics lessons I have the opportunity to try out new things myself”.
Their situational interest encompassed interest in the present mathematics lessons (3 items, Cronbach’s α = 0.73). The scale consisted of items like “In my mathematics class I am curious”.
Perceived demand was operationalized as negative aspects of engaging in particular mathematics lessons, closely related to a perceived cognitive overload while learning mathematics (3 items, Cronbach’s α = 0.84). One sample item is “In mathematics class everything just happens too fast for me”.
Behavioral Engagement
We operationalized behavioral engagement with five different scales derived from process data of the e-textbook. We draw on a variety of count and time measures, as proposed by Hoch (2021). The scales were selected from the literature with the goal of covering the material key features. In particular, engagement with interactive exercises is indicated by two count measures, task count (the total amount of tasks solved by each student as in Feng et al., 2006; Huang et al., 2019) and exercise count (the number of different exercises each student accessed as in Zheng et al., 2019), as well as a time measure, the total problem solving time (for all tasks, e.g., Feng et al., 2006; Zheng et al., 2019). Usage of the material’s hint system is measured by hint count (the total number of requested hints, e.g., Anozie and Junker, 2006; Feng et al., 2006; Zheng et al., 2019). How students made use of the offered adaptive feedback is represented by their feedback time (mean time in feedback phases, e.g., Anozie and Junker, 2006; Ayers and Junker, 2008).
Mathematics Achievement
In order to control for effects of prior knowledge of fractions not acquired at school, a pretest (10 items, Cronbach’s α = 0.81) was conducted before the intervention. The aim of this instrument was to assess preconceptions of fractions, which was not acquired as formal knowledge in schools, since students were not taught fractions at school before the intervention. That is why the pretest focused on every-day fractions (e.g., 1/2, or 3/4) and contained items adapted from an existing German test for preconceptions of fractions (Padberg, 2002). A detailed description of the pretest items can be found in Reinhold et al. (2020a). The complete German test booklet is shown in Reinhold (2019).
To measure knowledge of basic fraction concepts after the intervention, a posttest (38 items, Cronbach’s α = 0.83) was conducted using a second test instrument. Here, items focused on the part-whole concept, expanding and simplifying fractions, and comparing fractions. In this test, both procedural knowledge (i.e., handling fractions in symbolical representation, no transition between representations necessary) and conceptual knowledge (i.e., operating with iconic representations of fractions, or transitions between non-symbolic and symbolic representations) were assessed. For the purpose of this study, the instrument is utilized as a unidimensional measure for the cognitive learning outcome of the intervention. A detailed description of the posttest items can be found in Reinhold et al. (2020a). Again, the complete German test booklet is shown in Reinhold (2019).
Procedure
Intervention and data collection were conducted at the beginning of the school year 2019/2020 with the approval of the Bavarian Ministry of Education, the school’s principal, and the class’s mathematics teacher. Students and their parents gave informed consent to take part in the study on a voluntary basis and without any remuneration.
During the intervention, students worked with the described e-textbook on iPads. As behavioral engagement was derived from the process data logged by the iPad, we made sure that each student worked on the same iPad in each lesson. For that, the iPads were numbered, and the iPad numbers were allocated to the students by their teacher. The mathematics teacher was advised to use the e-textbook for at least half of their instruction time, to make use of the given introductions for each topic and to let his students study with the interactive exercises. For that, the teacher was handed a detailed booklet with information about the educational objectives, and how to implement the e-textbook into his classroom. This procedure is identical to the Scaffolded Curriculum group, reported in Reinhold et al. (2020a)—yet the sample reported here was not part of the cited study.
The intervention was conducted during regular classroom instruction time and covered a total of sixteen consecutive 45-minute-lessons in four weeks. Right before the first lesson of the intervention, the pretest on prior knowledge of fractions (15 min) was conducted as a paper-pencil test and domain-specific motivational and emotional orientations (10 min) were assessed with paper-based self-reports. During the 16 lessons of the intervention, the e-textbook anonymously recorded process data of all relevant student-technology-interactions that are necessary to derive the five measures that were used to operationalize behavioral engagement. The teacher did not have access to this data at any time during or after the intervention, and students and their parents were informed about this kind of data collection. Immediately after the last lesson of the intervention, a posttest on basic fraction concepts (55 min) was conducted as a paper-pencil test, and emotional engagement (10 min) was assessed with paper-based self-reports.
Data and Statistical Analysis
Regarding process data, we logged a total of 11,451 unique observations. Each process data point contained information about the logging interactive exercise, the specific task, and start and end times for the activity (task solution or hint request). Logs were saved on the iPads for the duration of the intervention. This approach enabled a totally offline working environment that was necessary since no internet access could be guaranteed in classroom and due to the prevailing data policies. All data were transmitted to a university server after data collection and parsed into a relational database (see also Hoch, 2021; Hoch et al., 2018b for a more detailed description of the data collection and storage).
Raw logs were preprocessed in order to calculate the five process measures as described in Hoch (Hoch, 2021; see also Hoch et al., 2018b). In particular, problem solving time was preprocessed by capping the logarithm of each time at the mean plus two standard deviations of the time for all solutions on the particular exercise (Goldhammer et al., 2014). Students’ time in feedback phases was derived by calculating the time between two consecutive tasks of the same interactive exercises and afterward preprocessed just as problem solving time.
For answering RQ1, we utilized Pearson correlations between measures of motivational and emotional orientations, and emotional engagement, or respectively behavioral engagement.
For answering RQ2, we conducted a two-step analytical approach. First, we reduced the dimensions of emotional and behavioral engagement to one dimension in each case, using Principal Component Analysis (PCA). For the prediction of cognitive learning outcomes, we only used the first principal components (PC1) of emotional and behavioral engagement as predictor variables. Second, we utilized Generalized Linear Mixed Models (GLMM), predicting the likelihood for students giving a correct answer in a posttest item on fraction concepts (for a detailed overview of the benefits of using LMMs instead of regression analysis or ANOVA, see Brauer and Curtin, 2018). All models allowed for items and students random intercepts. The prior knowledge model does only contain a predicting fixed effect for prior knowledge (Pretest outcome). The full model contains additional fixed effects for emotional engagement (PC1 of intrinsic motivation, competence and autonomy support, situational interest, and perceived demand), behavioral engagement (PC1 of task count, exercise count, hint count, problem solving time, and feedback time), as well as the interaction of behavioral engagement and prior knowledge. All metric predictors (i.e., prior knowledge, emotional engagement, and behavioral engagement) were standardized at the sample. Therefore, the reported log odds represent the unique change in the likelihood for a correct answer when the specific predictor is one SD above the sample mean. Of specific interest for the interpretation of the results is the Proportion Change in Variance (PCV) on the student random intercept that illustrates how including specific predictors into the model reduce variance components on the student level that are assumed random in the prior knowledge model (Nakagawa and Schielzeth, 2013). This can be used to estimate explained variance in GLMMs.
Due to an error in the data collection on the iPad of one student, randomly missing process data for this student had to be partly imputed. For that, we proceeded by the following rationale. First, we reduced process data in the full sample to those interactive exercises that were logged for all students. Second, we calculated the five process measures for all 27 students on this reduced dataset. Third, we identified the student that showed a pattern on all five process measures most similar to the one student with missing process data. We chose the student showing the lowest sum of absolute deviations in the five process measures when compared to the student with missing data. Forth, on all interactive exercises with missing data, we imputed the data from this best match. Following this procedure, we imputed 257 log entries, which is 2.2% of the total process data used in this study, and 49.3% of the process data for the student with data missing.
All analyses were conducted in R (R Core Team, 2008). Graphs were constructed using the ggplot2 package (Wickham and Chang, 2016) and the GLMMs were calculated using the lme4 package (Bates et al., 2015).
RESULTS
Descriptive Analyses
We assessed mathematics-related motivational and emotional orientations with self-reports on 4-point Likert-scales before the intervention. Students reported an anxiety of M = 2.05 (SD = 0.66). Their self-concept was M = 2.42 (SD = 0.50), and their enjoyment was M = 2.73 (SD = 0.60), indicating substantial variance in motivational and emotional orientations in the sample (see Table 1).
Similarly, emotional engagement was again assessed with self-reports on 4-point Likert-scales after the intervention. Students reported an intrinsic motivation while learning fractions with the e-textbook of M = 2.50 (SD = 0.43). There perceived competence support was M = 3.00 (SD = 0.35), and their perceived autonomy support was M = 2.92 (SD = 0.41) during the intervention. Their situational interest was M = 2.62 (SD = 0.56). They reported a perceived demand of M = 2.17 (SD = 0.56) while learning fractions with the e-textbook. Considering these values and the true range of the scales (see Table 1), we concluded that students showed substantially different emotional engagement regarding learning fractions with the e-textbook.
We assessed behavioral engagement via unobtrusively collected, machine-coded, and objective time and count measures while working with the e-textbook during mathematics classroom instruction. Students engaged in an average of 433.63 (SD = 119.57) interactive tasks during the four-week intervention. Their classroom work covered M = 55.70 (SD = 4.78) exercises from the e-textbook, which is about 78% of all exercises provided. They requested graded assistance M = 10.67 (SD = 10.13) times, which was possible in 15 interactive exercises in the e-textbook. Their total time spent on tasks was on average 83.31 min (SD = 13.28), and they viewed the adaptive feedback for about 6.72 s (SD = 5.10) after each task. With a focus on task count, exercise count and problem solving time—bearing in mind both the mean values, the standard deviations, and the true range of these scales (see Table 1)—we conclude that the use of the e-textbook during mathematics instruction differed largely between students. This is noteworthy, as all students in this sample came from the same classroom, were instructed by the same teacher, and therefore shared the same general classroom practice during the intervention.
Regarding their mathematics achievement, students solved on average 35.9% (SD = 20.0) of items in the pretest (i.e., prior knowledge of fractions) correct. During the four-week fractions intervention, they solved on average 73.8% (SD = 8.0) of all tasks they engaged in during their work with the e-textbook correct. On the posttest, they solved on average 74.3% (SD = 12.3) of all items in the posttest correct.
Students’ Motivational and Emotional Orientations and Their Classroom Engagement
The first question we asked was, how the relationship could be described between students’ motivational and emotional orientations regarding mathematics and their classroom engagement while working with an e-textbook on fractions. We assumed enjoyment and self-concept to be positively correlated, and anxiety to be negatively correlated with preferable emotional and behavioral engagement. For that, we utilized Pearson correlations between motivational and emotional orientations and emotional as well as behavioral engagement.
Emotional Engagement
Scatterplots showing Pearson correlations between motivational and emotional orientations and emotional engagement are shown in Figure 3. Given the directions of the correlations, we consider the results to be in line with our hypothesis.
[image: Figure 3]FIGURE 3 | Correlations between motivational and emotional orientations (vertical) and emotional engagement (horizontal). Scales are given in standard deviations from the sample mean. Background colors indicate the direction of the correlation (red = negative, blue = positive). Correlation coefficients represent Pearson correlations. Points are jittered by up to 0.1 standard deviations to minimize overplotting.
Anxiety was negatively correlated with all four scales that operationalized preferable emotional engagement, i.e., intrinsic motivation, competence and autonomy support, and situational interest. Notably, students with higher anxiety were less intrinsically motivated, r = −0.27, and less situationally interested, r = −0.35, but perceived a higher demand, r = 0.34.
Self-concept was positively correlated with preferable emotional engagement. Students reporting a higher self-concept did perceive higher intrinsic motivation, r = 0.50, higher competence support, r = 0.40, and higher situational interest, r = 0.54, but lower perceived demand, r = −35.
For the relation between enjoyment and emotional engagement, a similar pattern as reported for self-concept was found. Students enjoying mathematics were more intrinsically motivated, r = 0.51, reported higher competence support, r = 0.44, and higher situational interest, r = 0.54—and perceived learning fractions with the e-textbook less demanding, r = −0.33.
These results show that—in line with our assumption and previous research on motivation and emotion in mathematics education—students’ domain-specific motivational and emotional orientations were closely related to their situation-specific emotional engagement during the learning of fractions with the e-textbook. Yet, it is noteworthy that neither anxiety, nor self-concept, nor enjoyment showed a substantial correlation with students’ perceived autonomy support—although students did differ in their perceived autonomy support during the intervention (Table 1 and Figure 3).
Behavioral Engagement
Scatterplots showing Pearson correlations between motivational and emotional orientations and behavioral engagement are shown in Figure 4. Given the directions of the correlations, we consider the results to be in line with our hypothesis.
[image: Figure 4]FIGURE 4 | Correlations between motivational and emotional orientations (vertical) and behavioral engagement (horizontal). Scales are given in standard deviations from the sample mean. Background colors indicate the direction of the correlation (red = negative, blue = positive). Correlation coefficients represent Pearson correlations. Points are jittered by up to 0.1 standard deviations to minimize overplotting.
The one notable correlation of anxiety was the negative correlation with feedback time, r = −0.36. Students reporting higher anxiety invested less time in viewing feedback after completing tasks. All in all, anxiety was associated with non-preferable behavioral engagement (Figure 4).
Self-concept was positively correlated to all five measures of behavioral engagement, yielding the highest positive correlation with feedback time, r = 0.28, and problem solving time, r = 0.26. More confident students spent more time working on the tasks and on processing feedback, they engaged in more tasks in a larger variety of different widgets, and requested hints more often (Figure 4). Thus, we consider self-concept to be related to preferable behavioral engagement while learning fractions with the e-textbook.
Likewise, enjoyment was positively correlated with all measures of behavioral engagement, yielding the highest positive correlation with problem solving time, r = 0.32. Students reporting higher enjoyment in mathematics worked longer on the interactive tasks in the e-textbook, and tended to solve more and a larger variety of tasks (Figure 4).
The Relation Between Emotional and Behavioral Engagement and Cognitive Learning Outcomes
The second question we asked was whether emotional and behavioral engagement while working with an e-textbook can be considered unique predictors of students’ cognitive learning outcomes. We expected to derive hypotheses about which of students’ states should be considered beneficial for learning in e-textbook-scenarios—assuming emotional and behavioral engagement two distinct predictors for achievement besides prior knowledge. For that, we first reduced the dimensions of emotional and behavioral engagement (to reduce the shared variance by the specific measures of these constructs before the predictive analysis) by conducting two PCAs. Secondly, we performed GLMMs to predict achievement in the posttest by prior knowledge, emotional and behavioral engagement, and the interaction of behavioral engagement with prior knowledge.
Results of the PCAs of emotional engagement and behavioral engagement are illustrated with biplots in Figure 5. For emotional engagement, the first principal component (PC1) explained 66.3% of the total variance on all five scales. PC1 describes preferable emotional engagement—with intrinsic motivation, competence and autonomy support, as well as situational interest corresponding positively to the scale, but perceived demand corresponding negatively to the scale (Figure 5, left). Information lost when describing emotional engagement only with PC1 is largest in perceived autonomy support (Figure 5, left). Regarding the second PCA, the first principal component explained 45.5% of the total variance in students’ behavioral engagement, which was assessed with the five count and time measures derived from process data from the use of the e-textbook. Here, PC1 describes preferable behavioral engagement, with all measures contributing positively to the scale (Figure 5, right). When referring only to PC1 to describe students’ behavioral engagement, most information is lost on how long they viewed feedback after completing a task (Figure 5, right). In the following analysis, emotional and behavioral engagement are both represented by the first principal components in the corresponding PCAs (i.e., the x-axes in Figure 5).
[image: Figure 5]FIGURE 5 | Biplots of the principal component analyses of emotional engagement (left) and behavioral engagement (right), showing the two principal components with the largest explained variance on the x- and y-axis, and the contribution of the original scales to those principal components as arrows. Scales are given in standard deviations from the sample mean. Both first principal components are used in the GLMM.
Estimates of the GLMMs, predicting the likelihood for students giving a correct answer in a posttest item on basic fraction concepts after the intervention are given in Table 2. The estimated marginal mean for a student with average prior knowledge and emotional and behavioral engagement to give a correct answer to an item of average difficulty was 79.4, 95% CI [71.7, 85.4].
TABLE 2 | Parameter estimates for the GLMMs predicting the likelihood to obtain a correct answer in posttest items on fraction concepts after the intervention.
[image: Table 2]Information about the unique effects of specific predictors can be derived from the odds ratios in the full model—with an odds ratio below one indicating a negative effect of the predictor and an odds ratio above one indicating a positive effect. Prior knowledge of fractions was the strongest significant unique predictor of achievement in the posttest. An increase in pretest achievement of one SD led to a 50% higher probability to give a correct answer in the posttest, p = 0.002 (Table 2). As expected, knowledge of everyday fractions should be considered relevant for learning fractions in school. Besides prior knowledge, emotional engagement predicted cognitive learning outcomes significantly. An increase in emotional engagement of one SD led to a 32% higher probability to give a correct answer in the posttest, p = 0.039 (Table 2). Thus, intrinsic motivation, the perception of competence and autonomy support, and situational interest while learning fractions with the e-textbook proved to be relevant for achieving learning goals—even after controlling for content-specific prior knowledge. While behavioral engagement did not predict cognitive learning outcomes significantly, p = 0.356 (Table 2), the interaction between prior knowledge and behavioral engagement was significant, OR = 1.31, p = 0.036 (Table 2). Students with higher prior knowledge did benefit more from an increased behavioral engagement in the learning tasks provided by the e-textbook (i.e., more tasks solved, engaged in a larger variety of different exercises, more hints requested autonomously, higher total problem solving time, longer time spent on individual feedback) than students with lower prior knowledge.
Given these results, we considered prior knowledge, emotional, and behavioral engagement unique and relevant individual characteristics that account for differences in cognitive learning outcomes after learning with an e-textbook. For the estimation of the size of this effect, the PCV is of specific interest. In our analysis, the PCV represents the random variance between students explained due to adding specific predictors to the model when compared to the prior knowledge model. Here, including emotional and behavioral engagement besides prior knowledge resulted in a substantial PCV of 44%.
DISCUSSION
Motivation and Engagement While Working With e-Textbooks
In the present study, we aimed to describe the relationship between students’ motivational and emotional orientations in mathematics, their emotional and behavioral classroom engagement while working with an e-textbook on fractions, and their cognitive learning outcomes.
Regarding our first research question, this study sheds light on the relationship between students’ motivational and emotional orientations and their engagement while working on an interactive e-textbook. We could show that rather stable orientations had a substantial impact on how emotionally engaged students were with the e-textbook. We consider this not self-evident, as one could assume that e-textbooks (and educational technology, in general) may lead to high emotional engagement in all students, regardless of their domain-specific orientations, as working with digital media could be considered engaging per se (Higgins et al., 2019; Hillmayr et al., 2020; see also Jeno et al., 2019 for a discussion of the novelty effect). Furthermore, the directions of the correlations between students’ orientations and their emotional engagement are noteworthy: Anxiety, as a negative orientation, was negatively correlated with preferable emotional engagement, while self-concept and enjoyment, as positive orientations, were positively correlated with preferable emotional engagement. Again, this is not self-evident from our point of view, as one could expect that also students showing less-preferable motivational and emotional orientations in mathematics might want to engage in individualized learning formats that take into account their individual mathematics competence and yield adaptive scaffolds.
Here, one noteworthy result is the rather unspecific correlation between students’ orientations and their perceived autonomy support. This result can be interpreted as a desirable goal when designing interactive and adaptive DCR—as it shows that also students with less-preferable orientations regarding mathematics perceived their learning with the e-textbook as autonomous. Yet, as perceived autonomy support varied substantially between students, this also opens the question about which personal characteristics besides the examined motivational and emotional orientations may have an effect on the perceived autonomy support when learning with educational technology.
Summarizing these findings, we conclude that even though the design of interactive DCR aims at addressing all students regardless of their orientations by yielding adaptive scaffolds—such as positive feedback on students’ task work (Deci, 1971; Deci and Ryan, 1985), immediate individual and exploratory feedback (Hattie and Timperley, 2007; Steenbergen-Hu and Cooper, 2013), as well as adaptive task difficulty (Hoch et al., 2018b; Reinhold et al., 2020a), and leeway for different actions, freedom of choosing tasks and advice, and possibilities for exploration (Prenzel and Drechsel, 1996)—less-preferable domain-specific motivational and emotional orientations still hinder students to engage in these well-developed electronic learning environments.
In line with this argumentation are the results regarding the relationship between orientations and behavioral engagement. Although the effects were substantially smaller than for emotional engagement, the direction of the correlations were very similar: Self-concept and enjoyment were positively correlated with all indicators of behavioral engagement, while for anxiety correlations pointed in the other direction. One noteworthy finding is the rather clear negative correlation between mathematics anxiety and the time students spent on feedback. This finding can be considered counterintuitive at first sightas one might suppose especially anxious students to make use of adaptive and exploratory feedback to their individual perceived struggle when learning mathematics. Yet, our results rather suggest avoidance behavior (Finn et al., 1995) in students showing high anxiety: Time on feedback, as well as the total number of tasks and the total problem solving time was negatively correlated with anxiety indicating that anxious students avoided working with the learning environment. This interpretation is also in line with the results regarding self-concept and behavioral engagement, showing that less confident students also tended to take fewer hints, and tended to spend less time on feedback than more confident students.
Regarding our second research question, we argue that emotional and behavioral engagement can be considered two distinct predictors for achievement besides prior knowledge. We found that students’ engagement could explain a substantial part of the variance in their cognitive learning outcome—after controlling for prior knowledge. It is noteworthy that while emotional engagement has shown to be a unique predictor, the interaction of behavioral engagement and prior knowledge was predictive for achievement, i.e., higher behavioral engagement was more beneficial for students who had higher prior knowledge of fractions before the intervention. We consider this an important finding for the development of e-textbooks in particular and technology-enriched learning environments in general: Although the development of our e-textbook focused on evidence-based principles for designing multimedia learning environments with interactive and adaptive scaffolds to support individualized learning, the latter result shows that students with better cognitive prerequisites benefited more from engaging in the implemented features.
Our study was following the general model for determinants and course of motivated action (Heckhausen and Heckhausen, 2018). Following this rationale, we hypothesized that characteristics of a person first lead to emotional and behavioral engagement (RQ1), which in turn determine learning success (RQ2). Although we could not investigate the underlying model to full extent—given the exploratory nature of our study with the focus on one classroom—our results support the theoretical model (see Figure 1). Thus, we consider the model applicable to describe and explain individual differences in learning outcomes in technology-enriched learning scenarios underlining the idea that (emotional and behavioral) classroom engagement is a reasonable mediator for the effect of domain-specific motivational and emotional orientations on achievement in learning settings that utilize educational technology.
Concluding on our findings, we argue that one key element for effective implementation of digital media into mathematics classrooms is engagement. The results of this exploratory study point to a substantial role of engagement with regard to achievement in technology-enriched learning scenarios. This is in line with the goal of promoting higher engagement through the individualization of learning experiences in most evidence-based design principles and features implemented in educational technology. To promote engagement in students, both content and technological implementation should be considered conclusively when designing digital learning environments (Reinhold et al., 2020a)—This is particularly true for students with less promising motivational and emotional orientations in mathematics and less promising prior knowledge.
Limitations and Future Directions
The aim of the present study was to derive hypotheses for further research regarding the role of motivational and emotional orientations and engagement for learning in technology-enriched scenarios. We reported a case study with one sixth-grade classroom that comes with specific limitations by design which should be kept in mind when interpreting the results. As all 27 students were taught by the same teacher, we cannot answer questions regarding the specific role of the teacher on students emotional and behavioral engagement during the intervention. Regarding that, one noteworthy result is the small to negligible correlations between motivational and emotional orientations and count measures of behavioral engagement—opening up questions about whether these count measures are altered by the teacher rather than individual characteristics. Yet, there was a substantial variation in those count measures, raising the question of other characteristics on the student level to account for behavioral engagement, which is a question that we cannot answer with the present data.
The focus on high-achieving students may be considered another limitation of the present study, as this could lead to a bias in emotional engagement as well as motivational and emotional orientations regarding mathematics. However, Table 1 reveals a large variation in mathematics anxiety, self-concept, and enjoyment, as well as the other self-reported measures for emotional engagement. Therefore, we do not think that there is a relevant bias in the current data regarding high achieving students that would affect the results reported in this study.
In addition, the sample size of this study did not allow for a full mediation analysis following the theoretical model for motivation considered (Figure 1), but only for distinct analyses of constrained parts of the model. Here, a substantially larger sample size could allow for testing a path model, which would validate the findings of our case study and yield further insights into the development of emotional and behavioral engagement during the learning of mathematics with e-textbooks.
Our study did not contain a print-control group, learning the content of basic fraction concepts in a “traditional, non-technology-enriched” scenario. Future research should address the question whether the effect of motivational and emotional orientations, emotional engagement, and behavioral engagement on achievement differs between digital and non-digital classroom settings. This is arguably an important question, that could inform practice about the underlying mechanisms in mathematics classroom instruction and potential similarities or differences when teaching in digital and non-digital settings.
Moreover, a print-control group would allow for the investigation of effects of technology-enriched mathematics instruction on students motivational and emotional orientations considered as outcomes—i.e., whether technology-enriched mathematics instruction has the potential to yield a higher positive impact on students’ mathematics-related motivation and emotions than paper-based instruction. Throughout this article, we argued that interactive and adaptive scaffolds in e-textbooks (or DCR in general) bear such potential on a theoretical level. Yet, empirical evidence is needed to foster the assumption that they help teachers to address multidimensional educational goals –cognitive learning gains and motivational and emotional orientations, see Schiepe-Tiska et al., 2016a; Schiepe-Tiska et al., 2016b). These are of specific interest, as for instance, in Germany, nearly half of the fifteen-year-olds in the 2012 PISA survey reported they were afraid of poor grades in mathematics, and only about 39% stated that they enjoy mathematics (Schiepe-Tiska and Schmidtner, 2013).
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