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Introduction: Robotics is viewed as a viable pedagogical strategy for STEM learning because it is characterized by many practices common to the STEM disciplines such as engineering design. With many national curricular calling for STEM integration in K-12 formal educational settings, there is a need for empirical evidence about the effectiveness of different pedagogical approaches to teach with robotics-based activities to promote curriculum learning outcomes and teaching practice. This exploratory study investigated the effectiveness of a scaffolded robotics intervention and a self-guided robotics intervention on pre-service teacher knowledge (PST) of science concepts related to gears and on PST self-efficacy to teach with the robotics-based activities.

Methods: A quasi-experimental, pre-post intervention study was implemented with two non-equivalent groups of elementary preservice teachers (PSTs) in a Bachelor of Education program. PSTs in the self-guided group (n = 11) worked with robotics kits in the library at their own pace. PSTs in the scaffolded intervention group (n = 16) were guided through the activity by the author with instructional scaffolds. IBM SPSS Statistics 27 was used to analyze the data.

Results: The relationship between intervention type and gains in science knowledge was not statistically significant for the self-guided group but was statistically significant for the scaffolded group suggesting that scaffolding supported PST’s learning of the science concepts. With respect to PST self-efficacy to teach with the robotics-based activity, both intervention types revealed statistically significant gains from pre to post tests, however effect sizes indicated that the scaffolded intervention resulted in greater gains in PST self-efficacy to teach with the robotics-based activities.

Discussion: The results provide exploratory evidence that the scaffolded robotics approach, modelled for and experienced by the pre-service teachers in this study, was effective for their learning of science curricular concepts related to gears and for developing their self-efficacy for teaching the robotics-based activities. It should be noted that findings may not be generalizable due to the small sample sizes, especially of the self-guided group. Nevertheless, the findings do provide insights for teacher educators incorporating robotics-based activities into curricular courses such as science methods as it provides specific examples of scaffolds that were effective for science learning and for developing PST self-efficacy. The study also contributes to the literature on instructional strategies that promote robotics adoption in K-12 schools to support development of STEM knowledge and skills.
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1. Introduction

With many economic sectors requiring workers to have knowledge and skills in the STEM (science, technology, engineering and mathematics) fields, STEM in education is viewed as a strategy to promote sustainable economic development, job growth and competitiveness in the global economy (Carnevale et al., 2011; National Research Council, 2014; Warde and Sah, 2019). The teaching of STEM content is traditionally organized in most elementary and secondary school curricular as discrete disciplines focused on canonical content and practices such as science and mathematics, respectively. Many countries are therefore revisiting school curricula to include engineering and technology practices into these existing STEM disciplines. For example, in 2012, the revised K-12 Science Education Standards in the United States was published with the goal that by the end of the 12th grade,

all students have some appreciation of the beauty and wonder of science; possess sufficient knowledge of science and engineering to engage in public discussions on related issues; are careful consumers of scientific and technological information related to their everyday lives; are able to continue to learn about science outside school; and have the skills to enter careers of their choice, including (but not limited to) careers in science, engineering, and technology (National Research Council, 2012, p. 1).

Interestingly, in Canada, engineering and technology practices were proposed as an integral part of the science curriculum in the late 1990s. The Pan Canadian Science framework (CMEC (Council of Ministers of Education, Canada), 1997), developed to guide provincial development of K-12 science curricula in Canada, outlined a vision for scientific literacy that included engineering and technology practices such as engineering design, problem solving and decision making in relation to science-technology-society-environment (STSE) content and canonical science content. Canadian provinces adopted some version of the Pan Canadian Science Framework and incorporated engineering design and technology applications in the elementary and middle school science curriculum. The incorporation of engineering design into European school science curricula, is also occurring as evidenced by large scale international projects such as ENGINEER, that promoted integration of engineering design practices based on the “Engineering is Elementary” (EiE) program, created by the Boston Museum of Natural Science (BMOS) in the US (Anyfandi et al., 2013). K-12 science education in many countries therefore include the learning of content and practices related to engineering and technology; mathematics however is usually taught as a discrete subject in most K-12 public school systems. One of the reasons for the latter could be the challenges experienced with enhancing math achievement when math is taught through integration in other STEM disciplines such as engineering (Tran and Nathan, 2010). Some research has shown that when math is integrated with other STEM subjects, there was limited development of foundational math thinking and concepts as assessed by curriculum standards (Tran and Nathan, 2010; Tytler, 2020) and the smallest gains occurred in mathematics achievement (Becker and Park, 2011). If math is to be integrated into other STEM disciplines in formal contexts, additional supports may need to be provided for students to gain knowledge of specific math concepts and for math teachers to design effective interdisciplinary activities (National Research Council, 2014; Williams et al., 2016).

The impetus to include STEM outcomes in science curricular has gained momentum. For example, in Ontario, Canada, where this study occurred, the revised grades 1–8, Science and Technology Curriculum (Ontario Curriculum and Resources, 2022) calls for an understanding of the cross-curricular and cross-disciplinary nature of problem-solving within the STEM disciplines to develop STEM skills such as computational thinking, coding, and innovation. There are many problem-solving approaches that promote STEM learning in classrooms such as engineering design, scientific inquiry and problem-based learning. These approaches are characterized by experiential learning and student centeredness with real-world problems or case-based scenarios acting as both the focus of and stimulus for learning (National Research Council, 2014). Robotics is a learning tool that lends itself to experiential and student-centered approaches because it is a concrete manipulative that children interact with and explore while solving real-world problems and constructing knowledge (Eguchi, 2021; Glezou, 2021). Moreover, with technology and engineering often underrepresented in schools (Bybee, 2010), robotics is viewed as a strategy to engage K-12 students in the components of STEM and develop their 21 century competencies such as problem solving and creativity (Taylor, 2016). While studies show that robotics supports students learning STEM knowledge and gaining 21st century skills such as critical thinking (Benitti, 2012; Anwar et al., 2019), robotics programs are not widely implemented in schools for a variety of reasons such as lack of resources and lack of pedagogical knowledge about how to integrate robotics as an instructional strategy in teaching and learning (Vollstedt et al., 2007; Park, 2015). One of the ways to address the lack of pedagogical knowledge about teaching with robotics is in preservice teacher education courses.

In most Teacher Education programs, methods courses parallel how subjects are taught at schools, for example separate science and mathematics curricula. So, Science Education courses in Ontario, Canada emphasize the S, T, and E in STEM. Preservice teachers have a separate math education course that teaches math content and skills including coding. Besides robotics being introduced to PSTs to learn how to build and program it, PSTs need to learn how to create learning experiences to meet STEM-related curriculum outcomes. Moreover, it is important for science educators to model instructional approaches for teaching with robotics because teachers’ self-efficacy beliefs have been found to play a role in teachers’ implementation of new technology in teaching (Estes, 2019). Hands-on engagement with robotics tools in learning and teaching contexts is a strategy that can enhance PSTs self efficacy to integrate robotics in K-12 classroom teaching (Jaipal-Jamani and Angeli, 2017). Subsequently, when PSTs and teachers expose their students to hands-on, fun and exciting learning environments in STEM, these experiences can lead to positive student attitudes and interest in STEM fields which has been shown to influence career choices and career goals (Vedder-Weiss and Fortus, 2012; Adedokun et al., 2013; Wang, 2013). What pedagogical/instructional approaches with robotics-based activities support the learning of science and support development of teacher self-efficacy to teach with robotics? There are few studies with preservice teachers comparing the effect of different instructional approaches with robotics on learning of science and pre-service teacher self efficacy. For example, the study by Sullivan and Moriarty (2009) explored the effectiveness of the discovery method to learn robotics content but participants were practicing middle and high school teachers. While Ortiz et al. (2015) implemented a 2-h, scaffolded integrated, robotics experience, as part of a teacher preparation course, the disciplinary content focus of this qualitative study was on mathematical connections. Alimisis (2012) did explore how robotics-based activities supported development of physics concepts, but their study was with secondary preservice teachers and data were reported from a qualitative case study of two preservice teachers.

This paper reports on an exploratory quantitative study with elementary preservice teachers, certified to teach from kindergarten to grade 6, who participated in a robotics-based activity in a science education teaching methods course at a Canadian university. The main purpose of this study was to examine how a scaffolded and a self-guided (similar to discovery) robotics-based activity supported science learning and developed preservice teachers’ self-efficacy to teach using robotics-based activities. These two different instructional approaches were used with two different classes of pre-service teachers (PSTs) for learning about gear concepts.

The research questions were:

1. How does a self-guided instructional approach with robotics-based activities affect elementary preservice teachers’ learning of science concepts?

2. How does a scaffolded instructional approach with robotic-based activities affect elementary preservice teachers’ learning of science concepts?

3. How does a self-guided instructional approach with robotics-based activities affect elementary preservice teachers’ self-efficacy to teach with robotics?

4. How does a scaffolded instructional approach with robotics-based activities affect elementary preservice teachers’ self-efficacy to teach with robotics?

This study is timely considering the global focus to promote the teaching of STEM concepts and skills in K-12 schools through technology such as educational robotics (e.g., National Research Council, 2014; Ontario Curriculum and Resources, 2022). The findings provide empirical evidence that will add to the literature reporting on the effect of instructional approaches with robotics-based activities on preservice teachers’ science learning and self-efficacy to teach with robotics. Such insights can be used to inform the development of science education courses, specifically the design of instructional strategies for robotics-based activities to enhance PST self-efficacy to teach science and integrated STEM with robotics. It can also inform the design of professional development for teachers in the field to support teaching with robotics-based activities in teaching practice.



2. Literature review


2.1. Theoretical framework

The study draws on the theory of constructionism which emphasizes knowledge being constructed during physical interactions with objects such as building of concrete models (Papert and Harel, 1991). As learners engage physically with concrete objects, the objects may become, as Papert stated, objects-to-think-with and facilitate thinking about ideas that learners may not otherwise be able to grasp (Sullivan, 2017). It is through the act of building a meaningful or tangible product that knowledge is constructed and reinforced (Martinez and Stager, 2013). Learners are regarded as creators, are self-directed and learn by themselves through building/construction (Holbert et al., 2020). Educational Robotics (ER) therefore lends itself to constructionism when learners engage with concrete materials and are active creators of knowledge through self-guided learning and problem solving. The most common conceptualization of self-guided learning in the literature is discovery learning. Discovery learning as articulated by Bruner (1961) involves constructing one’s own knowledge by discovering it rather than being instructed on it or being told about it by the teacher. In learning environments based on discovery learning, students are supposed to independently explore and solve problems with little to no guidance (Mayer, 2004). The learner is not provided with the target information or knowledge and must learn it independently from the resources given (Alfieri et al., 2011). The teacher’s role in this type of instructional approach is to therefore provide students with the relevant resources they need to obtain information from and allow them to explore and discover the information or relationships between concepts In this paper, the term self-guided will be used to refer to this type of discovery approach.

Another relevant construct in this study is learning. This study is grounded in Vygotsky’s (1978) sociocultural theory where higher mental processes or knowledge construction is mediated by psychological tools (e.g., language). In his work, Vygotsky emphasized two types of mediational means, signs and sign systems and interpersonal relations. Accordingly, the learning of concepts is mediated by psychological tools such as language, diagrams, pneumonic techniques, text, and symbols during social interactions with more capable peers and adults. Learners first use external mediational means to make sense of the activities and concepts at the social or interpersonal level; then they construct their own, individual meanings by interpreting in the context of existing or prior knowledge and experiences, Hence, learning concepts is also mediated by prior knowledge and experiences of the learner (Vygotsky, 1987) where prior learning in one situation acts as the foundation for learning in another situation (Dewey, 1938). The study also draws on theories of scaffolding during the learning process to explain how scaffolds act as mediational means. According to Wood et al. (1976, p. 90), scaffolding enables “a child or novice to solve a problem, carry out a task, or achieve a goal which would be beyond his unassisted effort” and during this interaction, the adult controls “those elements of the task that are initially beyond the learner’s capacity, thus permitting him to concentrate upon and complete only those elements that are within his range of competence.” Wood et al. identified six scaffolding functions that the instructor could apply in learning situations.

• Recruitment—which is to gain the learner’s interest in the task and focus them on the steps required to complete the task.

• Reduction in degrees of freedom—involves simplifying the task by reducing how many steps are required to match the learners’ level of knowledge/competence.

• Direction maintenance—is to motivate learners to stay focused on the task and to take risks to progress to the next steps.

• Marking critical features—is to provide feedback on learner’s progress by highlighting relevant features of the task so learner modifies and changes any incorrect steps.

• Frustration control—involves minimizing frustration in learner in ways that do not create emotional dependency on tutor.

• Demonstration—where tasks that learners can achieve are demonstrated or partial solutions to tasks are modeled so learner can imitate and use as stepping-stone to complete task.

According to Shvarts and Bakker (2019), contemporary views on scaffolding envision scaffolding as a temporary adaptive support. Scaffolding is described by them as “an adult’s activity of “bridging” the current state of the child’s abilities with the future, required state, which is known by the adult” (p. 15). As the activity progresses, external support should fade so the learner develops competence to complete the task unaided (Pea, 2004; Puntambekar and Hubscher, 2005). In this way, students begin to learn how to self-regulate and self scaffold and can perform tasks independently (Shvarts and Bakker, 2019). Hence, an important outcome of scaffolding is self-directed learning which is promoted by gradual fading of supports.



2.2. Educational robotics and science learning

Educational robotics (ER) involves the creation of learning environments where robotics kits, programming software, and computers are used as hands-on learning tools to foster problem-solving, critical thinking, collaboration and learning of abstract concepts and ideas (Eguchi, 2016, 2021).

Robotics-based activities are particularly suited for the development of STEM skills, especially the practices that characterize scientific inquiry and engineering as outlined in the Framework for K-12 Science Education (National Research Council, 2012). According to the National Research Council (NRC) framework, certain practices are closely aligned with each discipline with some practices common to both disciplines. For example, scientific inquiry is characterized by practices such as posing questions about puzzling phenomena and constructing explanations whereas engineering is characterized by defining problems and constructing prototypes of products. Both disciplines involve practices such as stating a hypothesis, designing investigations, repeating experiments, analyzing and interpreting data to confirm or reject the hypothesis and evaluating and communicating results or information. Robotics specifically promotes engineering design practices by engaging students in practices such as defining the engineering problem (e.g., how does the robot work to solve the problem), proposing the solution to the problem (e.g., how to build the robot), and optimization (e.g., how to improve the efficiency of the robot to complete the task; Ziaeefard et al., 2017). Some research on robotics in K-12 education (Benitti, 2012; Anwar et al., 2019) shows that ER supports student learning of concepts in the STEM areas in both formal and after-school or extracurricular contexts. With respect to gains in science learning, studies with middle school students show, for example, that gains were made in conceptual knowledge of evolution concepts after participation in a robotics teaching unit (Whittier and Robinson, 2007) and in physics content knowledge after participation in a summer robotics camp (Williams et al., 2007). A recent review by Kyriazopoulos et al. (2022) expands prior reviews by focusing on research in primary education with students 6–12 years. Although their review findings show that ER promotes cognitive and affective outcomes in STEM, there were mixed findings about robotics impacts on science attitudes and learning. For example, Ching et al. (2019) investigated how 18, grade 4–6 students participated in a STEM, PBL robotics curriculum conducted as an after-school program. Students worked with EV3 robots and results showed no statistically significant improvement in attitudes towards science, engineering and technology; however, there was significant improvement in mathematics attitudes. Results reported by Sáez-López et al. (2019), who investigated 93, grade 6, middle school students’ integration of mBot and Scratch programming, were statistically significant for improved comprehension of math and programming concepts but were not significant for science concepts. Kyriazopoulos et al. (2022) also identified challenges experienced during robotics activities. For example, building robots was found to be the most challenging aspect of the activity for the grade 4–6 students in the Ching et al. (2019) study due to minimal prior experience, complicated designs, and missing robot parts. Similarly, in another study of a school-based STEM implementation with grade 5 students, Kopcha et al. (2017) reported that students experienced challenges building robots; teachers and students found the visuals and guides difficult to follow to construct robots. It was also found that challenges arising during robotics and programming implementation in schools could be linked to teacher training (Sáez-López et al., 2019), specifically teachers’ lack of knowledge and experience with coding and programming (Kopcha et al., 2017). Other challenges reported by teachers during implementation were that science standards were not emphasized as much as math and engineering in the robotics activities, with teachers calling for stronger connections to be made to science curriculum standards (Kopcha et al., 2017).

Besides the complex nature of robotics kits and materials, lack of teacher training, and inadequate connections to science standards identified as factors affecting science learning outcomes during robotics-based activities with elementary students, the instructional approach used by the teacher/instructor also impacts student learning (Sullivan and Moriarty, 2009; Fanchamps et al., 2021). ER kits are designed to enable students to learn with minimal guidance how to design, build, and program robots and support discovery learning (Sullivan and Moriarty, 2009). Ormrod (1995) explains discovery learning as an instructional approach where students explore and manipulate objects, seek answers to questions and solve problems, or perform experiments. It is a minimally guided approach – minimum guidance is given during the activity or information about the task is available for learners if they choose to refer to it (Kirschner et al., 2006). Learners are expected to “discover” for themselves knowledge about the concepts by being active inquirers and the teacher’s role is to support in the form of relevant materials and socratic questions with minimal direct instruction (Hammer, 1997; Sullivan and Moriarty, 2009). The literature on the effect of discovery approaches on learning in the STEM subjects reports mixed results. Some studies found discovery approaches with teachers learning with robotics as supporting the development of robotics and programming knowledge (Chambers and Carbonaro, 2003; Sullivan and Moriarty, 2009). However, majority of teachers in the Sullivan and Moriarty study expressed criticism of discovery as a teaching method, calling it frustrating and slow, based on their own experiences as learners during the robotics activities. The teachers felt the time spent on figuring out one small feature increased their frustration which could have been alleviated by more guidance or some form of direct instruction. The latter sentiments expressed by teachers seems to support results of investigations of discovery approaches with students in classrooms. For example, Klahr and Nigam (2004) reported that the discovery approach with elementary students was less effective in promoting science learning when compared to direct/scaffolded instruction (examples and explanations provided by teacher). However, Roll et al. (2018) reported no significant difference in science knowledge gains by university students between discovery and the guided inquiry approach (written guidance on how to complete task is provided). These mixed results in different instructional contexts suggests that further investigation into learning science with robotics using different instructional approaches is needed.



2.3. Scaffolded instruction in classrooms

While Wood et al. (1976) theorized about scaffolding from a study involving a one-to-one tutor relationship, real classrooms in many countries face many constraints such as 30 students taught by one teacher and lack of resources. Scaffolding in classroom contexts is much more complex and involves the teacher establishing conditions or providing support by structuring a learning activity to help a diverse group of students bridge the gap between current abilities and the target task or knowledge outcomes. Features of scaffolding and support materials suggested for classroom learning are instructor demonstration or modelling the task, peer collaboration, targeted questions, repetition, and visual aids (Taber, 2018a). Another form of scaffolding supporting learning is process worksheets that give information on the steps or phases to solve the task and hints for successful completion of the task (Van Merriënboer, 1997). Scaffolding is important to help students focus on elements of a task that is within their capabilities (Simons and Klein, 2007). Scaffolding becomes even more important in problem-centered approaches such as design based and problem-based learning as these approaches are often characterized by ill-structured problems with no clear directions to the goal and require self-directed learning (Jonassen, 2011). Studies have shown that students with little prior knowledge significantly benefit from guidance and structure (Mayer, 2004; Kirschner et al., 2006; Oksa et al., 2010; Kalyuga, 2013). Hence in the current study, conceptual scaffolds in the form of questions on a worksheet supported students construct meanings about gear concepts and strategic scaffolds such as process worksheets that modelled how to program, guided learning of phases such as sequencing and debugging.

Computer programs (e.g., robotics programs, mathematics problem solving applications, science simulations) also incorporate different forms of scaffolding to support problem-solving. Belland et al. (2017) explain that computer-based scaffolding employs similar strategies as proposed by Wood et al. (1976) but the way computers enact the scaffolding is different because of the preprogramming that needs to be done. They explain that scaffolding logic assesses where learners are at and what type of scaffolds to provide and that scaffolds can be fixed—scaffolds are added or faded during the program and performance adapted; and self-selected—choice of scaffolds is provided or enabled during the activity. There are many types of computer scaffolding intervention types based on the work of Hannafin et al. (1999): conceptual scaffolds—e.g., knowledge question prompts, links or hints to experts, and concept mapping and visualizations tools; metacognitive scaffolds—e.g., prompts to self-reflect on learning and evaluate choice of strategies; strategic scaffolds—e.g., shows and guides how to solve unique problems such as in algebra; and motivation scaffolds—enhances self-efficacy, interest and perceptions of autonomy (Belland et al., 2017). A meta-analysis of 144 experimental studies investigating the effectiveness of computer-based scaffolding on problem-centered approaches in STEM education such as design based and problem-based learning showed that students who received the scaffolds did better on cognitive tests than students who did not receive scaffolds and all scaffolding intervention types except for motivation scaffolds improved cognitive outcomes (Belland et al., 2017).

The positive impact of computer-based scaffolding for supporting cognitive outcomes in problem-based learning in STEM was also shown through Bayesian meta-analysis (Kim et al., 2018). The latter results point to the notion that scaffolding is important to support learning of STEM knowledge through computer-based activities such as robotics in formal classroom settings, especially for novice learners.



2.4. Self efficacy and teaching

According to Bandura (1994), self-efficacy refers to a person’s belief in his or her capability to carry out actions or complete a task to produce specific outcomes and it includes a judgment regarding how well he or she can perform the task or action, and confidence in having the skills to do the task or action. As such Bandura (1977) distinguished between two types of expectations related to self-efficacy: outcomes expectations and efficacy expectations. He defined outcomes expectations as a person’s guess that a given behavior will lead to certain outcomes and efficacy expectations as conviction that one can successfully perform the behavior to produce the favorable outcome. Self-efficacy beliefs therefore play a significant role in how people are motivated, make choices and behave in specific settings such as teachers in classrooms. Bandura (1994) suggested four ways to develop a person’s self-efficacy: mastery experiences which involve direct experience with and successful completion of the action or task; vicarious experiences through observing social role models successfully complete a task; social persuasion through positive verbal feedback; and emotional and physiological states that are managed to reduce stress reactions. These four strategies have been applied in many educational contexts for developing self-efficacy among teachers with varying results on the strategy’s relative importance (Morris et al., 2017). For example, while vicarious experiences such as modeling experiences (e.g., observing another person teach) and enactive mastery experiences (that is perceived successes in prior teaching) were found to enhance self-efficacy among elementary science teachers, it was cognitive mastery of pedagogical content knowledge and verbal persuasion through in situ feedback that were more effective for developing self-efficacy among teachers in the study by Palmer (2011). On the other hand, Tschannen-Moran and Woolfolk Hoy (2007) found that it was enactive mastery experiences that mostly explained the increases in self-efficacy among novice and experienced teachers. Likewise, Velthuis et al. (2014) reported that it was the experiences of preservice teachers when they began to apply content to the practice of teaching science to students in the classroom that most impacted their self efficacy beliefs about teaching science. Findings on the role played by subject-matter knowledge on teacher self-efficacy in general suggest that there was a relationship between subject matter knowledge and self-efficacy (Yilmaz-Tuzun, 2008; Rohaan et al., 2012). The latter results are reinforced in the review on teaching efficacy by Morris et al. (2017) who found that studies show overall that knowledge of subject matter led to an improved sense of efficacy among teachers.

With respect to technology and teachers’ self-efficacy, studies (e.g., Lemon and Garvis, 2016; Valtonen et al., 2018) show that many preservice teachers do not feel confident about integrating technology into teaching practice. Many studies have also investigated in-service teacher self efficacy and knowledge to teach with robotics (e.g., Hamner et al., 2016; Hodges et al., 2016; Sinay et al., 2016; You et al., 2021; Fridberg et al., 2022). However, there are a limited number of studies reporting on preservice teachers’ self-efficacy and robotics. For example, Schina et al. (2021) designed a 3 session ER training program at a university in Spain where preschool PSTs engaged in mastery experiences in the form of structured, hands-on experimentation to program a Blue Bot robotic toy, followed by experimentation with Blue Bot classroom application projects, with a final group project being to create a Blue Bot project to teach a topic to preschool students. The findings showed that self efficacy towards educational robotics such as PSTs skills and knowledge about how to use robotics for classroom instruction and for teaching science improved after participation in the ER training module. In another study, Martin et al. (2020) explored ECE and Primary Education PSTs self-efficacy beliefs to use appropriate technology including robotics in teaching in a technology course at an Australian university. A sample of 92 participants completed a pre-post self efficacy survey. Results indicated that PSTs confidence post course was strongest for the technical use and pedagogical applications of technology such as robotics. The authors suggest this strong increase in confidence may be due to PSTs being exposed to structured, hands-on learning experiences grounded in curriculum-related contexts. In another study conducted with 26 PSTs in a Master of Teaching Informatics program at a Portuguese university, Piedade et al. (2020) investigated the self-confidence of PSTs to use educational robotics to teach computational thinking and programming. In the course, PSTs created a learning scenario (real or artificial situation) about how robotics could be used to teach computer science content to K-12 students. The results of the self-report scale indicated PSTs exhibited high interest and self-efficacy to teach with robotics as well as gained greater knowledge about robotics and problem-solving suggesting that collaborative, problem solving activities such as planning, designing and implementing scenarios with robots also supports the development of PSTs confidence to teach with robotics.

The few studies reported above show the positive impact that structured, hands-on programs can have on PST self efficacy to teach with robotics. However, two of the studies above are in ECE/primary contexts and the studies occurred in European and Australian universities. There is therefore a need for more studies in different contexts to examine the process of developing elementary preservice teacher self-efficacy to teach with robotics during the Teacher Education program years, so novice teachers go into the field with knowledge and some degree of self-efficacy to teach STEM with robotics. The current study extends the literature by investigating elementary, PSTs confidence to use robotics-based activities in teaching at a Canadian university.




3. Methodology

The intent of this study was to explore which type of instructional intervention with robotics-based activities – scaffolded learning approach/intervention or self-guided learning approach/intervention (with minimal scaffolding) – supported preservice teachers (PSTs) learn science content knowledge and develop their self-efficacy to teach with robotics. As such, a quasi-experimental, pretest-posttest non-equivalent groups intervention study (Price et al., 2015) was implemented with two pre-existing classes of elementary preservice teachers (PSTs) in a Bachelor of Education (B.Ed.) program at a Canadian university. One group (n = 11) engaged in self-guided learning, following the visual computer instructions on the robotics application, while the second group (n = 16) received scaffolding in the form of instructor facilitated pre-activity discussion and content worksheets that supplemented computer instructions. A description of and the differences between the interventions is provided in the section below.


3.1. Participants

After Ethics approval was obtained from the university Research Ethics Office, PSTs in the two sections of the elementary science methods course were invited to participate in the study by a research assistant. All PSTs participated in the robotics activity as part of requirements in the course curriculum; however, participation in the research study was voluntary and non-participation in the study did not affect PSTs course grades. PSTs were either in the fifth year of a 6-year, concurrent undergraduate degree/B.Ed. degree program or in year one of a two-year B.Ed. degree (students have completed a 4-year undergraduate degree). For most B.Ed. courses, PSTs from both university entry pathways take the same courses to obtain their primary-junior (PJ) teaching certification (teaching grades K-6). PSTs in the PJ program have completed a variety of undergraduate degrees and have majors in subjects such as history, English, math, early childhood education and environmental science and are expected to be generalists and teach all subjects in grades K-6. Hence, majority of the participants in the two groups did not have science majors or had not taken any high school specialist STEM subjects such as physics and computer science.



3.2. Curriculum context and instructional interventions

The PJ science methods course was designed to prepare PSTs to teach science outcomes from grades 1–6 as outlined in the Ontario Science and Technology Curriculum, Grades 1–8 (2007). The focus was on how to teach curriculum content through scientific inquiry and engineering design to solve practical problems. In line with the widespread call for STEM integration over the past 10 years, many Ontario school boards such as the Toronto District School Board (TDSB) began implementing STEM professional learning with robotics for elementary teachers (Sinay et al., 2016). It was in the context of this provincial professional learning initiative for teachers that the robotics-based activity was introduced in this B.Ed. course. The goal of the robotics-based activity was to learn science content through building and programming with robotic kits and associated computer applications – emphasizing the S, T and E in STEM. Since the curriculum expectations for the activity were about learning gear types and their functions from the grade 4 curriculum, the robotics kits used were LEGO® Education WeDo v.1.2, designed for elementary students with easy-to-follow visual computer instructions to build and program models that are not very complicated.



3.3. Internal validity threats

The instructional interventions with the two classes of PSTs were implemented by the author on the same day minimizing diffusion of treatment effects between groups. While classes were at different times, PSTs had fixed timetables with three-hour classes scheduled back-to-back which minimized interactions between students during classes. The two classes were taught by two different instructors during the semester. During the three-hour intervention, course instructors observed the author facilitate the activity because they were not familiar with the robotics kit and coding. They assisted with setting up kits and administration of the pre and posttests. PSTs worked in pairs in both interventions, and in a group of 3 if an odd number of students was present. Since all PSTs did not have any courses on robotics and computer programming in the B.Ed. program, the author began both group interventions with a brief PowerPoint introduction about robotics and its applications, some information on coding such as algorithms and debugging, and an overview of the WeDo program. A copy of the WeDo programming key guide was also provided to PSTs in both groups.



3.4. Self-guided robotics intervention

In the self-guided robotics intervention (n = 11), PSTs worked with robotics kits set up at tables in a private, but open area in the Education resource center/library. A task card at each table provided information on the curriculum outcomes for the activity related to which gear types and functions to explore, and what robot model to build and program on the WeDo computer application.

The task card also listed the general STEM process goals:

• Think creatively to make a working model.

• Develop vocabulary and communication skills to explain how the model works.

• Establish links between cause and effect.

• Follow 2D drawings to build a 3D model.

• Think logically and create a code to produce a specific behavior.

Participants were left to work at their own pace to follow the computer instructions to build gear models and robot models and program them. For example, the instruction on the computer screen to build a gear model illustrating gearing down was a visual diagram (Figure 1) and the instruction to follow to program a model called the Dancing Birds, that incorporated gears, was another visual as shown in Figure 2. No other type of information was provided on the computer or by the instructor/author. The author responded when PSTs asked for assistance about how to use the program. No other pedagogical scaffolds were incorporated during the activity by the author.

[image: Figure 1]

FIGURE 1
 Instructions on WeDo computer program to learn about gearing down.


[image: Figure 2]

FIGURE 2
 Instructions on WeDo computer program to learn how to program the dancing bird model.




3.5. Scaffolded robotics intervention

In the scaffolded robotics intervention class (n = 16), PSTs received additional scaffolding through oral discussion and demonstration provided by the instructor and then through a worksheet. The instructor scaffolding was in line with constructivist learning; the instructor probed for prior knowledge of gears and gear functions though oral questioning and provided a brief recap of gear types with the aid of visuals on a PowerPoint. PSTs then followed instructions on the exploring gear worksheet (see Figure 3) that is an instructor support with the WeDo application. Questions 1 to 4 on this worksheet directed PSTs to the model-building visual on the computer and supplemented the computer visuals with verbal directions for building the gear model, Questions a to f in Figure 3 were discussion questions that acted as conceptual scaffolds to engage PSTs in developing knowledge about gears and their functions.

[image: Figure 3]

FIGURE 3
 Conceptual Scaffolds to learn about gears in scaffolded robotics intervention.


PSTs were guided to build four different models of gears (i.e., exploring two gears, idler gear, gearing down and gearing up). As PSTs followed the worksheet directions and constructed the different gear models, they were then asked to program, test their gear models and record their observations on the worksheet. During this process, they were introduced to gear terminology such as driver and follower gears on the worksheet. The worksheet also included math calculations to figure out gear ratios for gearing up and gearing down. After completing this activity to learn about gears, PSTs then followed instructions on the WeDo computer program to construct the same robot models as participants were asked to explore in the self-guided robotics intervention. The first model built by PSTs in the scaffolded group was the Dancing Bird and a preconstructed model was available to aid students who had difficulty visualizing from 2D to 3D. PSTs were provided with a process worksheet (See sample worksheet in Appendix 1) to scaffold the development of skills for programming/coding. PSTs followed the sequence of programming steps on the programming worksheet that modeled how to code, provided partial codes for debugging, and then asked students to produce their own codes.



3.6. Instruments

A knowledge test on how gears work and a self-efficacy for teaching robotics questionnaire were filled in by participants at the beginning of the intervention and the same measures were filled in by participants 1 week after the intervention, to minimize testing effects. Both measures were used in previous studies with PSTs (Jaipal-Jamani and Angeli, 2017). The knowledge test consisted of 5 questions which included what a gear is and its use, examples of objects that use gears, how a gear worked, how to make an object move faster using gears, and how to make an object move slower using gears. Each question was scored out of 3 from a precise scoring rubric. For example, for the question, how do gears work, the scoring was based on key words or ideas as follows: gears mesh and one gear (driver) drives/turns another gear (follower) (1 mark); driver gear is turned by an outside effort [power, input force, energy] (1 mark); output force/motion experienced by follower gear (1mark). The total test score was 15. The author scored items and then this scoring was validated by another university science educator who reviewed the scores of all PSTs. Any discrepancies in scoring were discussed to come to a consensus score. The interrater test scoring reliability was 94%.



3.7. Instrument validity and reliability

A Pearson Correlation analysis was conducted between the total scores and the five test items from pretest scores. The significance value for all five items in the scaffolded group was less than 0.05 indicating all items were valid for this group. The significance value for four out of five items (questions 2, 3, 4, and 5) in the self-guided group was less than 0.05 indicating validity of four items. All five items were retained for the calculations based on the reliability analysis outcomes. To measure reliability of the knowledge test, Cronbach’ s alpha was calculated to show the degree of internal consistency or how closely related the set of items were as a group for knowledge items. The Cronbach’s alpha obtained for the 5 items on the knowledge tests for the different groups were: self-guided group: post = 0.680; pre = 0.663; scaffolded group: post = 0.863 and pre = 0.809. Taber (2018b) points out that in Science Education studies, no clear consensus exists about what the most appropriate acceptability value for alpha is; however, the consensus value of 0.7 and over was considered acceptable. Nevertheless, Taber demonstrates and argues that Cronbach’s alpha values cannot be assumed to be fixed in a knowledge scale or instrument because it applies to a particular sample responding at a particular time so scales lower than 0.7 can by justified. The two groups in the current study came with different prior levels of knowledge which may have affected their responses in terms of random guesses or no responses at all resulting in low pretest alpha scores but with the intervention, reliability of items increased. Inconsistent and low values have been reported for other science knowledge tests (Berger and Hänze, 2015; Nehring et al., 2015) and Berger and Hänze (2015) explained low reliability values in their study in terms of the limited number of test items and the range of knowledge tested. This may be another possible factor that explains the lower reliability values in the current study as the test has 5 items only which may not be representative of a unidimensional construct as has been pointed out by Taber (2018b). Taber explains that items on a science test because it focuses on knowledge and understanding of sometimes complex science topics, may not be conceptualized well as a single, coherent construct. Lower reliability values for the self-guided group could be related to their prior knowledge and also could be due to the small sample size.

The self-efficacy for teaching measure consisted of 4 items that rated confidence on a scale from 0 to 100 (from not confident to completely confident). Items were (A) I feel confident that I have the skills necessary to use robotics for classroom instruction; (B) I feel confident that I can engage my students to participate in robotics-based projects; (C) I feel confident that I can help students when they have difficulty with robotics; and (D) I feel confident about teaching students’ science using WeDo. Pearsons correlation between the summed score and the 4 items from the pre-efficacy questionnaire revealed p < 0.05 for all four items in both PST groups. Cronbachs alpha values obtained for the four items were for self-guided group: posttest = 0.967; pretest = 0.970 and scaffolded group: posttest = 0.980; pretest = 0.936; indicating that the instrument reliability was good.



3.8. Data analysis

IBM SPSS Statistics version 27 was used to analyze the data. Normality tests were run using Shapiro Wilks test because of the small sample sizes (Ghasemi and Zahediasl, 2012). All statistical tests were conducted at the 95% confidence level.


3.8.1. Knowledge test

The scores of the 5 items on the knowledge test were summed to provide a knowledge pretest and posttest score. While the knowledge posttest scores in both groups were normal with p > 0.05 (self-guided group: p = 0.838; scaffolded group: p = 0.519), the knowledge pretest scores in both intervention groups were not normally distributed with Shapiro–Wilk significance value less than 0.05. Hence, the non-parametric Wilcoxon Signed test was used to compare knowledge gains within groups. For non-parametric test calculations, the effect size was calculated as recommended by the literature with the formular: r = z/√2n with values for r = 0.10 (small effect), 0.30 (moderate effect) and 0.5 (large effect; Fritz et al., 2012).



3.8.2. Self-efficacy questionnaire

To investigate PSTs self-efficacy gains within groups, scores of the four confidence items for each group were summed to provide a pre and post self-efficacy score. The distribution of the pre and post self-efficacy scores were normal for both groups with Shapiro–Wilk test significance showing p > 0.05 as follows:

• scaffolded group – pre score p = 0.383, post score p = 0.083.

• self-guided group – pre score p = 0.109, post score p = 0.088.

Therefore, a paired T-test was used to compare pre and post changes in self-efficacy and effect size was calculated using Cohen’s d where d = 0.2 (small effect), d = 0.5 (medium effect), and d = 0.8 (large effect) as suggested by Cohen (1988).





4. Results


4.1. Knowledge of gears: Within group comparison


4.1.1. Self -guided robotics intervention

Null Hypothesis: The median difference between knowledge pretest and posttest scores is symmetric around zero.

Alternate Hypothesis: The median difference between knowledge pretest and posttest scores is not symmetric around zero.

Results from the Wilcoxon Signed Test showed that the posttest knowledge of gears (mean rank = 6.07) was not significantly different compared to pretest knowledge of gears (mean rank = 4.17) with z = − 1.551, p = 0.148. The null hypothesis is not rejected, and the findings suggest there is no statistically significant gain in science knowledge by PSTs due to the self-guided intervention at α = 0.05 to show that the median difference between pre and post knowledge is not symmetric around zero. The median of the score differences was 1 (Table 1). Three PSTs had negative median differences meaning that they scored lower in the posttest than in the pretest (Table 2). The findings therefore indicate that there was no significant gain in knowledge by PSTs due to the self-guided intervention.



TABLE 1 Median values for posttest, pretest, and differences in post-pretest knowledge scores for self-guided group.
[image: Table1]



TABLE 2 Negative, positive, and tied paired differences of PST knowledge for self-guided group.
[image: Table2]



4.1.2. Scaffolded robotics intervention

Null Hypothesis: The median difference between knowledge pretest and posttest is symmetric around zero.

Alternate Hypothesis: The median difference between knowledge pretest and posttest is not symmetric around zero.

A Wilcoxon signed-rank test showed a significant median difference between posttest knowledge scores (mean rank = 8) when compared to pretest knowledge scores (mean rank = 0.00) with z = −3.428, p < 0.001. Since p is statistically significant, the null hypothesis is rejected indicating there were significant differences between pretest and posttest knowledge scores. Table 3 shows that the median of the differences in scores was 3 and as seen in Table 4, 15 PSTs out of 16 had positive ranks with median difference in pre-post knowledge scores greater than zero. The findings suggest that there was a significant gain in knowledge by PSTs due to the scaffolded intervention. The effect size was r = z/√2n; r = 3.428/√32 = 0.607 which indicates a large effect size suggesting that the scaffolded intervention did have practical significance for PSTs learning of science content.



TABLE 3 Median values for posttest, pretest, and differences in post-pretest knowledge scores for scaffolded Group.
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TABLE 4 Negative, positive, and tied paired differences of PST knowledge for scaffolded group.
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4.2. Self-efficacy to teach science using robotics: Within group comparison


4.2.1. Self-guided robotics intervention

Null Hypothesis: Ho: A self-guided robotics intervention has no effect on preservice teachers’ self-efficacy to teach with robotics-based activities.

Alternate Hypothesis: A self-guided robotics intervention has a positive effect on preservice teachers’ self-efficacy to teach with robotics-based activities.

A paired samples T-Test at the 95% confidence level showed there was a significant increase in PST self efficacy to teach with robotics a week after the self-guided intervention (M = 27.9, SD = 11.3) compared to before the self-guided intervention (M = 18.7, SD = 7.8), t (10) = 4.635, p < 0.001. The null hypothesis is rejected, and results indicate that the self-guided intervention had a positive effect on PST self-efficacy. Mean change was from 18.7 to 27.9 with the difference being 9.2 (Table 5). Cohen’s d was 1.398 indicating a large effect size that was illustrated in practice. As shown in Table 6, positive ranks were 11 indicating that all participants reported their self-efficacy as higher after the self-guided intervention. The results suggest that the self-guided intervention increased PST self-efficacy to teach using robotics-based activities.



TABLE 5 Descriptive statistics for pre-efficacy and post-efficacy scores for self-guided group.
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TABLE 6 Positive, negative, and tied paired differences in PST self-efficacy scores for self-guided group.
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4.2.2. Scaffolded robotics intervention

Null Hypothesis: A scaffolded robotics intervention has no effect on preservice teachers’ self-efficacy to teach with robotics-based activities.

Alternate Hypothesis: A scaffolded robotics intervention has a positive effect on preservice teachers’ self-efficacy to teach with robotics-based activities.

A paired samples T-Test at the 95% confidence level showed there was a significant increase in PST self-efficacy to teach with robotics after the scaffolded intervention (M = 27.4, SD = 8.8) compared to before the scaffolded intervention (M = 11.7, SD = 10.3), t (15) = 6.598, p < 0.001. The null hypothesis is rejected, and results indicate that the scaffolded intervention had a positive effect on PST self-efficacy. Mean change was from 11.7 to 27.4 with the difference being 15.7 (Table 7). Cohen’s d was 1.649 indicating a large effect size. Table 8 also shows that 15 PSTs had positive differences in the ranked score differences meaning that they reported higher efficacy scores after the intervention suggesting that the scaffolded intervention had a large practical effect resulting in an increase of PST self-efficacy to teach using robotics-based activities.



TABLE 7 Descriptive statistics for pre-efficacy and post-efficacy scores for scaffolded group.
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TABLE 8 Positive, negative, and tied paired differences of PST self-efficacy scores for scaffolded group.
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5. Discussion

This pre-post intervention with two different groups of elementary preservice teachers in the same Bachelor of Education program investigated the effectiveness of a self-guided instructional approach and a scaffolded instructional approach to learn science knowledge through a robotics-based activity. The study also investigated the effect of these two instructional approaches to develop elementary PSTs self-efficacy to teach with robotics-based activities.

The findings in relation to knowledge gains were statistically significant for the effect of the scaffolded robotics approach on gains in science knowledge for this sample of PSTs with a high effect size of 0.607 suggesting high practical significance of the scaffolded robotics intervention to support content learning of science. In comparison, the findings showed that the self-guided robotics intervention did not result in statistically significant gains in knowledge of gears among this sample of elementary PSTs. While PSTs were not assigned to the two intervention groups randomly because of pre-established student course timetables, the PSTs in both groups in this study exhibited similar prior knowledge of gear concepts as evidenced by the pretest medians (self-guided = 4 and scaffolded = 3.5). So, it is reasonable to conclude that the main difference between the two groups was the scaffolding provided to one group and not the other. In the scaffolded PST intervention, the author/instructor facilitated pre-discussion of gears and a gear worksheet engaged PSTs during the activity in thinking about how gears worked. These scaffolds were not provided in the self-guided intervention group. The self-guided PST group only received the visual scaffolding on the computer in relation to gear functions and there were no built-in prompts or questions in the computer program to engage PSTs to reflect on gear concepts as they constructed and programmed the gear models. The study results therefore suggest that the scaffolding provided during the robotics activity played a role in enhancing PSTs knowledge of science concepts. Notably, the questions on the worksheet supported development of conceptual knowledge in a series of steps and acted as conceptual scaffolds for learning about gears (Belland et al., 2017). The worksheet, coupled with the hands-on experience of constructing, programming, and testing the different gear models also enabled the preservice teachers in the scaffolded group to learn new scientific terminology such as gearing up and gearing down. Although the visual instructions on the computer program introduced scientific terminology such as gearing down to both groups as illustrated in Figure 1, none of the PSTs in the self-guided group included these terms in their posttest response for knowledge questions 4 and 5 (which asked about gears moving slower and faster respectively). However, in the posttest responses of the scaffolded group, 8 out of 16 PSTs used the terms gearing down and gearing up in their responses to these two questions. This qualitative observation suggests that the process worksheet as a scaffold reinforced the connection between the scientific term associated with the scientific phenomenon for at least 50% of PSTs in the scaffolded group and strengthens the practical significance of the scaffolded intervention for PSTs learning of science content.

The study result, that the PSTs in the scaffolded robotics group showed statistically significant gains in knowledge compared to PSTs in the self-guided robotics group, supports other findings in the literature about the effectiveness of scaffolding for students with little prior knowledge (Kirschner et al., 2006; Oksa et al., 2010; Kalyuga, 2013). As mentioned above, most PSTs in both intervention groups had little prior knowledge of how gears worked, except for a few PSTs who came with some science background. In these cases, students with prior knowledge of science and/prior experiences with robotics supported peers during construction and collaborative discussions and mediated construction of knowledge. With respect to how the different instructional approaches affected the learning of science concepts and skills particularly, the findings support results obtained by Klahr and Nigam (2004). Klahr and Nigam (2004) found that oral scaffolding by the teacher resulted in more gains in elementary students’ science learning than a discovery/self-guided intervention. Although Klar and Nigam labelled the instructional approach with teacher scaffolding, direct instruction, the teacher actions—of providing different examples of the phenomenon and explanations for the differences—can be argued to be an example of the demonstration scaffolding function by Wood et al. (1976).

Demonstration includes examples or partial solutions being modelled through teacher oral explanation and findings suggest scaffolding contributed to greater gains in student learning of science compared to the self-guided approach. It should be noted that in practice, teachers may use a mix of the self-guided approach and the scaffolded approach in teaching to promote the learning of different competencies in students. For example, if the intention is to have students learn about gearing up and gearing down, then the scaffolded approach with targeted questions is likely to result in students gaining that specific knowledge as shown in this study. A self-guided approach may be effective to gain a different set of competencies such as problem-solving skills (Mayer, 2004) or practical knowledge when exploring a new topic such as which gears make robots work best. In these latter instances, the knowledge test would be designed to test these problem-solving competencies or knowledge derived from the practical activities. In the current study, the author’s intention was to explore the effectiveness of the self-guided and scaffolded approach to develop knowledge of gear concepts through a robotics program, so the same knowledge test was administered to both groups. This study results provide insights about the effectiveness of the two instructional approaches for learning specific gear concepts and may assist PSTs and novice teachers during instructional design related to this topic.

The finding of the current study that the self-guided robotics intervention did not result in statistically significant gains in knowledge also emphasizes the significance of built-in computer scaffolds for self-guided learning. While the WeDo visual scaffolds were easy to follow to build and program simple models, the WeDo program itself was not effective at scaffolding learning of the science concepts in this study. This limitation in the robotics program becomes important when an experienced teacher or tutor is not available to provide supplementary scaffolding which may be the case for learners who for example, are homeschooled or engage in distance learning. Studies have shown that computer programs that incorporate different types of scaffolds, e.g., conceptual scaffolds such as links or hints to experts and metacognitive scaffolds such as prompts to self-reflect on learning resulted in improved cognitive outcomes in STEM (Belland et al., 2017; Kim et al., 2018). It is therefore important for science educators and practicing teachers to explore the robotics computer programs they incorporate to teach disciplinary STEM content to PSTs and K-12 students, respectively. Identifying the types of scaffolding that are built-in to computer applications associated with robotics kits will enable educators to provide the additional conceptual, metacognitive and strategic scaffolds necessary to support learning of STEM content knowledge and skills.

The second research question investigated how the self-guided instructional approach and the scaffolded instructional approach with robotics-based activities affected elementary preservice teachers’ self-efficacy to teach with robotics. The results indicated that both interventions were statistically significant for gains in self efficacy with p < 0.001 but the effect size was higher in the scaffolded group (d = 1.649) compared to the self-guided group (d = 1.398) suggesting the scaffolded intervention was more effective at developing PST self-efficacy to teach with robotics-based activities. To explain the practical significance of the results, it is important to look at some of the characteristics of PSTs in the two groups. Some PSTs explained during the activity that they had some prior exposure or experiences with robotics activities in high school or by facilitating robotics-based activities at summer camps. It was observed that during the activity, more knowledgeable peers with ER assisted peers who had minimal or no experiences with robotics in both the self-guided and scaffolded interventions. In the self-guided group, 6 out of 11 PSTs (55%) rated their pre-efficacy teaching with robotics as high (high was arbitrarily selected as having 50% or greater summed efficacy score) and 4/16 PSTs (25%) in the scaffolded group rated their pre-efficacy as high. The pretest self-efficacy mean was 18.7 for the self-guided group and was 11.7 for the scaffolded group. It is not unreasonable to assume that having prior hands-on experiences working with robotics kits may have led to some PSTs rating their perceptions of their self-efficacy to use robotics in classroom instruction prior to the interventions higher. However, PSTs confidence to teach with robotics post intervention for both groups were similar, with means around 27 (the maximum being 40) suggesting that the self-guided intervention gains were smaller. This observation supports the results that the scaffolded intervention had a greater effect on PSTs self-efficacy to teach with robotics in this study. When scaffolds such as conceptual worksheets are used in robotics activities, they also model how learning is scaffolded in K-12 classroom settings. This study finding is consistent with the findings of Blackley et al. (2017) who found that when PSTs were explicitly taught about pedagogical scaffolding, it increased their confidence to facilitate robotics-based activities with elementary school students. The lack of explicit pedagogical strategies to make connections to targeted curricular concepts was also not explicit in the self-guided intervention and may have contributed to PSTs smaller gains in confidence to use robotics in their future teaching. It has been shown that when PSTs are exposed to structured, hands-on learning experiences with robotics that have strong connections to the K-12 curriculum, PST confidence to teach with robotics increased (Martin et al., 2020; Schina et al., 2021).

It is also important to analyse the nature of the scaffolding during the robotics activity to understand the role played by different scaffolding types to support learning. The scaffolded intervention in this study incorporated the scaffolding functions as identified by Wood et al. (1976). The scaffolding function, recruitment was done by using the robotics kits and visual programming blocks on screen to gain PSTs interest in the task; direction maintenance was facilitated by asking PSTs to focus on completing the assigned tasks on the computer and challenges on the worksheet; demonstration was done by showing a preconstructed model of the Dancing Birds and by modeling partial solutions on the programming worksheet; reducing degrees of freedom was reflected in the incremental nature of the task from simple to complex as shown on the gears worksheet and part 1of the programming worksheet; marking critical features occurred when learners wrote down a code, tested the program and received instant feedback on screen to correct their written code if necessary; and frustration control was built in as worksheet steps built on each other incrementally to minimize frustration and the instructor was there to help when asked. As illustrated above, the scaffolded robotics intervention incorporated Woods et al.’s scaffolding strategies which has been shown to contribute to gains in knowledge and self-efficacy. Some implications for teaching practice are that it may be beneficial to incorporate different types of scaffolding to support learning during a robotics-based activity. The scaffolded robotics intervention also modelled temporary adaptive support (Shvarts and Bakker, 2019) as the programming worksheet was designed to decrease or fade modelling and support so that the PSTs could complete the coding task independently as they progressed (Pea, 2004; Puntambekar and Hubscher, 2005). Through completing this worksheet task, PSTs also learned how to self-regulate and perform tasks independently (Shvarts and Bakker, 2019). Most importantly, the various types of scaffolding were being experienced by these elementary PSTs as they were learning through first-hand experience, how to teach with robotics-based activities to scaffold elementary students’ science learning. Palmer (2011) also demonstrated that it was through a combination of strategies that included explicit demonstration of how to teach the science activity, observation of others teaching the activity and then practicing it themselves that enhanced novice elementary teachers’ self-efficacy to teach science.



6. Limitations of the study

The study results are exploratory as they are based on a quasi-experimental design since it was not possible to create two random groups. Students were in pre-established, self-selected classes and the robotics activity was part of the course curriculum. Since the sample sizes were based on the pre-established class sizes, a limitation of the study is that the sample sizes are small and study findings are not generalizable. Results are interpreted and discussed in relation to this study sample and context. In terms of gender representation, the samples were from the same population of PSTs in an elementary Teacher Education program with similar approximation of gender within each sample: 3/16 males (19%) in the scaffolded group and 2/11 (18%) males in the self-guided group. Self-efficacy measures were also self-reports from preservice teachers so PSTs could have over-estimated or underestimated their confidence during the pretest. Confounding variables such as PSTs prior content knowledge and PSTs prior experiences with robotics can contribute to measurement errors decreasing the robustness of results (Jennings and Cribbie, 2016). To minimize the measurement errors that arose due to pre-existing group differences, the t-test (and its non-parametric counterpart) was used to compare pre-post changes (Jamieson, 2004). It has been shown that in a two-phase design with a single dependent variable, a difference test, when compared to an ANCOVA, is more effective as it is less affected by baseline group differences, has less bias and demonstrates good statistical power even when reliability is low (Thomas and Zumbo, 2012; Jennings and Cribbie, 2016). All knowledge test items were valid in both groups except for question one in the self-guided group. This suggests that question 1 was not a useful item for the self-guided group and this may have been due to the differences in characteristics of this group compared to the scaffolded group – all PSTs in the self-guided group were able to answer question 1 but there were some PSTs in the scaffolded group who did not know the answer to question 1. The knowledge test would therefore need to be modified for future group comparison studies. Question 1 was not removed as five items yielded the best validity and reliability results across both groups. Another limitation of the study was that the posttest was done 1 week later, and the same measure may elicit different responses from PSTs after a longer time interval. It is also the case that participants were elementary pre-service teachers, therefore results may not be applicable to secondary preservice teachers at this university as the factors affecting self-efficacy for the different groups may be different (Morris et al., 2017). Another limitation is that three of the four self-efficacy questions were phrased to elicit responses about robotics in general when PSTs were exposed to one type of robotics kit for use in gear-related building and programming activities. The scale was on a continuum from 0 to 100 and provided PSTs with opportunities to express their feelings about being able to use a robotics kit in the classroom setting before and after the intervention. Since the study investigated how PSTs feelings changed after participation in the different gear-related activities, the difference in pre and post confidence results is interpreted in the context of PSTs being confident to use the robotics kit for similar types of building and programming and is not interpreted as being applicable to teaching robotics in general. The wording of self-efficacy items will be modified to refer to the specific robotics activity in future studies. A final critique that could be made of this study is that all areas of STEM were not investigated even though robotics-based activities support STEM learning. In practice, robotics is generally integrated into disciplinary curricular, and the way teachers in the field tend to approach instructional design is to use the robotics-based activities as the context to meet disciplinary curriculum learning outcomes (Ntemngwa and Oliver, 2018). Due to the practicalities of how subjects are taught at schools, the science methods course was also focused on teaching PSTs how to teach science and general STEM skills. The nature of the course therefore limited the scope of the study investigation.



7. Recommendations for future research

This research study was limited to investigating robotics-based activities for enhancing science content outcomes, specifically gears, and technology and engineering skills as part of a PST course in elementary science education. Future studies are needed to demonstrate how longer robotics-based activity interventions affect PST content knowledge and self-efficacy gains and with different topics. PSTs self-efficacy can also be measured at different times to assess the impact of the intervention. It would also be beneficial to observe how PSTs implement robotics in teaching practice to investigate the factors that affect implementation and how this may affect self-efficacy to teach with robotics. Such studies would also enhance the findings and provide illuminating insights about how K-12 students learn with robotics in similar scaffolded interventions. Field observations were not possible in this study as PSTs were on summer break after the science methods course and commenced the next university semester in the fall. It is also the case that all schools do not have robotics kits to support teacher integration of robotics-based activities in classes. Studies are also needed to explore how scaffolded robotics-based activities can be used in different disciplinary areas to enhance knowledge of disciplinary and integrated STEM knowledge. It may be that investigating all aspects of STEM is best done in an integrated STEM course that is not focused on core disciplinary knowledge. Such investigations are possible in schools where STEM is taught as a distinct course or STEM is taught in an integrated manner. Such findings may promote the implementation of integrated STEM courses in more educational contexts, especially if research shows that students are gaining STEM knowledge and skills that enable them to participate in emerging technology fields such as biotechnology and automation. Robotics-based activities have potential to also foster innovation and creativity among learners. An interesting observation made in the self-guided group was that some PSTs chose to build their own models and create their own programs. This creative building was not observed in the scaffolded group. An interesting area for future research would be to investigate conditions for enhancing development of innovation and creativity during robotics activities as these are essential skills for future economies and societies (Vincent-Lancrin et al., 2019).



8. Conclusion

Overall, the study results show that elementary PSTs experiences with robotics-based activities through a scaffolded instructional approach improved both their learning of science content knowledge and their reported confidence to teach with robotics-based activities in future practice. PSTs in the self-guided robotics-based intervention experienced gains in self-efficacy to teach with robotics but gains were smaller compared to PST self-efficacy gains in the scaffolded group. Enhanced teacher knowledge and confidence contributes to robotics adoption in K-12 schools and to the development of STEM skills in K-12 students (Sinay et al., 2016). Experiencing how content and programming knowledge is scaffolded for student learning in a robotics-based activity serves as a model for pedagogy in the K-6 classroom and could be a factor that may have contributed to greater gains in PST confidence to teach with robotics in the scaffolded group compared to PSTs in the self-guided group. These results have implications for science teacher educator’s instructional practices and practicing teachers’ professional development. The findings emphasize the importance of modeling scaffolding strategies for teaching robotics so preservice and in-service teachers experience them and can reflect on its use to teach STEM content and skills in elementary classrooms. Teacher educators that want to integrate robotics-based activities into their courses should demonstrate or model to PSTs how to make connections between curriculum knowledge and the robotics activity so PSTs can make those same connections for their students in the classroom.

Scaffolding strategies should therefore be demonstrated or modelled with authentic examples from the elementary school curriculum relevant to the context. While in-service teachers are already familiar with the curriculum and many can make links to how robotics can be used to support curriculum outcomes (Chambers and Carbonaro, 2003), in-service teachers may not be familiar with the different types of scaffolds that are associated with computer applications and programming. The current study can inform the design of robotics professional development workshops or courses to highlight the different types of scaffolds that can be used to enhance student learning during robotics-based activities. The more experiences PSTs and practicing teachers, especially non-specialist STEM teachers, have with scaffolded robotics-based activities in STEM disciplinary contexts, the greater the potential for them to teach with and integrate robotics-based activities in future teaching practice.
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Appendix 1

Sample programming worksheet (Jaipal-Jamani and Angeli, 2017).
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in the space provided the completed code.

4. Without using WeDo, write (with a pen) in the space below code for & computer program so that the robot
does the following in this order: (a) spins to the right, (b) makes a sound, (<) makes  different sound, and
() spins to the left.

5. 'Now, use WeDo to run the program you wrote in 4 above, I needed, change it so that the robot does whatever
is specified in 4 above, Then, write the new code in the space provided below.
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