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There is a broad consensus in politics, economy and science about the importance of promoting STEM competences. To promote STEM skills in the classroom, we propose a cross-domain approach combining the STEM sub-domains of Biology and Technology/Engineering. Therefore, we have developed a model that illustrates how the STEM sub-domains of Biology and Technology/Engineering can complement each other in a cognitive process. Both sub-domains show similarities in working methods and consider structural and functional relationships. These synergies can be brought together in a design process. This approach leads to the question of the extent to which a cross-domain approach utilising a design process can be a learning opportunity for biological subject knowledge. Based on this model, we have created a learning arrangement on the topic of the ‘locomotor system’. Learners should use a design process to build a feeding machine inspired by structural-functional relationships in different locomotor systems. In a quasi-experimental study, we compared this Design approach with two alternative teaching approaches (a Reconstruction approach and a Biology approach). In the Reconstruction approach, students receive the same input on structural-functional relationships in locomotor systems but build their feeding machine according to a predetermined plan. In the Biology approach, no feeding machine is built; instead, structural-function relationships in locomotor systems are modelled using further examples from the animal world. 413 pupils (age: M = 12.53, SD = 0.818) took part in the study. Longitudinal and cross-sectional analyses emphasise the potential of the Design approach compared to the other methods and show significant differences in long-term learning outcomes. Path models illustrate that cognitive abilities (IQ) and participation in the ‘Design’-intervention group are decisive prerequisites for learning success. The results also show that students following the Design-approach develop a significantly improved understanding of concepts related to the musculoskeletal system. Using a design process combining biology and engineering presents a learning opportunity for students to develop long-term robust biological knowledge and understanding of biological concepts. Thus, using a design approach can be a cross-domain bridge for integrated STEM instruction in order to foster pupils’ knowledge acquisition and competences.
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1 Introduction

Subject canon of Science, Technology, Engineering and Mathematics (STEM) disciplines (computer science, natural sciences, technology, engineering and mathematics) are crucial for technological progress and innovation in our society. They enable scientific discoveries, address global challenges, and are central to economic prosperity (Xie and Killewald, 2012; Ray, 2015; Bacovic et al., 2022). Promoting STEM skills in schools is considered essential to prepare young people for the future in a technologised world. Scientific and technological challenges of the future require an increasingly interdisciplinary approach in which scientific and technical issues are meaningfully related to each other (Lead States, 2013; National Research Council of the National Academies, 2011). The discussion about STEM education should be seen in the light of this background. STEM education can be understood as the sum of the individual disciplines (science, technology, engineering, and mathematics) or as an approach emphasising the connections between the disciplines or domains and referred to as interdisciplinary STEM education (Bryan et al., 2015; Gao et al., 2020).

One challenge for integrating an interdisciplinary STEM approach in schools is the more disciplinary perspective of teachers on teaching, who have usually studied one or two science subjects and are therefore hardly familiar with the other STEM disciplines (Brand, 2020). One way of convincing discipline-oriented teachers of the benefits of an interdisciplinary STEM approach is to determine the extent to which the interdisciplinary approach can lead to the acquisition of disciplinary and interdisciplinary subject knowledge alike. To achieve this, we have developed a learning arrangement in which learners not only acquire purely subject knowledge but are able to use this to solve an overarching problem by designing a product. Transferring domain-related subject knowledge into an interdisciplinary context, such as solving complex problems, is an important STEM skill (Honey et al., 2014, p. 52). Consequently, this learning arrangement aims to promote interdisciplinary STEM skills by supporting the acquisition of conceptual subject knowledge in its integration into a design process.



2 Theoretical background

For the development of interdisciplinary STEM approaches, promoting the acquisition of knowledge and its application and transfer to other areas, the challenge is to connect the STEM domains from the perspective of the respective subject didactics and from the interdisciplinary perspective in a theoretically justified way. Different approaches are being pursued at the policy level. In their ‘three dimensions of science learning’ model, the Next Generation Science Standards in the USA emphasise an interrelationship between science and technology in all three dimensions (core ideas, cross-cutting concepts, and practises) (Lead States, 2013). This interrelationship forms a fundamental pillar of science and technology education. Another approach is to relate activities in the different STEM domains to each other and to highlight similarities and differences to identify similarities in working methods (cf. National Research Council of the National Academies, 2011) and similarities in content, such as the consideration of structural and functional relationships (Reiser et al., 2021, 2023). In the context of our study, we concentrate on a cross-domain connection between the subject-specific didactic STEM sub-domains ‘Technology/Engineering’ and ‘Sciences’ (with a focus on Biology). Such an approach makes it possible, for example, to compare the cognitive processes of the different disciplines (Figure 1). It can be seen that both engineering and science undergo analytical and synthesising processes in their approach to problem-solving.
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FIGURE 1
 Gaining insights by integrating scientific and engineering perspectives into a problem-solving process.


In the engineering sciences, for example, insights are gained through a synthesising approach during design processes and in the natural sciences during modelling or the development of experimental setups. Analytical cognitive processes are used to investigate and explain phenomena and are inherent to both engineering and science. Both processes deal with structures and functions as well as their interrelationships. Insights into structure–function relationships acquired in an analytical cognitive process can be useful in generating solutions in a synthesising cognitive process. Furthermore, findings about structure–function relationships from a synthesising cognitive process can help to explain phenomena as analogies. The formation of analogies could represent a possible learning opportunity to acquire conceptual knowledge (Anderson and Krathwohl, 2001, p. 46).

About subject knowledge learning in interdisciplinary STEM lessons, the proposed framework model shows the potential that conceptual subject knowledge about structural and functional relationships can be learned in both cognitive processes (synthetic and analytical) and can then be, respectively, and reciprocally integrated into the other process. For example, knowledge about structural and functional relationships learned in an analytical process can be integrated into a synthesising process and given an application reference in product design. Similarly, designed products can be analysed for their inherent structural and functional relationships. In our study, learners are confronted with a problem for which they must build a product. However, in order to ensure the functionality of the product, the learners likely lack procedural knowledge about manufacturing. In order to bridge this knowledge deficit, the learners deal with a biological phenomenon. Examining this phenomenon follows the analytical path of cognition and focuses on conceptual biological knowledge (Anderson and Krathwohl, 2001, p. 46). This conceptual biological knowledge is based on formal and functional relationships that can be used to explain the biological phenomenon. The knowledge of these structural and functional relationships can now be used to replicate these structures and the functions on which they are based within the framework of the synthesising path of knowledge. Consequently, in our study, we assume that pupils acquire conceptual biological knowledge (Anderson and Krathwohl, 2001, p. 46) of structural and functional relationships within the framework of an analytical path of cognition and transfer this knowledge to a procedural level as a basis for problem-solving (Braithwaite and Sprague, 2021) in the construction of a product and apply it there. This raises the question of the extent to which the inclusion of conceptual subject knowledge in synthesising processes of cognition represents a learning opportunity that contributes to promoting the acquisition of conceptual subject knowledge. As a methodical approach to the interdisciplinary combination of synthesising and analytical knowledge, we chose a design approach.


2.1 Design approaches in the classroom? Design-based learning as an approach that promotes learning

Design as a working method shows potential for relating technology/engineering and biology as sub-domains to each other. This was referred to as a design approach. In the context of science learning, where the design process is utilised by learners in the school environment, the ‘design approach’ in educational research is referred to as ‘design-based learning’ (Rosa, 2016, with reference to Nelson, 1984). This conceptual shift enables a change of focus from a pure description of the product manufacturing process to a stronger focus on the learning process. Design-based learning (DBL) is a constructivist learning approach involving learners’ active design of products or artefacts due to a problem-solving process (Kamal and Junaini, 2019; Fortus and Vedder-Weiss, 2014). DBL combines the concept of problem-based learning with project-based learning (Gómez Puente et al., 2013; So et al., 2018; Zhang et al., 2022). Consequently, this approach offers touchpoints with methodological approaches that positively influence learning. In DBL, problem-based learning (PBL), openness to solutions, indirect instruction, and hands-on activities come together in an exploratory and reflective problem-solving process. The development of products goes hand in hand with hands-on activities in which learners actively engage with the problem. This can lead to deeper learning (Doppelt et al., 2008). In a systematic literature review, Oliveira and Bonito (2023, p. 15) emphasise that practical work (= hands-on activities) engages students in scientific topics and promotes their conceptual understanding. This contrasts with the findings of Schwichow et al. (2016). Their comparative study found that hands-on activities in science lessons have no general advantage over ‘paper-and-pencil training tasks’. The authors point out that their findings are consistent with the results of other studies (e.g., Klahr et al., 2007; Triona and Klahr, 2003) and are also supported by the meta-analysis by Smetana and Bell (2012), who compared practical with virtual tasks. Here, hands-on activities showed no general advantages in science lessons (Schwichow et al., 2016, p. 998). Oliveira and Bonito (2023) conclude that learning success is strongly influenced by how the activity is carried out. Consequently, it is not enough to carry out hands-on activities in order to have a positive influence on learning. Instead, an accompanying reflection in the form of mental activities (minds-on activities) is required. Problem-based learning offers a possible starting point for linking hands-on activities with a reflective activity. In DBL, problem-based learning results from the task set to learners to develop a product. This problem-based learning (Mandl, 2004) encourages learners to find a solution. Problem-based approaches promote active learning and knowledge building and provide a link to real-life and authentic problem-solving (Akcay, 2009, p. 28). Akınoğlu and Tandoğan (2007, p. 78), for example, show in an intervention study that students taught in a problem-based way achieve higher learning outcomes in terms of academic performance and concept learning in science classes. The learning outcomes of subject knowledge in problem-based learning arrangements are controversially discussed in the literature against the background of the degree of instruction. Mayer (2004, p. 18), as the conclusion of his study on the effectiveness of purely discovery-based PBL approaches, fundamentally doubts the effectiveness of these approaches on learning outcomes. This discussion reflects less criticism of a problem-based approach; instead, the solution approach is examined in terms of its effectiveness for the learners and their learning success. Considering this discussion is essential for using a design process insofar as it is open to solutions and characterised by a low level of direct instruction. Approaches with these characteristics are playing an increasingly important role in science learning. They promote a deeper understanding of scientific concepts by encouraging students to ask questions, identify problems and solve them systematically (Hmelo-Silver et al., 2007). These skills are critical for understanding and applying scientific methods to real-world problems (Marshall et al., 2009; Minner et al., 2010). As stated by Mayer (2004), the learning effectiveness of a learning programme with too much openness or a low level of instruction is criticised. Kirschner et al. (2006, p. 75) support this argument and state that there is hardly any evidence that a low level of instruction produces better cognitive processes. Similarly, an approach that is too open would place too much strain on the capacities of working memory, which would hinder long-term knowledge growth (Kirschner, 2002; Kirschner et al., 2006). Zhang et al. (2022, p. 1168) list international studies that show that inquiry-based learning opportunities (as learning opportunities with an indirect teaching character) correlate with a decline in science learning outcomes. In response to Kirschner’s criticism of learning settings with little instructional character (= indirect instruction), Hmelo-Silver et al. (2007) argue that problem-based learning programmes are by no means instruction-free but offer learners a considerable amount of assistance. They refer to the data from several studies (Lynch et al., 2005; Guthrie et al., 2004; Langer, 2001; Wu and Tsai, 2005), which show that learners particularly benefit from problem-and inquiry-based learning opportunities with appropriate support in the form of instruction. Lazonder and Harmsen (2016) came to the same conclusion in a meta-analysis of the effectiveness of instruction in problem-based learning programmes. In contrast, comparative studies on the learning effectiveness of direct and indirect instruction show that although direct instruction facilitates the rapid acquisition of information, this knowledge does not remain stable in the long term. Students who underwent learning arrangements with indirect instruction also showed stable long-term learning results (Dean and Kuhn, 2007; Wittwer and Renkl, 2008, 2010). Manishimwe et al. (2023) also show the effects of inquiry-based learning about biology lessons. Consequently, a design approach in an integrated stem lesson could provide a basis for an efficient learning environment due to possible synergy effects (PBL, hands-on, openness to solution, low level of direct instruction).



2.2 Designing as a working method

Analytical and synthesising cognitive processes are brought together in the development of designs. Design is an iterative, multi-step process that aims to create a manifest product that can serve as a technical solution to a problem (National Research Council, 2009, p. 82). The processes involved begin with clarifying the problem area and defining the properties that the desired technical solution must fulfil. To this end, ideas are collected—also from other domains—on how the required elements can be technically realised. Different materials that can be used to construct the partial solutions are analysed. Finally, the partial solutions are combined into a product. This product is then checked for its function and optimised if necessary. The entire process can have several iterations (Hafiz and Ayop, 2019; Reiser et al., 2021, 2023).


2.2.1 Motivational implications of a design approach

Learner’s motivation plays a vital role in promoting learning outcomes. Cerasoli et al. (2014) and Hulleman et al. (2010) both state that motivation can be a medium to strong predictor of learning-specific behaviour at school and of academic success. In this context, studies show that methodological approaches that promote learning and are used in the design approach (PBL, DBL, hands-on activities and a reflective approach) also have a positive effect on the motivation and interest of learners (Gnambs and Hanfstingl, 2016; Steinmayr et al., 2019; Cerasoli et al., 2014; Hulleman et al., 2010). Against this background, the results of interest research in STEM instructions should also be considered. Studies on PBL (Hasni and Potvin, 2015; Hmelo-Silver et al., 2007; Wijnia et al., 2011) as well as on DBL (Guedel, 2014; Weng et al., 2023) and the associated hands-on activities (Potvin and Hasni, 2014, p. 103; Holstermann et al., 2010, p. 751; Swarat et al., 2012; Oje et al., 2021) attribute motivational effects to these in the context of a reflexive (minds-on) approach.

Studies from interest research show apparent thematic differences in interest in the STEM disciplines concerning gender (Koul et al., 2012). Holstermann and Bögeholz (2007, p. 77 ff.), for example, found in a study of year 10 pupils that girls are more interested in topics relating to body awareness, health, and natural phenomena. Su and Rounds (2015) describe similar findings. Their study showed that gender-specific interest differences vary greatly depending on the STEM subject area. The most remarkable gender-specific differences in interests can be observed in engineering (here in favour of men). In contrast, no significant gender-specific interest differences were found in the biological and medical sciences or the technical aspects of scientific activities. Thus, referring to thematically orientated interests, gender may influence learning gains in cross-domain learning opportunities that are methodologically oriented towards an engineering approach.




2.3 Design and gender-specific academic performance in science lessons

In addition to the interest-related differences, the data on the gender-related performance of boys and girls in science classes are inconclusive. Martin et al. (2000) describe that boys perform better than girls. This contrasts with studies by Pant et al. (2013) or Duckworth and Seligman (2006), which show that girls perform slightly better than boys in science subjects. Vooren et al. (2022) point out that there are no differences in higher STEM education.



2.4 Design approaches in integrated STEM-education

The potential of using a design approach to implement integrated STEM learning opportunities is evident in instructional research. Benenson (2001) describes possible synergies of engineering practises with maths or science education. Hmelo et al. (2000, p. 251) see designing as a method of teaching complex biological/anatomical systems by emphasising functional specifications. In biology lessons, basic concepts are essential in explaining the diversity of individual biological phenomena (Schmiemann et al., 2012). One of these basic concepts is form and function (Jeffery et al., 2021). This concept can be used to describe and explain the functions of systems and organisms. These structures and functions can also be reconstructed and modelled as analogies (Howell et al., 2019) or integrated into a design process. There are indeed some studies indicating a positive impact of interdisciplinary, design-orientated STEM teaching on learners’ subject knowledge in the sub-domains of STEM (Mehalik et al., 2008; Apedoe et al., 2008) and problem-solving skills (Li et al., 2016). However, the results vary depending on the disciplines or domains selected for integration (Becker and Park, 2011; Guzey et al., 2016; Sanders, 2009, 2012). It is striking that comparatively few studies focussed on Biology amongst the studies on the impact of design approaches on learners’ scientific subject knowledge. Only Guzey et al. (2016) analyse the outcome of biological knowledge (on ecosystems). Their results show that special education pupils show improved knowledge, but the biological knowledge of pupils not belonging to the special education classes did not improve. Tipmontiane and Williams (2022) also see the positive potential of design approaches in Biology lessons. However, they also point out that design processes are used less frequently in biology disciplines than in other disciplines. They refer to the arguments of other authors (Guzey et al., 2016; Moore and Smith, 2014; Lazarowitz and Penso, 1992) who point out that the complexity of biological concepts makes it difficult to find a design reference to them. The study presented here is located in the context of this research gap. It aims to contribute to understanding what influence a design approach has on pupils’ biological conceptual knowledge.




3 Research questions

In the context of the proposed model and the learning opportunities arising from the procedure, we are investigating the question: To what extent does the transfer of biological subject knowledge into an engineering design process represent an opportunity to promote the acquisition of biological subject knowledge? To this end, we pose the following research questions:

Q1: How do interdisciplinary problem-solving processes using a design approach affect pupils’ knowledge acquisition of biological subject knowledge?

Q2: Which variables influence knowledge acquisition of biological subject knowledge in interdisciplinary design approaches?

Q3: What influence do interdisciplinary problem-solving processes using a design approach have on learning biological concepts?



4 Methods


4.1 Experimental design

These questions were investigated in a quasi-experimental research design. Three interventions on the topic of the locomotor system were developed and compared with each other:

A ‘Design group’ in which pupils independently construct a feeding machine whose function is inspired by form-function relationships of locomotor systems in living organisms.

A ‘Reconstruction group’ in which the pupils work on the same biological content and build the feeding machine according to a construction plan.

A ‘Biology group’ in which the pupils investigate the form and functional relationships for movement in different creatures by building models and analysing similarities in principles on blueprints.

All three interventions have the same duration (5 units of 90 min each.). The pupils work on the same content related to the movement of endoskeletons, exoskeletons and hydrostatic skeletons, as well as their structural and functional relationships. Here, the pupils deal with the concepts of ‘muscles contract and exert force’, ‘muscles have counter-play’, and ‘muscles have to tension joints’. The reconstruction group and the design group use these concepts to realise them structurally when making the required product. However, the interventions differ in terms of the approaches used, the problem provided and the level of instruction (see Table 1).



TABLE 1 Illustration of the use of learning-enhancing aspects in the different interventions.
[image: Table1]

The Design group uses the structural and functional relationships of locomotor systems previously covered in class to translate these into partial technical solutions used to build a technical solution (feeding machine). The design process here offers reflected hands-on experiences. It is explorative, iterative, and not limited to a fixed solution (= the level of instruction is low). To solve this task, learners need to find a way to induce a movement in the feeding machine, make it reversible and reproducible, and ensure its stability. They need to know how joints or axes are constructed and function, how force can be exerted across the joint and how the movement can be reversed.

After working on the identical biological phenomena of skeletal movement in different locomotor systems, the Reconstruction group receives a construction plan for the feeding machine and produces its product according to these instructions. In this approach, the learners also use hands-on activities to solve a problem. However, the solution is predetermined by the plan provided and is only manufactured. In this respect, the Reconstruction approach differs from the design approach in the degree of direct instruction. The built solution (feeding machine) is then analysed for similarities with form and function relationships from locomotor systems. The pupils merely have to follow the instructions and later think about which concepts of movement generation were used at which point in the finished product.

The Biology intervention group does not construct a product (feeding machine). Instead, further examples of the different locomotor systems (functional model of a hand, model of a spider leg, construction of a snake body model) are modelled. The problem here is not one of developing a product that encompasses the entire project. Instead, the individual models are organised into types of locomotor systems for the problem: How does the movement work for each type of skeleton? Analogous structural and functional relationships are also considered for different construction plans. Therefore, the level of instruction in creating the models is relatively high. Apart from a model of the forearm function, enabling exploration and a free approach, the other functional models are produced according to instructions and then analysed.

In the study, the three approaches are analysed concerning the increase in conceptual knowledge about movement in musculoskeletal systems. To ensure the groups’ comparability, the participants’ cognitive prerequisites are measured. The learners’ intrinsic motivation is also analysed against the background of theoretical considerations on the possible effects of design learning approaches on learning. A comprehensive analysis of the influence of this design approach on intrinsic motivation was published in another article (Reiser et al., 2024b). The IQ of the participants, their age, their gender, and their participation in the respective intervention group were considered possible influencing variables. The data collection followed the experimental design shown in Figure 2.

[image: Figure 2]

FIGURE 2
 Experimental design.


Intrinsic motivation was assessed once in relation to the general Science/Biology lessons and once following the intervention. This article presents the motivation data in the context of their possible influence as a predictor of learning outcomes. Knowledge was tested three times in a pre-, post-, and follow-up design. The cognition test, which is used to assess cognitive performance and enables a more precise comparison of the pupils, was tested once.



4.2 Instruments

Three instruments are used to collect data in the study:

The CFT 20-R cognition test (Weiß and Weiß, 2006): the CFT 20-R is a language-independent intelligence test that measures basic intelligence ‘General Fluid Ability’ according to Cattell (1943). This comprises the ability to identify and solve figural relationships and formal logical reasoning problems of varying degrees of difficulty within a fixed time frame. Based on the test results, an intelligence quotient can be determined. The CFT 20-R is an established diagnostic test for the screening of fluid intelligence. It was validated for the age group of this study. The short form of the test (part 1 with 56 items) is used in the study.

The short scale of intrinsic motivation (German Abbreviation: KIM) by Wilde et al. (2009): the instrument consists of 12 items divided into four subscales: Interest/enjoyment, perceived competence, perceived freedom of choice, and pressure/tension, each with three items. Wilde et al. (2009) carried out their validation study on 176 pupils aged M = 10.4 SD = 0.48. Confirmatory factor analyses and associated structural equation models were used to demonstrate the structural validity of the scale. For further validation, correlations were found between the willingness to repeat the museum visit and, on the other hand, the evaluation according to school grades. These showed satisfactory values. Consequently, the KIM can be regarded as a valid, reliable, and time-efficient test instrument for assessing intrinsic motivation that is suitable for the target group. Its subscales use a placeholder for specific activities, which was replaced by the ‘Science/Biology lessons’ and by the name of the Intervention in the present surveys. The items of the scales were mixed to prevent the pupils from categorising them. The evaluation uses a five-point Likert scale (0 to 4, where 0 means ‘not at all true’ and 4 means ‘completely true’). For data analysis, the values of the 12 items were determined as an arithmetic mean.

The knowledge test MUSCLS (Reiser et al., 2024a): the MUSCLS measures knowledge of movement based on three concepts: the ‘actionist principle’, the ‘antagonist principle’, and the ‘muscles span across joints principle’ in 10 items distributed over two scales (AM and GP). Scale 1 ‘AM’ (German abbreviation for muscle attachment) deals with the attachment of muscles to endoskeletons and how the muscles induce movement. The items focus on the concept of muscles contract and exert traction on skeletal elements. In addition, the items capture the concept that muscles must stretch across joints in skeletons with rigid elements to induce movement. Scale 2 ‘GP’ (German abbreviation for antagonistic principle) deals with the antagonistic principle in muscularly induced movement sequences. The items on the scale cover the movement induction by muscle contraction and on the antagonist principle. The points achieved were summed up and given as a score. The test also provides ‘qualitative feedback’ on which concepts are mastered and to what extent. For this purpose, an evaluation is carried out based on the point level achieved for the respective items. If the pupils achieve one point for an item on the AM scale, they show they have understood the concept of the ‘actionist principle’. Achieving the second point shows that the concept of ‘muscles span over joints’ has also been understood. The GP scale allows similar conclusions to be drawn from its scoring. Achieving one point for an item on this scale relates to the ‘actionist principle’ concept. The evaluation with a second point shows that in addition to the concept of the ‘actionist principle’, the participants also know the concept of the ‘antagonist principle’. This evaluation can use 10 items to measure the actionist concept of the musculature. Six items measure the antagonist concept, and four items measure the concept ‘muscles span over joints’. In this way, an ‘IF X’ counting function in Excel can determine which scores were given for which items. These values can then be displayed as a percentage ratio (number of affected cases divided by the possible total number). The MUSCLS was evaluated and validated for the target age group of this study.



4.3 Sample

Only fully completed questionnaires (pre and post) were used in this study. The resulting sample comprised 413 pupils divided into the three intervention groups. The Biology group comprised 134 pupils (67 boys and 67 girls) aged M = 12.6 SD = 0.75. 148 pupils (78 boys and 70 girls) aged M = 12.35, SD = 0.91, participated in the Design group. 131 pupils (62 boys and 69 girls, age M = 12.60 SD = 0.74) underwent the Reconstruction group.



4.4 Analyses

Data analyses carried out were performed using the software IBM SPSS Statistics Version 29.000 (IBM Corporation, 2023) and the R packages lavaan, rstatix, tidyvers and ggubber (version 2023.09.01 + 494). Only the data from the fully completed questionnaires were used for the analysis. This corresponds to the number of participants from the sample description. First, the reliability of the measurements was determined based on internal consistency, and descriptive analyses were carried out. Then, a simple ANOVA was used to determine the comparability of the groups in terms of their cognitive performance. The BF10 was also calculated to provide a more valid interpretation of the results. Subsequently, longitudinal and cross-sectional analyses were carried out as a mixed ANOVA (3 × 3). The analysis was cross-checked using non-parametric methods. Possible influencing factors (IQ, gender, age, and the type of intervention attended) were analysed using path models, determined using a robust estimator (MLR). The learnt concepts of the MUSCLS were analysed using non-parametric tests (Friedmann ANOVA and Kruskal-Wallis tests). The significance level of the inferential statistics was set at a p-value of less than 0.05.




5 Results


5.1 Reliability of the measurement

The internal consistency of the respective measurement instruments was measured using Cronbach’s α (Table 2).



TABLE 2 Determining the internal consistency of the measurement instruments used.
[image: Table2]

Also, based on the concepts of movement, the MUSCLS shows a Cronbach’s α between 0.815 and 0.924 in all groups and at all measurement times.

All instruments showed satisfactory to very good internal consistencies concerning the respective groups and measurement times (Blanz, 2015).



5.2 Descriptive statistics

The results of the descriptive statistics concerning the respective tests are shown in Table 3.



TABLE 3 Descriptive statistics of the instruments used.
[image: Table3]

Normal distribution was checked using the Shapiro–Wilk-test. The results indicated that only the CFT data had a normal distribution in all groups. The data on the intrinsic motivation of the interventions was not normally distributed in two of the three intervention groups. The results of the knowledge test were not normally distributed in any group at any of the time points. The Henze-Zirkler-Test also showed no congruent multivariate normal distribution of the data. Levene tests of the knowledge scores achieved and the IQ test in the groups showed a given homoscedasticity. Based on the box-m test for the knowledge scores, it is assumed here that the covariance matrices are equal.



5.3 Cognitive ability of the participants in the intervention groups

The results of a simple analysis of variance showed that the three intervention groups do not differ significantly in terms of their cognitive ability F (2, 410) = 1.060, p =0.348, BF10 = 0.072. The additionally determined BF10 supports the assumption of a valid 0-hypothesis, according to which the three groups do not differ regarding cognitive ability.



5.4 Comparison of knowledge gains of the three intervention groups

Comparative analyses of the performance of the different intervention groups in the knowledge test were carried out at three different measurement times in a mixed design (3 × 3) (Figure 3).

[image: Figure 3]

FIGURE 3
 Performance in the knowledge test of the different groups over three measurement times.


The effects on knowledge acquisition were analysed using a mixed ANOVA (Table 4) with Huynh-Feldt adjustment (0.943) for the variables ‘time of measurement’ and the interaction effect of the variables ‘time of measurement’ and ‘group’, excluding one pupil with extreme values (>3-fold interquartile range).



TABLE 4 Results of the mixed ANOVA.
[image: Table4]

The mixed-ANOVA reveals significant statistical differences both between the groups and the different measuring time points, including the interaction effects between the groups and the time points. The η2 values (0.022–0.049) indicate minor effects. Bonferroni post-hoc tests were performed to precisely identify and present these differences, both for within-group comparisons (Table 5) and between-group comparisons (Table 6).



TABLE 5 Bonferroni post hoc test: pairwise comparisons within values of the group at the respective measurement times.
[image: Table5]



TABLE 6 Bonferroni post hoc test: pairwise comparisons between the groups at the different measurement times.
[image: Table6]

All groups show a significant increase in expertise as a result of their interventions (measurement time T1) (d > 0.950). However, this knowledge does not remain at the same level for all groups until the time of measurement (T2). In particular, there was a significant drop in knowledge in the Biology group (p = 0.041, d = 0.269). In contrast, the other intervention groups showed no statistically significant change in their knowledge.

The cross-sectional comparisons are shown in Table 6.

At T0, there was no significant difference between the groups. After the intervention was completed (T1), there were no significant differences in the knowledge scores between the Biology group and the Design group. In contrast, the Reconstruction group achieved significantly lower scores. At T2, the Design group showed significantly higher results compared to the other two groups. There are no significant differences between the Reconstruction group and the Biology group. Due to the violation of the normal distribution of the data, the mixed ANOVA was tested using non-parametric longitudinal and cross-sectional methods. Both the Friedmann ANOVA and the Kruskal Wallis tests carried out, as well as their post-hoc tests, confirm the results of the mixed ANOVA. The non-parametric tests were consistent with the results of the ANOVA.



5.5 Factors influencing knowledge acquisition

The acquisition of specialised knowledge represents a multifaceted variable shaped by various influencing factors. Several variables were analysed in this study, including gender, IQ, age, the chosen teaching approach, and intrinsic motivation. Path models were calculated for T1 and T2 to analyse these influences (Figure 4). Both models show a sufficient number of observed data points to clearly estimate all parameters in the model. The models, as shown in Figure 4, are therefore ‘just identified’.

[image: Figure 4]

FIGURE 4
 Path models of the two measurement times T1 and T2.
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FIGURE 5
 Intergroup comparisons of learning movement concepts over three measurement points. The numerical values on the y-axis refer to percentage values specified in decimal notation (50% = 0.5).


Path model 1 shows that motivation is statistically significantly influenced by the variables IQ (β = 0.139, p = 0.006) and the type of intervention attended. In particular, the Biology (β = −0.167, p = 0.002) and Reconstruction (β = −0.201, p < 0.001) approaches lead to significantly lower motivation values. In contrast, gender (p = 0.052) and age (p = 0.677) showed no significant influence.

At time T1, knowledge acquisition was significantly influenced by IQ (β = 0.294, p < 0.001), age (β = 0.103, p = 0.038) and participation in the Reconstruction approach (β = −0.142, p = 0.008). Gender, on the other hand, showed no significant influence (p = 0.471), and attending the Biology approach also showed no significant difference in terms of knowledge acquisition. The influence of motivation on knowledge is also insignificant (p = 0.053).

In path model T2, motivation refers to the same point in time as in model T1, so the influences of the exogenous variables remain identical. At measurement time T2, however, the influences of the variables on knowledge acquisition change. IQ remains a significant influencing variable (β = 0.228, p < 0.001). Participation in the Biology approach (β = −0.129, p = 0.016) and the Reconstruction approach (β = −0.224, p < 0.001) led to significantly poorer results. The variables age (p = 0.093), gender (p = 0.648) and the motivation values achieved (p = 0.055) show no significant effects.



5.6 Biological concepts

The comparison of the interventions about the concepts understood (‘actionist principle’, ‘antagonist principle’, and ‘muscles span over joints’) (Figure 5 and Table 7) was carried out using non-parametric group comparisons due to a large number of outliers.



TABLE 7 Testing for differences between the intervention groups at the respective measuring times in relation to the understanding of the respective concepts.
[image: Table7]

Regarding the ‘actionist’ concept, the Kruskal-Wallis tests show significant differences between the intervention groups at the measurement times T1 and T2. For the ‘antagonist’ concept, significant differences between the intervention groups were only found at T1 and T2. About the concept of ‘muscles span over joints’, there are only significant differences between the groups at time point T2. The differences between groups at the various time points were analysed using Bonferroni post-hoc pairwise comparisons (Table 8).



TABLE 8 Pairwise comparisons of the intervention groups.
[image: Table8]

At time T0, there were no significant differences in the pair comparisons. At time T1, a significant difference was found in the pairwise comparison between the Design group and the Reconstruction group (p = 0.002, r = 0.205). Despite this finding, the post-hoc tests showed no further significant differences at this point, which contrasts with the results of the Kruskal-Wallis tests. Several significant differences were found at the T2 measurement point. Particularly in the context of the ‘actionist’ concept, the Design group showed significantly higher values than the other two groups. However, the effect of these differences could be categorised as small in each case.

Regarding the concept of ‘antagonist’, the Design group showed significantly higher values than the Reconstruction group; however, the other group comparisons did not yield any significant results. With regard to the concept ‘muscles span over joints’, the post-hoc tests showed no significant differences between the Biology group and the Design group. Nevertheless, both groups showed significantly higher values than the Reconstruction group (Biology–Reconstruction p = 0.201, r = 0.161; Reconstruction–Design: p = 0.003, r = 0.202). Friedmann ANOVAs were performed for the longitudinal comparisons, as shown in Table 9. These analyses highlight the changes in the values for the respective concepts over the measurement times T0, T1, and T2, separately for the intervention groups.



TABLE 9 Results of the Friedmann ANOVA.
[image: Table9]

The available results of the different Friedman tests about the values of the respective movement concepts suggest that the intervention groups differ statistically significantly across the measuring time points. These differences were tested for significance using Bonferroni post-hoc tests, as shown in Table 10.



TABLE 10 Pairwise comparisons of the intervention groups across the time points.
[image: Table10]

In the context of the ‘actionist’ concept, all intervention groups show significant increases from T0 to T1, accompanied by large effect sizes. From T1 to T2, the values slightly decrease, with the Design group showing the least pronounced effect size.

With regard to the ‘antagonist principle’, the comparison from T0 to T1 shows a significant increase in learning with effect sizes (r > 0.500) in all groups. These increases remain significant in the Design group and the Reconstruction group from T1 to T2. In contrast, there was a significant decrease in the Biology group (r = 0.669).

The ‘muscles span over joints’ concept only led to a significant increase with a small effect size (r = 0.282) in the Biology group over the course of the measurements from T0 to T1. There were no other changes in the values in the pair comparisons.




6 Discussion

Promoting STEM skills in schools is key in preparing young people for the future in a technologised world. The scientific and technological challenges of the future are increasingly demanding interdisciplinary approaches in which scientific and technical issues are interrelated and ways of thinking and working are intertwined. In the context of the rather domain-specific training of STEM teachers, interdisciplinary approaches to problems pose a particular challenge in schools. Seeing acquired subject knowledge in an overarching context and applying it to solve interdisciplinary problems presents an important key competence in STEM education. Therefore, this study aimed to present an approach in which scientific and technical problems are combined within the framework of a design process and to investigate the influence of the transfer of biological structural knowledge into a design process on the acquisition of biological subject knowledge. For this purpose, three different hands-on learning arrangements were created, which differ in terms of their degree of freedom, openness to solutions, and their working methods. The three intervention groups (Biology, Design and Reconstruction) proved to be comparable in terms of their cognitive performance (IQ) (see result of the ANOVA, 5.4) and in their initial knowledge before the intervention (measuring pot T0).

The research question Q1, which asked for the effects of interdisciplinary, design-based problem-solving processes on pupils’ knowledge acquisition of biological subject knowledge, leads to interesting observations. A longitudinal analysis of the period between T0 and T1 showed that knowledge scores increased significantly in all three interventions. At T1, the Design group did not differ significantly from the Biology group, whilst the knowledge scores of the Reconstruction group were significantly lower. In the long-term comparison after 3 weeks (T1 to T2), it was found that the knowledge scores in the Design group had not changed significantly, which indicates long-term knowledge stability. In contrast, the Biology group showed a significant drop in knowledge scores. On the other hand, the Reconstruction group showed no significant changes and thus exhibited a certain degree of knowledge stability. The parallel increase in subject knowledge at time T1 in the Design and Biology group and the later drifting apart as a result of the drop in knowledge amongst the participants in the Biology group at T2 can be seen in the light of the results of comparative studies by Dean and Kuhn (2007) and Wittwer and Renkl (2008, 2010). These show that interventions with a greater degree of instruction enable a rapid increase in learning but that this knowledge does not remain stable in the long term. Compared to the Biology and the Design group, the Reconstruction group achieved the lowest increase in knowledge. This could be because this intervention group had less opportunity to reflect on their actions as part of their practical activities. By providing a production plan for the feeding machine, the cognitive load on the learners was reduced, whereby the learners did not have to think about their actions during construction but only had to carry them out. However, it is precisely this connection between ‘minds-on’ and ‘hands-on’ that supports a deeper understanding (Helmke, 2012; Reusser, 2006; Oliveira and Bonito, 2023).

The research question Q2 asked, ‘Which variables influence the acquisition of biological subject knowledge in interdisciplinary, design-based approaches?’ It is explained by the path models and the observations at different points in time (T1 and T2). In path model T1, it was found that motivation was statistically significantly influenced by certain variables. In particular, the variables IQ and the type of intervention attended (Biology and Reconstruction) significantly affected motivation. The Biology and Reconstruction approaches lead to significantly lower motivation values than the Design approach. Gender and age, on the other hand, showed no significant influence on the intrinsic motivation. At time T1, knowledge acquisition was significantly influenced by IQ, age, and participation in the Reconstruction approach. In contrast, gender and participation in the Biology approach did not show significant differences in knowledge acquisition. Motivation showed no significant influence on knowledge at this stage. In the path model for T2, the influences of the exogenous variables remain identical, but there were changes in the influences on specialised knowledge. The IQ remained a significant influencing variable. Participation in the Biology approach and the Reconstruction approach led to significantly poorer results than the Design approach. The variables age, gender, and the motivation values achieved show no significant effects on knowledge acquisition at T2. The influence of cognitive ability (IQ) on learning success is hardly surprising here; this correlation is often described in cognitive psychology (e.g., Sternberg and Grigorenko, 2003) and is considered well-documented. In line with the results of the mixed ANOVA, it is evident that the type of intervention attended (Design approach) significantly affects learning success. This can be explained by the fact that the design approach combines a variety of aspects from problem-based learning (PBL) (Akcay, 2009, 28; Akınoğlu and Tandoğan, 2007, 78), and design-based learning (DBL) (Doppelt et al., 2008) that are conducive to learning and combines this with ‘minds-on’ activities (Helmke, 2012; Reusser, 2006; Oliveira and Bonito, 2023). The lack of significant influence of gender on learning gains is in line with studies on gender studies in STEM and science, which show that female learners do not differ from the performance of male learners (Vooren et al., 2022).

Concerning the motivation, the data also show that IQ and the type of approach attended (with the best values for the design approach) are significant influencing factors. This picture is consistent with motivational research studies on hands-on activities (Holstermann et al., 2010; Swarat et al., 2012; Oje et al., 2021; Potvin and Hasni, 2014; Guedel, 2014) and problem-based learning (Reusser, 2005; Hasni and Potvin, 2015; Hmelo-Silver et al., 2007). Furthermore, the fulfilment of basic needs (autonomy, competence, and social relatedness) according to the self-determination theory (Deci and Ryan, 1993) can be used to explain the increase in learning gains based on using design approaches. Here, the three interventions differ in that the experience of autonomy is less pronounced in the Biology approach or the Reconstruction approach compared to the Design approach. In both approaches (Biology and Reconstruction), the solution to the problem is provided by detailed modelling/construction plans. However, the experience of autonomy is a very decisive aspect of instructional motivation (Patall et al., 2008; Reeve et al., 2003; Hofferber et al., 2015; Guay et al., 2008; Su and Reeve, 2011).

In the context of the results, the data indicate that the Design approach positively influences learning success more than the other two approaches. This is evident not only in terms of the scores achieved but also in the degree of understanding of the concepts. Concerning Q3, it can be stated that the students who followed the Design approach understood the concepts of the “actionist principle,” “antagonist principle,” and “muscles stretching over joints” better than the participants in the Reconstruction approach. And that the “actionist” concept was better understood compared to the Biology approach. This is particularly evident in the long-term comparison at measurement time T2. This could be explained by the following. For the design process, the concepts necessary for generating movement in locomotor systems also represent solution principles for the technical design. Forces must act via an axis/joint. There must be an actionist generating a movement and an antagonist causing the counter-movement. If these are not understood, they cannot be used in the technical solution. The product loses its functionality. In the design process, learners transfer the structural and functional relationships into the product-developing process. This cognitive transfer is already provided by blueprints in the Reconstruction approach. For learners of this intervention group, it is not necessary to apply the concepts; the construction plan already contains them. In the Biology group, the relationships between structure and function must be identified using several models of different skeleton types. This revision of the same concepts seen in different locomotor systems possibly leads to an initially similar learning success, but this appears to be less lasting (T2). One reason for this could be that product development by design leads to a more intensive engagement with the subject-specific content (Mehalik et al., 2008, p. 80, Apedoe et al., 2008).

The results of the study suggest that a design approach taking into account the transfer of scientific (biological) knowledge into a design process and confronting pupils with a problem with transfer performance (minds-on) can represent a learning opportunity to promote scientific competence. It supports learners in acquiring biological concept knowledge and helps them better understand biological principles. Learners are given the opportunity to use this conceptual subject knowledge from one subject area to solve problems in another subject area, which trains an overarching view of STEM subjects and promotes STEM skills. The approach encourages and promotes a positive environment for boys and girls alike. As an implication for science teaching, our results suggest that in order to maximise the learning-promoting effect, it is important that the design task is as open as possible. In this way, better learning growth and the acquisition of long-term stable knowledge can be achieved. Tasks that contain ready-made solutions should be viewed critically in this context and do not promote learning to the same extent. The comparable results of the Biology approach and the Design approach demonstrate that the Design approach does not impair subject-specific knowledge acquisition. On the contrary, the Design approach promotes long-term, stable knowledge and enables the application of subject-specific knowledge in an interdisciplinary context. This can be a valuable addition to traditional biology lessons.

In addition to the effects of a design-based approach on subject knowledge, the study also indicates which concepts of movement are easier or more difficult for learners to understand. Knowledge of the ‘actionist principle’ in the locomotor system is more easily understood by many pupils than knowledge of the antagonist principle. The concept of ‘muscles span over joints’ is more difficult for learners to understand. This shows that particular attention should be paid to this concept in teaching locomotor systems.



7 Conclusion

In our study, design-based working methods in science lessons show positive effects such as higher learning success and long-term knowledge stability. The design approach can help to promote a deeper understanding of concepts such as the actionist and antagonist principles. The results emphasise the importance of practise-oriented activities that enable the transfer of knowledge into design processes for the acquisition of scientific competence. They also show that interdisciplinary STEM learning arrangements combining Biology and Technology can positively affect the acquisition of biological subject knowledge and learners’ intrinsic motivation.
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