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Abstract

This Systematic Literature Review (SLR) investigates the integration of gener-
ative artificial intelligence (GenAlI) tools, such as ChatGPT, into science edu-
cation (SE) and STEM education at the higher education level, with a particular
focus on experimental and laboratory-based learning environments. Adhering
to the PRISMA protocol, 164 initial records were screened, and 20 empirical
studies published between 2023 and 2025 were selected based on strict inclu-
sion criteria: relevance to generative AI, application in SE or related STEM
fields, involvement of students or pre-service teachers, integration into hands-
on instruction, and empirical validation. This selection process ensured both
conceptual relevance and methodological rigor. The thematic analysis was
structured around five key domains: cognitive benefits, pedagogical practices,
student attitudes, teacher perceptions, and broader interpretive convergences.
The findings indicate that GenAl supports conceptual understanding, prob-
lem-solving, and the development of metacognitive strategies when imple-
mented within well-designed pedagogical frameworks. While students gener-
ally held positive attitudes toward the use of GenAl, they also expressed con-
cerns about the reliability and critical interpretation of Al-generated content.
Educators recognized GenAI’s educational potential but underscored the need
for guidance, scaffolding, and professional development. The review highlights
two major interpretive tensions: the simultaneous presence of acceptance and
uncertainty among learners, and the dual role of GenAl as either a metacogni-
tive facilitator or a superficial answer generator, depending on its use context.
Despite methodological limitations related to sample size and study duration,
the selected studies offer valuable insights into the responsible and effective use
of GenAl in science education, informing both future research and instruc-
tional design. It also emphasizes the need to align GenAl integration with evi-
dence-based teaching strategies to create meaningful and equitable learning
experiences in science education and in broader STEM contexts.
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1. Introduction

In recent years, the integration of digital technology into education has been a
significant factor in the qualitative improvement of education, aiming to equip
students with the necessary cognitive and metacognitive tools to meet the chal-
lenges of the digital age (OECD, 2023). The use of digital technologies enhances
teacher effectiveness (Harris et al., 2009; Oztop, 2023; Timotheou et al., 2023),
while their use by students is associated with increased academic performance and
the development of research and collaboration skills (Delgado et al., 2015). Within
this broader digital transformation, particular emphasis has recently been placed
on the use of artificial intelligence (AI), specifically generative artificial intelli-
gence (GenAl) tools, which are increasingly penetrating educational practice.

Generative Al tools such as ChatGPT have recently emerged as a focal point in
educational research, regardless of subject area. These applications are already be-
ing used to enhance learning, generate content, provide feedback, and support
both students and instructors across different levels and contexts (Collie & Mar-
tin, 2025; Fan et al, 2024). At the higher education level, the adoption of GenAI
has increased, with students and instructors using it for natural language interac-
tion, support in writing and conceptual understanding, and enhancement of self-
regulated learning (Kotsis, 2024). Particularly noteworthy is the application of
GenAl in undergraduate STEM courses, where it has been successfully used to guide
students in project-based environments and support the development of conceptual
understanding, for example, in thermodynamics (Wu et al., 2025). Moreover, ex-
amples from educational practice suggest that GenAl tools can contribute to student
reflection and deeper engagement with scientific content, while also enhancing in-
structional guidance and the role of educators (Lee & Zhai, 2024).

However, the focus on highly abstract and conceptually demanding subjects,
such as Science Education, remains limited. Despite the presence of encouraging
examples, the research literature has yet to adequately map how GenAl is utilized
in science teaching, particularly when it occurs within experimental or laboratory-
based approaches (Lee & Zhai, 2024). This (SLR) aims to address this gap by fo-
cusing on empirical studies that examine the attitudes and experiences of univer-
sity students and educators regarding the use of GenAl as a supportive tool in
Science and STEM education.

2. Literature Review

2.1. Artificial Intelligence in Education

Artificial Intelligence (AI) holds significant potential; however, its integration into
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educational settings presents various challenges that require pedagogically grounded
strategies, along with clear ethical and institutional guidance (Williamson &
Eynon, 2020). Moreover, Al systems can provide valuable support to students
with special educational needs by leveraging tools such as automatic transcription,
speech recognition, and translation (Kent & du Boulay, 2022). In addition, by up-
grading and enriching the learning environment, AI can enhance students’ auton-
omy and stimulate their creativity (Huang et al., 2021). The benefits are not lim-
ited to students, as educators can also benefit. AI’s analytical capabilities enable it
to monitor student progress, detect behavioural patterns and signs of disengage-
ment, while also supporting the design of effective instructional strategies and tar-
geted feedback. AI does not replace the pedagogical role of the teacher, but rather

enhances their ability to meet students’ needs (Montenegro-Rueda et al., 2023).

2.2. Generative Al and ChatGPT: Features and Capabilities

GenAl is part of the broader family of Artificial Intelligence. It includes systems
capable of generating new content such as text, images, or audio through training
on large datasets. Tools such as OpenAl’s ChatGPT, Anthropic’s Claude, or
Google’s Gemini enable users to interact through natural language and receive
information or guidance in real-time (UNESCO, 2023; European Union, 2024).

ChatGPT-4, in particular, is a large language model based on the GPT-4 archi-
tecture. It has been trained on a broad range of data in order to process and gen-
erate natural language, performing tasks such as text generation, concept expla-
nation, and question answering (OpenAl, 2024). Although it operates on a pre-
dictive basis, the ability to anticipate the next appropriate word during text gen-
eration rather than intelligence in the strict sense methods such as Reinforcement
Learning from Human Feedback (RLHF) have improved its accuracy and adapt-
ability (Bubeck et al., 2023).

Several recent studies suggest that the use of GenAlI tools is associated with en-
hanced learning engagement, the cultivation of creative thinking, and the develop-
ment of collaborative skills, particularly when these tools are integrated into learn-
ing environments that promote interaction and reflection (Candrasari et al., 2024;
Zhou & Li, 2023). Furthermore, applications such as ChatGPT appear to support
conceptual understanding, argument construction, and the development of written
expression through dialogic interaction, while simultaneously offering access to
helpful information directly and functionally (Bubeck et al., 2023). Numerous stud-
ies have reported that GenAl can provide real-time guidance, personalized to user
needs, and varied feedback, which contributes to sustained interest and improved
academic performance among students (Ai et al., 2024; Ugras et al., 2024).

At the same time, from the educators’ perspective, GenAl is recognized as a
support tool in instructional design and assessment, enabling the identification of
weaknesses, the suggestion of alternative formulations, and the provision of cor-
rective feedback (Ding et al., 2024; Nguyen et al., 2024). However, it is emphasized
that this technology should not be integrated uncritically, but instead utilized
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within a pedagogically sound and ethically supervised framework, so that it en-
hances the teacher’s capabilities rather than replacing them (Petousi & Sifaki,
2020; Montenegro-Rueda et al., 2023; Collie & Martin, 2025).

2.3. Risks, Limitations, and Ethical Dilemmas of GenAl

Despite its impressive capabilities, the appropriate use of GenAl remains a press-
ing concern for its sustainable integration into educational practice. Educators
and researchers alike have raised substantial reservations about its reliability and
pedagogical value. As several studies point out, GenAl often produces responses
that lack logical consistency, contain factual inaccuracies or misleading content,
and may reflect embedded biases (Rahman & Watanobe, 2023). Furthermore, its
limited ability to process visual and numerical inputs poses challenges in domains
that require high-level cognitive engagement, such as science and mathematics,
where deficiencies in mathematical reasoning have also been observed. The inher-
ently mechanistic nature of language generation driven by probabilistic modelling
rather than genuine comprehension (OpenAl, 2024) intensifies doubts about the
epistemic value of its outputs (Collie & Martin, 2025). Within this context, many
educators voice concern over the potential of GenAl to displace human guidance,
particularly when students engage with such tools as authoritative sources without
applying critical judgment (Ausat et al., 2023; Yoon et al., 2024).

Additionally, there are growing concerns that students may become overly de-
pendent on GenAl tools, which could hinder their creativity, analytical thinking,
and ability to solve problems on their own (Chinonso et al., 2023; Valeri et al,,
2025). In some cases, learners tend to accept responses from ChatGPT without
question, showing little engagement in metacognitive thinking or personal inter-
pretation. This pattern has been linked to what researchers describe as “metacog-
nitive laziness”, a decline in students’ ability to monitor and assess their learning
(Fan et al., 2024). Similarly, Deng et al. (2025) found that using ChatGPT in edu-
cational settings can reduce cognitive effort and lead to weaker argumentation
and critical thinking. These findings suggest that when ChatGPT is used without
proper guidance, it may encourage surface-level learning and interrupt students’
cognitive development. For this reason, teacher involvement and the cultivation
of critical thinking and digital literacy are essential to ensure that GenAlI supports,
rather than undermines, the learning process. This distinction points to a central
theme of the present review: the dual role of GenAlI as either a metacognitive fa-
cilitator enhancing reflective and critical learning or a superficial answer genera-

tor, which risks undermining authentic cognitive engagement.

2.4. GenAl and ChatGPT in Science Education

Within the context of science education, ChatGPT can offer immediate responses,
clarifications, and support in experimental settings, helping students bridge the
gap between theory and practice (Javaid et al., 2023; Rasul et al., 2023). For in-

stance, when working with electrical circuits, learners can adjust variables and re-
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quest explanations, deepening their understanding of scientific principles such as
Ohm’s law. Additionally, interaction with the tool may foster analytical and criti-
cal thinking, as students engage with multiple perspectives and develop arguments
(Chinonso et al., 2023).

The significance of this study lies in the growing presence of GenAl tools in
education, and particularly in science teaching. While platforms like ChatGPT
are becoming more widespread, empirical research on their use, especially
among university students and in the teaching of abstract scientific concepts
remains limited. Although some studies have begun to address this gap, there is
still a lack of robust evidence evaluating ChatGPT in authentic learning envi-
ronments and cognitively demanding subjects such as the natural sciences (Ko-
tsis, 2024). At the same time, it is increasingly important for educational systems
to prepare both teachers and learners to use such tools through pedagogically
grounded and ethically informed practices (Ipek et al., 2023; Spasopoulos et al.,
2025).

3. Research Questions

Following the theoretical foundations discussed above, there is a notable gap in
the literature concerning the integration of GenAlI tools specifically within labor-
atory-based or experimental contexts in Science and STEM education. While
prior research has highlighted the general potential of GenAlI in educational set-
tings, few empirical studies have systematically examined its cognitive, pedagogi-
cal, and ethical implications in hands-on scientific learning environments. The
research questions formulated in this study emerged after a preliminary review of
the existing literature and are closely aligned with the overall aims of the research.
They also respond to broader educational challenges regarding the meaningful
integration of GenAl in experimental settings. They are informed by cognitive
and pedagogical outcomes, students’ and educators’ attitudes and perceptions, as
well as the comparative evaluation of these perspectives. In response to these gaps,
the present study seeks to explore the following research questions.

1) What cognitive and pedagogical benefits do students gain from the use of
GenAl tools in laboratory-based or experimental courses in Science or STEM ed-
ucation?

2) What are the attitudes and perceptions of students and educators regarding
the use of GenAl in laboratory-based or experimental Science or STEM courses?

3) What ethical dilemmas or concerns arise from the use of GenAl in laboratory

or experimental Science or STEM learning environments?

4. Methodology

To form a specific and comprehensive understanding of the use of GenAl in
teaching science in laboratory-based courses, the methodology of a Systematic Lit-
erature Review (SLR) was employed, following systematic and predefined steps
that directly address the study’s research questions.

The model used for organizing and presenting the methodology was the
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PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
framework (Page et al., 2021). The process included the following steps, as visually

summarized in Figure 1 below.

Figure 1. Stages of the systematic review process.

4.1. Search Strategy

This (SLR) focused on a carefully selected set of scholarly sources identified through
academic databases as well as in the academic search engine Google Scholar. To sup-
port a robust and credible analysis, the review included only peer-reviewed jour-
nal articles and studies published in the proceedings of recognized international
conferences. The databases utilized were Scopus, SpringerLink, Taylor & Francis
Online, Elsevier, Wiley Online Library, ERIC, SAGE Journals, JSTOR, and Google
Scholar, which was selected for its capacity to retrieve studies that are not neces-
sarily hosted in education-specific journals, functioning as the most comprehen-
sive academic search engine.

During the construction of search strings, it was considered that GenAlI tools
are referred to in the literature using various terms and synonyms. For this reason,
the thesaurus of each database was used where available, and Boolean operators
(AND, OR) were applied to combine the search terms. This strategy aimed to op-
timize the sensitivity and completeness of the review by identifying all relevant
published works, as recommended in the international literature.

The terms selected for the review reflect the study’s central focus areas. For the
concept of GenAl, used keywords such as: GenAl, large language models, LLMs
and ChatGPT. For science and STEM education, the following terms were used:
science education, STEM education, physics education, chemistry education, bi-
ology education, natural sciences, scientific literacy, disciplinary teaching in sci-

ence, and inquiry-based science education. Regarding laboratory and experi-
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mental learning, the search included terms such as laboratory-based learning, ex-
perimental science teaching, inquiry-based experiments, hands-on activities, wet
labs, virtual labs, project-based STEM learning, lab environment, experimental
practice, and exploratory learning. In terms of educational level and participants,
the following terms were used: higher education, university students, undergrad-
uate students, graduate students, teacher education, preservice teachers, pre-ser-
vice science teachers, and college-level STEM courses.

All the above terms were used in multiple combinations, depending on the fea-
tures and filters of each database. The search focused on studies published be-
tween 2023 and 2025 that met the predefined inclusion criteria and addressed the

research questions of the present study (Table 1).

Table 1. Core concepts and search synonyms.

Core Concepts

Generative Artificial
Intelligence (GenAi)

Science/STEM Education
Laboratory/Experimental
Learning

Higher
Education/Participants

Synonyms

generative artificial intelligence, GenAl, large language models, LLMs, ChatGPT,
Al-generated content, generative models

science education, STEM education, physics education, chemistry education, biology
education, natural sciences, scientific literacy, science teaching, teaching of science, STEM
instruction

laboratory-based learning, experimental science teaching, hands-on science education,
inquiry-based experiments, lab environments, wet labs, virtual labs, project-based learning,
exploratory learning

higher education, university education, tertiary education, undergraduate students, graduate
students, college-level education, preservice teachers, teacher education

After testing and reviewing the specific syntax required by each electronic
database, a unified search string was constructed using Boolean operators and
parentheses. The search string employed included the following core terms and
their synonyms: (“generative artificial intelligence” OR “GenAI” OR “large lan-
guage models” OR “LLMs” OR “ChatGPT” OR “Al-powered tools” OR “Al-
generated content” OR “Al-based tutor” OR “conversational agents” OR “gener-
ative models”) AND (“science education” OR “STEM education” OR “physics
education” OR “chemistry education” OR “biology education” OR “natural sci-
ences” OR “scientific literacy” OR “science teaching” OR “teaching of science”
OR “STEM instruction”) AND (“laboratory-based learning” OR “experimental
science teaching” OR “hands-on science education” OR “inquiry-based experi-
ments” OR “lab environments” OR “virtual labs” OR “project-based learning”
OR “exploratory learning”) AND (“higher education” OR “university education”
OR “tertiary education” OR “undergraduate students” OR “graduate students”

OR “college-level education” OR “preservice teachers” OR “teacher education”).

4.2. Inclusion and Exclusion Criteria

Specific inclusion and exclusion criteria were established to evaluate and select the
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appropriate studies for inclusion in this SLR. These criteria enabled the selection
of only those articles that were relevant to the research questions and aligned with
the study’s thematic and methodological framework.

Inclusion Criteria:

1) The study had to be empirical (quantitative, qualitative, or mixed methods)
and conducted in an authentic learning context.

2) There had to be active use of GenAlI (such as ChatGPT or other GenAlI ap-
plications) within the context of teaching or learning.

3) The instruction had to take place within laboratory-based or experimental Sci-
ence or STEM courses, with an emphasis on inquiry-based or project-based activities.

4) Participants had to be undergraduate or postgraduate students involved in
Science Education and/or pre-service science teachers.

5) The publication had to be a peer-reviewed scientific article.

6) The publication had to be released between 2023 and 2025 to reflect the re-
cent application of GenAl in education.

Exclusion Criteria:

1) Studies not written in English.

2) Theoretical or conceptual articles that do not include empirical data.

3) Technological evaluations of tools without pedagogical implementation or
student participation in a learning context.

4) Articles that refer exclusively to non-experimental or non-laboratory envi-
ronments.

5) Publications that are duplicates across databases or exist only as abstracts.

4.3. Screening, Filtering, and Final Study Selection

Due to the large number of initial results from the databases, additional filtering
criteria such as publication date and logical relevance were applied, following the
recommendations of Haddaway et al. (2015). For each search, up to 300 results
per database were examined based on relevance. In cases where the number of
results was smaller, all articles were reviewed.

The initial search yielded a total of 3400 articles. After removing duplicates and
screening for publication date, title, and abstract, 3236 articles were excluded. The
remaining 164 articles were assessed for their relevance to the focus of the present
review.

Out of the 164 articles, 92 were excluded because they did not fully meet the
inclusion criteria, such as lacking a laboratory implementation or active integra-
tion of GenAl tools. As a result, 72 articles were examined in depth concerning
the research questions and selection criteria.

The process involved thematic analysis, during which each study was read re-
peatedly, with detailed notes taken on methodology, interventions, and findings,
followed by comparative evaluation across the studies. Ultimately, an additional
52 studies were excluded due to insufficient empirical evidence or an exclusive

focus on theoretical or technological issues, without student participation in la-
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boratory or experimental settings.

The final sample of the systematic review includes 20 empirical studies that
meet all the inclusion criteria and are analyzed in the following chapter. The se-
lection process is summarized in the PRISMA flow diagram (Figure 2 & Table 2).

Table 2. Number of articles selected from databases.

Database Firs‘t stage Second s‘tage Th‘irfl ?t‘age Fot{rt‘h ‘s‘tage Articles

Identification Screening eligibility eligibility Included
ERIC 300 102 23 14 0
Elsevier 300 61 21 15 1
Scopus 300 36 17 13 4
SpringerLink 300 78 29 20 8
SAGE Journals 300 53 11 5 0
Taylor & Francis Online 300 92 26 18 1
JSTOR 300 71 8 2 0
Google Scholar 1000 309 11 5 4
Wiley 300 105 18 15 2
Total 3400 907 164 72 20

Identification of studies via databases

SEmm
c
-(% Records identified from
o Databases
E (n=3.400)
-]
— Records excluded:
Published date, availability,and
Duplicates, not in English
(n =2.493)
- Records screened
§ (n = 907)
g Records excluded:
2] Title, abstract review
(n=743)
Articles assessed for
relativeness Full-textarticles excluded:
(n =164) (n=92)
Studies not inSTE M or Science-
l—’ related field. Participants not
© higher education students. Not
2 Full-text articles assessed for related to teaching/learnig
2 bt
& eligibility
(n=72)
Full-textarticles excluded:
(n=52)
Theoritical articles or reviews
) without empirical data. Using
= GenAlin unrelated contexts. No
3 X
S Studies included in review Iabora!ort};:;':ﬁpenmemal
g (n = 20) 9-
—

Figure 2. PRISMA flow diagram.

4.4. Data Extraction and Analysis

The selected articles were analyzed based on predefined questions and categories to
extract qualitative and quantitative data related to the use of GenAI (such as

ChatGPT) in experimental or laboratory-based teaching practices in higher educa-
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Table 3. Articles included in the SLR.

tion. The analysis focused on four principal axes: the subject area (STEM/Science
Education), the level of study (undergraduate or postgraduate), the type of educa-
tional activity (laboratory, simulation, or experimental teaching), and the reported
cognitive, pedagogical, affective, or ethical outcomes (Petousi & Sifaki, 2020). To
enhance the validity and reliability of the process, the database source of each article
was recorded, and triangulation and comparative coding procedures were applied
across studies. The structure and criteria of this analysis are visually summarized in
Table 3. In the Appendix (Table A1) please find the titles of the 20 articles.

Educational
No Author(s) tcation Content Area Educational Context
Level
Electrical
Kim et al Engineering and  Students used ChatGPT to revise lab reports in engineering
1 (2024) ' Higher (UG) Mechanical courses. The study compared original and revised reports to
Engineering assess improvements in writing quality.
(STEM)
Students used a GPT-based chatbot as a learning aid during
Lin et al, . STEM self—dire?ted study. The chatbot provided real—tin‘ie support,
2 Higher (UG) . explanations, and feedback. The study used multimodal
(2024) Education . . . R
learning analytics to examine students’ engagement and
learning behaviors.
Students used ChatGPT to generate full or partial chemistry
. lab reports across different levels of the curriculum. The study
West et al. . Chemistry
3 Higher (UG) . analyzed the Al-generated reports for accuracy, depth, and
(2023) Education . . . : ,
alignment with course expectations and examined students
perceptions of ChatGPT’s usefulness and limitations.
Higher (UG Pre-service chemistry teachers used ChatGPT to design and
4 Blonder et al. pre-service Science Education  reflect on chemistry lessons. The focus was on how
(2024) science (Chemistry) ChatGPT-supported tasks revealed their Pedagogical Content
teachers) Knowledge (PCK) and supported their teacher preparation.
Students participated in an experimental course where
. ChatGPT acted as a co-teacher alongside the instructor.
. Computer Science . . .
Niloy et al. . . ChatGPT provided real-time explanations, feedback, and help
5 Higher (UG) Education . . .
(2024) during lessons and assignments. The study compared learning
(STEM) . . .
outcomes and perceptions between groups with and without
ChatGPT support.
. . . Students and educators co-designed and used LLM-based tools
) Higher (UG - Engineering > L,
Ravi et al. . . (e.g.» ChatGPT) to support project-based learning in
6 Engineering Education . . . .
(2025) engineering courses. Tools helped students with ideation,
students) (STEM) . . .
feedback, and documentation during team projects.
Matzakos & Higher (UG - Engineering Students used Chat(jyI.’T t? solve? comlputati(.)nal problems and
. . . . to support report writing in engineering assignments. The
7 Moundridou Engineering Education study explored students’ usage patterns, perceptions, and the
(2025) students) (STEM) ¥ exp gep > percep ’

impact on academic performance.
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Continued
Students engaged in inquiry-based learning using ChatGPT to
Sirisathitkul et . Physics explore the physics of microwave ovens. ChatGPT served as a
8 Higher (UG) . . . L .
al. (2025) Education conversational assistant, providing answers, explanations, and
clarifications throughout the experimental process.
Students used ChatGPT alongside Earth science simulations
o Cho (2025) Higher (UG) Earth Sci.ence to analyze natural phenomena. Th.e Al provid.ed explanatior.ls,
Education supported conceptual understanding, and assisted students in
interpreting simulation data during inquiry-based activities.
Students used a multi-modal Al system combining ChatGPT,
) . DALL-E, and image interpretation tools to support their
Nascimento et . Chemistry . . i .
10 Higher (UG) . understanding of chemistry concepts. The Al assisted in
al. (2024) Education . . . .
generating textual explanations, visual representations, and
interpreting diagrams to enhance students’ conceptual learning.
Students engaged in experiential STEM activities supported by
Lin et al. . STEM ChatGPT as a re’ﬂective .learning .aid. The Al was used. to
11 Higher (UG) . prompt students’ reflection, provide feedback, and guide them
(2025) Education . . . . . . .
in articulating and deepening their understanding during
hands-on learning tasks.
Students used ChatGPT during physics learning tasks to ask
. . conceptual questions, solve problems, and receive real-time
Liang et al. . Physics ) . .
12 Higher (UG) . explanations. The study focused on students’ interaction
(2023) Education . L .
patterns with the Al its influence on understanding, and
perceived effectiveness in supporting individual learning.
Pre-service physics teachers used ChatGPT to question,
13 Fanelli et al. Higher UG Physics evaluate, and reflect on physics concepts and explanations. The
igher
(2024) § Education study focused on developing their didactic reasoning and
critical engagement with Al tools during teacher preparation.
Students collaborated with ChatGPT during a STEM course
focused on entrepreneurship. The AI was used to co-create
STEM solutions, t critical thinking, and enh learnin
14 Jietal (2025  Higher UG . SUPPOT & anc enhance &
Education performance. The study measured effects on AI awareness,
cognitive load, and students’ perceptions of the human-
machine learning process.
Information and  Students participated in reflective lab sessions where they
15 Elkhodr et al. Higher UG Communication  interacted with ChatGPT to complete ICT-related tasks. The
igher
(2023) & Technology study focused on students’ perceptions, ethical concerns, and
(STEM) reflections on using GenAlI as part of their lab-based learning.
Higher (UG - Students used ChatGPT to support conceptual understanding
16 El Fathi et al. First-year STEM and correct scientific misconceptions during STEM learning
(2025) engineering Education tasks. The study also assessed students’ acceptance and
students) perceptions of GenAl as a learning tool.
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Continued
Students in a Physics 1 course used ChatGPT combined with
Belt gamification elements (such as interactive quizzes and badges)
eltozar-

. to enhance their academic performance and learning

Clemente & . Physics L . . .
17 , Higher UG . motivation. The tool provided guidance, explanations, and

Diaz-Vega Education . . . . .

(2025) feedback during experimental activities, and its effectiveness
was evaluated through students’ performance outcomes and
attitudinal responses.

Students critically evaluated pre-generated ChatGPT responses
Khodadad . Physics to physics questions. The activity aimed to foster critical
18 Higher UG . S . o .

(2025) Education thinking by having them assess scientific accuracy, clarity, and
potential misconceptions in AI-generated content
Students in an introductory programming course used
ChatGPT as a virtual teaching assistant. The tool provided

19 Ahmed et al. Higher UG Computer Science  explanations, debugging help, and code suggestions. The study
igher

(2024) & (STEM) evaluated ChatGPT’s effectiveness, viability, and students’
perceptions regarding its use in learning programming
concepts.

Students conducted experimental physics tasks and used
. ChatGPT to generate code for data acquisition and analysis
Polverini & . . .
. . Physics with Arduino-based setups. The study explored how ChatGPT
20 Gregorcic Higher UG . . )
(2024) Education supported problem-solving, conceptual understanding, and

students’ interaction with measurement technology in a lab
environment.

A systematic keyword-based search was conducted to identify and collect em-
pirical studies that met the predefined inclusion criteria. To ensure the reliability
and consistency of the extracted data, a triangulation process was applied, which
included initial coding, cross-verification across sources, and final document
analysis (Nowell et al., 2017). From each article, the following key information
was systematically extracted to support the comparative synthesis of findings:

1) Subject area

2) Educational context (e.g., laboratory, simulation, project-based environ-
ment)

3) Methodology

4) Theoretical framework or learning models

5) Learning outcomes (cognitive, affective, or skills-based)

6) Pedagogical outcomes (e.g., self-regulation, inquiry support, feedback)

7) Participants’ attitudes and perceptions toward GenAlI tools

8) Type and mode of interaction with Al tools

9) Assessment tools used (e.g., performance tests, questionnaires, inter-

views)
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5. Findings

Before analyzing the main research questions, the three most frequently occurring
keywords in the selected studies were identified in order to highlight the dominant
themes that were developed and analyzed. The three most prevalent keywords
were: GenAl, science education, and pedagogical benefits. These initial findings
suggest that the primary orientation of the literature is to highlight the pedagogi-
cal value of integrating GenAlI tools into the context of science teaching, mainly
in terms of supporting conceptual understanding, inquiry-based learning, and

student engagement in experimental or laboratory activities.

5.1. Methodology and Evaluation Tools

The studies included in this (SLR) employ a diverse range of methodological ap-
proaches, with a predominance of quantitative and mixed-method designs, along-
side a notable presence of qualitative research (6 out of 20 studies). Quantitative
studies employ standardized instruments, such as comprehension tests, attitude
questionnaires, and performance measurements, providing objective and compa-
rable data on the effectiveness of using GenAlI in science education. The mixed-
method studies, by combining quantitative and qualitative tools, enable triangu-
lation of findings, thus enhancing the validity of conclusions and shedding light
on both cognitive and affective dimensions of the student experience (Creswell et
al., 2011). Equally noteworthy is the contribution of qualitative research, which
provides in-depth insights into students’ interactions with GenAlI tools through
content analysis, interviews, and observation of tools such as ChatGPT in real
learning environments. The methodological diversity of the studies included in
this review enables a multifaceted analysis of AI integration in higher education,
focusing not only on student performance, but also on perceptions, emotions, and

the pedagogical dimensions of their learning experiences. (Table 4)

Table 4. Methodological approach and data collection tools of the studies.

No. Author(s) Methodology Data Collection Tools
Student lab reports, focus group interview, rubric-based
1 Kim et al. (2024) Mixed methods P group .
textual analysis
Learning management system logs, self-report
2 Lin et al. (2024) Mixed methods .g ) 8 . Y g. ] p
questionnaires, semi-structured interviews
3 West et al. (2023) Mixed methods lab reports, Student surveys, Interviews
Likert-scale questionnaire, Open-ended questions,
4 Blonder et al. (2024) Mixed methods .q . o p q )
Descrlptlve statistics, Content analys1s
5 Niloy et al. (2024) Mixed methods Pre-test, post-test, Likert-scale survey, and interviews
6 Ravi et al. (2025) Qualitative Interviews
Matzakos & Moundridou
(2025) Qualitative Observations, interviews, student feedback
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Continued
Video recordings, student reflections, classroom dialogue
8 Sirisathitkul et al. (2025) Qualitative g% stu ] gu
transcripts
Pre- and post-tests, classroom observations, student
9 Choi (2025) Mixed methods P ) ]
interview
10 Nascimento et al. (2024) Qualitative Prompt-based student tasks and ChatGPT responses
11 Lin et al. (2025) Mixed methods Self-reflection worksheets, observation logs, interviews
. o Open-ended questionnaire and observation of student
12 Liang et al. (2023) Qualitative . .
discussions
13 Fanelli et al. (2024) Quantitative Survey questionnaires, performance scores
Pretest and posttest questionnaires, statistical tests,
15 Ji et al. (2025) Mixed methods systematic review of reflective learning reports, and
analysis of chat records.
16 Elkhodr et al. (2023) Mixed methods Observation not?s, Student reflective exerc.ises, Rubric
scores assessing student work on tutorial tasks
17 El Fathi et al. (2025) Mixed methods Pre-test, post-test, and Likert-scale questionnaire
Beltozar-Clemente & . Pre-test, post-test, and questionnaire on student
18 ] Mixed methods o
Diaz-Vega (2025) motivation
Analysis of student-designed prompts and
18 Khodadad (2025) Qualitative Y giiec promp
ChatGPT-generated responses
19 Ahmed et al. (2024) Mixed methods Pre-test, post-test, and student perception survey
20 Polverini & Gregorcic Mixed methods Questionnaire, Open-ended questions, Performance-based
(2024) assessment

The analysis of the data collection tools used in the 20 studies included in this
review reveals diversity in both methodological approaches and collection tech-
niques. In the mixed-method studies, which constitute the majority, the most
common tools were pre- and post-tests, Likert-type questionnaires, semi-struc-
tured interviews, as well as laboratory reports and content analysis of student di-
alogues or written work. The quantitative studies primarily relied on self-report
questionnaires, performance tests, and statistical analysis of scores, aiming to
measure changes in knowledge, attitudes, and motivation levels.

In the qualitative studies, data were collected through interviews, observations,
video analysis, reflective worksheets, and content generated with ChatGPT, in-
cluding reflective responses, dialogues, and student-designed prompts. Some
studies also utilized data from digital platforms, such as digital observation logs
or Learning Management System (LMS) records. The variety of data collection
tools enhances the validity of the findings, allowing the investigation of GenAI use
at cognitive, pedagogical, and emotional levels.

These elements are schematically represented in Figure 3 below, which visual-
izes the structure and sources of qualitative data used across the reviewed studies.
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= Qualitative = Quantitative = Mixed Methods

Figure 3. Data collection.

Regarding data collection techniques, most studies collected data from multiple
sources. The most frequently used tool was questionnaires (14 studies), followed
by tests and assessments (9), interviews (8), students’ reflective or open-ended re-
sponses (5), and observation methods such as field notes or video recordings (3).
Additionally, in some cases, data from digital platforms were utilized, such as
gamification records or interaction logs (2).

These data are summarized in Figure 4 below, which provides a visual overview
of the types and frequency of data collection methods employed across the se-

lected studies.

14
14
12
9
10 8
8
6 5
3
: l 2
i L]
; |
Questionnaires Test and Interviews Reflective or Observational Data from digital
assessments open-ended methods platforms
student including field
responses notes or video
recordings

Figure 4. Assessment tools.

Based on the data collected from the 20 empirical studies included in this (SLR),
all investigations were conducted in university settings, involving undergraduate
or postgraduate students. Regarding the subject area, nine studies focused on
Physics (9), four on Chemistry (4), two on Biology (2), two on Computer Science
(2), while three studies (3) involved interdisciplinary or broader STEM applica-
tions, incorporating various concepts from the natural sciences and technology.

The educational context of the analyzed studies is characterized by an applied,
experimental, and inquiry-based orientation, as all were implemented in higher

education environments. The interventions primarily consisted of activities cen-

DOI: 10.4236/ce.2025.169083

1378 Creative Education


https://doi.org/10.4236/ce.2025.169083

M. Kalogiannaksis et al.

tered on learning by doing and problem-solving. In 12 studies, students partici-
pated in laboratory exercises (either physical or virtual) in 9 studies, they engaged
in solving scientific problems or analyzing experimental data and in 7 cases, pro-
ject-based instructional scenarios or simulations were implemented. As visually
depicted in Figure 5 all studies reported active student engagement with GenAl
tools primarily ChatGPT, which were used as integrally embedded supports in the
learning process. Specifically, in 10 studies, GenAl was used for writing laboratory
reports in 9 studies, for solving scientific problems or analyzing experimental data
in 7 studies, for generating scientific explanations and in 9 studies, for guiding the
execution of experiments. It is worth noting that several studies incorporated
more than one of these uses, highlighting the flexibility of GenAlI tools and their
capacity to support the learning process holistically within experimental settings.

Based on the analysis of the 20 empirical studies included in the SLR, it was
found that all studies (20/20) utilized ChatGPT. In five of these studies, ChatGPT
was used in combination with other GenAlI tools. Specifically, DALL-E was used
in two studies for image generation, Whisper in one study for audio transcription,
GitHub Copilot in one study for programming environments, Bing Chat (Mi-

crosoft Copilot) in one study, and Google Gemini (Bard) in one study.

= Lab report writing = Problem solving / data analysis = Scientific explanation = Experimental guidance
Figure 5. Forms of student interaction with GenAlL

5.2. Theoretical Framing of GenAl Integration in the Experimental
Process

The design of the interventions identified in the studies included in this SLR was
not explicitly based on specific pedagogical models. However, their content and
structure reflect theoretical orientations drawn from contemporary approaches in
educational science. The active engagement of students, hypothesis formulation,
experimental verification, and reflective interpretation of results suggest the adop-
tion of constructivist principles, where knowledge is constructed through experi-
ence and personal reconstruction (McGuire et al., 2024). The use of tools such as
ChatGPT within experimental and inquiry-based activities aligns with the stages
of Kolb’s experiential learning cycle (Kolb, 2014), which includes concrete expe-

rience, reflective observation, abstract conceptualization, and active experimenta-
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tion all of which are evident in the descriptions of the instructional scenarios.

Moreover, several interventions incorporate digital interactions that resonate
with the principles of Vygotsky’s sociocultural theory, as ChatGPT is often used
as a “cognitive scaffold” operating within the zone of proximal development, en-
hancing the learning process through dialogue and personalized guidance. From
another perspective, Connectivism (Siemens, 2005) appears particularly relevant
to the way students connect information, questions, and digital tools to construct
knowledge in learning networks, with ChatGPT functioning as a hub in this flow
of information. Finally, Cognitive Load Theory (Sweller et al., 2011) provides in-
terpretive tools for understanding the role of GenAlI as a regulatory mechanism of
cognitive load, especially in complex tasks such as scientific report writing or data
analysis. Recent research by Yan et al. (2025) confirms that the use of GenAl re-
duces extraneous load, thereby supporting a focus on learning without bypassing
essential knowledge acquisition.

Overall, the findings suggest that even in the absence of explicit theoretical
framing most applications align with multifactorial theoretical principles that
support self-regulated, inquiry-based, and digitally mediated learning. It should
be noted that the authors of the reviewed studies did not explicitly state these the-
oretical alignments, but instead represent the reviewers’ interpretation based on
the pedagogical features and design elements identified across the interventions.

Following the analytical review of the empirical studies included in the (SLR),
recurring findings were identified and categorized into five core areas: cognitive
outcomes, pedagogical benefits, students’ attitudes and perceptions, teachers’ per-
spectives, and ethical dilemmas arising from the integration of GenAl in educa-
tional practice. These categories appear systematically across the reviewed articles
and form the foundational structure for interpreting the results.

To facilitate comparative analysis and the extraction of conclusions, the follow-
ing summary table of findings was developed. The results of the review were coded
into thematic categories using unique abbreviations. Each finding corresponds to
a distinct code indicating its category and sequence number. Additionally, for en-
hanced readability and interpretability, findings associated with challenges or dif-
ficulties are highlighted in red within the table.

The table below summarizes the main findings of the 20 empirical studies in-
cluded in this (SLR), presenting the types of outcomes identified based on a pre-
defined coding scheme (Table 5). The presentation is organized into five main
categories: cognitive outcomes, pedagogical implications, students’ attitudes and
perceptions, teachers’ attitudes and perceptions, and ethical concerns. Each cell of
the table includes the corresponding finding codes observed in each study, offer-
ing a comparative overview of the thematic focus and coverage of the selected lit-
erature. This structure facilitates the identification of common patterns and re-
curring trends across the studies.

Table 6 below summarizes the main findings of the 20 empirical studies in-

cluded in this (SLR), presenting the types of outcomes identified based on a
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Table 5. Coded findings from the reviewed articles.

Cognitive outcomes

C1: Improved conceptual understanding

C4: Correct application of scientific
principles

C7: Longer retention of knowledge

C2: Enhanced problem-solving skills

C5: Improved lab report quality and
structure

C8: Higher-order thinking

C3: Increased accuracy in scientific
reasoning

C6: Better performance in
quizzes/tests

Pedagogical outcomes

P1: Supported inquiry-based learning
P4: Facilitated flipped/blended learning

P7: Enabled differentiated instruction

P2: Scaffolded experimentation
P5: Enhanced collaboration

P8: Smooth instructional integration

P3: Teaching assistant/mentor role

P6: Helped structure investigations

S1: Found helpful for learning

S4: Concerns about overreliance
on GenAl

S7: Perceived as reliable
support tool

Students’ attitudes & perceptions

S2: Increased confidence in experiments

S5: Felt more autonomous

S$3: Higher satisfaction with learning

S6: Useful for revision/feedback

Teachers’ attitudes & perceptions

T1: Valuable classroom assistant

T4: Emphasized pedagogical framing

T2: Concern for academic integrity

T5: Concern over student dependence on
Al

T3: Recognized personalization
potential

T6: Viewed as complement, not
replacement

Ethical concerns/dilemmas

El: Academic dishonesty/plagiarism

E4: Lack of transparency about GenAl
limitations

E2: Unclear authorship

E5: Fairness in assessment

E3: Overreliance on GenAl content

E6: Need for ethical guidelines

predefined coding scheme (Table 6). The presentation is organized into five main
categories: cognitive outcomes, pedagogical implications, students’ attitudes and
perceptions, teachers’ attitudes and perceptions, and ethical concerns. Each cell of
the table includes the corresponding finding codes observed in each study, offer-
ing a comparative overview of the thematic focus and coverage of the selected lit-
erature. This structure facilitates the identification of common patterns and re-

curring trends across the studies.

5.3. Cognitive Findings

The findings from the 20 selected studies consistently demonstrate the enhance-
ment of cognitive outcomes through the integration of GenAl tools, such as

ChatGPT, in laboratory and experimental STEM settings. The most frequently
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Table 6. Categorization and coding of research findings.

Students’
. Cognitive Pedagogical . Teachers’ attitudes Ethical
Articles o Lo, attitudes and . ] .
Findings Findings . and perceptions Considera-tions
perceptions
Kim et al. (2024) Cl1,C4 P2, P3 S1, S2, S6 T3, T4 El, E2,E3
Lin et al. (2024) Cl1, C2,C6,C8 P2, P3, P6, P8 S1, S3, S6 Not mentioned E2,E3
West er al. (2024) C3,C4,C5 P3, P6, P8 S1, S2, S6 Not mentioned El, E2, E3
Blonder et al.
Cl1,C2,C8 P3, P6, P7, S1, S6, S4 T3, T4 El, E2
(2024)
Cl1, C2, C3,
. P1, P2, P3, P4, P5, S1, S2, S3, S5, S6,
Niloy et al. (2024) C4, Ce, C7, T1, T3, T4, T6,T5 El, E3, E4, E6
Pe6, P8 S7, S4
C8.
. P1, P2, P3, P4, Pe, S1, S2, S3, S5, S6,
Ravi et al. (2025) C1,C2,C4,C8 T1, T3, T4, T6 E3, E4, E6
P7,P8 S7, S4
Matzakos &
arzakos C1, C2, C3,
Moundridou P1, P2, P3, P5, P6, P8 S1, S3, S6, S7, S4 T1,T4,T6 El1, E2, E3, E6
C4, C5, Ce6, C8
(2025)
Sirisathitkul et al. Cl1, C2, C3,
frisathitiut eta P1,P2,P3,P6,P8  SI,S3,56,57, 4 T4, T6 E3, E6
(2025) C4, C8
Cl, C2, C3,
Choi (2025) P1, P2, P3, P6, P8 S1, S3, S6, S7, S4 T1, T3, T4, T6 E3, E6
C4, C5,C8
Prompt engineering
Nasci to et al. ted
pamemo a1, c3,cac8 PPN s4 T4, T2, T5 El, E3, B4, E6
(2024) differentiation and
complexity, P3, P8
S1, S3, S4, S6, S7,
Lin et al. (2025) Cl1, C2,C8 P1, P2, P3, P8 S4 T1, T3, T4 E2, E3, E6
Liang et al. (2023) C1,C2,C3,C4 P1, P2, P3, P6, P8 S1, S3, S6, S7, S4 T1, T4, T6 E2, E3
Fanelli et al. S1, S2, S3, S6, S7,
aneriera Cl1,C2, C4, C8 P1, P2, P3, P8 T1, T4 E2, E3, E6
(2024) S4
Cl1, C2, C4, S1, S2, S3, S6, S7,
ietal. (2025 P1, P2, P3, P6, P8 T1, T3, T4, T6 E2, E3, E4, E6
Jietal (2025) 5 o6 c7,c8 sS4
Elkhodr et al. S1, S2, S3, S6, S7,
ocrerd Cl, C2, C4, C8 P1, P3, P6, P7 Not mentioned E2, E3, E6
(2023) S4
El Fathi et al. Cl1, C2, C3,
areta P1,P2,P3,P6,P8  SI,S2,53,56,57 T1, T3, T4, T6 E2, E3, E4, E6
(2025) C4, C6, C8
Beltozar-Clemente
, Cl, C2, C3, .
& Diaz-Vega C6. C8 P1, P3, P6, P8 S1, S3, S6, S7 Not mentioned E3, E6
(2025) ’
Khodadad (2025) Cl1, C2, C3, C6 P1, P2, P6 S1, S3, S6 Not mentioned E3, E6
Ahmed et al.
(2024) Cl1,C2,C4,C8  PI,P2,P3,P6,P8 S1, $3, S6, S7, S4 T1, T3, T4, T5 E2, E3, E6
Polverini & .
Cl1, C4, C6 P1, P2, P5, P6 S1, S2, S6 T4, T6 Not mentioned

Gregorcic (2024)

reported outcome is improved conceptual understanding (C1, 20 occurrences),

which, as noted in the study by Holmes et al. (2023), reflects the ability of gener-
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ative Al tools to support conceptual transitions from theoretical to practical levels.

The correct application of scientific principles (C4, 18 occurrences) is also fre-
quently mentioned, a finding corroborated by Nguyen and Hayward’s (Nguyen
and Hayward, 2025) study, which documents increased accuracy in students’ use
of scientific terminology. The enhancement of problem-solving skills (C2, 16 oc-
currences) is equally prevalent, as confirmed by Zhou et al. (2024), who report
that the ease of using GenAl tools is positively associated with students’ problem-
solving abilities, as it facilitates the application of self-regulation strategies and
allows focus on complex cognitive processes.

The development of higher-order thinking (C8, 14 occurrences) is supported
by Wang and Fan (2025), who found that the use of ChatGPT enhanced students’
analytical and conceptual processing skills during the design of instructional in-
terventions. Increased accuracy in the use of scientific concepts (C3, 10 occur-
rences) is further supported by the findings of Nguyen and Hayward (2025). Ad-
ditionally, improvements in test performance (C6, 10 occurrences) are docu-
mented in the study by Lin et al. (2025), which reports a positive impact of GenAl
use on science assessment scores. The quality of laboratory reports (C5, 4 occur-
rences) is also highlighted by Zhou et al. (2024), who found that students pro-
duced more detailed and well-supported reports when using Al tools.

Finally, long-term knowledge retention (C7, 2 occurrences) is supported by the
findings of Sharma et al. (2025), which indicate that integrating LLM tools into
assessment is associated with enhanced stability in recalling scientific concepts.
These results are visually summarized in Figure 6 which represents the frequency

and distribution of the reported cognitive outcomes across the selected studies.
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Figure 6. Cognitive findings.

5.4. Pedagogical Findings

The analysis of the pedagogical findings revealed a broad range of opportunities
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for utilizing GenAlI in experimental and laboratory-based STEM instruction. A
key finding was the role of GenAlI as a teaching assistant or mentoring presence,
recorded in 19 instances (P3), confirming the expectation that such technology
can function as a personalized learning companion. In a similar context, van den
Berg (2024) describes the use of ChatGPT by educators to support translation,
assessment, and instructional activities, enhancing everyday teaching practices.

Guidance during the experimental process (16 instances, P2) also emerged as a
significant pedagogical function of GenAl. Gongalves Costa et al. (2024) demon-
strated that instructional scenarios designed with GPT-4 offered greater organi-
zational coherence and pedagogical scaffolding compared to traditional ap-
proaches. Likewise, support for inquiry-based learning (16 instances, P1) was
prominently recorded. Nguyen and Hayward (2025) documented the contribu-
tion of GenAl in fostering reflective interaction and interpreting scientific phe-
nomena through assessment-driven strategies.

An important finding was the facilitation of students’ research organization (18
instances, P6), which aligns with the observations of Kaplan-Rakowski et al.
(2023), who emphasize that the use of GenAlI by educators is associated with in-
creased organizational efficiency and support for student learning processes. The
seamless integration of GenAl into the instructional flow (13 instances, P8) was
also highlighted in several studies. Nikolic et al. (2025) note that, under appropri-
ate assessment design and learning objectives, the technology can be integrated
creatively without disrupting instructional coherence.

In fewer cases, the facilitation of differentiated instruction was observed in four
instances (P7). However, the study by Fuller and Barnes (2024) highlights that
GenAlI can support personalized learning by offering adaptability to students’
characteristics and needs. Support for hybrid or flipped classroom models (4 in-
stances, P4) is also documented in the study by Chiu (2024), who proposes a
model for integrating GenAl into self-regulated learning environments aligned
with the phases of forethought, performance, and reflection.

Finally, the promotion of collaborative learning (4 instances, P5) appears to be
facilitated by GenAl, as demonstrated by Chan and Hu (2023), who emphasize the
role of the technology as a mediating tool for group interaction and cognitive ex-
change. Taken together, these findings underscore the importance of pedagogical
focus and guidance for the effective integration of GenAl into teaching practice.

Figure 7 below offers a visual summary of the pedagogical dimensions identi-

fied across the selected studies.

5.5. Students’ Attitudes and Perceptions

Students’ attitudes toward the use of GenAl tools were predominantly positive,
with multidimensional indicators of engagement, acceptance, and satisfaction.
The most frequently reported finding was the recognition of the tool’s usefulness
for feedback and review (S6, 19 occurrences), as confirmed by the study of Sinha

et al. (2024), in which students used the BoilerTAI platform to receive targeted

DOI: 10.4236/ce.2025.169083

1384 Creative Education


https://doi.org/10.4236/ce.2025.169083

M. Kalogiannaksis et al.

support in forum discussions and reflective activities, thereby deepening their un-

derstanding of the content.
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Figure 7. Pedagogical findings.

The contribution of GenAl to the learning process (S1, 19 occurrences) is also
documented in Tang (2024), who highlights that GenAI meaningfully supports
conceptual processing, particularly in linguistically mediated environments. Sat-
isfaction with the overall experience (S3, 15 occurrences) is reinforced by the find-
ings of Pack et al. (2024), who report high levels of student acceptance and satis-
faction with the use of GenAlI tools in writing tasks.

The perception of GenAl as a reliable support mechanism (S7, 15 occurrences)
is confirmed by Blahopoulou & Ortiz Bonnin (2025), where the majority of stu-
dents expressed trust in the answers provided, while remaining aware of the need
for critical evaluation. Increased confidence during experimental activities (S2,
eight occurrences) is also reported in the same study, with students stating that
the use of GenAlI offered them a sense of support and safety.

The heightened sense of autonomy in learning (S5, 2 occurrences) is supported
by Qian (2025), in which students utilized GenAlI to independently explore con-
cepts and understand complex terminology, thereby fostering their ability to pro-
ceed without immediate instructor intervention.

Finally, concerns about overreliance on artificial intelligence (S4, 11 occur-
rences) are highlighted by both Zhai et al. (2024) and Sinha et al. (2024), with
students expressing fear that constant use might hinder their independence and
development of critical thinking skills.

The diverse student perspectives discussed above are collectively depicted in

Figure 8, providing a visual summary of their prevalence.
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Figure 8. Findings on students’ attitudes and perceptions.

5.6. Teachers’ Attitudes and Perceptions

The teachers who participated in the studies reviewed expressed a range of views
regarding the integration of GenAl tools in experimental and laboratory-based
teaching. The most frequently mentioned issue was the need for pedagogical fram-
ing of the tool’s use (T4, 16 occurrences), as spontaneous or unstructured use is
considered insufficient to achieve learning objectives. This concern is also con-
firmed in the study by Bower et al. (2024), in which educators emphasized the
need for clear guidance on how to incorporate ChatGPT within pedagogical
frameworks.

At the same time, educators recognized GenATI’s potential to support personal-
ized learning (T3, 10 occurrences), a finding substantiated by the study of van den
Berg et al. (2024), which highlights the flexibility of GenAl to adapt to the pace
and learning style of different students. An equal number of studies documented
positive acceptance of the tool as a valuable assistant within the teaching process
(T1), consistent with the findings of Kaplan-Rakowski et al. (2023), who empha-
size GenAI’s contribution to instructional preparation, assessment, and guidance.

In ten cases, it was noted that GenAl can function as a complementary, not
competitive, presence alongside the instructor (T6), suggesting the establishment
of a supportive technological role. This is also emphasized by Nikolic et al. (2025),
who warn against the risk of pedagogically inappropriate automation if roles are
not clearly defined.

However, some reservations were also noted: in three studies, concerns were
raised about students’ potential overreliance on GenAlI (T5), and in one study,
teachers expressed concerns about academic integrity (T2), particularly regarding
the transparency of the tool’s contribution to final student work. These concerns
are echoed in a study by Bower et al. (2024), which notes that the uncritical use of
ChatGPT may blur the line between authentic and Al-assisted work.

Opverall, teachers’ attitudes appear to combine a high level of acceptance with a
conscious awareness of the boundaries and conditions that should govern the ped-

agogical use of GenAl.
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A summary of these perceptions and concerns is illustrated in Figure 9, which
categorizes the teachers’ responses based on frequency and thematic relevance

across the selected studies.
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Figure 9. Findings on teachers’ attitudes and perceptions.

5.7. Ethical Issues and Dilemmas

Despite the pedagogical and learning benefits of integrating GenAlI tools in higher
education, several studies highlighted critical ethical issues that require careful
pedagogical management. The most frequently reported concern was students’
overreliance on GenAl-generated content (E3, 19 occurrences), raising risks re-
garding diminished autonomy and critical thinking (Shahzad & Xu, 2024). The
issue of verifying the extent of student participation in the production of submit-
ted work (E2, 14 occurrences) raises serious questions of transparency and assess-
ment fairness (Tang, 2024).

Additionally, 15 studies emphasized the need for the formulation of official eth-
ical guidelines (E6) concerning the use of GenAlI tools in educational contexts
(Mittal et al., 2024). The lack of adequate student awareness about the limitations
of GenAlI tools (E4, six occurrences), along with concerns about potential viola-
tions of academic integrity (E1, five occurrences), further reinforces the need for
clear pedagogical and ethical practices (Dekerlegand et al., 2025; Ogunleye et al.,
2024).

Finally, issues related to fairness in assessment (E5), although identified in only
one study, underscore the importance of ensuring equitable treatment of students
when GenAl technologies are used - an issue also linked to academic integrity
principles (Ogunleye et al., 2024).

These findings underscore the need for a clearly defined regulatory and value-
based framework to accompany the integration of GenAl in education, thereby
safeguarding the fundamental principles of academic integrity and meaningful
learning.

Figure 10 provides a visual synthesis of the key ethical concerns identified in
the reviewed studies, illustrating the frequency and distribution of each issue

across the selected literature.
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Figure 10. Findings on ethical issues and dilemmas.

6. Discussion

In this section, the findings and conclusions of the review are discussed about each
of the predefined research questions. To ensure a clear and systematic interpreta-
tion, the discussion is structured according to the research questions and is ex-
plicitly linked to the thematic categories that emerged during the analysis: Cogni-
tive Outcomes (C), Pedagogical Outcomes (P), Students’ Attitudes and Percep-
tions (S), Teachers’ Attitudes and Perceptions (T), and Ethical Issues and Dilem-
mas (E). This structure facilitates targeted reflection and allows for a more coher-

ent synthesis of the results.

6.1. Answering Research Question 1: Cognitive and Pedagogical
Outcomes (C, P)

Addressing the first research question regarding the cognitive benefits of using
GenAl tools in experimental STEM and science education environments, recent
studies demonstrate that tools such as ChatGPT can significantly enhance con-
ceptual understanding. For instance, in the experimental study by Niloy et al.
(2024), the integration of ChatGPT as a “co-teacher” allowed students to autono-
mously explore part of the curriculum with Al support, resulting in deeper learn-
ing, improved conceptual grasp, higher performance in assessments, and in-
creased learner satisfaction. Similarly, in introductory computer science courses,
Ahmed et al. (2024) found that ChatGPT effectively explained fundamental pro-
gramming concepts, helping first-year students understand the core principles of
the field. Additionally, in a university-level physics course that combined ChatGPT
with gamification strategies, Beltozar-Clemente and Diaz-Vega (2024) reported
that the experimental group outperformed the control group in terms of academic
achievement. These students also developed a more robust understanding of
physical phenomena, as reflected in their ability to solve more complex problems

successfully. In engineering education, Kim et al. (2024) noted that the use of
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ChatGPT in writing laboratory reports improved report quality and helped stu-
dents gain a deeper understanding of academic writing conventions and structure.
Collectively, these findings suggest that GenAl integration can support conceptual
clarity and the internalization of difficult subject matter in science and STEM ed-
ucation, functioning as a supplementary tool to promote cognitive development
(Ugras et al., 2025).

Regarding the pedagogical benefits, which also fall under the first research
question, the use of GenAl is associated with promoting learner autonomy and
reflective thinking, contributing to self-regulated learning. In a laboratory course
for engineering students, ChatGPT functioned as a support tool that encouraged
students to take a more active role in the learning process. As a result, students
demonstrated increased self-direction and metacognitive awareness, identifying
knowledge gaps and adjusting their learning strategies accordingly. Using GenAl
as a complementary rather than sole source of knowledge can promote self-regu-
lated learning without replacing students’ critical thinking, as noted by Elkhodr et
al. (2023). These findings suggest that the responsible integration of GenAl can
empower learners by fostering autonomy and enhancing their metacognitive

functions.

6.2. Answering Research Question 2: Students’ and Teachers’
Perceptions (S, T)

Concerning the second research question, which examines students’ perceptions
of GenAl integration, the positive attitudes displayed by students towards the use
of GenAl in laboratory and experimental coursework lend strong support to the
encouraging findings previously discussed. Students consistently acknowledged
its role in enhancing their learning experiences and fostering greater active par-
ticipation. Specifically, in science and computer science contexts, students per-
ceived ChatGPT as a supportive tool that promoted conceptual understanding,
strengthened autonomy, and provided immediate feedback, making experimental
tasks more accessible and comprehensible (Polverini & Gregorcic, 2024; Fanelli et
al., 2024). In engineering lab environments, Ravi et al. (2025) and Niloy et al.
(2024) reported that ChatGPT was beneficial for writing lab reports, providing
guidance and enhancing the clarity of scientific language. Moreover, students ap-
preciated Al as a “second thought” partner that fostered reflection and supported
their reasoning processes, as highlighted by Blonder et al. (2024) and (Ugras et al.,
2025).

This second research question also encompasses educators’ similarly positive
views. Teachers saw GenAl as a valuable complementary tool that could assist in
providing individualized student support. Particularly in the context of their pro-
fessional development, many educators described their interaction with ChatGPT
as an opportunity to reflect on their Pedagogical Content Knowledge (PCK), not-
ing that it helped them better understand their students’ learning challenges
(Blonder et al., 2024; Zhou et al., 2024; Ugras et al., 2025). Across the reviewed
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studies, it was evident that the overall atmosphere of acceptance was powerful
when GenAlI was framed as a tool that enhances rather than replaces the educa-

tor’s role.

6.3. Answering Research Question 3: Ethical Dilemmas and
Limitations (E)

About the third research question, which concerns the ethical dilemmas associ-
ated with the use of GenAl in higher STEM education, the literature highlights
that, despite its clear benefits, the integration of tools such as ChatGPT also raises
several significant ethical concerns. One of the most prominent issues is the safe-
guarding of academic integrity, as GenAl tools can facilitate instances of plagia-
rism or unauthorized assistance. For example, Elkhodr et al. (2023) documented
instances where students used Al-generated responses to dishonestly complete
their assignments.

Another primary concern relates to the potential for misinformation. Since
ChatGPT can generate inaccurate or unverifiable content without citing sources,
students may struggle to assess the validity of the information they receive (Kim
et al., 2024). Furthermore, GenAI models may contain algorithmic biases, pro-
ducing outputs that systematically favor certain perspectives or social groups,
which could inadvertently reinforce inequities in educational settings.

Lastly, many researchers caution against students’ overreliance on such tools.
When used excessively or without critical engagement, GenAlI may reduce learn-
ers’ autonomy and hinder the development of independent thinking skills. As
noted by Choi (2025), there is a growing risk that students may become passive
recipients of information, relying too heavily on AI-generated answers rather than

engaging in active learning processes.

6.4. Emerging Tensions and Contradictions Across Findings

A closer synthesis of the findings derived from the research questions reveals sev-
eral characteristic tensions between findings. For example, the cognitive enhance-
ment reported across numerous studies, particularly regarding higher-order
thinking, problem-solving, and scientific understanding (C8, C2, C1), appears to
be challenged by student and educator concerns about overreliance on GenAl
tools (S4, E3), which may limit the development of autonomous thinking and
meaningful cognitive engagement. Similarly, although educators acknowledge the
potential of GenAlI to support instruction and personalized learning (T1, T3), they
simultaneously emphasize the need for pedagogical framing (T4) and a clear role
definition between teacher and technological tool (T6), to prevent its use in ped-
agogically inadequate ways. Finally, while students frequently report increased
confidence and a sense of support when using such tools (S2, S7), this positive
experience is not always accompanied by sufficient awareness of the technology’s
limitations (E4), raising further concerns about the need to strengthen digital lit-

eracy and metacognitive awareness.
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7. Conclusions

7.1. Addressing Research Question 1: Cognitive and Pedagogical
Benefits

This review highlighted that the integration of GenAlI tools, such as ChatGPT,
into laboratory-based science education can meaningfully enhance students’ con-
ceptual understanding and overall academic performance. Among the key cogni-
tive benefits identified were deeper engagement with core scientific concepts, im-
proved application of scientific principles, and higher scores on evaluation tasks.

From a pedagogical perspective, GenAl tools were found to promote student
autonomy, activate metacognitive processes, and encourage learners to take an
active role in their learning journey. Students were not merely seeking answers,
but using the tool to explore areas of uncertainty, reflect on their thinking, and
adapt their learning strategies accordingly.

Opverall, the findings suggest that when GenALl tools are embedded within ped-
agogically grounded frameworks, they can complement traditional instruction.
These tools have the potential to facilitate comprehension, interpretation, and ap-
plication of scientific knowledge, supporting both the cognitive and pedagogical

dimensions of learning.

7.2. Addressing Research Question 2: Students’ and Teachers’
Perceptions of GenAl Use

The analysis of empirical findings revealed a generally positive attitude among
both students and educators toward the use of GenAl tools, especially in labora-
tory and experimental contexts. Students particularly in disciplines such as sci-
ence, computer science, and engineering viewed ChatGPT as a supportive re-
source for conceptual understanding, problem-solving, and promoting autonomy
during experimental tasks. Its ability to provide immediate feedback was seen as
a key factor in enhancing learning and increasing engagement.

At the same time, educators did not perceive GenAl as a threat, but rather as a
tool that can enhance their teaching practice. Some even described their engage-
ment with ChatGPT as a valuable opportunity for reflecting on their pedagogical
content knowledge (PCK), helping them better identify students’ learning gaps
and instructional needs. Acceptance was notably higher when GenAI was framed
as a collaborative assistant rather than a potential replacement for the teacher’s
role.

Nevertheless, several concerns were voiced by students. Some reported feelings
of overreliance on the tool or difficulty distinguishing their understanding from
the information provided by GenAlI. Others expressed doubts about the accuracy
of specific Al-generated responses, as well as concerns about reduced interaction
with their instructors. These reservations do not negate the overall positive per-
ception but instead underscore the importance of pedagogically structured GenAl

use, with clearly defined roles and objectives.
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The analysis of students’ and educators’ perspectives confirms the added value
of GenAl in educational settings, provided it is used with critical awareness and
appropriate guidance, in ways that support learner autonomy and active engage-
ment without undermining the importance of human interaction in the educa-

tional process (Spasopoulos et al., 2025).

7.3. Addressing Research Question 3: Ethical Dilemmas in
GenAl-Supported Experimental Learning

The SLR identified a range of ethical challenges emerging from the integration of
GenAl tools in higher STEM education. A central issue was the protection of ac-
ademic integrity, as the automatic generation of content increases the risk of pla-
giarism and creates ambiguity about the authenticity of student work.

Concerns were also raised regarding misinformation. GenAlI can sometimes
produce responses that contain inaccuracies or lack grounding in reliable sources.
This highlights the need for critical evaluation of Al-generated content, as well as
pedagogical scaffolding to help students navigate and assess the information they
encounter. Additionally, some GenAI models may exhibit algorithmic bias, which
could lead to unequal treatment or the reinforcement of stereotypes.

Finally, the risk of overdependence on GenAlI tools remains a significant con-
cern, especially in experimental learning environments where active student par-
ticipation is essential. Excessive reliance may diminish critical thinking, creativity,
and learners’ autonomy. In such contexts, unchecked use of GenAI could suppress
curiosity and cognitive engagement, which are vital to the inquiry-driven nature
of laboratory learning.

Addressing these ethical concerns does not imply restricting the use of GenAl,
but rather calls for the implementation of clear educational frameworks, institu-
tional guidelines, and the promotion of digital responsibility. Thoughtful instruc-
tional design and targeted student training can play a crucial role in fostering eth-
ical awareness and minimizing the potential negative consequences of GenAl in-

tegration in higher education.

8. Limitations-Future Research Directions

Although this SLR, offers a multi-layered and well-substantiated account of the
use of GenAl tools in the education of future science teachers, it is subject to cer-
tain limitations that must be considered when interpreting the findings.

First, the exclusive selection of peer-reviewed, English-language scientific arti-
cles may introduce both publication bias and linguistic bias. Studies with incon-
clusive or less impactful results are often left unpublished or underrepresented,
which may affect the balance of the overall conclusions. Additionally, focusing
solely on English-language sources may have led to the omission of significant
contributions from other scientific communities.

Second, substantial heterogeneity was observed among the included studies in

terms of disciplinary focus, research design, sample size, and educational context.
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This variability complicates the process of drawing generalizable conclusions and
limits the external validity of the synthesis.

Third, there was an uneven distribution of subject areas, with most studies fo-
cusing on physics and computer science. In contrast, fields such as biology, envi-
ronmental sciences, and educational sciences were underrepresented or absent.

» «

Furthermore, core concepts such as “cognitive enhancement,” “metacognition,”
and “pedagogical integration” were interpreted differently across studies, making it
challenging to formulate thematically focused comparisons or recommendations.

Finally, many of the studies featured limitations related to small sample sizes
and short intervention durations, further constraining the ability to derive long-
term or statistically robust conclusions (Kanaki & Kalogiannakis, 2023).

This review identified significant benefits from the use of GenAlI in science ed-
ucation; however, several areas warrant further investigation. First, there is a need
for longitudinal studies to assess the long-term impact of tools such as ChatGPT
on student learning. Most existing studies focus on short-term interventions, leav-
ing unclear whether the observed positive effects persist over time.

Furthermore, it is recommended that the pedagogical integration of GenAlI be
strengthened through the development of appropriate instructional strategies and
frameworks. The effectiveness of these tools largely depends on how they are in-
tegrated into teaching, which underscores the need for effective implementation
models in problem-solving scenarios, laboratory activities, or project-based learn-
ing (PBL) environments.

Additionally, research should be expanded to include underrepresented subject
areas. Specifically, future studies should focus on underrepresented fields such as
Biology, Chemistry, and Environmental Science in order to broaden the empirical
evidence base and explore how GenAl tools can support diverse scientific do-
mains. Similarly, the perspectives of educators remain insufficiently explored, de-
spite their crucial role in the successful integration of Al tools into teaching practice.

Ultimately, further research is necessary to investigate the role of GenAl in fos-
tering the development of scientific thinking and laboratory skills. Future investi-
gations could examine how ChatGPT supports hypothesis generation, data anal-
ysis, and student reflection without replacing students’ reasoning. Suggested di-
rections include the use of guided instructional scenarios or simulated experi-

ments to strengthen problem-solving competencies.
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