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Abstract: The rapid advancement of digital learning demands innovative
approaches to support students’ higher-order thinking skills. This study aimed
to develop and evaluate an Al-based adaptive e-module designed to enhance
critical thinking in the Animal Development course. Employing a Research and
Development (R&D) approach with the ADDIE model, the study involved 25
biology education students. The module integrated multimedia content,
adaptive quizzes, and a chatbot powered by natural language processing to
provide personalized learning paths. Expert validation confirmed high
feasibility (86%, very feasible) in terms of pedagogy, content, and technology.
Implementation results revealed a significant improvement in students’
performance, with average scores increasing from 52.0 (pre-test) to 80.6 (post-
test). Statistical analysis showed a significant effect (t(24) = 14.21, p< 0.0001),
and the N-gain score of 0.60 indicated a moderate to high improvement.
Student surveys further reported high satisfaction, with over 9o% positive
responses regarding usability, interactivity, and relevance. Qualitative feedback
emphasized that the chatbot and adaptive quizzes stimulated reflective and
critical learning. These findings demonstrate that Al-based adaptive e-modules
can effectively address learning gaps and foster critical thinking in complex
biological topics. The study contributes a practical model for integrating
adaptive learning and Al into higher education.
Keywords: Adaptive Learning; E-Module; Artificial Intelligence; Critical
Thinking; Biology Education
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Introduction

The use of e-modules integrated with adaptive learning technology has emerged as a
modern approach to improving the quality of education. Adaptive learning platforms are
designed to tailor educational content in real time to individual students’ needs and
abilities'>. When combined with e-modules, adaptive learning enables more personalized
and interactive learning experiences, thereby supporting students’ conceptual
understanding in complex subjects such as biology3. The integration of artificial
intelligence (AI) in adaptive learning has further enhanced its effectiveness by providing
real-time feedback and adjusting learning paths according to students’ progress+%7.
Previous studies have also confirmed that Al-powered adaptive learning systems increase
students’ engagement and academic performance through personalized pathways?.

Despite these promising results, challenges remain in developing higher-order
thinking skills, particularly critical thinking, which is considered a key competence for
21st-century learners®°. Several studies have indicated that many university students still
struggle to develop critical thinking skills due to the limitations of conventional teaching
methods. For instance, classroom observations at the Biology Education Study Program,
Faculty of Teacher Training and Education, Tadulako University revealed that more than
60% of students in the Animal Development course had difficulties understanding
abstract concepts such as cell differentiation, organogenesis, and regulatory mechanisms
of development. Their average score in critical thinking tests was only 45%, which is below
the minimum passing standard. These findings highlight the need for innovative teaching
approaches that not only provide access to learning materials but also foster critical
thinking through adaptive feedback mechanisms.

To address this issue, this study proposes the development of an Al-based e-module
that integrates adaptive learning features such as natural language processing (NLP)-
driven chatbots and adaptive quizzes™?3 The chatbot allows two-way interactions between
students and the system, offering reflective feedback and stimulating analytical
discussions#5. Meanwhile, adaptive quizzes dynamically adjust question difficulty based
on students’ real-time performance. This combination of features is expected to create a
more personalized, dynamic, and engaging learning environment that promotes
conceptual understanding and critical thinking¢78,

Although adaptive learning has been successfully implemented in mathematics and
science education'*® research specifically focusing on the effectiveness of Al-based
adaptive e-modules in the context of biology—particularly in complex subjects such as
animal development—remains limited. Therefore, this study aims to fill this research gap
by developing and evaluating an Al-based adaptive e-module designed to enhance critical
thinking skills among biology students. The findings of this study are expected to
contribute both theoretically and practically by (1) providing a novel instructional model
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for biology education and (2) serving as a reference for future research and development of
Al-based digital learning systems.

Methods
Research Design

This study employed a Research and Development (R&D) approach using the
ADDIE model (Analysis, Design, Development, Implementation, and Evaluation) to
develop an Al-based adaptive e-module for the Animal Development course. The ADDIE
model was selected due to its systematic yet flexible framework in guiding the
development of technology-enhanced instructional media.

Participants

The participants consisted of 25 undergraduate students enrolled in the Animal
Development course at the Biology Education Study Program, Faculty of Teacher
Training and Education, Tadulako University. A purposive sampling technique was
applied, focusing on students who had completed prerequisite biology courses. In
addition, three subject-matter experts (two biology lecturers and one instructional media
specialist) were involved in the validation process.

Procedure
The research followed the five stages of the ADDIE model>:

Analysis
e Needs analysis: Surveys and interviews with students and lecturers were conducted to
identify learning challenges and expectations regarding adaptive learning.
e Literature review: Previous studies on adaptive learning in higher education,
particularly in biology, were analyzed.
e Curriculum analysis: Learning outcomes and competencies of the Animal
Development course were examined to ensure alignment with the e-module design.

Design

Development of multimedia-based content (interactive videos, case studies on
embryonic development).Specification of adaptive features, including rules for adjusting
quiz difficulty and feedback mechanisms.Initial prototyping in a Learning Management
System (LMS) environment (Moodle).

Development

Construction of the Al-based adaptive e-module integrating NLP chatbot and
adaptive quizzes.Expert validation in terms of pedagogy, content accuracy, and
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technological feasibility.Small-scale pilot testing (beta test) with a limited group of
students to gather feedback on usability and effectiveness.

Implementation

Full deployment of the e-module in the Animal Development course.Pre-test and
post-test were administered to measure students’ critical thinking skills before and after
using the e-module.Observations and semi-structured interviews were conducted to assess
student engagement and identify technical challenges.

Evaluation

Quantitative analysis of pre-test and post-test scores using paired-sample t-test and
normalized gain (N-gain) to determine improvement in critical thinking.Qualitative
analysis of student and lecturer feedback to evaluate user satisfaction.Revision of the e-
module based on evaluation results for further dissemination.

Instruments

Critical Thinking Test: Adapted from standardized instruments, validated by three
experts in biology education. Reliability was measured using Cronbach’s Alpha (a =
0.82).Questionnaire: Administered to assess students’ perceptions and satisfaction with
the e-module.Interview Guide: Semi-structured interviews to collect qualitative
feedback.Observation Sheet: Used to monitor student engagement during
implementation.

Results
Needs Analysis

The pre-test results served as the foundation for the needs analysis. Of the 25
participating students, 17 (68%) scored below 60, with an overall mean score of 52.00 (SD
= 8.47). This indicates that the majority of students had insufficient critical thinking skills
at the outset, particularly in analyzing and evaluating complex biological concepts such as
cell differentiation and organogenesis. These findings confirmed the need for an
innovative learning resource capable of providing adaptive feedback and supporting
students’ development of higher-order thinking skills.

Design and Development of the E-Module

Based on the needs analysis, the Al-based adaptive e-module was designed
systematically using the ADDIE model. The development process aligned the content with
the learning objectives of the Animal Development course, particularly focusing on
complex topics where students had previously shown difficulties. The module consisted of
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four main units, each integrating interactive learning materials, adaptive assessments, and
a Natural Language Processing (NLP)-based chatbot to foster critical thinking.

Each unit was designed with specific learning objectives, multimedia resources, and
adaptive features to personalize the learning process (table 1). For instance, in Unit 2 on
cell differentiation, a chatbot was integrated to encourage reflective responses such as,
“Why is cell differentiation essential for multicellular organisms?”. Similarly, in Unit 3 on
organogenesis, the adaptive quiz adjusted its difficulty based on student performance,
while the chatbot provided hints or probing questions to promote deeper reasoning.

Overall, the design and development stage ensured that the module did not merely
deliver content but actively guided students through personalized learning paths. By
embedding adaptive quizzes and reflective chatbot interactions, the e-module encouraged
learners to analyze, evaluate, and synthesize biological concepts. This combination of
multimedia learning materials and Al-driven adaptivity was intended to strengthen
students’ engagement while addressing their diverse learning needs.

Table 1: Outline of the Al-Based Adaptive E-Module for Animal Development

) Learnin Learnin Main Content / )
Unit . & .. & . Adaptive Features
Topic Objectives Materials
Text-based . .
. ) Adaptive quiz: If
Students explain the explanations;
. . . . score <60, system
Introduction to fundamental interactive diagrams of| . )
_ ) provides simpler
1 Animal processes of gamete formation; )
. ; . . recall questions; =60,
Development | gametogenesis and || video introduction to )
o L system offers applied
fertilization. fertilization ) .
) analysis questions.
mechanisms.
Chatbot prompts
Case study on stem , P p
Students analyze ] p reflective questions
. cell differentiation; W .
mechanisms of cell o , (e.g., “Why is cell
Cell o animations showing - T
2 . . specialization and . differentiation
Differentiation ) specialization steps; )
relate them to tissue . : essential for
) short readings with :
formation. _ , multicellular
discussion prompts. ) ,
organisms?”).
Students evaluate Video lecture on Adaptive quiz:
the sequential organogenesis; Difficulty increases
3 || Organogenesis | stages of organ |/infographic timeline of||with correct answers;
development and organ formation; chatbot offers hints
identify critical problem-solving or probing questions
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] Learnin Learnin Main Content / .
Unit . & .. & . Adaptive Features
Topic Objectives Materials
regulatory factors. | worksheet on organ | for incorrect ones.
development
disorders.
. Chatbot generates
o Research article ) & ]
Students critically .. . _||higher-order probing
. summaries; interactive .
assess genetic and . . questions;
. simulation of gene }
Regulation of hormonal . i personalized
4 o regulation; guided )
Development regulation in . . ) feedback directs
. discussion questions
embryonic ) students to
devel . on experimental supplementa
evelopment. )
p findings. PP . y
materials.

Expert Validation and Feasibility

The developed e-module underwent validation by three experts: one in biology
education, one in pedagogy, and one in educational technology. The validation focused on
four aspects: content accuracy, pedagogical design, technical feasibility, and media
usability. Each aspect was assessed using a 5-point Likert scale (1 = very poor, 5 = excellent).

The results, summarized in Table 2, indicate that all aspects of the module were rated
highly feasible. The average overall validation score was 4.3 out of 5 (86%), which falls into
the category of “very feasible.” Content accuracy and pedagogical design obtained the
highest mean ratings, showing strong alignment with the course learning outcomes and
effective integration of adaptive learning strategies. Meanwhile, technical feasibility and
usability also scored above 80%, though experts recommended minor revisions to enhance
interface clarity and navigation flow.

Table 2: Expert Validation Results of the Adaptive E-Module

Validation Aspect Mean Score (out of 5) | Percentage (%) Category
Content Accuracy 4.5 90 Very feasible
Pedagogical Design 4.4 88 Very feasible
Technical Feasibility 4.2 84 Feasible
Media Usability 4.1 82 Feasible
Overall Average 43 86 Very feasible
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Implementation Results: Pre-test and Post-test

The effectiveness of the Al-based adaptive e-module in improving students’ critical
thinking skills was assessed through pre-test and post-test scores. Table 3 presents the
descriptive statistics and the results of the paired sample t-test.

Table 3. Results of Pre-test and Post-test Critical Thinking Scores (N = 25)

Statistic Pre-test Post-test
Mean 52.00 80.60
Standard Deviation 8.47 6.46
t-value (df = 24) -17.3
p-value < 0.0001
N-gain (average) 0.60 (moderate-high)

The results demonstrated a substantial improvement in students’ critical thinking
performance after the implementation of the adaptive e-module. The mean score
increased from 52.00 (SD = 8.47) in the pre-test to 80.60 (SD = 6.46) in the post-test. A
paired-sample t-test revealed a statistically significant difference (t = -17.3, p< 0.0001).
Furthermore, the average normalized gain (N-gain) was 0.60, which falls within the
moderate-to-high category, indicating that the intervention was effective in improving
higher-order thinking. These findings align with the initial needs analysis, where 68% of
students scored below the minimum standard of 60. After the intervention, nearly all
students achieved scores above this threshold, demonstrating the capacity of Al-based
adaptive learning to close learning gaps and foster critical thinking in complex biological
contexts.

Student Engagement and Learning Experience

In addition to test performance, the adaptive e-module was evaluated in terms of
student engagement and learning experience. Classroom observations indicated that more
than 80% of students actively interacted with the NLP-based chatbot during learning
sessions, while over 9o% completed adaptive quizzes independently. These findings
suggest that the module successfully encouraged active participation and fostered
autonomous learning.
Survey data confirmed these observations, with students expressing strong positive
perceptions of the module (Table 4).
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Table 4. Student Perceptions of the Adaptive E-Module (N = 25)

Indicator Positive Responses (%) Category

Ease of use 88 Very Good
Interactivity 92 Very Good
Relevance to learning needs 84 Very Good
Contribution to critical thinking 86 Very Good
Overall satisfaction 90 Very Good

Qualitative feedback also provided valuable insights. Students reported that the adaptive
quizzes motivated them to continuously improve their performance, while the chatbot
promoted reflective learning. As one student explained, “The adaptive quizzes made me
realize what I had not yet mastered, so I kept reviewing until I got better.” Another
remarked, “The chatbot’s questions helped me think about the reasons behind biological
processes instead of just memorizing them.”

Overall, the findings demonstrate that the adaptive features of the e-module were well-
received and contributed to creating a more interactive, personalized, and engaging
learning environment.

Discussion

The findings of this study provide empirical support for the effectiveness of Al-based
adaptive e-modules in improving students’ critical thinking skills in biology education,
particularly in the context of animal development. Several key aspects can be discussed in
light of previous research.

First, the needs analysis revealed that 68% of students scored below the minimum
threshold in the pre-test, underscoring the challenges faced by students in mastering
complex biological concepts such as cell differentiation and organogenesis. This is
consistent with previous reports highlighting the difficulties of higher-order cognitive
processing in biology learning when traditional instructional methods are used 2. The
baseline data thus justified the development of an innovative intervention that not only
delivered content but also scaffolded students’ reasoning processes.

Second, the design and development of the adaptive e-module incorporated both
multimedia resources and Al-driven adaptive features. This aligns with prior studies that
emphasize the value of personalization and adaptivity in digital learning®+*s. The
integration of a chatbot using natural language processing was a distinctive feature of this
study;, as it enabled reflective dialogue and provided opportunities for critical questioning.
Such interactive elements are rarely emphasized in existing adaptive modules, marking a
novel contribution of this research2627.
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Third, the expert validation process confirmed the feasibility and quality of the
developed module, with an overall rating of 86% categorized as “very feasible.” Expert
feedback particularly valued the adaptive quizzes and chatbot prompts, while suggesting
refinements to user interface and navigation. These results are in line with prior R&D
studies in educational technology, which stress that iterative design and expert input are
crucial for ensuring both pedagogical soundness and technical usability?$29

Fourth, the implementation results demonstrated a significant improvement in
students’ critical thinking skills. The average score increased from 52.0 to 80.6, with a large
effect size confirmed by the paired-sample t-test (p< 0.0001) and an average N-gain of 0.60,
categorized as moderate to high. This finding corroborates studies showing that adaptive
learning systems can effectively enhance learning outcomes by tailoring content and
feedback to individual learners 5%. The improvement observed in this study was
particularly noteworthy, as nearly all students surpassed the minimum threshold after the
intervention, suggesting that adaptive e-modules can help close achievement gaps in
complex scientific domains.

Finally, evaluations of student engagement and learning experiences further
strengthened the module's effectiveness. Over 9o% of students reported positive
perceptions of usability, interactivity, and relevance, while interviews highlighted that the
chatbot encouraged reflection and deeper conceptual understanding. These results are
consistent with previous evidence from meta-analyses and systematic studies that
educational chatbots can improve student satisfaction, learning interest, and learning
experiences, although results on motivation and engagement sometimes vary across
contexts3°3'. The chatbot also encouraged reflection and deeper conceptual understanding
through adaptive feedback and personalized interactions333.

Overall, the findings indicate that the Al-based adaptive e-module is not only
technically and pedagogically feasible but also effective in supporting both cognitive and
affective dimensions of learning. This study contributes to the growing body of literature
on adaptive learning by integrating chatbot-mediated reflection with adaptive assessmenta
combination that remains largely unexplored in the context of biology education.Recent
research supports that Al-based adaptive e-modulesparticularly those integrating chatbot-
mediated reflection and adaptive assessmentare technically and pedagogically effective,
while also yielding positive impacts on both the cognitive and affective dimensions of
learning. At the same time, they enrich the growing literature on innovation in biology
education3+.

Conclusion

This study demonstrated that the development and implementation of an Al-based
adaptive e-module in the Animal Development course significantly improved students’
critical thinking skills. The pre-test analysis highlighted substantial learning gaps, while
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the post-test results confirmed a marked improvement in performance with an N-gain

score of 0.60, categorized as moderate to high. Expert validation indicated that the module

was pedagogically and technologically feasible, and student surveys showed strong positive

perceptions of its usability, interactivity, and contribution to deeper understanding. The

integration of adaptive quizzes and chatbot-mediated reflection provided a personalized

and engaging learning experience, supporting both academic achievement and critical

thinking development. Overall, the findings affirm that adaptive learning technologies,

when designed with Al features, can address the limitations of traditional teaching

methods in complex biology courses.
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