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Introduction

Two example uses of generative AI in STEM 
education



Possible support of physics students 
during problem solving

N = 27 Physics- and Engineering students



Krupp, L., Steinert, S., Kiefer-Emmanouilidis, M., Avila, K. E., Lukowicz, P., Kuhn, J., Küchemann, S., & Karolus, J. (2024). Unreflected acceptance–investigating the

negative consequences of chatgpt-assisted problem solving in physics education. In HHAI 2024: Hybrid Human AI Systems for the Social Good (pp. 199-212). IOS Press.

Possible support of physics students 
during problem solving



Cognitive activity during essay writing with ChatGPT

Kosmyna, N., Hauptmann, E., Yuan, Y. T., Situ, J., Liao, X. H., Beresnitzky, A. V., ... & Maes, P. (2025). Your brain on chatgpt: Accumulation of 

cognitive debt when using an ai assistant for essay writing task. arXiv preprint arXiv:2506.08872.

Comparison of three groups: 

1. ChatGPT group

2. Google group

3. No support

Results: 

1. Systematical differences in neural connectivity patterns between groups 

2. Brain connectivity scaled down with increasing level of external support: No support 

group reached highest connectivity, followed by Google group and the lowest 

connectivity group was reached by ChatGPT group

3. the ChatGPT group also reached lowest scores in ownership and content retention

Learning requires the active construction of cognitive schemata. This work suggests 

that students working with ChatGPT do invest relevant effort in constructing schemata



Methods

Research Questions and search within the PRISMA 
Framework



Boolzen, C., Peltzer, N., Flegr, S., Kuhn, J., Küchemann, S., (2026), Evidence of Impact and Interpretational Limits of Generative AI in STEM education - A Systematic

Review and Meta-Analysis on Cognitive Learning Outcomes,  arXiv:submit/7369304

1) To what extent does interaction with GAI enhance learning effectiveness?

Research questions

a)  What moderator variables influence the interaction between 

learners and GAI systems?

2) What types of challenges do learners encounter when interacting with 

GAI systems?

3) What interventions have been reported to promote successful interactions 

between learners and GAI systems?



Boolzen, C., Peltzer, N., Flegr, S., Kuhn, J., Küchemann, S., (2026), Evidence of Impact and Interpretational Limits of Generative AI in STEM education - A Systematic

Review and Meta-Analysis on Cognitive Learning Outcomes,  arXiv:submit/7369304

NIST Computer Security Resource Center (CSRC) (2025) Generative artificial intelligence. https://csrc.nist.gov/glossary/term/generative-artificial-intelligence, glossary 

entry, retrieved November 12, 2025

Ronge R, Maier M, Rathgeber B (2025) Towards a definition of generative artificial intelligence. Philosophy & Technology 38(1):31

• Diverging social and technical understaning of the term

What is generative AI?

• Possible Categorization of GAI systems (Boolzen & Peltzer et al., 2026):

• Definition by NIST: 

”The class of AI models that emulate the structure and characteristics of input data in order to generate derived 

synthetic content. This can include images, videos, audio, text, and other digital content“ (NIST Computer Security 

Resource Center (CSRC), 2025)

• No universally agreed definition – „GAI is a distinct construct, which contributes to definitional pluralism in technical 

and public discourses” Ronge et al. (2025)



Studies included



Results

Overall effect, Moderator analysis, Meta-regression 
& Coincidence Analysis



Overview of results (Boolzen and Peltzer et al., 2026)



Moderator Analysis



Meta-Regression and Coincidence Analysis

Meta regression (Moderators: learning outcome  and intervention duration):

The main effect model (learning outcome + intervention duration) explained a large portion of the variance 

in effect sizes (QM(3) = 9.44, p = 0.024) and reduced cross-study heterogeneity by R2 = 21.54%. 

Coincidence Analysis

Identification combinations of intervention duration and learning outcome which could be a necessary 

condition for large effects.

The analysis yielded neither atomic nor complex solution terms for the outcome “large effect”.



• We challenge these findings by a study-level meta-meta-analysis of 1,840 

effect sizes from 67 meta-analyses.

• The results show strong evidence of severe publication bias and extreme 

between-study heterogeneity.

• Publication bias-adjusted analyses reveal model-averaged effects 

approximately one-third the magnitude of unadjusted estimates (standardized 

mean difference, SMD= 0.196, 95% credible interval from 0.000 to 0.323), 

• Along with wide prediction intervals spanning both large negative and positive 

effects (-1.521 to 1.908).

• Subgroup analyses fail to identify specific moderators that yield consistent 

benefits.

Bartoš, F., Bujak, O., Martinková, P., & Wagenmakers, E. J. Effect of Artificial Intelligence on Learning: A Meta-Meta-Analysis.

Meta-Meta-Analysis – Effects of AI & LLMs



Hypothetical Framework



Processing Demands

• Knowledge vs. skill
• Complexity (LOT/HOT)
• Duration

• Prior domain knowledge
• Metacognitive skills
• AI literacy (prompt 

engineering, critical 
evaluation)

GAI Implementation

GAI design
• Process-oriented vs. 

solution-oriented GAI design 
• Scaffolding fade-out 

protocols

Instructional support
• Explicit prompt training
• Critical evaluation and 

verification instruction

Learner-GAI Interaction 
Processes

• Task decomposition & sub-
task delegation decisions 

• Prompt quality & iteration
• Critical evaluation & 

verification

Human Cognitive load
• Intrinsic load
• Extraneous load
• Germane load

Learning Outcomes

Cognitive performance 
/ learning 
• Knowledge
• Skills
• Transfer

AI load
• Context load
• Task load
• Uncertainty & stability

Task Demands

Learner abilities

Hypothetical Framework



Implications for STEM Teaching Practice



Key finding: Generative AI in STEM education shows medium to large effects to cognitive learning outcomes 
(g = 0.74). It does not matter which genAI-tool is used, but how it is implemented.

Tool selection & Configuration

• No systematic difference between ChatGPT and 
other LLMs

• The LLM provide is secondary but accessibility, 
data protection standards and a match with the 
learning goal are important

• Purposeful inclusion of errors of genAI as learning 
goals

Learning support

• Explicitely teaching of prompt engineering or
scaffolding support (e.g., worked examples)

• Instruct verification strategies (e.g., dimensional 
analysis, plausability checks)

• Support in task delegation decisions to avoid
cognitive overload

Task design & activities

• Activities that target knowledge outcomes benefit
stronger from genAI than competences

• Constructive & interactive activities (ICAP & ISAR 
Framework)

• Iterative use of genAI: students activity first –
support by genAI – revision/extension

Duration 

• Longer interventions (>4 weeks) show larger effects
(g = 1.05)

• Recommended sequence:
1. Scaffolding support for an effective use of genAI
2. Guided use of genAI
3. Enhanced autonomy

What do the results mean for STEM teaching?
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