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Abstract: The role-playing abilities of Large Language Models (LLMs) prompted us to investigate their potential in developing pedagogical content knowledge (PCK) for teacher candidates. We engaged an LLM as a third-grade student in mathematics and science scenarios, guiding it toward new conceptual understandings. These role-play interactions deepened our exploration of the relationship between content and learner cognition. We initiated the first stage of an Educational Design Research (EDR) study to address two key questions for (1) Intervention exploration: What design principles facilitate PCK development using LLMs? and (2) Theoretical Understanding: What types of thinking and connections emerge in this process? Findings highlight three themes: LLMs enhance thought processes, feedback, and content explanation; reflection before, during, and after interactions fosters improvement; and scaffolding is essential for productive engagement. These insights inform three design principles—structure, modeling, and reflection—guiding future research investigating the second stage of EDR for co-exploration with teacher educators to refine theoretical understanding and apply design principles in instructional design.

Introduction
Large language models (LLMs) like ChatGPT are highly effective in simulating human-like interactions, making them valuable tools for education. One of their key strengths is their ability to take on different personas, allowing users to engage in realistic and dynamic learning experiences. For example, an LLM can act as a third-grade student who has misconceptions about science or math. The model can respond with typical misunderstandings, such as believing that phases of the moon are caused by earth’s shadow or that multiplication always makes numbers larger. A user—such as a teacher-in-training—can then interact with this virtual student, diagnosing the misconceptions and guiding the AI persona toward correct conceptual understandings.
This type of simulation can be beneficial for developing pedagogical content knowledge (PCK)—the specialized knowledge teachers need to effectively teach subject matter (Shulman,1986). PCK includes understanding common student misconceptions, knowing how to explain concepts in multiple ways, and choosing the most effective teaching strategies for different learners. Traditionally, teachers develop PCK through years of classroom experience, as they encounter students' misunderstandings and refine their instructional approaches. However, LLM-based simulations provide an alternative that is powerful, inexpensive, and low-risk, allowing pre-service (teacher candidates) and in-service (practicing) teachers to build expertise without the necessity of having real-world classrooms for practicing with students.
Literature Review
Role Play with Large Language Models for PCK Development
The application of generative AI in education has expanded in recent years, with researchers highlighting several key areas of use. Several categories of educational tasks such as, profiling and labeling. detection, assessment and grading, teaching support, prediction, knowledge representation, feedback, content generation, and recommendation has been identified in educational contexts that leverage LLM’s potential (Yan et al., 2024). For the category of teaching support the educational tasks LLM has been found to accomplish are supporting classroom teaching, building learning community, virtual conversation partner, identifying teacher activity and generating questions and answers (Yan et al., 2024). When it comes to generation tasks, innovations powered by LLMs have shown strong performance across various educational applications for lesson planning and creating instructional material (Trust et al., 2023), tailoring instruction to individual student needs (Baidoo-Anu & Anash, 2023). Another significant use of AI in education is in assessment and evaluation, where it assists educators in grading and providing feedback (Baidoo-Anu & Anash, 2023). Researchers found that ChatGPT can play the roles of interlocutor, content provider, teaching assistant, and evaluator for educators (Jeon & Lee, 2023). Their study emphasizes that while AI tools can support various aspects of teaching, their effectiveness ultimately depends on educators' pedagogical expertise in integrating them into the learning process.
	Shanahan et al., (2023) describes that the concept of role-play where an LLM-based dialogue agent engages in role-playing a character can be useful in understanding interactions. A predefined dialogue prompt is the starting point when a dialogue agent starts role-playing and advancing the conversation process. The role play proceeds accordingly based on revision and refinement of the dialogue prompt. Agents that simulate realistic human behavior can enhance interactive applications, such as prototyping tools, immersive environments, and interpersonal communication rehearsal spaces (Park et al., 2023). There are several reasons for potential use of LLMs in agent-based modeling and simulation.  First, even when there is not enough and clear instructions, LLM agents are capable of role-playing (Team, 2022), second, using adaptive planning, LLM agents can react similarly to a real human (Schick et al., 2024; Xi et al., 2023) and third, LLM agents are able to communicate with other agents and real people (Boiko et al., 2023; Gao et al., 2023; Li et al., 2023; Park et al., 2023, 2022). As a result, LLM agents have the potential to represent a new paradigm for simulation with human-like interaction.
LLMs used for teaching activities like role-playing are somewhat rare. This application is not even thought of as an option in many studies that look at how teachers utilize LLMs (e.g., Microsoft, 2024; Open Innovation Team and Department for Education, 2024). However, role-playing might be a useful teaching tool because LLMs can create and embody a variety of identities (Schuller et al., 2024). The formation of pedagogical content knowledge (PCK) is one particular area where LLM-based role-plays may have a particularly significant impact. In this study we examine this where LLM acts as a third grade student who is engaged in math and science learning scenarios. The researchers acted as teachers teaching the LLM student and by practicing with an AI-powered virtual student we wanted to find how it impacts PCK development of teachers. Teachers practicing with the LLM-student can test different instructional strategies, refine their questioning techniques, and gain confidence in addressing misconceptions. This kind of interactive, low-stakes learning opportunity can enhance teacher preparation and professional development, ultimately improving real-world teaching effectiveness. In this way LLM can offer temporary assistance with a focus on the learners' acquisition of pertinent knowledge and abilities and then removing the assistance which is referred to as pedagogical scaffolding (Bruner, 1970). Wu (2024) reported on LLMs—specifically, ChatGPT in supporting students acquiring new skills and improving comprehension. Again, teachers must get preparatory training to improve their reflective acts, that is so they can learn to consider not just what they are doing but also their thinking (Mortari, 2012). Thus, the process of role play with LLM can support teachers by scaffolding and improving their reflective abilities.  
Theoretical Framework
Reflection and Scaffolding for PCK Development
According to Boud et al., (2000), the term "reflection" has become more prevalent in the pedagogical discourse and is regarded as a key instrument in experience-based learning. Educational literature describes reflection as an advantageous activity for practitioners (Gould & Taylor, 1996; Mayes, 2001) and researchers (Steier, 1995; Dahlberg et al., 2002). In teacher education, where "how-to" guides are frequently used to provide methods for facilitating teachers becoming reflective practitioners, reflection is especially useful (Korthagen & Kessels, 1999). 
 Pallascio and Lafourtune (2000) discuss the kinds of experiences that might be created to encourage reflective thinking in teacher preparation programs. Zeichner and Liston (1996) referred to “traditions of reflective teaching” as an approach about reflection and within it the “social efficiency tradition” of reflection  drives educators to use instructional techniques recommended by educational research (1996, pp. 51–62). Reflection is essential to the development of practitioner knowledge (Schön, 1983) and Schön defined two types of reflection: reflection-in and reflection-on-action. Reflection-in-action embodies Dewey's (1993) idea of being receptive to the results of our acts; we can be effective in a given circumstance by continuously modifying our actions in reaction to the outcomes of our actions. On the other hand, reflection-on-action refers to thinking back on an incident and analyzing what was and could have, which can guide future practices even though it cannot directly alter the past. 

Reflection-in and on-action affect practitioners' knowledge and can effectively impact teacher candidates when they get support (Umutlu & Kim, 2020). The "role of teachers and others in supporting the learner's development and providing support structures to get to that next stage or level" is how Vygotsky characterized scaffolding instruction (Raymond, 2000, p. 176). Scaffolds are momentary and scaffolding is offered by the more experienced person, who gradually withdraws the support as the learner's skills improve. Ultimately the learner masters the concepts and completes tasks (Chang et al., 2002) and becomes an independent and self regulating learner.  According to Vygotsky the learner develops “more sophisticated cognitive systems,…the system of knowledge itself becomes part of the scaffold or social support for the new learning” (Raymond, 2000, p. 176). According to Bransford et al., (2000) scaffolds provided activities that model and clearly define the performance expectation associated with the activity. 
LLM-based role-play applications enhance PCK development by providing teachers the opportunity to engage in reflection-in-action and reflection-on-action but it is unlikely that it will happen without scaffolding. This process offers the cycle of benefits by practicing, reflection, and revision and equips teachers with the critical skills needed to develop PCK. To better understand the process this study applied educational design research (EDR)—a methodology focused on designing, testing, and refining educational interventions in real-world contexts. Design principles established as a result of this study ensure that LLMs can be used effectively for developing PCK. 
Methods

We applied educational design research (EDR), a methodology that uses an iterative process to develop both an intervention and theoretical knowledge (McKenney & Reeves, 2020) to conduct this research. EDR is a type of design-based research (DBR) methodology (Brown 1992; Barab & Squire, 2004; Sandoval, 2014; Bakker, 2018). Figure 1 provides McKenney and Reeve’s (2020) generic model of EDR, illustrating the iterative development of both the intervention and theory. 

Figure 1.
Generic Model for Conducting Educational Design Research
[image: ]
Note. From McKenney & Reeves (2020). Used with permission of the authors.

The research questions for the Phase 1 of the EDR study are: (1) Intervention Exploration: What design principles might support success? (2) Theoretical Understanding: What types of cognitive processes does the participant engage in during this activity? In this research the two authors participated as both researchers and subjects. As faculty members at a university in the Southwest Borderlands of the United States, both have expertise in design and educational technology, with Suparna specializing in science education and Melissa in mathematics. The study served as an initial exploration of using LLMs in role-play to develop pedagogical content knowledge (PCK) among teacher candidates. Rather than providing conclusive results, it aimed to establish a preliminary design and theoretical framework for future refinement through research involving teacher educators and candidates. While the study’s limited scope could be seen as a constraint, its iterative design and reflective approach laid the groundwork for further investigation. Data collection focused on gathering design artifacts and researcher reflections, following a self-study DBR approach (Pastons & Hijalmarson, 2017). Data included screen recordings of researcher interactions with LLMs, chat transcripts with prompts, and written reflections. Researchers documented their thought processes by recording their screens while speaking aloud (Koro-Ljunberg et al., 2012), allowing for real-time capture of decision-making and self-questioning. After completing the role-play experiments, they wrote reflections on their experiences. The analysis involved reviewing screen recordings and reflections both independently and collaboratively. Researchers first analyzed each other’s recordings, writing reflective memos in response to research questions (Saldana, 2016), then revisited their own recordings to deepen their observations. Through discussions, they identified both challenges and benefits of the design, integrating insights from the activity and their internal thought processes. This combined approach informed the study’s findings, which are presented in the following section. The designer is not only creating the intervention but also reflecting on how learning occurs during the intervention. Parsons and Hjalmarson highlighted the power of critical collaboration, where researchers provide one another with feedback and analysis, furthering the depth of the analysis. We applied this approach to refine our design and deepen our understanding of its dynamics. 

Findings
The data analysis revealed three key themes: the uniqueness of LLM, the role of scaffolding, and the significance of reflection. While peer-to-peer role play is common in teacher education to develop teaching skills and PCK, engaging in role play with an LLM presents distinct advantages and challenges due to LLM’s unique characteristics. This approach is not inherently superior or inferior to traditional peer interactions, but rather offers a different set of affordances that can complement existing methods. Our analysis identified five specific elements that distinguish LLM-based practice: the ability to enhance and extend one's thought process, improved clarity and depth in content explanations, flexibility in time and opportunities for repeated practice, the presence of built-in scaffolding to support learning, and the availability of both generic and specific feedback. These elements contribute to a unique learning experience that may support in refining their instructional strategies in novel ways.  	As we explored the affordances of LLM we could connect the design principles where we emphasize three practices for future iterations: structure, model, and reflect (Chatterjee & Warr, 2024). Teachers can create more sophisticated and successful methods of teaching a subject by thinking back on their own teaching experiences. Effective scaffolding in this activity relies on two key components: structure and modeling. Structure refers to creating clear guidelines that define how participants should engage with the LLM to maximize learning. A fundamental aspect of this structure is encouraging interaction through thoughtful questioning, which promotes deeper engagement with the content. Additionally, incorporating reflective activities is essential, as it allows participants to critically analyze their interactions, assess their learning, and refine their approach. By fostering a structured environment that prioritizes inquiry and reflection, educators can enhance the effectiveness of LLM-based role-playing activities, ensuring they serve as meaningful tools for developing pedagogical content knowledge. By using PCK-focused role-playing approaches with teachers and teacher educators and highlighting the three practices—structure, model, and reflect—while sharing this method, we emphasize that it is possible to determine the advantages and drawbacks of this strategy and to create guidelines for the most effective ways to involve teachers.
Implications
As we move to the second stage of the EDR study we utilize the design principles for developing and conducting the workshops. Additionally as teacher educators we emphasize critical pedagogical reflections and recognizing assumptions are important as we encourage the LLM-based role play for developing PCK. Critical pedagogical reflection: The interactive nature of role-play allows teachers to engage in critical analysis of AI-generated responses. When an LLM acts as a struggling student, teachers can reflect on whether the AI-generated misconceptions align with real-world student misunderstandings or if they reflect stereotypical or overly simplistic errors. By interrogating AI responses, teachers can sharpen their ability to diagnose and respond to misconceptions, strengthening their pedagogical reasoning. Support adaptive teaching strategies by allowing teachers to experiment with multiple ways of responding to different learner needs. Recognize and question assumptions and biases: If an LLM simulates a student with misconceptions, those misconceptions may reflect biased or normative assumptions. For example, AI might generate explanations that favor dominant cultural perspectives while neglecting alternative ways of knowing (e.g., the AI student tended to use cake or pizza to illustrate fractions, examples that were not necessarily culturally responsive). Teachers engaging with LLM-generated student personas must be trained to recognize and question these biases rather than accepting them at face value.
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