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Abstract

The rapid advancement of artificial intelligence (Al) technologies has led to their increasing integration into education. High
school biology experimental teaching, a critical component in cultivating students' scientific literacy, is gradually investigating
deeper integration with Al. This research reviews the theoretical foundations of Al in education and delineates the essential
connotations of high school biology experimentation, offering a systematic analysis of the current application of Al technologies
in basic education, with a focus on biology labs. Utilizing questionnaire data from teachers and students at a key high school in
Zhengzhou, the research uncovers the actual adoption rate, implementation forms, and influences of Al on teaching efficiency,
student comprehension, and laboratory safety. The results suggest that while certain schools have begun adopting Al-assisted
tools such as virtual simulations and intelligent feedback systems, they still face considerable challenges in technological
integration, infrastructure, teacher competency, and pedagogical adaptability. To tackle these challenges, this paper introduces
innovative teaching models supported by Al, such as Al-driven virtual experiments and personalized learning support, and
highlights the importance of sustainable professional development programs to improve biology teachers' Al literacy and
technical support mechanisms. The research provides theoretical insights and practical approaches for the high-quality,
sustainable application of Al in high school biology experimental instruction, thereby advancing the intelligent transformation
of science education.
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1. Introduction

era, is transforming the education ecosystem at an unprece-
dented speed [1]. In particular, Al technologies in science ed-
As the Fourth Industrial Revolution progresses, Avtificial ucation, using data-driven strategies, intelligent modeling, and

Intelligence (Al), a pivotal force in the digital and intelligent ~ 2daptive learning mechanisms, provide innovative avenues
for enhancing precision and personalization in experimental

1.1. Research Background and Significance

*Correspondence: Mingwei Zhang (1543419493@qq.com)

Received: 20 January 2026; Accepted: 30 January 2026; Published: 9 February 2026

@ Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/ijsedu
http://www.sciencepg.com/journal/193/archive/1931401
http://www.sciencepg.com/
https://orcid.org/0009-0005-4782-3228

International Journal of Secondary Education

http://www.sciencepg.com/journal/ijsedu

teaching. High school biology experiments, essential for fos-
tering students' scientific inquiry skills and empirical thinking,
have historically faced limitations due to poor experimental
conditions, low operational safety, inaccurate data collection,
and uneven student engagement [2]. Traditional teaching
models fall short in fulfilling the advanced requirements for
core competencies such as "scientific thinking™ and "scientific
inquiry" specified in the "General Senior High School Biology
Curriculum Standards (2017 Edition, 2020 Revision)," high-
lighting the need for structural reforms through emerging
technologies.

In this context, the emergence of generative Al has revital-
ized contextualized instructional design. For example, in the
classic experiment "Investigating Factors Affecting Photosyn-
thesis," teachers can utilize large language models to create
multidimensional, cross-context hypothetical question chains,
guiding students through predictive-verification thinking
training and considerably improving their scientific reasoning
abilities [3]. Meanwhile, Al-based virtual simulation plat-
forms can replicate real-world changes in light intensity, CO-
concentration, and other variables, overcoming the physical
limitations of laboratory hardware to concretely illustrate ab-
stract physiological mechanisms [2]. Furthermore, the integra-
tion of smart sensor networks with edge computing technol-
ogy allows for millisecond-level dynamic capture of key pa-
rameters such as pH, dissolved oxygen, and light intensity
during experiments, substantially enhancing the reliability and
validity of data collection [4].

Analysis of Application Dimensions of Artificial
Intelligence in High School Biology Experiment Teaching
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Figure 1. Analysis of the Application Dimensions of Al in High
School Biology Experiment Teaching.

Attributed to this technological integration, teaching pro-
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cesses are optimized, and teacher-student interaction para-
digms are redefined. Research indicates that Al-powered in-
teractive platforms can facilitate real-time Q&A and error di-
agnosis through natural language processing, leading to a tri-
partite collaborative teaching loop of "student-machine-
teacher" [1]. Nevertheless, technological integration also
raises ethical risks such as algorithmic bias, data privacy
breaches, and the diminishing role of teachers [4], which ne-
cessitate the establishment of corresponding regulatory frame-
works and digital ethics guidelines in basic education [1]. In
addition, high technical deployment costs and gaps in teach-
ers' digital literacy present practical challenges to its wide-
spread implementation in underdeveloped regions [1]. Conse-
quently, a tripartite development approach that integrates
"policy-technology-teacher" should be fostered to facilitate
Al's deep transformation from instrumental assistance to par-
adigm innovation in education, ultimately aiming for high-
quality scientific education empowered by technology [5].

1.2. Research Objectives and Framework

Within the framework of interdisciplinary integration under
the "Artificial Intelligence (Al) + X" educational paradigm,
high school biology experiment teaching is undergoing a crit-
ical transition from traditional models to intelligent and per-
sonalized approaches [6]. Although experimental teaching is
still indispensable for cultivating students 'scientific inquiry
skills and practical competencies, ongoing issues, including
the impracticality of high-risk experiments, the absence of mi-
croscopic process visualization, inefficient data processing,
and a lack of personalized guidance, seriously impede the ef-
fective implementation of key competencies [7]. Concurrently,
empirical evidence from reforms in university-level basic
courses indicates that reconstructing experimental teaching
models using information technology, especially Al-driven
solutions, can greatly improve students' practical skills and in-
novative awareness [8]. Consequently, fully integrating Al
technology throughout high school biology experiment teach-
ing has emerged as a pivotal pathway to modernize science
education.

This study examines the current application status and op-
timization strategies of Al technology in high school biology
experiment teaching, intending to construct an intelligent
teaching framework that encompasses four dimensions: ex-
perimental preparation, operational implementation, data
analysis, and extended learning [7]. By adopting virtual simu-
lation systems for immersive pre-experiment preparation, em-
ploying computer vision and natural language processing
technologies for real-time operational feedback, and leverag-
ing machine learning algorithms for automated modeling and
visual analysis of experimental data, this method not only ad-
dresses spatial-temporal and resource limitations but also im-
proves teaching precision and interactivity [7]. For instance,
in the experiment "Observation of DNA and RNA Distribu-
tion in Cells", the Al-driven image recognition module aids
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students in assessing staining effects and performing localiza-
tion analysis, significantly enhancing the scientific validity
and reproducibility of experimental results [7]. Moreover, the
embedded Al experimental platform designed in line with the
industry-education integration concept offers a transferable
technical paradigm for secondary education. Its multi-layered
hierarchical structure facilitates cross-scenario expansion and
deep integration with project-based learning [6]. This frame-
work not only meets the demand for cultivating Type 1=alents
but also provides theoretical foundations and practical exam-
ples for the intelligent transformation of science education.

2. Theoretical Basis and Conceptual
Definition

2.1. Theory of Artificial Intelligence Education
Application

The formulation of Al education application theories lays
the foundation for deep integration into disciplinary teaching.
In the current landscape of educational digital transformation,
Al technology is transitioning from auxiliary tools into a fun-
damental driver that reshapes teaching paradigms [6]. Its the-
oretical framework encompasses several dimensions, includ-
ing constructivist learning theory, situational cognition theory,
and intelligent agent theory, highlighting the importance of
learners' active construction and dynamic interaction sup-
ported by technological tools. Particularly, within the realm of

experimental teaching, Al enables real-time modeling and
feedback regulation of students' cognitive states through data-
driven learning analysis mechanisms, thus aiding personalized
inquiry path design [4]. This process not only depends on al-
gorithmic model optimization but also necessitates a system-
atic architecture consistent with educational objectives, as il-
lustrated by the multi-tiered teaching system present in em-
bedded Al experimental platforms that promote knowledge
transfer and competency advancement through modular de-
sign [6]. Meanwhile, the integration of information technol-
ogy with disciplinary experiments should not merely be a sim-
ple superposition; it should serve as a logical starting point for
interdisciplinary integration, reshaping curriculum content
structures. For example, the integrated process "observation-
modeling-identification" effectively links computational
thinking with scientific inquiry [9]. Within this framework, Al
acts not only as a technological carrier but also as a cognitive
link between theory and practice. Notably, investigations of
"triple-intelligent” education models in specialized fields like
forensic evidence examination reveal that intelligent upgrad-
ing teaching systems must concurrently tackle structural ele-
ments, including the transformation of teacher roles, the en-
hancement of teaching supervision mechanisms, and the es-
tablishment of ethical norms [10]. Furthermore, international
studies indicate that Al-powered online experimental teaching
can substantially improve instructional efficiency and learning
adaptability through the collection of multi-source data and
the application of intelligent algorithms, supported by the in-
tegration of big data analytics and machine learning in instruc-
tional decision-making [9].

Theoretical Basis of Artificial
Intelligence in Education
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Figure 2. Theoretical Basis of Al in Education.
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The above theoretical framework offers multi-dimensional
support for the intelligent transformation of high school biol-
ogy experiment teaching. It encompasses the explanation of
the learning mechanism at the cognitive level and the logical
system architecture at the technical implementation level,
thereby establishing a solid theoretical foundation for future
innovations in teaching modes.

2.2. The Connotation of Biology Experiment
Teaching in Senior High School

High school biology experiment teaching is a vital compo-
nent of science education as it not only involves knowledge
verification and skill training but also aims to develop stu-
dents' scientific inquiry abilities, critical thinking, and innova-
tive capabilities [11]. In the context of new curriculum reform,
experimental teaching has undertaken the critical mission of
implementing essential competencies, highlighting the pro-
motion of students' in-depth understanding of life phenomena
and systematic mastery of scientific methods through both real
and simulated scientific practice processes [5]. Nevertheless,
traditional teaching models typically face challenges in exper-
imental safety conditions, observability of microscopic pro-
cesses, and efficiency of data processing, which limit the fea-
sibility of conducting high-risk or highly abstract experiments
[11]. For example, experiments involving staining and micro-
scopic imaging, such as "observing the distribution of DNA
and RNA in cells,” are usually complicated by intricate oper-
ations and time-consuming procedures, which can disrupt
teaching pace and affect learning outcomes. Meanwhile, sig-
nificant differences in students' abilities render uniform guid-
ance insufficient to meet personalized learning needs, further
hindering the improvement of teaching quality.

To overcome these challenges, Al technology is increas-
ingly being integrated into every facet of experimental teach-
ing, showcasing its potential to revolutionize instructional
workflows [11]. Virtual simulation platforms allow students
to safely rehearse high-risk experiments, improving their cog-
nitive preparedness. Smart sensors provide continuous moni-
toring of physiological parameters, significantly enhancing
data accuracy and real-time monitoring capabilities [11].
Moreover, data analysis modules empowered by machine
learning automatically identify experimental trends and gen-
erate visual charts, alleviating cognitive burdens for educators
and students during post-processing [11]. Building on this, Al-
driven interactive learning systems offer tailored guidance
based on student behavior patterns, allowing for precise inter-
ventions. This technology-driven transformation of teaching
paradigms not only enhances time efficiency and quality con-
trol in experimental procedures but also paves the way for an
integrated smart teaching loop encompassing "preparation—
implementation—analysis—extension" [11].
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3. The Application of Artificial
Intelligence in Teaching

3.1. Overview of Al Education Applications at
Home and Abroad

In recent years, the rapid development of Al technology has
led to its integration and application in basic education, par-
ticularly showcasing great potential in science experiment
teaching. Numerous studies and practices, both domestically
and internationally, suggest that Al-enhanced experimental
teaching is transitioning from traditional models to intelligent
and personalized approaches. In primary school science edu-
cation, Al effectively improves students' inquiry abilities and
cognitive quality through the implementation of constructing
virtual experiment rehearsal systems, intelligent tool-assisted
operations, and data visualization analysis. It also provides
technical support for the design of teaching objectives and re-
finement of evaluation mechanisms [12]. Such teaching mod-
els not only transcend the spatiotemporal limitations of exper-
imental teaching but also enrich students' comprehension of
abstract scientific concepts [1]. Meanwhile, teaching practices
based on the typical case of "image recognition technology in
daily life" demonstrate that experimental teaching can func-
tion as an essential pathway for primary school students to en-
gage with Al, providing unique advantages in fostering com-
putational thinking and interdisciplinary literacy [13].

In a broader educational context, the deep integration of Al
with web technologies and "Internet+" has propelled the sys-
tematic restructuring of experimental teaching platforms. For
example, systems such as the all-in-one card management
platform, intelligent monitoring framework, and online exper-
iment booking platform—constructed using programming
languages like JAVA, HTML, and Python—have enabled ef-
ficient allocation of teaching resources and real-time collec-
tion of process data [14]. These platforms not only improve
laboratory management automation but also offer reliable data
support for formative assessment. It is noteworthy that while
most research emphasizes experimental teaching reforms in
higher education or economic management (exemplified by
the economic management experimental teaching demonstra-
tion center established at Inner Mongolia University), this
model also provides valuable insights for organizing and con-
ducting experimental courses in basic education stages [12].

However, the integration of Al into experimental teaching
still encounters several challenges, such as high implementa-
tion costs, a lack of digital literacy among educators, and eth-
ical issues concerning data privacy [13]. To address these is-
sues, constructing a learner-centered smart ecosystem neces-
sitates a tripartite mechanism involving policy guidance,
teacher training, and technological advancement. The diagram
below outlines the essential pathways for integrating Al into
high school biology experiments and their multidimensional
support framework:
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Figure 3. Essential Pathways for Integrating Al into High School Biology Experiments and Their Multidimensional Support Framework.

This model illustrates the transmission mechanism of Al
technology, from foundational support to advanced instruc-
tional outputs, underscoring the key role of data-driven meth-
odologies and human-machine collaboration in transforming
experimental teaching. Future studies should further investi-
gate the transferability of Al adaptive algorithms in biological
micro-experiments, while constructing cross-regional intelli-
gent teaching resource-sharing networks to improve educa-
tional equity and quality.

3.2. Practice of Al in Biology Experiment in
Senior High School

In the current educational digital transformation, Al tech-
nology is increasingly influencing multiple aspects of high
school biology experimental teaching, propelling traditional
teaching models towards more intelligent and personalized
approaches. This study utilized a mixed-methods research ap-
proach with a phased implementation: First, purposive sam-
pling was performed to select five high schools within a teach-
ing and research community in Zhengzhou as representative
sites, thereby ensuring regional diversity in faculty quality,
hardware infrastructure, and participation in curriculum re-
form. Then, stratified random sampling was applied to recruit
2,274 students from grades 10 and 11 (covering various aca-
demic proficiency levels with a distribution of high-achievers,
average performers, and struggling learners approximately in
aratio of 1:2:1), and 82 current biology teachers were invited
to participate. Data collection took place over a period of six
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weeks, during which structured questionnaires (Cronbach's o

= 0.89) and semi-structured interviews (each lasting from 45
to 60 minutes, fully transcribed from audio recordings) were
conducted simultaneously. All qualitative data were inde-

pendently coded using a three-level coding system (open—ax-

ial-selective) by the author, achieving a Kappa consistency

coefficient of 0.86. For data analysis, a triangulation strategy
was employed: quantitative data were analyzed with SPSS

26.0 for descriptive statistics and chi-square tests (o = 0.05),

while qualitative texts were processed with Nvivo 12 for
theme extraction and contextual relevance analysis, systemat-
ically investigating the current application status of Al in ex-
perimental teaching. The results indicated that while aware-
ness of Al technology has reached 87.3%, its routine class-
room adoption rate is still limited to 35.4%, suggesting that
technology promotion remains in its early stages. Regarding
implementation forms, virtual simulation platforms are exten-
sively used in microscopic experimental scenarios such as
"observing DNA and RNA distribution in cells," effectively
overcoming observation limitations posed by traditional
equipment. Al modeling and visualization are widely used in
research scenarios like "simulating genetic laws" to visualize
abstract processes. Meanwhile, generative artificial intelli-
gence (GenAl) is employed to design contextualized test ques-
tions and personalized learning pathways, allowing for inter-
active Q&A testing through natural language processing tech-
nology, thereby improving students' investigative motivation
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and cognitive depth [3]. Particularly, in genetics experiment
modules, Al enhances immersive learning experiences by
simulating Mendelian inheritance patterns using algorithms,

thereby making abstract concepts tangible and improving stu-
dents' comprehension of complex genetic mechanisms [7].

Table 1. Survey data results.

Operating Enhanced student com-  Improved experiment  Security aware-
. . Technology . - . -
Application scenarios frequency prehension (Likert 5- efficiency (minutes ness score (5-
type - -
(%) point scale) per class) point scale)
Mlcrostryctural v.|rtual . 11.0 49 18 46
observation simulation
Al Modeling
genetic law simulation and Visualiza-  35.4 45 15 4.7
tion
Design and Implementa- Al Intelligent
tion of the Experimental Guidance Sys-  18.3 39 11 4.3
Scheme tem
data analysis and pro- Experimental
Y P Data Analysis 18.3 39 11 4.3

cessin
g Tool

The utilization of the previously mentioned multimodal
technologies has not only optimized experimental workflows
but also positively influenced cognitive construction. Surveys
show that more than 70% of students perceive Al-enhanced
experiments as more participatory and exploratory, especially
in the realm of data processing. Al-driven automated analysis
tools can instantly produce regression curves and significance
test outcomes, minimizing manual calculation errors and im-
proving the rigor of scientific arguments [15]. Furthermore,
Al interactive platforms facilitate asynchronous learning and
real-time feedback, allowing for personalized guidance and
addressing teaching blind spots that arise from imbalances in
teacher-student ratios in traditional classrooms [7]. Neverthe-
less, potential risks behind technological applications necessi-
tate vigilance. Relevant studies have indicated that generative
Al may reflect cultural representation biases in image and
content output. For example, the repeated depiction of stereo-
typical symbols like white coats and goggles during simulated
science classes could unintentionally reinforce a singular cog-
nitive framework of scientific identity [16]. Therefore, as Al
is increasingly integrated into education, it is crucial to estab-
lish ethical review mechanisms to ensure that technological
presentation remains diverse and inclusive.

To sum up, the integration of Al into high school biology
experiment teaching has reached an initial scale, encompass-
ing four key dimensions: preparation, operation, analysis, and
extension. This has led to a novel teaching paradigm charac-
terized by "virtual-real integration and human-machine col-
laboration" [15]. Future advancements should prioritize con-
structing interdisciplinary Al teaching models while ensuring
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data security and algorithm transparency, alongside improv-
ing teachers' digital literacy training. Such an approach aims
to harmonize technological empowerment with the fundamen-
tal principles of education [17]. Only through such efforts can
the profound potential of Al in science education be fully har-
nessed under the guidance of core competencies.

4. Analysis of Application Problems and
Challenges

4.1. The Realistic Obstacle of Technology
Integration

While Al technology exhibits transformative potential in
high school biology experiment teaching, its integration with
current educational systems encounters numerous practical
challenges. The foremost challenge hindering the implemen-
tation of Al-powered experimental teaching is inadequate in-
frastructure. 80.5% of teachers report inadequate school pol-
icy support, as most institutions do not possess Al-compatible
devices and high-speed network environments, making criti-
cal functions like virtual simulations and real-time data anal-
ysis impractical. Meanwhile, educators often lack operational
experience with Al systems and teaching adaptation skills.
Additionally, structural deficiencies in digital literacy impede
the effective integration of Al tools into experimental design,
process monitoring, and outcome evaluation [4]. Notably, this
disconnect between technology and teaching is not isolated
but intertwines with issues like outdated curriculum standards
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and uneven allocation of experimental resources, which to-
gether pose systemic reform barriers [8].

The complexity of employing Al in experimental teaching
arises from the need for highly structured data inputs and
standardized operational procedures, whereas high school bi-
ology experiments are characterized by strong openness and
an exploratory nature. Projects such as observing cell mitosis
or constructing ecological bottles involve a multitude of non-
linear variables and subjective judgments, posing significant
challenges for training and deploying Al models [6]. Further-
more, intelligent upgrades to laboratory management systems
necessitate cross-platform compatibility, including a combi-
nation of functional modules like experiment scheduling,
equipment allocation, and safety monitoring. At present, most
systems operate in isolation, lacking unified data interfaces
and protocol standards [14]. In this context, building an Al-
integrated teaching framework requires not only hardware in-
vestment but also the reconfiguration of knowledge organiza-
tion logic and teacher-student interaction paradigms in exper-
imental teaching [10].

These challenges illustrate that mere technological accumu-
lation cannot lead to a quantum leap in educational efficacy.
It is crucial to establish an ecological mechanism for the syn-
ergistic evolution of "technology-human-institution". For ex-
ample, by adopting the "triple-intelligent" educational model,
Al can be transformed from an auxiliary tool into a cognitive
partner by redefining experimental teaching objectives, opti-
mizing resource allocation pathways, and improving forma-
tive assessment feedback [10]. At the same time, modular de-
sign of experimental platforms under industry-education inte-

gration is essential for enhancing system scalability and con-
textual adaptability, thereby providing structural support for
the sustainable advancement of intelligent education [6].

4.2. Inadequate Adaptability of Teaching
Models

Though Al technology has begun to be implemented in high
school biology experiment teaching, the adaptation of teach-
ing models remains inadequate. Common challenges include
fragmented application scenarios, superficial human-com-
puter interaction, and shallow integration of teaching logic.
Most Al-assisted systems remain operating at the "tool substi-
tution™ level and struggle to deeply integrate with the cogni-
tive development pathways of experimental teaching [7]. For
example, in microscopic experiments like "Observing DNA
and RNA Distribution in Cells," although virtual simulation
platforms can vividly illustrate staining processes, their feed-
back mechanisms usually adhere to preset paths, lacking real-
time reasoning and adaptive guidance based on student oper-
ations. This constrains the potential for inquiry-based learning.
Moreover, while Al-driven learning analytics can uncover
learning barriers through data mining, their outputs often do
not align with teachers' instructional decisions in practice,
highlighting the contradiction between inadequate algorithmic
interpretability and misalignment with educational contexts
[4]. This misalignment between technological logic and teach-
ing logic further intensifies the tendency towards "formaliza-
tion" in Al applications.
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The underlying issue is that existing Al teaching systems
frequently overlook the crucial characteristics of "embodied
cognition™ and "inquiry cycles" in science education, failing
to accurately replicate the trial-and-error, reflection, and iter-
ative processes in real experiments [7]. For example, in genet-
ics experiments, students' grasp of Mendel's segregation ratios
depends not just on data presentation but also on internaliza-
tion through the cognitive closed-loop of hypothesis-testing
and adjustment. Yet, most current Al modules only offer re-
sult-matching functions, lacking the ability to model students'
thought processes. Meanwhile, GenAl exhibits cultural repre-
sentation biases in image and text generation processes, such
as stereotyping laboratory scenes with white coats and beakers,
which can reinforce students' narrow perceptions of scientific
identity and affect the establishment of their scientific identity
[16]. Consequently, future designs for Al teaching models
must move beyond technical superposition and shift toward
creating a "collaborative intelligent” experimental ecosystem
based on cognitive science, thereby facilitating a paradigm
shift from "machine execution" to "teacher-student-Al co-cre-
ation."”

5. Development Path and Strategy
Construction

5.1. Innovation of Teaching Mode with
Technology

In the realm of digital transformation in education, Al tech-
nology is increasingly infiltrating all domains of basic educa-
tion, particularly showcasing significant application potential
in high school biology experiment teaching. Traditional meth-
ods of experimental teaching face challenges due to equip-
ment limitations, safety risks, and data collection accuracy,
making it difficult to fully meet the new curriculum standard
that emphasizes the coordinated development of scientific in-
quiry skills and core competencies [2]. To address these chal-
lenges, an Al-powered technological empowerment model
has been developed. By creating intelligent, immersive, and
personalized teaching environments, the model facilitates a
shift from "experience-driven"” to "data and algorithm dual-
driven" experimental teaching [15]. In this context, virtual
simulation pre-enactment systems can accurately replicate dy-
namic microscopic processes, such as visualizing the distribu-
tion of DNA and RNA within cells, allowing students to en-
gage in high-risk or irreversible experiment pre-operation
training in a risk-free environment [15]. Meanwhile, genera-
tive Al can automatically produce contextualized test ques-
tions and interactive Q&A content aligned with curriculum
objectives, improving students' cognitive engagement and
problem-solving skills [3].

The four-dimensional model indicates that Al offers the
strongest support during the experimental preparation phase,
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achieving a noteworthy value of 92%, underscoring its pivotal
role in knowledge pre-construction. Moreover, the combined
use of intelligent sensors and real-time feedback systems dur-
ing experimental operations substantially improves the spati-
otemporal resolution and measurement reliability of data ac-
quisition, mitigating the subjective errors inherent in tradi-
tional manual recording [2]. For example, in the "Investigat-
ing Factors Affecting Photosynthesis" experiment, the Al-
driven light intensity and CO: concentration monitoring mod-
ule provides millisecond-level dynamic response, while ma-
chine learning algorithms help predict nonlinear relationships
between variables, aiding students in developing quantitative
models [2]. Additionally, the Al data analysis module not only
automates curve fitting and outlier identification but also pro-
duces personalized diagnostic reports based on students' oper-
ational paths, allowing for precise formative assessment [15].
In terms of cross-scenario expansion, leveraging the experi-
ence of integrating Al with virtual experiments in elementary
science curricula, high school institutions could construct
cross-stage, interdisciplinary intelligent inquiry platforms to
promote knowledge transfer and deep learning [13]. It is note-
worthy that, although Al technologies like image recognition
have been tentatively used in elementary information technol-
ogy experiments [13], deeper integration into high school bi-
ology necessitates technical interface standards and ethical re-
view mechanisms to ensure teaching data security and algo-
rithm transparency. Future studies should concentrate on de-
veloping multimodal learning analysis frameworks that incor-
porate eye-tracking, voice interaction, and behavioral log data
sources to comprehensively characterize students' cognitive
trajectories during Al-enhanced experiments.

5.2. Support System for Enhancing Teachers'
Competence

The deep integration of Al technology in high school biol-
ogy laboratory instruction has generated new requirements for
teachers' professional development. As educational informati-
zation advances rapidly, educators need to not only master tra-
ditional experimental teaching design and implementation
skills but also develop competencies in operating intelligent
educational tools, comprehending algorithmic logic, and facil-
itating human-machine collaborative teaching [8]. At present,
high school biology teachers generally encounter obstacles
such as insufficient Al literacy and inadequate technical ap-
plication capabilities, hindering their ability to effectively em-
ploy intelligent systems for learning diagnostics, personalized
feedback, and teaching optimization. Thus, constructing a sys-
tematic and sustainable support system for teacher compe-
tency enhancement has become a key step in fostering the
deep integration of Al with experimental teaching.

From a practical perspective, the development of intelligent
experimental teaching environments relies on educators' un-
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derstanding and application of data-driven pedagogical prin-
ciples. For example, Al-powered learning analytics models
can accurately identify learning barriers and suggest targeted
interventions by gathering multidimensional data, including
students' operational trajectories, response durations, and er-
ror patterns in virtual experiments [4]. Nevertheless, educators
who lack basic knowledge of machine learning principles and
educational data interpretation methods may find it challeng-
ing to convert these technological outputs into effective in-
structional decisions. To address this issue, a tiered Al literacy
training framework should be constructed, encompassing top-
ics like operating smart education platforms, interpreting edu-
cational data, and human-machine collaboration strategies.
This framework should be enriched with case studies and ac-
tion learning to enhance practical application capabilities.

Additionally, the technical infrastructure of experimental
teaching platforms must offer robust support for educators. By
leveraging the experience of embedded Al experimental
teaching reforms, intelligent teaching support systems charac-
terized by high openness and strong interface compatibility
can be developed, enabling teachers to conveniently use Al
modules in real teaching scenarios, such as automatic grading,
virtual teaching assistants, and visualization tools for experi-
mental process [6]. Such platforms not only lower technical
barriers but also provide practical platforms for teachers to
pursue teaching innovation. Inspired by the "Three-Element”
intelligent education model used in trace inspection laboratory
programs, high school biology experimental teaching could
investigate collaborative teacher training pathways involving
universities, secondary schools, and enterprises, thereby en-
hancing cross-disciplinary cooperation and resource integra-
tion [10].

It is essential to emphasize that although technology em-
powers educational practices, ethical standards and the auton-
omy of teaching professionals should be safeguarded. As the
primary force in instructional design, teachers should retain
their leading role with the support of intelligent systems,
avoiding the risk of "technological dependency" [4]. Conse-
quently, the support framework should incorporate ethical
training in smart education, assisting teachers in addressing
issues like data privacy and algorithmic bias with prudence. In
summary, only using a tripartite long-term mechanism that in-
tegrates institutionalized training, technical support, and ethi-
cal guidance can we comprehensively improve high school bi-
ology teachers' competencies in intelligent teaching, thereby
unlocking the true value of Al in experimental education [9].

6. Conclusion and Prospects

6.1. Summary of Main Findings

Current high school biology experiment teaching encounters
several challenges when conducted under traditional models,
including limited experimental conditions, invisibility of micro-
scopic processes, low data collection accuracy, and inadequate
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personalized guidance, which significantly hinder the in-depth
development of students' scientific inquiry abilities and core
competencies [2]. In this regard, the integration of Al technol-
ogy opens new avenues for the systematic reconstruction of ex-
perimental teaching. Generative Al, with its capabilities in nat-
ural language processing and content generation, has shown
considerable potential in contextualized test design, intelligent
Q&A interaction, and experimental protocol optimization, ef-
fectively improving the interactivity and exploratory nature of
learning [3]. Meanwhile, virtual simulation technology allows
for the safe and visual implementation of high-risk or micro-
scopically difficult-to-observe experiments, such as "observing
the distribution of DNA and RNA in cells" by constructing
highly realistic experimental environments, overcoming the
limitations imposed by physical space and experimental mate-
rials [15]. The integrated application of smart sensors and loT
devices enables real-time collection and dynamic feedback of
multimodal data (e.g., temperature, light, gas concentration)
during experiments, considerably enhancing measurement ac-
curacy and reproducibility [2]. More importantly, data analysis
modules developed based on machine learning algorithms can
automatically detect student operational deviations and offer
personalized real-time guidance suggestions, thereby shifting
the paradigm from "standardized teaching" to "adaptive learn-
ing" [15]. In addition, Al-powered interdisciplinary integration
platforms have fostered deep integration between biology and
information science/engineering, providing essential technical
support for project-based learning and inquiry-based experi-
mental design, thus propelling science education towards cross-
disciplinary collaborative development [4]. Nonetheless, de-
spite these technological advancements, challenges persist, in-
cluding a misalignment between pedagogical and technical
logics, insufficient digital literacy among teachers, and con-
cerns regarding data privacy and ethical standards [4]. Future
strategies should emphasize establishing a tripartite collabora-
tive teaching framework of "Al-teacher-student”, improving
teachers' instructional design capabilities and human-machine
collaboration in intelligent environments [4]. Meanwhile, com-
prehensive policy guidance and ethical review mechanisms
should be instituted to guarantee educational appropriateness
and safety in technology application [4]. In conclusion, the deep
integration of Al in high school biology experimental teaching
arises not only from technological iteration but also from an in-
evitable transformation and upgrading of science education
concepts. Its sustainable development depends on the synergis-
tic resonance of technological, institutional, and humanistic val-
ues [5].

6.2. Future Research Directions

As artificial intelligence technology increasingly integrates
into the education field, high school biology experimental
teaching stands at a pivotal juncture of paradigm transfor-
mation. Future investigations should prioritize constructing
mechanisms for deep integration of Al and science education,
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particularly by identifying methods to optimize cognitive load
and promote collaborative development of deep learning
across disciplines [1]. Current studies have indicated that uti-
lizing intelligent recognition systems and data modeling tools
has markedly enhanced students 'understanding of Mendel's
laws of segregation and linkage exchange in genetics experi-
ments, highlighting the unique advantage of Al-enabled in-
structional design in concretizing abstract concepts [7]. Nev-
ertheless, the deployment of such technologies remains frag-
mented, with a lack of systematic frameworks for curriculum
reconstruction. There is an urgent need to implement the
closed-loop design concept of "task-driven—model construc-
tion—intelligent feedback™ from using information technol-
ogy experimental teaching to shift biological experiments
from verification-based operations to exploratory practices
[18]. Meanwhile, the broad implementation of GenAl pro-
vides new possibilities for automated generation of teaching
resources, yet the stereotypes and cultural biases present in its
outputs cannot be ignored. For example, the image of science
teachers is typically stereotyped with specific attire and gen-
der characteristics, reflecting structural biases in algorithmic
training data [16]. As a result, future empirical studies should
not only aim to improve academic performance supported by
Al technology but also incorporate critical perspectives, uti-
lizing mixed methods to explore the influence of technological
intervention on teacher-student interaction patterns, class-

room discourse distribution, and scientific identity recognition.

Appendix

In addition, considering that the systematic teaching model for
experimental education in economics and management has
been validated by long-term practice [12], the high school bi-
ology curriculum could benefit from adopting its tiered exper-
imental design approach. This would construct a three-tiered
Al-integrated experimental framework that involves founda-
tional skill development, comprehensive problem-solving,
and open innovation projects. Large-scale longitudinal studies
should be carried out to assess the framework's sustainability
and scalability, providing theoretical foundations and practi-
cal models that ensure equity, effectiveness, and ethical stand-
ards in science education during the era of intelligence.
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Appendix I: Teacher Comprehensive Assessment Questionnaire

"Teacher Comprehensive Assessment Questionnaire"
Dear teacher:

Dear Sir/Madam, this questionnaire is designed to assess the integration of artificial intelligence technology in high school
biology experiment teaching. The questionnaire will be completed anonymously, and all information collected will be used
exclusively for academic research purposes. We appreciate your participation.

1. Basic Information

1. Your teaching experience:
o 1-3 years

0 4-10 years

o 11-20 years

o Over 20 years

2. Teaching grade (multiple selections allowed):
o Senior One

o Senior Two

o Senior

I1. Overview of Al Usage

4. How often do you use Al technology in your biology lab classes?

0 <10% of class hours

o 10%—30%

o 30%—50%

o >50%

5. Al tools you use (multiple selections allowed):
O Virtual Simulation Experiment Platform
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o Al Intelligent Guidance System

o Experimental data analysis tool

o Al Modeling and Visualization

o Others:

I11. Comparative Evaluation of Experimental Outcomes
6. Comparison of experiment duration:

Traditional experiments typically require an average of minutes.
After Al assistance, the average time required is minutes.

7. Improvement in student experiment accuracy rate:

o <5%

0 5%—15%

o 15%—30%

0 >30%

8. Improved efficiency per lab session (time saved):
<10 minutes

o 10-20 minutes

o 20-30 minutes

More than 30 minutes

IV. Multi-dimensional scoring (1-5 points, please circle)
9. Increased student engagement:

10203040 50

10. Improved student comprehension:

1o 203040 5o

11. Enhanced safety awareness in experiments:
10203040 50

12. Teacher guidance efficiency improvement ratio:
1o 203040 5o

(1=No improvement, 5=Great improvement)

V. Challenges and Barriers in Al Applications (Multiple Selection Allowed)

13. What do you think are the main obstacles?
o Insufficient device or network conditions

o Teachers lack relevant training

o Does not match the existing course content
o Students are not adapting to the new way

0 Teaching effectiveness is unclear

o Insufficient support from school policies

o Others:

VI. Open-ended Questions

14. Please provide a brief description of a specific case where an Al technology was successful (or failed) in biological exper-

iment teaching:

Appendix I1: Student Comparison Experience Questionnaire

Student Comparison Experience Questionnaire
Hello, classmate:

Please fill out this form based on your experience in biology lab courses, comparing the two scenarios with and without Al

assistance.
1. Basic Information
1. Grade:
0 Senior One
o0 Senior Two
o Senior
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2. Have you used Al-assisted biological experiments (such as virtual simulation or intelligent guidance)?

0 Yes (Please continue to fill in the form below)
0 No (only fill in the "No Al assistance" column)

2. Experience Comparison Rating (1-5 points)

Table 2. Experience Comparison Rating (1-5 points).

problem description

3

. | can focus better in lab classes

4. | can better understand the experimental principles and procedures

5. The experimental operation process is smoother and time-saving

6
7

. | feel safer in the experimental environment

. I am more interested in biological experiments

I11. Open Feedback

Al-assisted (1-5 points) No Al assistance (1-5 points)

1o203oc4o 5o 1o203oc4o 5o

lo2o3oc4o 50 lo2o3o4o 50
lo203oc4o 5o lo203oc4o 5o
1o2o3o4o 50 lo2o3o4o 50

1o2o3o4o 50 1o2o3o4o 50

8. How do you think Al technology can be further enhanced in biology lab classes?

The survey is complete. Thank you for participating.
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