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The primary aim of this study was to identify how elementary school students’ individual differences are related to their learning outcomes and learning process in science and technology (S&T) education, using a mixed methods design. At the start of the study, we assessed the reading comprehension, math skills, science skills, executive functions, coherence of speech, science curiosity and attitude toward S&T of 73 fifth and sixth graders. The students then received a four-lesson inquiry- and design-based learning unit on the concept of sound. Learning outcomes were measured through a pre- and post-test regarding students’ conceptual knowledge of sound, a practical assessment of design skills and a situational interest measure. A factor score regression model (N = 62) showed significant influence from prior conceptual knowledge and the latent factor “academic abilities” (reading, math, and science skills) on post conceptual knowledge. The latent factor “affective” (curiosity and attitude toward S&T) and to a lesser extend also prior conceptual knowledge were predictive of situational interest. Learning process was measured through individual interviews and student worksheets within a subsample (N = 24). We used latent profile analysis to identify three profiles based on students’ individual differences, from which the subsample for qualitative analyses was selected. Codes and themes that emerged from the qualitative analyses revealed differences between students from the three profiles. The results of this study show how different types of students succeed or struggle within S&T education, which is essential for teachers in order to differentiate their instruction and guidance. Differentiation aimed at supporting language and the integration of science into design, while facilitating a variety of learning activities and assessments that move beyond written assignments, could help achieve the most optimal learning conditions for each student.
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INTRODUCTION

Every student should learn science and technology (S&T) content and skills in primary education in order to participate in a technology-rich, knowledge-based society (Rocard et al., 2007). Providing effective S&T-education to every student is not unequivocal, however, since students’ individual differences (e.g., differences in academic abilities or motivation) are a complex source of individual variation in learning behavior (Van Schijndel et al., 2018). While previous studies have gained insights into the effect of these individual differences to some extent, their results also indicate that the exact roles of individual differences in S&T-education still remain unclear (Wagensveld et al., 2015; van Dijk et al., 2016; Schlatter et al., 2020). Moreover, these previous studies are mainly focused on science education as opposed to S&T education. In pursuance of suitable S&T-education for every student, the current study makes use of quantitative and qualitative analyses to understand how individual differences are related to both learning process and learning outcomes.

Before elaborating on the literature regarding relevant individual differences for S&T learning, it is important to consider the S&T-classroom context and corresponding terminology. Greater consistency and understanding of what defines S&T-education can facilitate future research synthesis and promote consensus on which approaches are most effective (Furtak et al., 2012; Martín-Páez et al., 2019). Comparable to other countries, S&T-education in the Dutch educational context (i.e., the context of the current study) typically entails inquiry- and design-based learning. These learning approaches are also a core component of STEM (science, technology, engineering, and mathematics) education (Sanders, 2009). According to Lewis (2006), “the complementarities we see between science and technology in society can be exploited in schools through the interplay of design and inquiry” (p. 274). Core processes of inquiry-based learning include experimenting and drawing conclusions (Pedaste et al., 2015), while core processes of design-based learning include defining problems by identifying criteria for possible solutions and optimizing a solution by systematically testing and refining (English et al., 2017). Nonetheless, these processes should not be seen as exclusively belonging to either inquiry- or design-based learning. Design converges with inquiry in two central ways: they both include reasoning processes, such as analogical reasoning used to solve a problem, and they both have uncertainty as a starting position (Purzer et al., 2015). Taken together, inquiry- and design-based learning combines both technological/engineering design and scientific inquiry in the context of technological problem-solving (Sanders, 2009).

Up to now, research on individual differences within S&T-education is typically focused on the specific core processes of (most often) inquiry- or (less often) design-based learning alone. For example, Koerber and Osterhaus (2019) have examined the influence of intelligence, language abilities, and advanced theory of mind on scientific thinking, and Schlatter et al. (2021) have looked into the effects of mathematical skillfulness and reading comprehension on scientific reasoning. The combination of inquiry and design could, however, make a difference in students’ learning experiences, as it poses several advantages for students: (1) “making things function” could help students frame their activity as more productive (when compared to constructing an answer to a science question), (2) it has the potential to make science education feel more approachable to students who are intimidated by more traditional forms of science, (3) design could offer a more tangible context and motivation to reason about physical processes, and (4) integrating scientific inquiry into design can help achieve higher science concept learning (Roth, 2001; Lewis, 2006; Mehalik et al., 2008; Wendell and Rogers, 2013). The current study will therefore relate multiple individual differences to both inquiry- and design-based learning processes and outcomes, in order to obtain a comprehensive picture of the role of individual differences in S&T education. When teachers know what differences to attend to, they can differentiate their instruction and guidance in order to optimize students’ individual potential (Tomlinson, 2000). For this purpose, combining inquiry with design provides a more accurate representation of the S&T-learning environment and the related individual differences that teachers can target. Since the literature on relevant individual differences is mostly specific to either inquiry- or design-based learning, below we will discuss these learning approaches separately (as far as they can be seen as separate approaches) when providing an overview of the most common studied individual differences in S&T education.


Individual Differences in Inquiry-Based Learning


Reading Comprehension and Linguistic Abilities

A higher level of reading comprehension has frequently been linked to greater performance in science education or inquiry-based learning (e.g., Osterhaus et al., 2017; Stender et al., 2018; Schlatter et al., 2020). In fact, reading comprehension seems to be one of the most prominent individual differences that affect science achievement. Lazonder et al. (2020) mapped the development of scientific reasoning among primary school students in a 3-year longitudinal study and found four distinct developmental patterns; while these patterns were mostly independent of students’ (other) cognitive and sociodemographic characteristics, they largely complied with the course of development in reading comprehension. Furthermore, Wagensveld et al. (2015) found reading comprehension and verbal reasoning skills to be the only predictors of learning the control of variables strategy (CVS), when also taking scientific knowledge and non-verbal reasoning into account. Similarly, based on their multidimensional model of scientific reasoning, Van de Sande et al. (2019) claim that linguistic abilities are essential in research on individual differences in scientific reasoning skills.

Lazonder et al. (2020) offer some conjectures as to why scientific reasoning might be of such a linguistic nature, such as that “scientific reasoning and reading comprehension share a set of problem-solving processes and sense-making strategies” (p. 13). However, these conjectures have not yet been verified and little is known regarding differences in the learning processes of students with high or low reading abilities. A study by van Dijk et al. (2016), using a computer-simulated task, found that “average- or low ability students” (indicated among others by reading comprehension) made little use of written prompts that were available in the task. These prompts were specifically intended as support that could reduce differences between students, and the authors could not pinpoint the rationale behind the finding that low-ability students abstained from the use of prompts. These results, together with a relatively new-found importance of linguistic abilities in science education, show that it is important to gain more insight into how students with different levels of reading abilities approach the inquiry learning process. Especially since measures for assessing science achievement usually rely heavily on reading comprehension (Mayer et al., 2014), solely looking at achievement differences gives little clue about how to optimize the learning process for low-ability students.



Math Skills

Closely related to S&T, as it is one of the other two letters in STEM education, is mathematics. Yet, few studies have looked into the influence of math skills as an individual difference on learning outcomes in primary science education (Byrnes et al., 2018). Recent findings have established a positive relationship between math skills or knowledge of mathematical concepts with scientific reasoning or science achievement (Byrnes et al., 2018; Koerber and Osterhaus, 2019; Schlatter et al., 2020). The longitudinal study by Lazonder et al. (2020) did not replicate these findings, which they speculate might be due to the limited set of skills that was included in their study. Both Byrnes et al. (2018) and Lazonder et al. (2020) highlight that the assessment for math should measure a broad set of skills such as number sense and spatial ability.



Executive Functions

Executive functions are a set of mental processes such as inhibitory control, working memory, and cognitive flexibility, which are needed for concentration, planning or self-control (Diamond, 2013). In the context of science education, inhibitory control is thought to be needed in the process of experimentation in order to inhibit the influence of existing beliefs on the interpretation of newly presented data (Kuhn and Pease, 2006; Mareschal, 2016). In addition, inhibitory control can suppress irrelevant thoughts and keep the mental workspace free from too much clutter, thus functioning as an aid for working memory (Diamond, 2013). Working memory, in turn, is crucial for inquiry-based learning, as its storage capacity and control efficiency is strongly related to reasoning ability (Chuderski and Jastrzebski, 2018).

Recent experimental studies have indeed shown positive relations between executive functions and science achievement. For example, van der Graaf et al. (2018) found that inhibition and verbal working memory predicted evidence evaluation and experimentation abilities, and indirectly scientific reasoning, among kindergartners. Osterhaus et al. (2017) found that inhibition, next to intelligence and language skills, predicted scientific thinking among 8- to 10-year-olds. In a study by Wilkinson et al. (2020), better inhibitory control was linked to greater performance on a counterintuitive reasoning task and science achievement scores among 7- to 10-year-olds. However, Wilkinson et al. (2020) place the important side note that possible confounding effects of a common causal factor, such as reading ability, could not be ruled out. It is therefore essential for further research to include a broad palette of individual differences, including executive functions.



Affective Factors

Students’ attitude toward S&T, a complex construct consisting of several components such as anxiety toward science and enjoyment of science (Osborne et al., 2003), is an important addition to the individual differences mentioned so far. Students’ attitude toward S&T has consistently been shown to decline as they grow older, which affects learning and later career choices (Potvin and Hasni, 2014a; Denessen et al., 2015; van Aalderen-Smeets and Walma van der Molen, 2018). A recent study modeled science interest as a dynamic relational network, in which different interest components, such as attitude, are shown to reinforce one another (Sachisthal et al., 2019). Central components within this network are most influential in positively affecting the network, and are thus interesting targets for interventions. Among 15-year-olds in the Netherlands, enjoyment seems to be a central component that influences other components such as behavior and self-efficacy (Sachisthal et al., 2019). Furthermore, it is quite possible that the decline in interest or motivation is not inevitable; it seems that the school environment is a more determining factor for whether students are willing to learn science rather than the home environment (Vedder-Weiss and Fortus, 2012). Therefore, gaining a better understanding of students’ enjoyment in S&T education and how school curricula can improve or reinforce this is a crucial starting point for further interventions.

With regard to attitude toward S&T, gender differences are important to consider as well. Especially at a later age, when choosing courses in secondary or tertiary education, girls tend to be less positive toward S&T than boys (Driessen and van Langen, 2013). In fact, the Netherlands is second-last of 159 countries with regard to the percentage of females in tertiary science programs (Hanson et al., 2017). This educational and career choice behavior seems to be crucially related to girls’ self-efficacy and stereotypical beliefs (van Aalderen-Smeets and Walma van der Molen, 2018) and might be a consequence of how science education is shaped (DeWitt and Archer, 2015). According to the review by Brotman and Moore (2008), girls have different approaches in science learning in comparison to boys, such as that girls are more cooperative and less competitive, seem to strive for deep conceptual understanding, and may particularly benefit from hands-on or inquiry-based learning. This benefit Brotman and Moore (2008) refer to, however, is with respect to achievement. Even though boys have outperformed girls in science for several years in the Netherlands, differences were small and the last two TIMSS (Trends in International Mathematics and Science Study, at the age of 10) results show that boys’ achievement has declined, resulting in a narrowing of the gap in achievement and a (non-significant) very slight advantage for girls (Martin et al., 2016; Mullis et al., 2020). Even when girls perform just as well as boys, their self-efficacy can be lower and effective methods to boost these self-efficacy beliefs are still unknown (van Aalderen-Smeets and Walma van der Molen, 2018). Gender is therefore an important confounding variable to consider when looking more closely at individual differences in S&T education.

Although sometimes grouped with attitude or interest, another affective construct that may have distinct importance is curiosity (Jirout and Klahr, 2012; Weible and Zimmerman, 2016). Specifically, scientific curiosity is a construct related to information seeking behavior and can be seen as a preference for uncertainty (Jirout and Klahr, 2012). Since uncertainty is a starting condition for both inquiry- and design-based learning (Purzer et al., 2015), curiosity is, on top of attitude, an interesting construct for S&T education. It has been positively linked to recognizing both effective and ineffective questions, and generating more questions about a science topic, even when controlling for verbal ability (Jirout and Klahr, 2012). Furthermore, a study by Van Schijndel et al. (2018) found curiosity to be positively related to learning outcomes (as an added effect on intelligence), and in a specific way related to learning process: more curious children experimented shorter, yet learned more than less curious children, possibly because of a more efficient reflection on experiments. Looking more closely at the learning process thus seems pivotal in understanding the differences between students.




Individual Differences in Design-Based Learning

The role of individual differences in elementary design-based learning is a rather unexplored field, leading to mixed results. For example, Lie et al. (2019) found achievement gaps on an engineering assessment in both elementary and middle school samples. On the elementary level, language capabilities were found to be predictive, while this was not the case for the middle school level where only ethnicity was found to be a predictor. Gender was also a factor in students’ attitudes toward engineering, with males having a more positive attitude. A study by Mehalik et al. (2008) in a middle school sample found differentiated performance effects when comparing scripted inquiry learning with the use of an authentic design task: all students’ scores on science concept learning were improved in favor of the design task, but improvement was largest among low-achieving African-American students in terms of science knowledge. A study on motivational factors within a design-based learning makerspace found students’ self-efficacy to be related to their situational interest (Vongkulluksn et al., 2018). In other words, students who had more positive evaluations of their learning progress were more likely to maintain an interest toward their design projects. Other studies also point to a possible role of executive functions within design-based learning. Unfamiliarity with engineering design and therefore a lack of prior knowledge and skills may lead to cognitive fixation in the design problem-solving process (Luo, 2015; McFadden and Roehrig, 2019). Students with more developed executive skills might overcome fixation more easily, as the ability to change perspectives and “think outside the box” is a core executive function (Diamond, 2013). Furthermore, Vaino et al. (2018), who examined 8th-grade students’ solutions for an ice cream making device, suggest that some of the unrealistic design ideas by students were caused by a working memory overload.

Other differences found between students in design-based learning relate to prior misconceptions (Marulcu and Barnett, 2013), how they apply disciplinary knowledge in solving an engineering problem (English and King, 2015), or their ability to iterate back and forth in testing multiple solutions (Kelley et al., 2015). These studies show that students differ on multiple aspects of the learning process within design-based learning. What lies at the heart of these differences is still unclear, however, since a comprehensive overview of students’ individual differences in design-based learning is missing.



Current Study

Taken together, research in inquiry- and design-based learning points to the need of further examining how different types of students struggle or succeed. The current study will therefore address the following research questions:


1.How are students’ individual differences in academic abilities, executive functioning and affective factors related to their learning outcomes in S&T education?

2.How are students’ individual differences in academic abilities, executive functioning and affective factors related to their learning process during S&T education?



Based on our literature review, we can hypothesize for our main effects that academic abilities (e.g., Lazonder et al., 2020; Schlatter et al., 2020), executive functioning (e.g., van der Graaf et al., 2018), and affective factors (e.g., Van Schijndel et al., 2018) have a positive influence on learning outcomes. Our research questions are still formulated exploratively, however, since our focus is to gain a deeper understanding of the relationship between students’ individual differences and their learning process and outcomes in S&T education.

To explore these relationships, a lesson unit of four lessons regarding the concept of sound was taught to six classes of students in the age of 9–12. The topic of sound was chosen as this is a physics phenomenon that students have received little education about (in the Netherlands), but do have everyday experience with. Furthermore, the results by Lautrey and Mazens (2004), who have studied the organization of children’s naïve knowledge on sound and heat, suggest that “naive knowledge is constrained by some foundational principles” (p. 420) and that the gradual process of conceptual change is similar between sound and heat. We therefore expect the influence of individual differences during this lesson unit (on top of prior knowledge) to be similar to other physics phenomena. For learning outcomes, we’ve included measures of content knowledge, skills and situational interest. Situational interest is seen as an important affective component related to the focus and attention someone has to the task at hand (Rotgans and Schmidt, 2011a). It is proposed to be evoked by certain features of environmental stimuli (Hidi, 1990), and can eventually lead to the psychological state of interest and the more long-lasting predisposition to reengage with particular content (Hidi and Renninger, 2006; Palmer et al., 2017). As an important goal of S&T education is to spark students’ interest for a lifelong learning in S&T (Rocard et al., 2007), situational interest is included as an outcome measure in the current study. For learning process, we’ve included interviews and worksheets that can more specifically illustrate the aspects of inquiry- and design-based learning that students perceive to be, for example, enjoyable or difficult.




MATERIALS AND METHODS


Design

A mixed methods design was chosen for complementarity purposes (Alexander et al., 2008). By combining both quantitative and qualitative measures, we intend to provide a more enriched understanding of S&T education and how individual differences come into play.

The study design consists of four phases: (a) measurement of individual differences, (b) pre-test measure of content knowledge, (c) the lesson unit, from which worksheets and subsequent interviews in a subsample were used for qualitative analysis (i.e., learning process), and (d) a final quantitative phase after completion of the lesson unit, with post-test measures of content knowledge, design skills and situational interest (i.e., learning outcomes). The design of this study is displayed in Figure 1.
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FIGURE 1. Research design.




Participants

The sample consisted of 73 students (37 girls), with a mean age of 10.7 (SD = 0.70). Fifty-six students were from grade 5, and 17 from grade 6. In the Netherlands, students from the fifth and sixth grade are comparable in experience in S&T-learning in terms of procedural and conceptual knowledge. Grade 5 and 6 are also often combined in one classroom, as was the case in our sample; therefore, both grades were included in the sample. Students were recruited from two suburban primary schools in the Netherlands. Both schools claimed to provide a similar amount and type of S&T-education, in the form of projects/series of lessons a few times a year. Qualitative analyses were conducted on an a priori selected subsample of 24 students. Stratified sampling was used as sampling procedure. This procedure is further described under the analyses section.



Procedure

This research was approved by the ethics committee of the Vrije Universiteit Amsterdam (VCWE-2019-114R1). Parents and/or caregivers were contacted through the teachers for active informed consent. In agreement with schools, the lesson unit was taught to all students in the participating classes in order to maintain a realistic classroom setting (each class consisted of approximately 30 students, which is typical for Dutch elementary classrooms). Personal data was only collected from students who had parental consent. Prior to the lesson unit, individual differences were tested through parent and student questionnaires.

The parent questionnaire was presented after completing the consent form, and consisted of the inhibition and working memory items from the Behavior Rating Inventory of Executive Function (BRIEF; Huizinga and Smidts, 2012) and items concerning coherence of speech from The Children’s Communication Checklist (CCC-2-NL; Geurts, 2007). Gender and age of the student were also attained through the parent questionnaire.

The student questionnaire was administered simultaneously to all participating students of one class, in exam-like setting, and took on average 30 min to complete. The student questionnaire consisted of the Science Curiosity In Learning Environments (SCILE; Weible and Zimmerman, 2016) and an adapted attitude questionnaire (Denessen et al., 2015). The student questionnaire also contained the pretest measures of content knowledge regarding the concept of sound as well as a science skills test (Kruit et al., 2018).

The lesson unit started 1 week later and consisted of four weekly lessons of approximately 1 h. The first author, who is also a certified teacher, taught all classes, while the regular teacher was present in the classroom. The regular teachers were instructed to not provide any assistance, in order to maintain equal conditions for all classes as much as possible. The lesson unit was largely based on an existing lesson unit that was developed for the European project ENGINEER in collaboration with a Dutch Science Museum (ENGINEER, 2014; Nemo, n.d.). The ENGINEER project was a consortium of 26 partners from 12 countries, aiming to propose an innovative inquiry-based learning methodology inspired by the problem-solving approach of engineering, similar to the widely used and reviewed U.S. program “Engineering is Elementary” (Anyfandi et al., 2016). Furthermore, since attention in the lesson unit was placed on “promoting the constructive aspects of learning, facilitating collaboration and providing opportunities for meaningful activities,” following general principles for constructing an effective science learning environment (Vosniadou et al., 2001, p. 397), the lesson unit was deemed an appropriate representation of a typical S&T learning environment that holds both national as international standards.

The objective for the students was to design a musical string instrument that could produce different sounds. Throughout the four lessons, learning objectives for students included “sound is a vibration” or “sound needs a medium to travel through.” In the first lesson of the lesson unit, the problem of designing a string instrument was introduced, with activation of prior knowledge on musical (string) instruments. Differences and similarities between instruments were discussed, both in visual and auditory terms. Students were probed to write down questions that could help them solve the problem, such as “How can I create a loud instrument?” and to hypothesize about the answers to these questions. The second lesson consisted first of a plenary discussion on “what is sound,” with the help of some visual demonstrations, such as making sugar placed on top of a cup move by producing sound and using a slinky to model a sound wave. The largest part of the second lesson consisted of students undertaking small experiments in pairs regarding sound, for example by investigating the difference between the sound of a tight and a less tight rubber band. After students had handed in their worksheet, conclusions of the experiments were discussed in class. In the third lesson, students individually designed and created their own musical string instrument. At the start of the lesson, design demands were discussed in class and agreed upon in correspondence with the students, in order to keep involvement high. Some direction was given by the teacher in order to keep design demands similar between classes. Then, the material with which the instrument could be designed was shown, but not provided until students had completed their design drawing. The fourth and final lesson consisted of presenting the instruments to each other. Students were prompted to evaluate the instrument of their peers regarding the design demands and to discuss the improvements made to the instrument. Each lesson contained at least one worksheet to guide students in the process; these worksheets are described in more detail under the instruments section. Guidance was intentionally provided through worksheets as opposed to by the teacher, in order to keep the influence from teacher interference as small as possible and obtain a clear view of the influence of individual differences.

The post-test, also in the form of a student questionnaire, took place 1 week after the final lesson. It contained another version of the content knowledge test regarding the concept of sound, another version of the science skills test and a situational interest questionnaire (Rotgans and Schmidt, 2011b). The pre- and post-test versions were counterbalanced.



Instruments


Individual Differences


Reading Comprehension and Math Skills

For math skills and reading comprehension, students’ standardized assessment scores were requested from the teachers with permission from parents. These standardized assessment scores are developed by the Dutch National Institute for Educational Testing and Assessment which monitors students’ achievement through semi-annual assessments.1 The scores for math and reading comprehension are used by teachers to advise students for further education and are considered a valid indication of general cognitive ability (Kruit et al., 2018). The scores for the latest assessment were used, which were administered a few months prior to the lesson unit.



Coherence of Speech

As an additional language measure, the subscale Coherence from The Children’s Communication Checklist (CCC-2-NL) was administered. The CCC-2-NL can be used to give a quantitative estimate of pragmatic language impairments in children (Geurts, 2007). The subscale Coherence consists of seven items (Cronbach’s α = 0.75 in the current sample), such as “Can give an understandable report of something that happened, for example what he/she did at school.” Parents had to indicate for each item how often this behavior occurred, on a 4-point scale ranging from “Less than once a week (or never)” to “Several times (more than twice) a day (or always).”



Executive Functions

Students’ inhibition and working memory were measured through the Dutch version of the parent-reported BRIEF (Huizinga and Smidts, 2012). This inventory examines executive function in children and adolescents (ages 5–18 years; Gioia et al., 2000). For items such as “When given three things to do, remembers only the first or last” (working memory) and “Interrupts others” (inhibition), parents had to indicate on a three-point scale (Never, Sometimes, Often) how often their child exhibited this behavior over the last 3 months. The working memory (Cronbach’s α = 0.87 in the current sample) and inhibition scale (Cronbach’s α = 0.80 in the current sample) both consisted of 10 items each.



Attitude

In this study, the construct attitude is defined as enjoyment and self-efficacy toward S&T. Based on the literature review above, these two subcomponents were deemed appropriate as core elements of attitude. The questionnaire developed for measuring attitude in the current study consisted of 10 multiple choice items (included as Supplementary Material) on which students had to indicate their agreement on a scale of 1–4, ranging from “totally disagree” to “totally agree.” Five items pertained to self-efficacy, such as “I think I’m better at solving puzzles than most children” (Cronbach’s α = 0.69), and five items pertained to enjoyment, such as “I like learning about science and technology” (Cronbach’s α = 0.84). The self-efficacy items were self-developed, while the enjoyment items were derived from a previous study by Denessen et al. (2015). Somewhat similar to their study, our attitude questionnaire consisted of examples and pictograms of important concepts and skills related to S&T, such as analyzing, experimenting, and designing, in order to ensure that students’ shared a basic understanding of what S&T entails.



Science Curiosity

Students’ science curiosity was measured with a translated version of the SCILE questionnaire developed by Weible and Zimmerman (2016). This questionnaire consists of 12 self-report items, such as “I like to work on problems or puzzles that have more than one answer.” Students reported on a 5-point scale ranging from “never” to “always.” The level of internal consistency was high (Cronbach’s α = 0.91) in the sample of Weible and Zimmerman (2016) and good in the current sample (Cronbach’s α = 0.77).



Science Skills

Initially, the intention was to include a pre- and post-test measure of students’ science related skills. An existing measure developed and validated by Kruit et al. (2018) was adjusted for the purposes of the current study. Their paper-and-pencil science skills test contained items that measure “thinking” (e.g., reasoning) and “science-specific” (e.g., formulating a research question) skills. The original version included 18 multiple-choice items and 5 open-ended items and administration took about 45 min. Since the lesson unit in the current study was not specifically focused on teaching “science-specific” skills and administration time was limited, we only selected the multiple-choice “thinking” items of the science skills test. Ultimately, based on the data on the pre- and post-test, we decided it was not sensible to include the science skills test as a learning gain measure. The skills measured are more general for science than for example the skills and knowledge needed to design a musical string instrument. Therefore, we included the pre-test measure of science skills as an individual difference.




Learning Outcomes (Quantitative)


Content Knowledge Gain

The lesson unit focused on learning content knowledge regarding the concept of sound. To our knowledge, there was no existing appropriate form of assessment to measure primary school students’ understanding of this concept. Based on the learning goals of the lesson unit and existing assessments for older children, 10 multiple choice items were developed for the purpose of this study (included as Supplementary Material). Two teacher educators, specialized in S&T content, reviewed the items and provided feedback, after which the items were revised and again reviewed. The items intended to measure knowledge that was covered during the lesson unit, for example the influence of vibration on key pitch or the influence of string material on vibration.

In order to prevent a testing effect, two slightly different versions of the content knowledge test were created. These differences were kept as minimal as possible. For example, an item of version 1 of the test was “If you tighten the strings on a guitar, the sound will be…,” with answer options being (a) louder, (b) higher, (c) softer, (d) lower. On the post-test, the comparable item was “If you loosen the strings on a guitar, the sound will be…,” with the same answer options as the version 1 item. The two versions were counterbalanced across the pre- and post-test.

Unfortunately, the reliability of this measure was below an acceptable level (Cronbach’s α = 0.26 for both version 1 and 2). Based on item correlations and “Cronbach’s alpha if item deleted,” several items were excluded. For both versions, this came down to the same five items. Cronbach’s alpha was improved to 0.53 for version 1 and to 0.49 for version 2. This still points to a low reliability, which is why we conducted a latent class analysis to further inspect the possible heterogeneity in the data. The specifications of this analysis are described in the Supplementary Material. The outcomes of the latent class analysis led us to conclude that the five items that were retained after the reliability analysis are more sufficient in distinguishing between knowledgeable and less knowledgeable students than the initial 10 items were. In the Supplementary Material regarding the latent class analysis, excluded items are denoted with an asterisk.



Design Skills

To our knowledge, no standardized assessment was available for measuring students design skills. The skills involved in design are multifaceted and therefore difficult to grasp in one unidimensional assessment. Based on Crismond and Adams’ Informed Design Teaching and Learning Matrix (2012) and the study by Kelley and Sung (2017), we selected a few skills that we believe are central to design-based learning and that we also deemed feasible to measure through the design sketches and final products of the students. Although rarely used as assessment, Kelley and Sung (2017) propose sketching to be an appropriate form of assessing students design abilities, especially when compared to the final design solution skills.

Initially, we selected seven different skills that were measurable through the design sketch or product. After a first round of coding the worksheets (on which students had sketched their design), we felt that some of these skills, such as “originality” or “use of annotations,” were not done justice when quantifying them into a unidimensional score. The final selection of design skills was therefore: (1) writing down the demands of the design (sketch), (2) meeting the demands of the design (sketch + product), and (3) agreement between sketch and product (sketch + product). It should be strongly noted that this measure of design skills consists of components of design skills and is not an exhaustive measure of design skills.

The coding of these design skills was commenced by the first author, and shared, checked and revised in collaboration with the other authors. This led to a coding protocol, which was adhered to by two student researchers who coded all design sketches and final design products. The inter-coder reliability was assessed using Krippendorff’s alpha, which pointed to a high level of agreement (α = 0.92; Krippendorff, 2004). Inconsistencies in coding were discussed until agreement was reached. This resulted in a final sum score for all students regarding design skills. An example design sketch and product are shown in Figure 2.
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FIGURE 2. Example of design sketch and corresponding product.




Situational Interest

Six situational interest items were developed, based on Rotgans and Schmidt (2011b). Items were: (1) I want to learn more about the topic of sound; (2) I think the topic of sound is interesting; (3) I was bored during the S&T-lessons (recoded), (4) I would like to continue working on the topic of sound; (5) I expect to master the topic of sound well; (6) I was fully focused during the S&T-lessons; I was not distracted by other things. The items were scored on a 5-point Likert scale ranging from “not true at all” to “very true for me” (Cronbach’s α = 0.78 in the current sample).




Learning Process (Qualitative)


Worksheets

Worksheets were essential in providing structure and support for the students during their learning process, and provided information for quantitative and qualitative analysis. Worksheet 2a and 2b were used as source of data triangulation for the interviews. For example, if a student mentioned something in the interview that was unclear, the worksheets could be consulted for further information. Worksheet 2a and 2b also provided instructions for experimenting during lesson 2 and contained open or multiple-choice questions regarding the conclusion of the experiments. On worksheet 3, during lesson 3, students had to draw their design sketch and write down the corresponding design demands that were agreed upon in the class discussion. They were also prompted to list the materials they needed and to incorporate how they planned to attach the strings. Worksheet 1 and 4 were supportive to the lesson unit, and not used in analyses. For lesson 2, there was an extra worksheet in case students were finished; the assignment was to play a well-known Dutch song with a ruler.



Interviews

The semi-structured interviews were held after lesson 2 and 3 in order to obtain more descriptive insights into students’ learning process during experimenting (lesson 2) and designing (lesson 3). The interview protocol (included as Supplementary Material) included three main questions regarding (1) what they did during the lesson, (2) what they learned from the lesson, and (3) what they liked/did not like and what they perceived as easy/difficult. Probes for each question were specified in the protocol, to prompt the children to explicate their thoughts and feelings. All interviews were audio-recorded and transcribed verbatim.





Analyses


Quantitative Analyses (Research Question 1)

The aim of the main quantitative analyses was to identify the effect of several individual differences on learning outcomes (i.e., content knowledge gain, design skills, and situational interest). These individual differences are hypothesized constructs (i.e., latent variables), which is why structural equation modeling (SEM) was deemed appropriate. However, SEM is not suitable for a small sample size (Kline, 2011). A proposed alternative is factor score regression (FSR), with a correction for biased parameter estimates using the method of Croon (Devlieger et al., 2019). We used FSR to calculate the models, with the lavaan-package in R (Rosseel, 2012). The full maximum likelihood procedure was used to account for missing data. Students that had missing data on the pre-test scores due to absence were excluded from the analysis (n = 11).

Prior to the main FSR analysis, a principal component analysis (PCA) was conducted to verify the structure of the latent variables and corresponding indicators. Specifics of this PCA are included as Supplementary Material.

The initial FSR model included reading comprehension, math skills, science skills, inhibition, working memory, coherence of speech, enjoyment and self-efficacy toward S&T, science curiosity, and pre-content knowledge as predictors (i.e., exogenous variables). Their influence was assessed on the outcome variables (i.e., endogenous) post-content knowledge, design skills and situational interest. For model comparison, non-significant predictors were removed from the initial model. The general characteristics age and gender were added subsequently to the best fitting model, to see if model fit improved.

Model fit was assessed using common guidelines for global fit indices: the chi-square statistic, the comparative fit index (CFI), the Root Mean Square Error of Approximation (RMSEA), and Standardized Root Mean Square Residual (SRMR) (Schreiber et al., 2006). Model fit is deemed adequate when CFI is ≥ 0.90, though ideally ≥ 0.95, RMSEA < 0.06–0.08, and SRMR ≤ 0.08 (Sheu et al., 2018). For model comparison, the Akaike information criterion (AIC) and the Bayes information criterion (BIC) were used to assess the most optimal model, where smaller values indicate more adequate fit. However, these indices are not a “gold standard” and the ultimate decision on which model fits the data best should have a solid basis in theory as well (Kline, 2011). Furthermore, because FSR uses a two-step estimation for the parameters, the fit indices produced by FSR are not identical to the standard global fit indices and should be seen as “pseudo” fit indices (Y. Rosseel, personal communication, July 2020).



Qualitative Analyses (Research Question 2)


Sampling Procedure (Latent Profile Analysis)

For the purpose of qualitative analyses, a subsample of students was selected. In order to identify a meaningful subsample of students who might represent a larger group within S&T-education, a stratified sampling procedure was applied (Robinson, 2014). The rationale for this stratification was based on latent profile analysis (LPA). This analysis can be used to “trace back the heterogeneity in a group to a number of underlying homogenous subgroups” (subgroups henceforth called classes; Hickendorff et al., 2018, p. 4). Averaged reading comprehension and math scores, inhibition, working memory, average attitude (enjoyment and self-efficacy), science curiosity, and coherence of speech were included as predictor variables in the LPA. For a clearer interpretation, scores on inhibition, working memory and coherence of speech were recorded in order for high scores to indicate good functioning on all variables. To determine the appropriate number of latent profiles, the steps described in Hickendorff et al. (2018) were followed. Starting with a one-class model, where all students are in the same class, one additional class was added iteratively to see which model (i.e., number of classes) was deemed most appropriate. Models with more than three classes no longer resulted in a stable solution. The decision for the final three-profile model was based on a combination of statistical fit measures, parsimony and theoretically meaningful interpretations (Hickendorff et al., 2018). Fit indices for the three models are depicted in Table 1. A cautionary statement should be made regarding the LPA results: the small sample size brings about some risks regarding the power of the analysis and stability of the profiles. Since the LPA is not intended to provide a final answer regarding the number of profiles that exist in the population, but to guide our selection process of students for qualitative analysis, we do believe results to be useful and informative. Additionally, the overall posterior classification probabilities of the three profiles gave some assurance that differences between profiles were distinct. The results of the LPA should, however, be interpreted with caution.


TABLE 1. Fit indices for latent class models.
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The first profile consisted of 61% of students and was characterized by averages on almost all measures, except for attitude and curiosity which were lowest. We labeled this profile as the “average majority.” The second profile consisted of 21% of the students, and was characterized by very high scores on inhibition, working memory, and coherence of speech, indicating good executive functioning and no problems with speaking coherently. Furthermore, this profile was defined by high scores on combined math and reading comprehension and on attitude and curiosity. Thus, we labeled this profile as “successful science enthusiasts.” The third and final profile consisted of 18% of the students and was characterized by low scores for inhibition, working memory, and coherence of speech, indicating problems with executive functioning and speaking coherently. Furthermore, this profile was characterized by a low score on combined math skills and reading comprehension, indicating problems with academic abilities, and average, but high, scores for attitude and curiosity that indicated a positive attitude toward S&T. We labeled this profile as the “struggling science enthusiasts,” as this profile seemed to be mirrored to the “successful scientist enthusiasts” in regard to academic and executive abilities, while being similar in a positive and curious attitude. The LPA estimates per predictor variable and class are depicted in Figure 3.
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FIGURE 3. LPA estimates per predictor variable and class.


Subsequently, students from each profile were selected for qualitative analysis by taking several considerations into account: (1) a maximum of four students per classroom could be selected because of available time for interviewing, (2) the matching of student’s scores on individual difference measures with the profile characterization, (3) permission from parents to be interviewed for qualitative analysis, and (4) obtaining an approximate equal distribution of boys and girls. This resulted in a subsample of 24 students: 11 students belonging to the profile “average majority,” 8 students belonging to the profile “successful science enthusiasts” and 5 students belonging to the profile “struggling science enthusiasts.”



Coding of Interviews

The interviews held after lesson 2 and 3 were open coded by the first author, using the software package “Atlas.ti.” Following the constant comparative method (Glaser and Strauss, 1967), the interview transcripts were first reviewed in search of themes and concepts, with descriptive codes emerging inductively as themes were identified (Campbell et al., 2013). After the first cycle of coding, all transcripts were revisited in order to reorganize and categorize the codes in development of a coherent coding scheme (Saldana, 2009). This iterative process was in close consultation with the other authors, who had no personal contact with the participants; this reflexivity (considering the bias as a qualitative researcher) is an important aspect of qualitative research that helps understand how the analytic process is influenced by personal relationships (O’Brien et al., 2014).

The coding for lesson 2 resulted in four overarching codes or themes, of which some could be specified in two or three subgroups. These codes were (1) specific actions; (2a) difficulty/easy; (2b) difficulty/hard; (3a) knowledge/correct; (3b) knowledge/incorrect; (3c) knowledge/unclear; (4a) opinion/negative; and (4b) opinion/positive. For lesson 3, the coding resulted in seven overarching codes or themes, of which some could be specified in two or three subgroups. These codes were (1a) design demands/as discussed; (1b) design demands/partly as discussed, (1c) design demands/other; (2) specific materials, (3a) difficulty/easy/crafting, (3b) difficulty/easy/ideas, (3c) difficulty/easy/drawing, (3d) difficulty/easy/other, (4a) difficulty/hard/crafting, (4b) difficulty/hard/ideas, (4c) difficulty/hard/other, (5a) knowledge/correct; (5b) knowledge unclear, (6a) opinion/positive, (6b) opinion/negative, (7a) suggestions for improvement; (7b) no suggestions for improvement. A more detailed description of the codes for lesson 2 and 3, with example fragments, are depicted in Tables 2, 3.


TABLE 2. Detailed descriptions of the code groups for lesson 2 “experimenting”.
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TABLE 3. Detailed descriptions of the code groups for lesson 3 “designing”.
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Using this final coding scheme, all transcripts were then coded by a second coder. Quotations were pre-defined, although the second coder was instructed to read all assertions and code extra quotations if deemed necessary. For lesson 2, overall agreement was high (Krippendorff’s alpha = 0.86). However, one code category (“specific actions”) did not reach sufficient agreement (0.44). In accordance with the second coder, this code category was then redefined more specifically. For lesson 3, overall agreement was also high (Krippendorff’s alpha = 0.89). Disagreements on any of the codes were discussed until agreement was reached. In the final step of analysis, the frequencies of the codes were compared between latent profiles to answer the question how students’ individual differences are related to their learning process in S&T-education.






RESULTS

The descriptive statistics for the main variables, and per latent profile, are depicted in Table 4.


TABLE 4. Descriptive statistics for the main variables and per latent profile: average majority (AM), successful science enthusiasts (SuSE), and struggling science enthusiasts (StSE).
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Learning Outcomes

The fit indices for the initial FSR model, the subsequent comparison models and the final model are shown in Table 5. Design skills was removed from the initial model, based on low and non-significant regression coefficients and a more parsimonious model when removed. The latent variable “executive functioning” was removed from the structural model, to simplify model structure and improve model fit. The final model is displayed in Figure 4 and model parameter estimates in Table 6. The pseudo fit indices for the final model: X2(47) = 63.07, p = 0.06, CFI = 0.902, SRMR = 0.106, RMSEA = 0.074. This model was deemed most appropriate as final model considering the theoretical substantiation and since cut-off criteria were met for the majority of the fit indices. Gender and age were not included in the final model, as the addition of these variables did not improve model fit.


TABLE 5. Global fit indices for FSR models.
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FIGURE 4. Final factor score regression model. The final model was specified with direct paths on the outcome variables post content knowledge (Po-Ck) and situational interest (SI). Predictors are pre content knowledge (Pr-Ck) and latent variables (circles): academic abilities (AA), indicated by science skills (ScSk), reading (Read), and math; affective (AF), indicated by self-efficacy (SelfEf), enjoyment (Enjy), and curiosity (Curi); executive functioning (EF), indicated by coherence of speech (Coh), working memory (WrkM), and inhibition (Inhib). Arrows that are missing between latent and outcome variables indicate non-significant paths.



TABLE 6. Final model parameter estimates, unstandardized and standardized.
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The measurement part of the final model consisted of three latent variables: “academic abilities,” “affective,” and “executive functioning.” Each of these three latent variables was defined by three observed indicators. Positive predictors for the post-content knowledge score were the latent variable “academic abilities,” as indicated by reading comprehension, math skills and science skills (β = 0.33, p = 0.02), and the pre-content knowledge score (β = 0.33, p = 0.005). Positive predictors for situational interest were the latent variable “affective,” as indicated by enjoyment, self-efficacy, and science curiosity (β = 0.33, p = 0.003), and the pre-content knowledge score (β = 0.33, p = 0.045), although the latter was marginally significant.



Learning Process

For the second research question, regarding learning process, qualitative analyses were used to gain more in-depth insight into the role of individual differences. Coding was done separately for lesson 2 (experimenting) and lesson 3 (designing). The learning process results will be discussed based on differences between the latent profiles (which are described under the method section).


Learning Process: Experimenting

The frequencies of codes per student, per profile, for lesson 2 (experimenting), are depicted in Table 7. Since the latent profiles were unequal in sample size, all frequencies of codes are divided by the number of students in the profile. Most strikingly are differences for the codes (3a) “knowledge” and (1) “specific actions,” which we will discuss separately. The code groups (2) difficulty and (4) opinion are discussed more briefly.


TABLE 7. Code frequencies of the code groups per profile, divided by the profile sample size, for lesson 2 “experimenting”.
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Knowledge

A remarkable outcome is that the “struggling science enthusiasts,” who were characterized by low scores on academic abilities (math skills and reading comprehension) but high on attitude and curiosity, have the most frequencies for the code (3a) “knowledge correct.” This outcome is remarkable as quantitative analyses showed academic abilities to be a predictor for content knowledge gain. The interviews show that these students are able to reproduce the knowledge that was covered in the lesson unit. On the other hand, the students in this profile also had the most code frequencies for (3c) “knowledge unclear.” This latter code was ascribed when it was unclear what students meant. For example, when students used too many different terms or contradictory terms in one assertion: “If you put the ruler […] if you make it shorter than you will hear it a bit softer and louder,” or because the exact terms used were unclear in combination with wat the student described: “Pitch ehm. Yeah, if it’s, I don’t know, if it’s smaller then it’s higher than if it’s lower and larger.” In this last assertion, it’s not clear what the student meant by “smaller”; it could refer to the wavelength of the sound, which would indeed be smaller at a higher frequency, but it could also refer to the amplitude of the sound wave, which would be related to volume instead of pitch. Thus, it’s unclear whether this knowledge is correct or incorrect. Since these students also have the highest number of the code “knowledge unclear,” next to the highest number of “knowledge correct,” it remains ambiguous to what extent these students have developed their knowledge on the concept of sound.

Three students (two belonging to the profile “struggling science enthusiasts” and one to “average majority”) seemed to mistakenly pair a high pitch with louder volume and a low pitch with a softer volume. For example, one student mentioned with regard to volume, “the louder, the higher,” but afterward repeated his answer again and said “The louder you hit the table, the louder the sound. And the more soft, the softer the sound,” where he did not repeat anything about high or low. When observing the worksheets of these students, it was noticed that a certain question triggered this combination of “soft–low” and “loud–high.” The question was: “Pluck the ruler hard first and then soft. Do you hear a difference? Circle the correct underlined word (1 word per sentence): If I pluck the ruler hard, the sound gets higher/lower/louder/softer. If I pluck the ruler soft, the sound gets higher/lower/louder/softer.” Two of these three students underlined two words per sentence instead of one and repeated these exact combinations in the interviews when asked what they had learned with regard to volume or sound pitch. It seems that the way the question was formulated caused confusion for these students.



Specific Actions

The code (1) specific actions was ascribed when students systematically described the experiments. For example, an assertion that was coded as specific action was: “And two different rubber bands, a thick and a thin one and then find out what the difference in sound is if you put it, if you for example make a thick rubber band loose or really tight. And when you do the thin rubber band really loose or really tight.” The student describes a comparison between two different types of rubber bands and how she experimented with these rubber bands to produce different sounds. Again, the “struggling science enthusiasts” were ascribed the most frequencies of code (1) specific actions, while one might expect the “successful science enthusiasts,” who were characterized by students having higher scores on coherent speech and academic abilities, to be more systematic in their descriptions. The interviews show that students that generally had lower school- or speech abilities were also able to give detailed descriptions of inquiry activities and recall the experimental conditions that were necessary to conclude something about volume or pitch.



Difficulty and Opinion

Differences between students on the remaining code groups (2) difficulty and (4) opinion were less apparent. Even though differences between profiles were small, it is noteworthy that the “struggling science enthusiasts” had most mentions of “difficulty/easy,” which seems incongruent with the characterization of their profile. In general, students mentioned more aspects they perceived to be difficult than easy (4.27 against 3.80), and far more positive opinions than negative (10.28 against 1.24). In fact, the “average majority,” who were characterized by having a less positive attitude than the other two profiles, had given most positive opinions, although differences were negligible. Most often mentioned as difficult, was the extra assignment where students had to produce a song with a ruler, possibly because this assignment was less structured than the other assignments. As a student described it: “[the extra assignment] was a bit more difficult, because you had to see where the good sounds, good pitch was and where you had to put it […]. I found that a bit more difficult than for example if you, eh, “put your ruler 10 centimeters on the table and the end 10 centimeters from the edge. And what do you hear” […] I found that a bit easier to do.”

With respect to aspects that were perceived as enjoyable, multiple students described the fact that they could use the objects hands-on (e.g., “I especially enjoyed it because you had all these objects and you could produce sounds with these objects” or “The plunking and with the cup. Just plunking a bit, because it made music and that was really fun”), which could also be novel and surprising (e.g., “I did not know you could do this with a ruler, I just figured that if you put it down it would be the same all the time, but it turns out it wasn’t. And also the rubber band really surprised me”). The aspect of working together was mentioned multiple times as positive as well (e.g., “Together with [classmate] I enjoyed it quite a bit […] And then we were like ‘no, that is… no, but this many centimeters, no but that much centimeters. And that was actually quite fun because it’s… a good discussion”), although collaboration was also mentioned as negative twice (e.g., “Because without working together, everything is much quicker and you make less mistakes”).




Learning Process: Designing

Depicted in Table 8, are the frequencies of the code groups per student, per profile, for lesson 3 (designing). Below we will discuss the code groups (1) design demands, (2) specific materials, (7) suggestions for improvement, (3 + 4) difficulty, and (6) opinion. The code group (5) knowledge was not often ascribed, and differences between students were negligible, which is why this code group will not be discussed in further detail.


TABLE 8. Code frequencies of the code groups per profile, divided by the profile sample size, for lesson 3 “designing”.
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Design Demands and Specific Materials

An important process within design-based learning is meeting the “design challenge” with its corresponding constraints, requirements or demands (Crismond and Adams, 2012). The “successful science enthusiasts” were most often able to recall all of the design demands as they were discussed in class, whereas the “struggling science enthusiasts” did so least often. This latter profile more often mentioned “other” design demands (e.g., “I wanted nobody to interfere”) as compared to the discussed “correct” design demands. However, frequencies are reversed for the code “specific materials”: the “struggling science enthusiasts” most often described materials in a specific way. This code was ascribed when students, after being asked what materials they used, mentioned an aspect of the material that was relevant for the design challenge. For example, assertions like “I chose the sound box how large I, you know… how loud [.] I wanted it to be” or “I used a thick rubber band and a thin rubber band” show that students thought of their materials as a way of producing a certain sound, which was one of the requirements of the design. Therefore, the “struggling science enthusiasts” students could still be engaged with a relevant design challenge and apply the knowledge they had learned through experimenting, while not being concerned with meeting the specific design demands that were discussed in class or were imposed by a teacher. Another example for this is a student who firstly answered: “I didn’t really have any demands,” when asked about the design demands. When the interviewer asked which design demands were discussed in class, the student was then able to mention some of the discussed design demands. Thus, it seems necessary to look more closely at how a student is engaged with his design, rather than looking solely at quantified performance differences.



Suggestions for Improvement

The “average majority” seemed to have the most difficulty in naming suggestions for improvement of the design, however, differences were small. In general, students were able to provide suggestions when asked about this, such as “You can add more sounds” or “Try something but not attach it, and then see how it sounds” or “If for example the pitch is really out of key, you can tighten or loosen the rubber band.”



Difficulty and Opinion

For lesson 3, the code groups difficulty/easy and difficulty/hard were further categorized into crafting, ideas, drawing (only for code group easy), and other. This distinction was made, as it was noticeable that many students mentioned practical aspects of designing, both as being easy or hard. This might be an indication that the focus of this lesson was not so much on higher-order thinking skills such as problem-solving or the application of science, but was rather an “arts and crafts project” which English and King (2019) warn about. A focus more on crafting rather than science application might explain why the “successful science enthusiasts” were less enthusiastic regarding this lesson, as compared to the other profiles and regarding experimenting. The struggling science enthusiasts on the other hand, were most positive with regard to this lesson. Assuming that these students were merely engaged in a crafting project and hence more positive, does not do justice to their learning process, as the previous described code “specific materials” showed that these students also considered the scientific knowledge needed to optimize their instrument.

In general, several students mentioned the autonomy of designing as a positive aspect. For example: “that you’re mainly busy with working on something and trying things for yourself” or “Well just ehm… the figuring it out for yourself, how it works and stuff. I liked that.” Aspects mentioned as negative were failings in the design (e.g., “Well that it kept failing” or “It didn’t really work”), or firstly having to draw the design (e.g., “I really wanted to start right away, because I have an idea in my mind and I’m afraid that I will lose it”).






DISCUSSION

The current study examined how students’ individual differences are related to their learning outcomes and learning process in S&T-education, during and after an inquiry- and design-based learning lesson unit. To this end, both an extensive quantitative model, to analyze the influence of multiple individual differences on learning outcomes (content knowledge and situational interest), as well as a more in-depth qualitative analysis, to understand the role of individual differences within the learning process, were used. This study is the first to take individual differences into account for both inquiry- and design-based learning, related didactic approaches within S&T-education in the Netherlands (Van Graft and Klein Tank, 2018).


Who Struggles and Who Succeeds?

Our results indicated that reading comprehension, math skills, science skills, and prior knowledge were positively related to content knowledge following the lesson unit on the topic of sound. The importance of these individual differences were also shown in previous studies that have either looked at science achievement or specific subskills of science education (e.g., Mayer et al., 2014; Wagensveld et al., 2015; van der Graaf et al., 2018; Koerber and Osterhaus, 2019; Schlatter et al., 2020). The current study adds to these results by combining multiple individual differences into one model, using both a factor and regression analysis, therefore elucidating the complex interplay of the individual differences and their role in S&T education.

With respect to situational interest, our results indicated that prior knowledge, curiosity and attitude toward S&T (enjoyment and self-efficacy) were positive predictors. This is in line with prior research that has shown that these concepts are greatly interconnected (Schraw et al., 2001; Krapp and Prenzel, 2011; Vongkulluksn et al., 2018; Schmidt and Rotgans, 2020). As an extension to these results, our model shows that affective factors and prior knowledge can affect situational interest. Schraw et al. (2001) have previously revealed the importance of prior knowledge for increasing situational interest. Increasing situational interest, in turn, is important, as situational interest can develop into or contribute to a more long-lasting personal interest or more positive attitude (Hidi, 1990; Palmer, 2004; Palmer et al., 2017; Rotgans and Schmidt, 2017).

Our findings did not replicate earlier studies in regard to the influence of executive functions on science learning (e.g., Osterhaus et al., 2017; van der Graaf et al., 2018). In the study by van der Graaf et al. (2018), it was stated that “executive functions boost knowledge acquisition indirectly via other abilities” (p. 7). Perhaps the model of the current study and/or the small sample size were insufficient in detecting the interplay of executive functions with other cognitive abilities. The same holds true for the influence of affective measures on learning outcomes, although previous studies have shown mixed results and even some disagreement exists regarding the nature of causality (Osborne et al., 2003; Potvin and Hasni, 2014b). Future research is needed to explicate the role of executive functions and affective measures in both inquiry- and design-based learning.

Based on our and prior results, we expected to find similar differences within the learning process. In other words, students with lower academic abilities were expected to struggle more than students with higher academic abilities, and students with a more positive attitude and higher levels of curiosity were expected to be more positive about their learning process. The qualitative analysis of the learning process, however, did not entirely support this expectation, which we will illustrate next.

In order to portray the learning process of a representative selection of struggling and succeeding students, the subsample used for the analyses of the learning process was stratified based on the results of an LPA. The three latent profiles resulting from this analysis were interpreted as (1) “average majority,” (2) “successful science enthusiasts,” and (3) “struggling science enthusiasts.” There was a clear distinction between profiles based on the scores on reading comprehension, math skills, executive functioning and coherence of speech, which is reflected in the first part of the profile names (i.e., average, successful, and struggling). The second and third profile were considerably smaller than the first profile (hence the first profile is called “majority”), and both had relatively high levels of curiosity and attitude toward S&T (hence these profiles are both called “science enthusiasts”).

The students belonging to the “average majority” profile, who had the least positive attitude toward S&T, indeed gave more negative opinions than the other two profiles. This seems in correspondence with the influence of the affective component on situational interest. Nevertheless, these students (essentially) had just as much positive opinions regarding experimenting as the other two profiles and their amount of positive opinions for both experimenting and designing was substantially more than their amount of negative opinions. Thus, there is room to work with: utilizing the aspects that these students find enjoyable to optimize the S&T learning environment can possibly elicit situational interest and ultimately a more stable individual interest or positive attitude (Hidi and Renninger, 2006; Palmer et al., 2017). Aspects of the learning environment that were perceived as enjoyable by multiple students in the current study, which have also been mentioned in previous research, were working hands-on (Palmer, 2009), collaboration with peers (Dohn, 2013) and a sense of autonomy (Hidi and Renninger, 2006).

The second profile, the “successful science enthusiasts” did not show as much of an advantage over the other two profiles as expected. They did not (always) give the most correct knowledge statements, the most positive opinions or the most specific descriptions. When they did, differences with the other profiles were small. The number of positive opinions for designing was even lowest compared to the other profiles. A possible explanation for this is that the lesson regarding designing might have had too much of a focus on constructing the musical instrument, rather than it being a rich context that supports the development of problem-solving skills and a deeper understanding of scientific concepts (English and King, 2019). It might especially be important for these students, who have above-average academic abilities, curiosity and attitudes toward S&T, to be able to connect science with technology and engineering. Additionally, if S&T education falls short in moving beyond a “trial-and-error tinkering process,” students will develop a false image of what a scientist or engineer entails (Clough and Olson, 2016).

The qualitative results for the “struggling science enthusiasts” profile stood out most in comparison to the quantitative results. On the one hand, these students enjoyed both experimenting and designing, made use of their scientific knowledge in selection of design materials, were able to provide suggestions for design improvements, and gave the most systematic descriptions of their experiments as well as the most correct knowledge statements as compared to the other profiles. On the other hand, these students gave many incorrect knowledge statements as well and gave most “unclear” knowledge statements (which indicated confusion of terms or misunderstanding), making the result of “most correct knowledge statements” more ambiguous. They were also least able to reproduce the design demands that were discussed in class. These latter examples, combined with the positive opinions, are in concurrence with the quantitative results and endorse the idea of “struggling science enthusiasts.” Nonetheless, the prior examples also portray a range of successes these students have experienced. Merely classifying these students as “struggling” based on their academic abilities, and tailoring instruction and teacher support accordingly, disregards the possibilities and potential these students have.

These results are in line with a case-study by Doppelt et al. (2008), in which the results from a knowledge test were combined with observations and portfolios. It was found that “the observations and the portfolios showed that the low-achievers reached similar levels of understanding scientific concepts despite doing poorly on the pen-and-paper test” (p. 34). Together with the results of the current study, it thus seems that “struggling” students might not be struggling when other forms of assessment (i.e., other than a paper-pencil-test) are used. This finding is important for teachers and policy makers, in order to determine the most optimal form of differentiation that complements the knowledge students already possess.

In conclusion, by looking more closely at both learning outcomes and learning process of not just inquiry-based learning but also design-based learning, the results of the current study have clarified how S&T education can be tailored to be more inclusive for different types of students.



Limitations and Future Research

A first limitation in the current study is the small sample size. Although we have accounted for the small sample size in our quantitative analysis by using an alternative approach to SEM, a larger sample size would have provided more certainty to our results. Nevertheless, we do feel that, considering this is a mixed-method research, valuable implications can be made for practice as well as further research.

Second, the assessments used in the current study have some limitations. The variables science skills and design skills were not included in our final model as learning outcomes as originally intended. The design skills measure was found to decrease model fit and was excluded to attain a more parsimonious model. This may have been a result of the small sample size, but the validity of the instrument may also be at cause. The self-developed measure of design skills was based on, among other aspects, how well students could represent their ideas compared to the final design solution and meet the demands of the design in their sketch and product. Given that these aspects are assessable through students’ sketches, worksheets and final product, and therefore limit the assessment load for students’, it serves as an efficient way to map students’ design capability. In addition, we observed that students made use of annotations in their design sketches or indicated how their material use would contribute to meeting the design demands. This shows, in concurrence with the results by English et al. (2017), that elementary school students are capable of planning and drawing and applying disciplinary knowledge in their design. However, it may be crucial to also include skills such as troubleshooting, weighing options, revising and iterating or reflection on the process (Crismond and Adams, 2012). It is possible that our selection of skills was too much a function of students’ level of reading comprehension, as the worksheets were a key aspect in assessing design skills. Furthermore, Kelley and Sung emphasize that “design sketching is a skill that needs proper instruction and practice […] and how teachers introduce the role of sketching is critical to how students engage in the process of sketching as a way of thinking” (p. 381). In our lesson unit, only one lesson was focused on designing, which might not be sufficient for students’ design skills to be manifested.

The other intended outcome measure, science skills, was eventually deemed more appropriate in the current study as a measure of individual difference than as a pre- and post-test measure. The skills that this measure assessed are more general science skills instead of skills specifically taught through the current study’s lesson unit. As students’ performance on scientific thinking items can differ substantially, it is important to include a broad-scale of items (Koerber and Osterhaus, 2019). Moreover, as students are often novices in inquiry-based learning, assessing science skills too generally or holistically instead of structured by subskill may fail in measuring the progress of students’ skill ability (Kruit et al., 2018).

Future research can extend the findings of the current study by including more validated assessment measures that take account of the multifaceted skills and knowledge that S&T education comprises. As our qualitative results show, it is complex and possibly undesirable to determine which students are “struggling” or “successful” purely on the score of a written knowledge assessment. In addition, the use of LPA to distinguish students who might represent a larger group of students provided interesting insights into the interplay of individual differences. It thus seems worthwhile to replicate the LPA in a larger sample and pursue this as an effective technique to examine the role of individual differences in S&T education in future approaches.



Implications

The findings of this study provide several implications for education. First, the results of the quantitative analysis stress the important role of academic abilities, such as reading comprehension and math skills, in S&T education. As Schlatter et al. (2020) point out, the monitoring data of students’ academic abilities is thus an easily accessible tool for teachers that can support decisions for differentiation within their S&T lessons. Second, the qualitative results show that students can be (academically) engaged in the S&T learning environment in a variety of ways. Purely adhering to worksheets that must be completed or pre-defined goals of what a student must achieve during a lesson might result in overlooking the students’ effort and successes. Third, the current findings endorse earlier findings on what students find enjoyable about S&T education, such as hand-on activities, novelty or collaboration (Palmer, 2009). This information is essential for tailoring learning environments such that they can trigger interest in S&T (Loukomies et al., 2015). Ultimately, interest could reinforce other affective components and science-related behaviors (Palmer et al., 2017; Sachisthal et al., 2019; Vu et al., 2021). Fourth, supported by both our quantitative and qualitative results, is that language can be a hindering factor in S&T learning; students sometimes explicitly indicated their troubles with the terms used in the lesson unit. Integrating language more prominently in the S&T classroom is thus vital in supporting students’ learning (Smit et al., 2018). Lastly, the current results also point to the need of supporting and guiding students in the inquiry- and design-based learning process. Especially for design-based learning, it is not self-evident for students to use higher-order thinking skills; teachers are needed to support students in developing a deeper understanding of the S&T content (English and King, 2019). Wendell and Rogers (2013) propose practices such as “problematizing phenomena that seemed self-evident, using physical artifacts to embody science ideas, and consulting one-on-one with students about engineering journal work” (p. 533) as supportive to students’ learning of science concepts.




CONCLUSION

In conclusion, this study is the first to combine both quantitative and qualitative analysis with regard to individual differences in S&T-education. The quantitative results build and extend upon prior research and show the importance of academic abilities and affective factors in gaining content knowledge and affecting situational interest, respectively. The qualitative analysis added a more detailed look into the learning process and revealed the many potentials students have with regard to inquiry- and design based learning. Taken together, the findings of the current study clarify how different types of students succeed or struggle within S&T education. Differentiation aimed at supporting language and the integration of science into design, while facilitating a variety of learning activities and assessments that move beyond written assignments, could help achieve the most optimal learning conditions for each student.
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“I kind of liked it. | learned a lot, so yeah. [Interviewer: Why did you like it?] Because you had to. .. You invent something so to
speak. No, you do not invent it. But you do decide what you do and how you do it.”

“The whole time it was about one thing and there were many of the same questions. Of which | thought: “I filled this in before
haven't 1?” and, yeah.”
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Science curiosity — AF 1) 0.75
Enjoyment — AF 0.51(0.12) 0.77
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Structural model
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*p < 0.005, *p < 0.05.





OPS/images/logo.jpg
¥ frontiers | Frontiers in Education





OPS/images/feduc-07-842537-g002.jpg





OPS/images/feduc-07-842537-g001.jpg
Phase A

Assessment of
individual differences

« Reading comprehension

« Math skills

« Science skills

« Executive function: inhibition

« Executive function: working memory
« Coherence of speech

« Attitude: enjoyment in S&T

« Attitude: self-efficacy in S&T

« Science curiosity

Phase B

Pre-test

Latent profile
analysis

Phase C

Lessons

-IP-

Phase D

Post-test

e Interviews
« Worksheets

« Content knowledge :
« Design skills (post-test only)
« Situational interest (post-test :

et D e o '

Factor score

regression

Learning outcomes






OPS/images/feduc-07-842537-t008.jpg
Specific materials Difficulty/easy Difficulty/hard
Crafting Ideas Drawing Other Total Crafting Ideas Other Total
Average majority (N = 10) 0.40 0.40 0.20 0.20 0.20 1 1.30 0 0.20 1.50
Successful science enthusiasts (N = 8) 0.25 0.75 0.25 0.25 0.38 1.63 1.13 0.25 0.25 1.63
Struggling science enthusiasts (N = 5) 0.60 0.60 0.20 0 0.40 1.2 0.80 0 0.60 1.40
Total (N = 23) 1:25 175 0.65 0.45 0.98 3.83 3.23 0.25 1.05 4.53
Knowledge Opinion Demands Improvement

Correct Unclear Negative Positive As discussed Partly as discussed Other Suggestions No suggestions

Average majority (N = 10)

0.40 0

Successful science enthusiasts (N =8)  0.50 0.13
Struggling science enthusiasts (N = 5) 0.20 0.20

Total (N = 23)

11 0.33

1.20
1.138
0.80
3.13

3
2.88

9.88

0.40
0.63
0.20
0.40

0.40
0.38
0.40
1.18

0.40
0
0.40
1.23

0.70
0.88
1
2.58

0.50
0.13
0.20
0.83






