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ABSTRACT

The integration of Artificial Intelligence (Al) into science education has become increasingly pertinent for
cultivating students’ higher-order thinking skills and learning autonomy. This study aims to: (1) examine
differences in creative thinking and learning independence between students engaged in a Human-Centred Al-
based Ethnochemistry Project-Based Learning (PjBL) model and those taught without Al integration; (2)
determine the extent of Al's effective contribution to both variables; and (3) profile students’ learning outcomes
following the implementation of the model within macromolecular chemistry instruction. Employing a quasi-
experimental design with two cohorts of 70 high-school students each, data were obtained through creative-
thinking assessments, self-directed learning questionnaires, and ethnochemical project observations. The data
were analysed using descriptive statistics, N-Gain scores, and MANOVA. Findings indicated that the
experimental group demonstrated greater gains, with mean N-Gain values of 0.44 for creativity and 0.37 for
learning independence. The MANOVA test yielded Hotelling’s Trace F = 7.192, p = 0.001, * = 0.177, signifying
a statistically significant difference between groups. The Human-Centred Al-based Ethnochemistry PjBL
model effectively enhanced scientific creativity, metacognitive reflection, and students’ ability to contextualise
scientific knowledge within local cultural frameworks. This pedagogical approach aligns with the Merdeka
Curriculum’s vision of fostering autonomous, contextual learning that embodies the Pancasila Student Profile.
Future studies are encouraged to design Al-supported digital instruments and employ mixed-methods
approaches to evaluate the model’s longitudinal sustainability.

KEYWORDS: Human-Centred Al; Ethnochemistry PjBL; Creative Thinking; Independent Learning; Local
Culture.
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1. INTRODUCTION

The development of Artificial Intelligence (AI) has
revolutionised multiple dimensions of human life,
including education, which is now entering an era of
intelligent learning ecosystems. Al no longer
functions merely as a technological tool but has
evolved into a cognitive partner capable of detecting
learning patterns, analysing student performance,
and adapting learning experiences in a personalised
and adaptive manner. Within the framework of
Human-Centred Al (HCAI), technology is positioned
not as a substitute for human agency but as a catalyst
for strengthening learners’ reflective, collaborative,
and creative capacities (Pérez et al.,, 2024; Renz &
Vladova, 2021; Martini et al., 2024; Gallent-Torres et
al., 2024; Gil-Ruiz & Dominguez-Lloria, 2024).

This paradigm aligns closely with the Indonesian
education system, the Merdeka Curriculum, a
framework that prioritises student-centred learning,
nurtures creativity, and develops Pancasila Student
Profiles  characterised by critical thinking,
independence, and integrity. In science education,
particularly chemistry, the application of human-
centred Al assists teachers and students in
understanding abstract concepts through contextual
and interactive experiences (Berber et al., 2025;
Ertimit & Sarialioglu, 2025; Chiu, 2021; Jiang et al,,
2023; Weymuth & Reiher, 2021).

Chemistry instruction at the secondary level
continues to face fundamental challenges. Many
students struggle to comprehend macromolecular
topics such as carbohydrates, proteins, and fats, due
to their complex and abstract nature. These
difficulties result in low levels of creative thinking
and learning independence, two essential
competencies in 21st-century education
(Veerasinghan et al, 2021; Perdana et al., 2020;
Sudjarwo & Sunyono, 2018; An & Wang, 2024).
Overly memorisation-based instruction restricts
opportunities for idea exploration and suppresses
students” initiative to think critically or solve
authentic problems. Therefore, an innovative
learning model is needed one that not only
emphasises cognitive mastery but also promotes
creativity and learner autonomy. Among such
innovations, Project-Based Learning (PjBL) has been
widely recognised for its effectiveness. PjBL
positions students as active agents who investigate,
design, and complete projects based on authentic
challenges, fostering divergent and collaborative
thinking as well as accountability for learning
outcomes (Lestari et al., 2024; Pratiwi & Ikhsan,
2024).

Nevertheless, the application of PjBL in chemistry

education often encounters constraints, as projects
may lack contextual relevance and sufficient digital
support. Conversely, the integration of ethnochemistry
offers an opportunity to embed local cultural contexts
into science learning. Ethnochemistry connects chemical
concepts with community practices, such as
fermentation, natural dyeing, and traditional food
preservation, thereby making learning more
contextual, meaningful, and culturally grounded
(Ridwana et al., 2025; Cahyani & Wahyudiati, 2023).
When human-centred Al is embedded within
ethnochemistry-based PjBL, it produces a
pedagogical framework that is adaptive and data-
driven while remaining humanistic, reflective, and
culturally responsive.

Although the pedagogical potential of Al is
widely acknowledged, its integration into education
still raises academic and ethical debates. The first
concerns the extent to which Al enhances or
diminishes student learning agency. Some studies
suggest that Al promotes self-directed learning by
providing automated feedback and personalised
learning recommendations (Del Rosario Navas
Bonilla et al., 2025; Afzaal et al., 2023; Naseer &
Khawaja, 2025; Ramdhani & Hakiman, 2025).
However, others warn that excessive reliance on Al
may weaken initiative and inhibit critical reflection
(M, 2024; Olarewaju et al., 2025; Fischer et al., 2025;
Hou et al., 2025; Zhai et al.,, 2024). Evidence even
shows a significant negative correlation between Al
use and critical-thinking ability, particularly among
younger learners who display higher Al dependence
and lower critical-thinking performance (Gerlich,
2025; Zhang et al., 2023).

A second controversy involves the erosion of
humanistic values in technology-based learning
environments. Many Al platforms prioritise
efficiency and academic outcomes while overlooking
empathy, ethics, and cultural diversity (Cachat-
Rosset & Klarsfeld, 2023; Renz & Vladova, 2021),
raising concerns about the diminishing social and
emotional dimensions of education. A third debate
pertains to the convergence of technology and
culture: although ethnochemistry has been shown to
strengthen the contextual relevance of chemistry
education, integrating it with digital approaches may
risk diluting local authenticity. Consequently, there
is an urgent need for a pedagogical model that
balances technological innovation, humanistic
principles, and local cultural identity. The integration
of Human-Centred Al into Ethnochemistry PjBL is
posited as a balanced response to this pedagogical
dilemma.

A review of previous literature identifies four key
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gaps underpinning this research. (1) Lack of an
integrative approach, most studies have examined Al
in science education or PjBL in general, without
holistically linking both with local culture (Dai & Ke,
2022; Ridwana et al., 2025). (2) Limited focus on
macromolecules, although this topic is highly
suitable for developing creativity and learning
autonomy, few studies have explored it within Al-
PjBL integration (An & Wang, 2024). (3) Restricted
learning outcome variables, many investigations
have measured only conceptual understanding,
neglecting simultaneous analysis of creative thinking
and independent learning. (4) Lack of empirical data
on Al's effect size, experimental studies quantifying
the contribution of Al within ethnochemistry-based
PjBL remain scarce, leaving limited quantitative
evidence of its pedagogical impact. Addressing these
gaps renders the present research both timely and
relevant as a culturally and technologically balanced
educational innovation.

Recent studies affirm that both AI and PjBL
positively influence learning outcomes, yet the two
approaches  have rarely been  combined
systematically. Lestari et al. (2024) demonstrated that
PjBL enhances students’ active participation in
chemistry learning, while Tinenti et al. (2025) found
that projects grounded in local wisdom foster
motivation and emotional engagement. Similarly,
Ramdhani and Hakiman (2025) concluded that
adaptive Al improves students’ self-regulation and
academic confidence through real-time feedback.
However, no prior research has integrated Al, PjBL,
and ethnochemistry within a single humanistic
model. This gap presents a valuable opportunity to
design a learning framework that situates students at
the intersection of technological innovation and
cultural relevance.

Accordingly, this study occupies a strategic
position bridging two major research streams. The
works of Babalola and Keku (2024) and Ridwana et
al. (2025) confirm the effectiveness of ethnochemistry
in enhancing cultural literacy and creativity, whereas
Pratama and Ekarini (2025) emphasise Al’s
contribution to learning independence. Yet these
studies remain distinct. The present research
integrates both perspectives through a Human-
Centred Al-based Ethnochemistry PjBL framework
that aspires not only to improve academic outcomes
but also to cultivate learners’ human values,
creativity, and autonomy. Hence, the proposed
model holds significance not only for advancing
chemistry pedagogy but also for reinforcing the
Merdeka Curriculum’s orientation toward project-
based, reflective, and contextual learning.

The primary objectives of this study are to: (1)
analyse differences in creative-thinking skills and
learning independence between students taught
using a human-centred Al-based Ethnochemistry
PjBL model and those taught without Al integration;
(2) assess the magnitude of Al’s effect on these two
variables; and (3) map students” achievement profiles
following the implementation of the model in
macromolecular chemistry learning.

Ultimately, this research extends the discourse on
the integration of Al and local culture in science
education, asserting that technological innovation
must be grounded in human values and cultural
sustainability. Furthermore, it provides practical
implications for chemistry teachers to serve as
creative facilitators who leverage Al to strengthen
reflective and contextual learning. The study
contributes to the global dialogue on Al and society
by underscoring that Al-driven education should
advance  human flourishing  through the
development of creativity, cultural awareness, and
holistic human potential.

2. METHODOLOGY
2.1. Research Design

This study employed a quasi-experimental design
with a pretest-posttest control group structure to
evaluate the effectiveness of Human-Centred Al-
based Ethnochemistry Project-Based Learning (PjBL)
in enhancing students’ creative thinking skills and
learning  independence on the topic of
macromolecules. This design enabled a comparative
analysis between the experimental group, taught
through Al-integrated instruction and the control
group, which followed a similar PjBL model without
Al integration. The quasi-experimental approach
was selected as it offers a practical balance between
experimental control and ecological validity within
authentic school settings.

Table 1: Research Design.
Pretest Treatment
X1: Al-based
ethnochemistry
PjBL
X2:
Ethnochemistry
PjBL without
Al
Note: T1 = Creative thinking skills test; T2 =
Learning independence questionnaire; X1 = Al-
based ethnochemistry PjBL; X2 = Ethnochemistry
PjBL without Al

2.1.1. Research Subject
The participants comprised 70 Year 12 students

Group Post-test

Experimental T1, T2 T1, T2

Control T1, T2 T1, T2
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enrolled at State Senior Secondary School 2 Sleman
during the 2024/2025 academic year. A purposive
sampling technique was applied to ensure
comparable baseline academic abilities across
groups. One class was assigned as the experimental
group, and the other as the control group. Class
selection considered the school’s contextual
conditions and infrastructural readiness for
implementing Al-based learning.

2.1.2. Research Variables

This study investigated the following variables:
1. Independent Variable: Learning model (Al-
based Ethnochemistry PjBL vs.
Ethnochemistry PjBL without Al).
2. Dependent Variables: Students’ creative
thinking skills and learning independence.
The model was designed to measure the extent to
which the integration of Human-Centred Al could
exert a statistically significant and educationally
meaningful influence on both learning outcomes.

2.1.3. Research Instruments (Data Collection
Instruments)

Two primary instruments were utilised for data
collection:

1. Creative Thinking Skills Test.

This test consisted of 10 open-ended items
developed according to the five dimensions of
creative thinking proposed by Rohmah (2009):
fluency, flexibility, originality, elaboration, and
sensitivity. Each question was contextualised within
local ethnochemical phenomena in Sleman, such as
tempeh fermentation, gudeg preparation, and
traditional plant-protein food processing.

2. Learning Independence Questionnaire.

The instrument was adapted from Gea et al. (2002)
and modified into eight aspects comprising 30
statements (16 positive and 14 negative).

All instruments underwent a two-stage validation
process: (1) Content validation by subject-matter
experts and educational evaluation specialists, and
(2) Empirical validation using the Rasch Model via
Winsteps  software. Construct validity, item
reliability, and item fit were examined using the
following criteria: Outfit MNSQ (0.5-1.5), ZSTD (-2.0
to +2.0), and Point Measure Correlation (0.40-0.85).
These measures ensured internal consistency,
discriminative validity, and data reliability.

2.2. Data Analysis Techniques

Data analysis was conducted in two stages. First,
descriptive analysis was used to describe the increase
in learning outcomes based on N-Gain scores (Hake,

1998), with categories of high (20.7), moderate (0.3-
0.7), and low (<0.3). These results were
supplemented with an interpretation of ideal scores
(Widoyoko, 2009). Second, inferential analysis used
Multivariate Analysis of Variance (MANOVA) to test
the effect of the learning model on two dependent
variables simultaneously. Before the MANOVA test
was conducted, all data were tested for statistical
assumptions, including normality (Shapiro-Wilk),
covariance homogeneity (Box's M), linearity
(scatterplot), multicollinearity (Tolerance & VIF), and
outlier detection (Boxplot & Mahalanobis Distance).

Effect sizes were calculated using partial eta
squared (n?) and interpreted according to Cohen’s
(1988) thresholds: small (0.01-0.06), medium (0.06-
0.14), and large (>0.14). The analysis results were
used to determine both the statistical significance of
intergroup differences and the magnitude of Human-
Centred Al’s contribution to enhancing students’
creativity and learning autonomy.

This study was conducted with institutional
approval and adhered to ethical research protocols.
Participant confidentiality was strictly maintained,
and the use of Al was confined to supporting the
learning process rather than replacing human
cognitive functions.

3. RESULTS
3.1. Overview of Research Results

This study investigated the effect of an Artificial
Intelligence (Al)-based Ethnochemistry Project-
Based Learning (PjBL) model on the development of
creative thinking skills and learning independence
among senior high school students in the context of
macromolecular chemistry. Data were collected
through pretest and posttest assessments, descriptive
statistical analysis, Normalised Gain (N-Gain)
calculations, and hypothesis testing using
Multivariate Analysis of Variance (MANOVA). both
theoretical and empirical validation procedures were
undertaken to ensure the validity and reliability of
the research instruments.

3.2. Theoretical
Instruments

Validation of Research

The theoretical validation process aimed to ensure
that the constructs, indicators, and content of the
instruments were aligned with the intended
measurement objectives. This process involved six
experts, two chemistry education lecturers and four
experienced chemistry teachers, who evaluated five
key instruments: the teaching module, instructional
materials, student worksheets, the creative thinking
skills test, and the learning independence
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questionnaire.

Overall, expert evaluations confirmed that all
instruments satisfied the established feasibility
criteria. Several refinements were recommended to
enhance linguistic clarity, improve visual layout, and
strengthen the alignment between indicators and
corresponding items. A summary of the expert

validation results is presented in Table 2.

Table 2: Summary of Theoretical Validation
Results of Research Instruments.

Instrument

Aspects Evaluated

Expert Review and
Recommendations

Teaching Module

Writing structure
and content

The module meets
the eligibility
criteria, but minor
revisions are needed
to make it more
systematic and
easier to understand.

Teaching Materials

Language and
Presentation of
Material

Suitable for use, but
sentence
improvements are
recommended to
enhance
communicative
effectiveness.

Student Worksheets

Format and neatness
of writing

Can be used with
minor revisions to
the layout and
clarity of
instructions.

Creative Thinking
Skills Questions

Clarity of sentences
and content

Some questions need
to be adjusted to
align with creative
thinking indicators.

Learning
Independence
Attitude
Questionnaire

Statement
appropriateness

No significant
deficiencies were
found; the
instrument is ready
for use without

revision.

3.3. Empirical Validation

Instruments

3.3.1. Testing the Validity of the Creative
Thinking Skills Test

of Research

Empirical validation was performed using the
Rasch Model analysis with the assistance of Winsteps
software. The trial involved 110 students from
Ngaglik 2 State Senior High School, Sleman Regency.
The purpose of this validation was to evaluate item
fit with the measurement model, examine item and
person reliability, and assess inter-item correlations
to ensure internal consistency.

The results of the analysis (Table 3) indicated that
all ten items fell within the acceptable range for
Outfit Mean Square (MNSQ) values (0.5-1.5) and
Point Measure Correlation (Pt-Meas Corr)
coefficients (0.40-0.85). These findings confirm that

each item met the model’s statistical requirements
and was capable of consistently distinguishing
between students across varying levels of creative
thinking ability.

Table 3: Results of Creative Thinking Skills Item

Validation.
Entry Outfit Outfit | Pt-Measure Description
Number MNSQ ZSTD Corr

10 1.34 23 0.49 Valid

2 1.33 2.0 0.53 Valid

9 1.21 14 0.58 Valid

1 1.19 14 0.60 Valid

7 1.12 09 0.63 Valid

4 0.82 -14 0.68 Valid

8 0.74 2.1 0.71 Valid

6 0.71 2.3 0.78 Valid

5 0.67 25 0.59 Valid

3 0.65 2.9 0.78 Valid
All items demonstrated strong internal

consistency. For instance, Item 3 recorded an Outfit
MNSQ value of 0.65 and a Point Measure Correlation
(Pt-Meas Corr) of 0.78, indicating high reliability and
satisfactory discriminatory power. Accordingly, all
items were deemed valid and suitable for
administration in the main study.

3.3.2. Validity Test of the Learning Independence
Questionnaire

The validity analysis of the 30-item Learning
Independence Questionnaire produced 25 valid and
5 invalid items (Items 9, 10, 14, 15, and 23). The
invalid items exhibited Outfit MNSQ values
exceeding 1.5, ZSTD scores greater than *2, and
item-total correlations below 0.30, suggesting misfit
to the Rasch measurement model and weak
discrimination. These items were therefore excluded
from subsequent analyses to maintain the
instrument’s psychometric integrity.

Table 4: Results of the Learning Independence
Attitude Questionnaire Validation.

Entry Outfit Outfit | Pt-Measure Description
Number MNSQ ZSTD Corr

14 2.31 7.1 0.18 Invalid
9 1.95 6.1 0.02 Not Valid
23 1.59 3.7 0.34 Invalid
7 1.49 3.0 0.56 Valid
13 1.38 2.6 0.68 Valid
11 1.24 1.8 0.38 Valid

2 1.22 1.7 0.43 Valid
26 1.20 1.6 047 Valid
28 1.19 15 0.53 Valid

3 1.15 1.1 0.45 Valid
27 1.12 0.8 0.43 Valid
30 112 1.0 0.37 Valid

1 1.11 0.8 0.38 Valid
17 1.10 0.8 0.35 Valid
22 1.08 0.6 0.64 Valid
16 1.02 0.2 0.43 Valid
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20 0.99 0.0 0.66 Valid
18 0.92 -0.6 0.42 Valid
29 0.87 -0.8 0.52 Valid
8 0.87 -0.9 0.24 Valid
12 0.79 -14 0.46 Valid
19 0.75 -1.9 0.48 Valid
21 0.74 -1.9 0.51 Valid
4 0.69 -2.3 0.59 Valid
24 0.71 -2.1 0.60 Valid
5 0.63 -2.8 0.46 Valid
6 0.63 -2.8 0.52 Valid
25 0.60 -3.1 0.61 Valid
15 0.48 -4.3 0.50 Invalid
10 0.45 -4.8 0.67 Invalid

The analysis results presented in Table 4 indicate
that the five invalid items exhibited extreme response
variance, rendering them incapable of measuring the
construct consistently. Consequently, these items
were excluded from further analysis, and the
remaining 25 items were deemed psychometrically
sound and appropriate for use in the main data
collection phase.

3.4. Instrument
Equivalence Check

3.4.1. Instrument Reliability Test

Reliability and Sample

Beyond validity, instrument reliability is a crucial
indicator of measurement consistency, ensuring that
an instrument yields stable and replicable data under
comparable conditions. In this study, reliability
testing was conducted for two instruments: the
Creative Thinking Skills Test and the Learning
Independence  Questionnaire.  Reliability =~ was
examined using Cronbach’s Alpha and Rasch-based
reliability indices, including Person Reliabilityand
Item Reliability.

Table 5: Instrument Reliability Test Results.

Perso

Instrum Cr(})lr,lb Interpre| n |Interpre II{teIIjﬂ Interpre | Concl
ent :1Chs tation | Relia | tation b'?'ia tation | usion
pha bility iy
. . High High .
Questio| o5 | Highly | o3 | Reliabili| 0.94 |Reliabili| X2
ns Reliable le
ty ty
. High High .
Questio| g7 | Very | g5 |Reliabili| 0.98 |Reliabili| Xe1a?
nnaire Reliable ty ty le

The results presented in Table 5 show that the
Cronbach’s Alpha coefficient for the Creative
Thinking Skills Test was 0.85, indicating excellent
internal consistency (classified as very reliable). The
Person Reliability value of 0.83 and the Item
Reliability value of 0.94 further demonstrate strong
response stability and high inter-item consistency.
Accordingly, the creative thinking test instrument
can be considered both reliable and appropriate for
measuring students’ creative thinking abilities.

Similarly, the  Learning  Independence
Questionnaire yielded a Cronbach’s Alpha value of
0.87, signifying high reliability. The Person
Reliability (0.85) and Item Reliability (0.98) indices
indicate very high levels of consistency both in
participant responses and across the questionnaire
items. These findings confirm that the learning
independence instrument can produce stable and
precise data reflecting students’” levels of learning
autonomy.

With both instruments meeting the criteria for
validity and reliability, they are deemed fully
suitable for use in the main experimental phase to
measure improvements in students’ creative
thinking skills and learning independence within the
Human-Centred Al-based Ethnochemistry PjBL
model.

3.4.2. Initial Ability Equality Test (Sample
Homogeneity)

Prior to implementing the experimental
treatment, an equivalence test was conducted to
ensure that the experimentaland control groups
possessed comparable baseline academic abilities.
The test utilised students’” performance scores from
the Colligative Properties of Solutions topic, which
served as an indicator of their initial chemistry
competence.

An Independent Samples t-test was employed to
compare the two independent groups. Before
performing the t-test, Levene’s Test for Equality of
Variances was applied to verify the homogeneity of
variances between groups. When the significance
value (p) exceeded 0.05, the data were considered to
exhibit homogeneous variances, and the t-test results
were interpreted under the assumption of equal
variances.

Table 6: Results of the Independent Sample T-
Test for the Daily Test on the Colligative Properties
of Solutions for Grade XII MIPA 1 and XII MIPA 2.

Levene's Test

for Equality of t-test for Equality of Means
Variances
95%
Sig. Std. | Confide
(two| Mean |Error of| nce
F Sig.| t | df | - | Differe the Interval
taile| nce | Differe| of the
d) nce |Differen
ce
Lower
Chemis Viilil;a;c
by | e (06404210690 bo 16403 |0.60294 | 087412
learnin 71410
assum
& ed
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Based on Table 6, the significance value obtained
from Levene’s Test was 0.424 > 0.05, indicating that
the two classes possessed homogeneous variance.
Therefore, the analysis proceeded using the t-test
results under the assumption of equal variances. The
Sig. (2-tailed) value of 0.493 > 0.05 further indicates
no statistically significant difference in pre-treatment
learning outcomes between Class XII MIPA 1 and
Class XII MIPA 2.

This finding is essential in confirming the internal
validity of the experiment. It demonstrates that any
subsequent improvement in students” performance
following the Al-based Ethnochemistry PjBL
intervention can be attributed to the treatment itself
rather than pre-existing differences in academic
ability. Moreover, the Mean Difference of 0.60, with a
95% confidence interval ranging from -1.14 to 2.35,
confirms that the discrepancy in mean scores
between the two groups was minimal and
statistically insignificant. These results collectively
reinforce the conclusion that both groups had
equivalent initial academic abilities prior to the
intervention.

3.5. Analysis of Improvements in Creative
Thinking Skills and Learning Independence

3.5.1. Description of N-Gain Scores for Creative
Thinking Skills and Learning Independence
Attitudes

The effectiveness of the Al-based Ethnochemistry
Project-Based Learning (PjBL) model was evaluated
by analysing students’ score improvements before
and after the intervention (pretest-posttest design).
The magnitude of improvement was expressed using
the Normalised Gain (N-Gain) index for two primary
variables: creative thinking skills and learning
independence attitudes. The N-Gain value quantifies
the proportional increase in student performance
relative to their initial ability levels, thereby
providing an indicator of the learning model’s
instructional ~ effectiveness. Following  the
conventional classification, N-Gain scores were
categorised as low (< 0.3), moderate (0.3-0.7), and
high (> 0.7).

3.5.2. Creative Thinking Skills
Table 7: N-Gain Values for Creative Thinking

Skills.
Group Nug;ber Minimum|Maximum| Average Category
N-Gain | N-Gain | N-Gain
Students
Experiment| 34 0.10 0.76 0.44 |Moderate
Control 36 0.00 0.76 0.32  |Moderate

As shown in Table 7, the experimental group
participating in the Al-based Ethnochemistry PjBL
model achieved an average N-Gain of 0.44 (moderate
category), whereas the control group engaged in
conventional Ethnochemistry PjBL recorded an
average of 0.32 (moderate category). Although both
groups demonstrated improvement, the increase was
consistently higher in the experimental group.

The narrower range of N-Gain values in the
experimental class (0.10-0.76), compared with the
control class (0.00-0.76), indicates that Human-
Centred Al acted as an adaptive facilitator, enabling
students to manage projects more effectively, deepen
their understanding of macromolecular chemistry
concepts, and stimulate creative thinking through
real-time visualisation and automated feedback.

Attitude Towards Independent Learning

Table 8: N-Gain Values for Learning

Independence Attitude.
Group Nug;ber Minim}lm Maxim}lm Average Category
N-Gain | N-Gain | N-Gain
Students
Experiment| 34 0.14 0.68 0.37  |Moderate
Control 36 0.05 0.55 0.27 Low

As presented in Table 8, the experimental group
achieved an average N-Gain of 0.37 (moderate
category), while the control group attained 0.27 (low
category). These findings suggest that Al-integrated
Ethnochemistry PjBL is more effective in enhancing
students” autonomy and responsibility in learning.
The integration of Al within project-based learning
provided students with real-time personalised
feedback and opportunities to explore culturally
contextual solutions without excessive dependence
on teacher direction. This process strengthened
students’ abilities to manage time, complete tasks
independently, and engage in self-evaluation.

3.5.3. Description of Pre-test-Post-test Data on
Creative Thinking Skills

Descriptive analysis was conducted to provide an
empirical description of the improvement in student
learning outcomes before and after the treatment.
Table 9 presents the distribution of pretest and
posttest scores for creative thinking skills in both the
experimental and control groups.
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Table 9: Description of Pretest and Posttest experimental and 84.83 for the control, indicate
Scores for Creative Thinking Skills. equivalent baseline conditions. However, after the
Variable Experimental Class | _ Control Class intervention, the experimental group’s posttest mean
o Number of Pretest Scores Posttest Score rose to 99.82, while the control group’s mean reached
Students) 34 34 95.83. The 15.20-point increase in the experimental
Mean 2173 3401 group, compared to 10.99 points in the control,
Standard Deviation 4.033 6.129 highlights the positive impact of Al integration on
Variance 16.261 37,562 promoting learning independence. The Al-based
Highest Value (Max) 32 44 system encouraged reflective learning by providing
Lowest Value (Min) 13 18 . .
Possible Maximum personalised scaffolding that adapted to each
Value 50 50 student’s pace and learning style. The slightly higher
Possible minimum 0 0 standard deviation in the experimental group (SD =
value 7.162) suggests greater variation in students’

The descriptive data in Table 9 reveal that the
mean pretest scores of the experimental (21.73) and
control (21.28) groups were relatively similar,
confirming equivalent initial abilities. After the
treatment, the experimental group’s mean posttest
score increased to 34.21, compared with 30.53 in the
control group.

The 12.48-point improvement in the experimental
group, compared with 9.25 points in the control
group, demonstrates that integrating Al into
Ethnochemistry PjBL contributed more significantly
to enhancing students’ creative thinking
performance. The increase can be attributed to Al's
ability to support conceptual exploration, facilitate
reflective  feedback, and visualise abstract
macromolecular processes.

3.5.4. Description of Pretest-Posttest Data on
Learning Independence

In addition to measuring the increase in creative
thinking skills, this study also evaluated the
development of students' learning independence
attitudes. The results of the pretest and posttest
analysis for this variable are presented in Table 10
below.

Table 10: Description of Pre-test and Post-test
Data for the Student Learning Independence
Questionnaire.

. Experimental Class Control Class
Variable
Pretest Score Posttest Score
n (Number of
Students) 34 34
Mean 84.62 99.82
Standard Deviation 5.427 7.162
Variance 29.455 51,301
Maximum Value
(Max) 97 113
Lowest Value (Min) 75 89
Possible Maximum 125 125
Score
Possible minimum 25 25
value

The pretest results for both groups, 84.62 for the

responses to Al-assisted learning, reflecting
individual differences in adaptability to digital
technology. This variation underscores the
importance of differentiated instructional strategies
in technology-enhanced learning environments.

3.6. Assumption Tests Before MANOVA

Before testing the main hypothesis using
Multivariate Analysis of Variance (MANOVA), a
series of preliminary tests were conducted to verify
that the data met the required multivariate
assumptions. These tests included normality,
homogeneity of covariance, linearity and outlier
detection, and multicollinearity. Satisfying these
assumptions ensured that any observed differences
between the experimental group (Al-based
Ethnochemistry PjBL) and the control group
(conventional ~ Ethnochemistry = PjBL)  were
attributable to the learning intervention rather than
to statistical bias or uneven data distribution.

3.6.1. Normality Test (Shapiro-Wilk)

The normality of the data was examined using the
Shapiro-Wilk test, appropriate for sample sizes
under 50 per group. The results are presented in
Table 11.

Table 11: Shapiro-Wilk Normality Test Results.

Variable Group Statistics df Sig.
Creative |Experiment 0.659 34 0.659
Thinking | = ol 0.953 36 0.056
Skills

Attitude |Experiment 0.067 34 0.067
Towards

Independent| Control 0.360 36 0.360
Learning

All significance values exceeded 0.05 (p > 0.05),
confirming that the data for both creative thinking
skills and learning independence were normally
distributed in both groups. This indicates that score
variations were natural and appropriate for
parametric analysis. The maintenance of normality
strengthens the conclusion that improvements in
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creative thinking and learning independence were
attributable to the Human-Centred Al-based
learning model, not to extreme distributions or data
bias.

3.6.2. Covariance Homogeneity Test (Box's M
Test)

Box's M test is used to test the similarity of
covariance matrices between groups. The Box’s M
test was used to evaluate the equality of covariance
matrices between groups, an essential condition for
ensuring comparable variability across dependent
variables. The results are shown in Table 12.

Table 12: Results of Box's M Homogeneity Test.
Box's M F df1 df2 Sig.
2.548 0.822 3 933,697.455 0.481

The significance value of 0.481 > 0.05 indicates no
significant difference in covariance between the
experimental and control groups. Thus, the variance-
covariance matrices of both groups were
homogeneous, satisfying the assumption of
covariance equality. This ensures that subsequent
MANOVA results reflect the true effects of the Al-
based Ethnochemistry PjBL intervention, rather than
artefacts of variance imbalance.

3.6.3. Linearity Test and Outlier Check

The linearity test was conducted to confirm that
the relationship between the two dependent
variables, creative thinking skills and learning
independence, were linear within each group, a
requirement for valid covariance interpretation in
MANOVA. The results are presented in Table 13.

Table 13: Linearity Test Results.

Varijable Sig.
Creative Thinking Ex x
Learning Independence 0.971
Attitude Ex
Creative Thinking Exp x
Attitude Towards Independent 0.982

Learning Control
Creative Thinking Control x

Independent Learning Attitude 0.243
Experimental
Creative Thinking Control x
Learning Independence 0.880
Attitude Control

All significance values ranged from 0.243 to 0.982,
exceeding 0.05. These results confirm linear
relationships between the dependent variables across
all groups, with no significant deviations or outliers.

3.7. Multicollinearity Test

Multicollinearity testing was performed to ensure
that the two dependent variables were distinct and

not excessively correlated. Tolerance and Variance
Inflation Factor (VIF) values were used as indicators,
as shown in Table 14.

Table 14: Tolerance and VIF Values.

Variable Tolerance VIF
Creative Thinking
Skills 0.933 1.072
Attitude Towards
Independent 0.933 1.072
Learning

A Tolerance value of 0.933 > 0.10 and a VIF of
1.072 < 10 indicate no multicollinearity between the
two dependent variables. This confirms that creative
thinking and learning independence are statistically
independent yet conceptually complementary
constructs, consistent with the study’s objective of
assessing the simultaneous cognitive and affective
impacts of Al-based learning.

3.8. MANOVA Test Results and Student Skill
Profiles

3.8.1. MANOVA Test Results

After confirming all statistical assumptions,
MANOVA was performed to test whether a
significant multivariate difference existed between
the experimental and control groups across both
dependent variables, creative thinking skills and
learning independence attitudes. The results are
presented in Table 15.

Table 15: MANOVA Test Results.

— . Partial Eta
Test Statistics F Sig Squared
Hotelling's 7192 0.001 0.177
Trace

The F value of 7.192 with p = 0.001 < 0.05 indicates
a significant multivariate difference between the two
groups across both dependent variables. Therefore,
the Al-based Ethnochemistry PjBL model exerted a
significant simultaneous effect on students’ creative
thinking skills and learning independence. The
Partial Eta Squared (n?) value of 0.177 reflects a large
effect size (Cohen, 1988), signifying that
approximately 17.7% of the variance in both
dependent variables can be explained by the
implementation of the Human-Centred Al-based
learning model. This demonstrates the strong
pedagogical impact of integrating Al principles
oriented toward human-centred learning.

3.9. Profile of Students' Creative Thinking Skills

Further descriptive analysis was conducted to
map the distribution of students’ creative thinking
performance across five core dimensions: fluency,
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flexibility, originality, elaboration, and sensitivity.
The percentage distribution for each category is
summarised in Table 16.

Table 16: Profile of Students' Creative Thinking

Skills (%).
Aspects of
Creative Category Experiment Control
Thinking

Very Poor 0.00 0
1. Cognitive Poor 0.00 2.78
Fluency Moderate 11.76 22.22
Good 17.65 47.22
Very Good 70.59 27.78

Very Poor 0.00 0
Poor 0.00 5.56
2. Flexibility | Moderate 5.88 38.89
Good 14.71 33.33
Very Good 7941 22.22
Very Poor 0.00 0.00
Poor 0.00 2.78
3. Originality | Moderate 2.94 33.33
Good 55.88 50.00
Very Good 41.18 13.89

Very Poor 0.00 0
Poor 2.94 2.78
4. Elaboration| Moderate 17.65 47.22
Good 44.12 25.00
Very Good 35.29 25.00
Very Poor 0.00 0.00
Poor 2.94 2.78
5. Sensitivity | Moderate 20.59 36.11
Good 41.18 47.22
Very Good 35.29 13.89

The data in Table 16 demonstrate that the
experimental group consistently achieved a higher
proportion of students in the “Very Good (VG)”
category across all aspects of creative thinking:
e Fluency: 70.59% (experimental) vs. 27.78%
(control).

o Flexibility: 79.41% (experimental) vs. 22.22%
(control).

¢ Originality: 41.18% (experimental) vs. 13.89%
(control).

¢ Elaboration: 35.29% (experimental) vs. 25.00%
(control).

e Sensitivity: 35.29% (experimental) vs. 13.89%
(control).

Overall, the Human-Centred Al-based
Ethnochemistry PjBL approach effectively enhanced
all dimensions of students” creative thinking. The Al
system functioned as a co-instructor, offering
adaptive feedback, facilitating idea generation, and
visualising culturally contextualised chemical
phenomena, thereby fostering deeper, more
reflective creative processes.

3.10. Student Learning Independence Profile

To further understand the impact of the learning

model on affective dimensions, an analysis of
students” learning independence profiles was
conducted based on post-test questionnaire data.
Learning independence encompasses eight core
indicators that collectively reflect students’
autonomy, responsibility, persistence, and reflective
capacity. The results are summarised in Table 17.

Table 17: Student Learning Independence Profile

(%).
Inl?lzgi;tge(:ce Category Experiment Control

Very Poor 0.00 0.00
Poor 0.00 0.00
B Iﬁi‘;}te‘l’lxzﬁ; Moderate 2059 833
Good 52.94 80.56
Very Good 26.47 11.11

Very Poor 0.00 0

Poor 0.00 0
2. Accountability| Moderate 0.00 5.56
Good 55.88 69.44
Very Good 44.12 25.00

Very Poor 0.00 0

. Poor 0.00 0
3 Dgiec‘i‘;fi If:d Moderate 32.35 3333
Good 4412 61.11
Very Good 23.53 5.56

Very Poor 0.00 0
4. Solving Poor 0.00 0.00
Problems Moderate 23.53 30.56
Autonomy Good 32.35 55.56
Very Good 44.12 13.89
Very Poor 0.00 0.00
Poor 0.00 0.00
5<;onifcllfe- o |_Moderate 5388 1111
Good 52.94 75.00
Very Good 41.18 13.89

Very Poor 0.00 0
6. Addressing Poor 0.00 0.00
Personal Moderate 0.00 5.56
Shortcomings Good 52.94 7222
Very Good 47.06 22.22

Very Poor 0.00 0
7 Time Poor 0.00 0.00
Management Moderate 2.94 11.11
Good 73.53 69.44
Very Good 23.53 19.44

Very Poor 0.00 0
8. Resistance to Poor 0.00 0.00
external Moderate 294 0.00
influence Good 73.53 88.89
Very Good 23.53 11.11

The majority of students in the experimental class
scored higher in the “Very Good (VG)” and “Good
(G)” categories across nearly all indicators compared
with the control group. The most pronounced
differences were observed in accountability,
problem-solving autonomy, self-confidence, and
addressing personal shortcomings, where the
experimental group achieved proportions nearly
double those of the control group. Although the
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control group displayed slightly higher percentages
in the “Good” category for diligence, discipline, and
time management, the overall independence profile
of the experimental group was markedly superior.
This suggests that Al-integrated Ethnochemistry
PjBL, grounded in human-centred principles,
effectively fostered students’ self-regulated learning,
reflective responsibility, and affective engagement
with the learning process.

4. DISCUSSION

The findings of this study empirically confirm that
the implementation of a Human-Centred Artificial
Intelligence (Al)-based Ethnochemistry Project-
Based Learning (PjBL) model significantly enhances
students” creative thinking skillsand learning
independence compared with the conventional PjBL
approach without Al integration. The MANOVA
results (Hotelling’s Trace: F = 7.192, p = 0.001, n? =
0.177) indicate a strong and significant multivariate
effect of Al integration on both variables. More
specifically, the average N-Gain scores, 0.44 for
creative thinking and 0.37 for learning independence
such as demonstrate consistent, moderate
improvements, confirming the effectiveness of this
human-centred, technology-enhanced intervention.

Accordingly, the research hypothesis, that
significant differences exist between students taught
using Al-based Ethnochemistry PjBL and those
taught using conventional PjBL is accepted. The
study’s three objectives were also achieved: (1)
identifying significant differences in creative
thinking and learning independence between
groups; (2) determining the effective contribution of
Al to these two outcomes; and (3) mapping students’
achievement profiles within the context of
macromolecular chemistry learning.

The significant improvement in students’ creative
thinking skills within the experimental group
illustrates that the integration of Al into PjBL fosters
deeper idea exploration, complex problem-solving,
and the generation of original ideas. The student
profile analysis revealed a predominance of the Very
Good (VG) category in fluency (70.59%) and
flexibility (79.41%), indicating students’ ability to
generate diverse ideas and shift adaptively between
strategies. These findings align with Lavli and Efendi
(2024), who reported significant gains in idea
generation, and with Chen et al. (2019) and De
Oliveira Biazus and Mahtari (2022), who confirmed
that PjBL effectively enhances fluency and flexibility.
This evidence supports Guilford’s theory of
divergent thinking, which emphasises fluency,
flexibility, originality, and elaboration as indicators

of creative performance. Similarly, Setiawan et al.
(2024) identified flexibility as the most dominant
aspect of creativity, enabling students to overcome
obstacles by finding alternative approaches.

In chemistry learning, Al tools such as August Al
and ChatGPT enable students to conduct rapid
simulations and  interactive  analyses  of
macromolecular structures, thereby enriching their
scientific reasoning processes. Al functions as a
cognitive amplifier which extending students’
reasoning capacity without replacing the teacher’s
facilitative role (KH, 2025; Septiani & Ramadani,
2025, Fowlin et al, 2025). This aligns with
Shneiderman’s (2021) Human-Centred Al paradigm,
which envisions technology as a collaborator that
augments human creativity and decision-making
rather than automates it. By providing visualisations,
alternative pathways, and adaptive feedback, Al
stimulates elaboration and originality, two critical
dimensions of creative scientific thinking (Habib et
al., 2023; Kabeer et al., 2025, Chandrasekera et al.,

2024).
Furthermore, PjBL allows students to apply
chemistry concepts within culturally relevant

contexts, such as connecting traditional Sleman foods
with macromolecular structures (carbohydrates,
proteins, and fats). This contextualisation nurtures
cultural creativity, where scientific understanding is
generated from local experiences and values. The Al-
based Ethnochemistry PjBL model thus cultivates not
only cognitive but also socio-cultural creativity,
bridging scientific reasoning with community-based
knowledge.

These outcomes resonate with Lin and Chen
(2024), who found that Al integration in science
education expands students” capacity for generating
complex, original ideas by offering visual, linguistic,
and data-driven stimuli that enhance imagination.
Other studies from Hwang & Wu (2024; 2025),
Pavone (2025), Rahman et al. (2025), Haywood et al.
(2025), and Chandrasekera et al. (2024) similarly
reported that generative Al boosts students’
innovative thinking by reducing anxiety and
strengthening creative confidence. In the present
study, Al thus acted not merely as a digital tool but
as a co-creator of knowledge within the PjBL
framework.

The experimental group’s improvement in
learning independence (N-Gain = 0.37) demonstrates
that integrating Al into Ethnochemistry PjBL also
enhances students’ responsibility, discipline, and
self-reflective capacities. The PjBL framework
encourages learners to manage time, set learning
goals, and monitor their progress, skills that become
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more adaptive when supported by Al-based
scaffolding.

Al provides real-time feedback, reinforcing self-
regulated learning processes. Through automated
analytics and data-driven insights, students can
identify conceptual errors and make corrections
autonomously. These findings are supported by Lee
etal. (2025) and Akram et al. (2025), who showed that

Al-driven learning environments significantly
improve metacognitive awareness and learning
responsibility.

In this study, learning independence was
understood not only as an individual attribute but
also as a social and cultural construct, embedded in
the ethnochemical context. Local food-based projects,
such as Ketan Serundeng Keju (KESUKE) and Jadah
Tempe, enabled students to collaborate, research,
and connect chemistry concepts with indigenous
practices. This aligns with the principles of Merdeka
Belajar within the Merdeka Curriculum, which
emphasises  autonomous, exploratory, and
contextual learning. Studies by Mahmud and Islam
(2022) and Agudelo and Vasco (2019) confirm that
student responsibility in PjBL emerges through
opportunities for decision-making and self-direction.
Consistently, students in the experimental group
exhibited greater initiative in managing project
schedules, selecting local materials, and using Al
tools to interpret experimental data. Here, Al did not
replace the teacher; rather, it expanded students’
reflective and participatory space within the learning
ecosystem.

The results of this study strengthen and extend
previous evidence on the efficacy of technology-
enhanced PjBL in science education. Research by
Simangunsong et al. (2023), Antony et al. (2025),
Kyselova (2024), and Baskara et al. (2024) confirmed
that Al-based PjBL improves creativity and learning
motivation through open-ended exploration and
collaborative engagement. Likewise, Aisah et al.
(2023), Sumarni and Kadarwati (2020), Hikmawati et
al. (2021), and Ramadani (2025) demonstrated that
contextual learning grounded in local culture fosters
students’ critical and creative competencies.

The distinguishing feature of this study lies in its
focus on Human-Centred Al, which conceptualises
technology not as a replacement for teachers but as a
pedagogical partner that strengthens students’
reflective, empatheticc, and adaptive abilities.
Consequently, the model prioritises ethical and
humanistic learning values alongside technological
efficiency, principles aligned with the Pancasila
Student Profile embedded in Indonesia’s education

policy.

The Merdeka Curriculum emphasises learner-
centred, project-based, and contextually relevant
instruction. The Al-based Ethnochemistry PjBL
model developed in this study concretely
operationalises these pedagogical principles by
integrating scientific inquiry with local cultural
contexts. In relation to the Pancasila Student Profile,
this model supports all six core dimensions most
notably those of critical thinking, creativity, and
independence. The findings suggest a paradigm shift
in teaching practice, where teachers are encouraged
to adopt new roles as facilitators and mentors of Al
literacy, guiding students to use technology ethically,
critically, and productively. At the institutional level,
schools are urged to provide continuous professional
development on Al-integrated pedagogy to ensure
that technological innovation remains grounded in
humanistic values. Moreover, ethnochemistry-based
learning that connects local culture with scientific
understanding offers a practical framework for
implementing the Pancasila Student Profile
Strengthening Project (P5). This perspective reframes
Al not as a threat to teachers” professional identity
but as a collaborative partner that enhances
pedagogical capacity. With appropriate policy
support, the model can be adapted for other
disciplines, such as biology, physics, and the social
sciences while preserving its human-centred and
culturally rooted orientation.

This study contributes to the theoretical
advancement of a Human-Centred AI-PjBL
framework in chemistry education by synthesising
three foundational paradigms: Constructivism in
PjBL (Thomas, 2000), which views learners as active
constructors of knowledge; Human-Centred
Artificial Intelligence (Shneiderman, 2021), which
advocates ethical and collaborative technology use;
and Ethnoscience-Based Learning (Aikenhead, 1996),
which integrates scientific reasoning with
indigenous knowledge systems. The synergy of these
frameworks generates a pedagogical model that
unites scientific reasoning, ethical awareness, and
cultural sustainability. Through the use of Al tools
such as August Al for chemical analysis and
ChatGPT for reflective dialogue, students experience
personalised, contextual, and evidence-based
learning. Furthermore, this study underscores the
value of ethnochemistry as a bridge between modern
science and local wisdom, in harmony with
Indonesia’s national vision to cultivate scientists who
are both innovative and culturally grounded.

The successful implementation of an Al-based
Ethnochemistry PjBL model requires adequate
technological infrastructure, digital literacy, and
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institutional readiness. Teachers are expected to
develop essential competencies in prompt
engineering, Al data interpretation, and reflective
pedagogy to effectively and ethically facilitate
student learning. In the long term, this model holds
promise for enhancing the overall quality of
chemistry education and fostering cross-disciplinary
collaboration between science and culture. Future
research should adopt mixed-method approachesto
capture students’ cognitive, metacognitive, and
affective dynamics during Al-supported learning, as
well as longitudinal designs to examine the
sustainability = of  creativity and learning
independence across multiple semesters.
Additionally, the development of adaptive Al-based
assessment instruments will be crucial for measuring
creativity and autonomy in real time, consistent with
emerging trends in learning analytics. Nevertheless,
this study acknowledges that limited digital
infrastructure in some schools may constrain the
effectiveness and scalability of Al model
implementation, thereby highlighting the need for
equitable technological access and sustained policy
support.

The increase in learning independence scores (N-
Gain = 0.37) in the experimental group shows that the
integration of Al in ethnochemistry learning also
fosters students' responsibility, discipline, and
reflective abilities in managing the learning process.
The PjBL model encourages students to manage their
time, set learning goals, and evaluate their own
progress. When supplemented with Al support, this
process becomes more personalised and adaptive.

Overall, the findings demonstrate that Human-
Centred Al integration in Ethnochemistry PjBL
effectively cultivates two core 2lst-century
competencies, creativity and independent learning.
Beyond cognitive gains, this model reinforces
cultural literacy and social responsibility, fostering a
humanistic learning paradigm that harmonises
technological advancement with ethical and local
values. This approach offers a transformative
direction for chemistry education in Indonesia, one
that supports the vision of the Merdeka Curriculum

and advances the evolution of a civilised, technology-
empowered educational system.

5. CONCLUSION

This study confirms that the integration of
Human-Centred Artificial Intelligence (AI) within
Ethnochemistry Project-Based Learning (PjBL)
significantly enhances senior high school students’
creative thinking skills and learning independence in
the topic of macromolecules. The incorporation of Al
technologies designed to strengthen student agency
and reflective capacity produced a statistically
significant multivariate difference between the
experimental and control groups, with a large effect
size across both variables. These results indicate that
Al functions as a cognitive and metacognitive
partner, expanding students’ divergent thinking,
flexibility of ideas, and self-regulatory abilities
within the PjBL framework. This achievement aligns
with the study’s primary objective, to demonstrate
how the integration of Human-Centred Aland
ethnochemical contexts can optimise contextual,
creative, and autonomy-oriented chemistry learning.
The model not only enhances students’ cognitive
performance but also cultivates independent
scientific character and cultural sensitivity, consistent
with the principles of the Merdeka Curriculum and
the strengthening of the Pancasila Student Profile.
Theoretically, this research contributes to a broader
understanding of Al as a co-regulator in project-
based learning environments. Practically, it offers
ethical and replicable pedagogical guidelines for
chemistry teachers at the secondary level, enabling
effective Al integration that prioritises human
values. Future research is encouraged to develop Al-
based digital instruments to facilitate adaptive and
scalable implementation across diverse school
contexts. Moreover, mixed-method and longitudinal
approaches are recommended to obtain a deeper and
more comprehensive understanding of the
cognitive-affective dynamics and to assess the
sustainability of AI-PjBL’s impact over time.

Acknowledgements: The author expresses sincere appreciation to the Indonesian Education Scholarship (BPI),
the Centre for Higher Education Funding and Assessment (PPAPT), and the Indonesian Endowment Fund for
Education (LPDP) as the sponsors providing financial support for this research.

REFERENCES

Afzaal, M., Zia, A., Nouri, ], & Fors, U. (2023). Informative feedback and explainable Al-Based
recommendations to support students’ self-regulation. Technology Knowledge and Learning, 29(1),
331-354. https:/ /doi.org/10.1007/510758-023-09650-0

Agudelo, J. F., & Vasco, A. M. M. (2019). Project-Based Learning as a catalyst for Students and Teacher

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 1341-1357



1354 BAMBANG SUSILO et al.

Autonomy development: The experience in a State School in Nilo, Cundinamarca. GiST Education and
Learning Research Journal, 19, 31-48. https:/ /doi.org/10.26817 /16925777 .699

Aikenhead, G. S. (1996). Science Education: Crossing Borders into the Subculture of Science. Studies in Science
Education, 27(1), 1-52. https:/ /doi.org/10.1080/03057269608560077

Aisah, D. N., Munandar, K., Wadiono, G., & Jannah, S. R. (2023). Increasing students’ creative thinking through
differentiated learning with an CRT-integrated PjBL model. In Bioeduca: Journal of Biology Education
(Vol. 5, Issue 2, pp. 35-42). https://doi.org/10.21580/bioeduca.v5i2.17299

Akram, N. A,, Kiren, N. A., Sabir, N. S., & Aslam, N. S. (2025). The effect of Al-based scaffolding on problem
solving and metacognitive awareness in learners.[] [] Critical Review of Social Sciences Studies, 3(3),
1074-1089. https:/ /doi.org/10.59075/ja7dvy78

An, Y, & Wang, Y. (2024). A Biochemistry teaching experiment that demonstrates the digestion of
carbohydrates, proteins, and lipids in the digestive tract. Journal of Chemical Education, 101(12), 5437~
5443. https:/ /doi.org/10.1021/acs.jchemed.4c00714

Antony, M. K., Pradana, S. P., Ramadhan, A. N., Dewiyeti, S., & Hidayati, E. (2025). Empowering future
innovators: Harnessing Project-Based Learning and Al to enhance analytical thinking, creativity, and
collaboration skills in exploring the circulatory system at SMAN 1 Magelang City. Journal of Science
Education Research, 11(7), 813-821. https://doi.org/10.29303 /jppipa.v11i7.11004

Babalola, E. O., & Keku, E. (2024). Ethno-STEM integrated project-based learning to improve students’ creative
thinking skills. In International Journal of Ethnoscience and Technology in Education (Vol. 1, Issue 2,
pp- 116-130). https:/ /doi.org/10.33394/ijete.v1i2.11308

Baskara, F. R., Winarti, E., & Prasetya, A. E. (2024). Improving the effectiveness of Project-Based Learning
through the integration of artificial intelligence. Madaniya, 5(3), 904-918.
https:/ /doi.org/10.53696/27214834.863

Berber, S., Briickner, M., Maurer, N., & Huwer, J. (2025). Artificial Intelligence in Chemistry
Research—Implications for Teaching and Learning. Journal of Chemical Education.
https://doi.org/10.1021/acs.jchemed.4c01033

Cachat-Rosset, G., & Klarsfeld, A. (2023). Diversity, Equity, and Inclusion in Artificial Intelligence: An
Evaluation of Guidelines. Applied Artificial Intelligence, 37(1).
https:/ /doi.org/10.1080/08839514.2023.2176618

Cahyani, Y., & Wahyudiati, D. (2023). Ethnochemistry: Exploring the potential of Samawa local wisdom as a
source for learning chemistry. In Hydrogen: Journal of Chemistry Education (Vol. 11, Issue 4, pp. 450~
458). https:/ /doi.org/10.33394 / hjkk.v11i4.8402

Chandrasekera, T., Hosseini, Z., & Perera, U. (2024). Can artificial intelligence support creativity in early
design processes? International Journal of Architectural Computing.
https:/ /doi.org/10.1177/14780771241254637

Chen, S,, Lai, C,, Lai, Y., & Su, Y. (2019). Effect of project-based learning on development of students’ creative
thinking. International Journal of Electrical Engineering Education, 59(3), 232-250.
https:/ /doi.org/10.1177/0020720919846808

Chiu, W. (2021). Pedagogy of Emerging Technologies in Chemical Education during the Era of Digitalisation
and Artificial Intelligence: A Systematic Review. Education Sciences, 11(11), 709.
https:/ /doi.org/10.3390/ educsci1l1110709

Cohen, ]. (1988). Statistical power analysis for the behavioural sciences (2nd ed.). Lawrence Erlbaum Associates.

Dai, C. P., & Ke, F. (2022). Educational applications of artificial intelligence in simulation-based learning: A
systematic mapping review. Computers and Education: Artificial Intelligence, 3(July), 1-17.
https://doi.org/10.1016 /j.caeai.2022.100087

De Oliveira Biazus, M., & Mahtari, S. (2022). The impact of Project-Based Learning (PJBL) model on secondary
students’ creative thinking skills. International Journal of Essential Competencies in Education, 1(1),
38-48. https:/ /doi.org/10.36312/ijece.v1il.752

Del Rosario Navas Bonilla, C., Carrasco, L. M. V., Pupiales, ]J. C. G., & Noriega, D. E. M. (2025). The Future of
Education: A Systematic Literature Review of Self-Directed Learning with Al. Future Internet, 17(8),
366. https:/ /doi.org/10.3390/£i17080366

Eko Putro Widoyoko. (2009). Evaluation of Learning Programmes. Yogyakarta: Pustaka Belajar.

Ertimit, A. K., & Sarialioglu, R. 0. (2025). Artificial intelligence in science and chemistry education: a systematic
review. Discover Education, 4(1). https://doi.org/10.1007 /s44217-025-00622-3

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 1341-1357



HUMAN-CENTRED AI IN ETHNO-CHEMISTRY PJBL TO DEVELOP STUDENTS' CREATIVE

1355 THINKING SKILLS AND INDEPENDENT LEARNING

Fischer, S. W., Schraffenberger, H., Thill, S., & Haselager, P. (2025). A Taxonomy of Questions for Critical
Reflection in Machine-Assisted Decision-Making. Human-Computer Interaction, 8(1), 940-954.
https:/ /doi.org/10.1609/ aies.v8i1.36602

Fowlin, J., Coleman, D., Ryan, S., Gallo, C., Soares, E., & Hazelton, N. (2025). Empowering Educators:
Operationalising Age-Old Learning Principles using Al. Education Sciences, 15(3), 393.
https:/ /doi.org/10.3390/ educsci1l5030393

Gallent-Torres, C., Romero, B. A., Adillén, M. V., & Foltynek, T. (2024). Artificial Intelligence in education:
between risks and potentialities. Educational Praxis, 19(2024), 1-29.
https://doi.org/10.5212 / praxeduc.v.19.23760.083

Gea, A. A, Wulandari, A. P. Y., & Babari, Y. (2002). Character Building II: Relationships with Others. Jakarta:
PT. Elex Media Komputindo.

Gerlich, M. (2025). Al Tools in Society: Impacts on cognitive offloading and the future of critical thinking.
Societies, 15(1), 6. https:/ /doi.org/10.3390/s0c15010006

Gil-Ruiz, P., & Dominguez-Lloria, S. (2024). Generative image artificial intelligence as a collaborator for
creativity: a group case study. Art, Individual and Society, Online advance, 1-17.
https:/ /doi.org/10.5209/ aris.99030

Guan, R, Rakovié¢, M., Chen, G., & Gasevi¢, D. (2025). How educational chatbots support self-regulated
learning? A systematic review of the literature. Education and Information Technologies, 30(4), 4493~
4518. https:/ /doi.org/10.1007 /s10639-024-12881-y

Habib, S., Vogel, T., Anli, X., & Thorne, E. (2023). How does generative artificial intelligence impact student
creativity? Journal of Creativity, 34(1), 100072. https:/ /doi.org/10.1016/j.yjoc.2023.100072

Hake, R. R. (1998). Interactive-engagement versus traditional methods: A six-thousand-student survey of
mechanics test data for introductory physics courses. American Journal of Physics, 66(1), 64-74.
https://doi.org/10.1119/1.18809

Haywood, S., Padurean, L., Ralph, R., & Mortlock, J. T. (2025). From Intimidation to Innovation: Cross-
Continental multiple case studies on how to harness Al to elevate engagement, comprehension, and
retention. Education Sciences, 15(7), 902. https:/ /doi.org/10.3390/educsci15070902

Hikmawati, H., Gunawan, G., Sahidu, H., & Kosim, K. (2021). Effect of local culture-based learning in science
on critical thinking and student communication skills. Journal of Science and Science Education, 2(1),
8-16. https:/ /doi.org/10.29303 /jossed.v2i1.713

Hou, C,, Zhu, G., & Sudarshan, V. (2025). The role of critical thinking on undergraduates’ reliance behaviours
on generative Al in problem-solving. British Journal of Educational Technology.
https:/ /doi.org/10.1111/bjet.13613

Hwang, Y., & Wu, Y. (2024). The influence of generative artificial intelligence on creative cognition of design
students: A chain mediation model of self-efficacy and anxiety. Frontiers in Psychology, 15(January),
1-13. https:/ /doi.org/10.3389/{psyg.2024.1455015

Hwang, Y., & Wu, Y. (2025). The influence of generative artificial intelligence on creative cognition of design
students: a chain mediation model of self-efficacy and anxiety. Frontiers in Psychology, 15.
https:/ /doi.org/10.3389/fpsyg.2024.1455015

Jiang, S., McClure, J., Mao, H., Chen, ], Liu, Y., & Zhang, Y. (2023). Integrating Machine Learning and Colour
Chemistry: Developing a High-School Curriculum toward Real-World Problem-Solving. Journal of
Chemical Education, 101(2), 675-681. https:/ /doi.org/10.1021/acs.jchemed.3c00589

Kabeer, A., Bhat, R. A, Antony, S., & Tramboo, I. A. (2025). Enhancing Creative Writing Skills in Secondary
School Students through Prompt Engineering and Artificial Intelligence. Forum for Linguistic Studies.
https://doi.org/10.30564/fls.v7i3.8511

KH, D. (2025). Al &amp;amp; Teachers: Partners in Education, Not Replacements. International Journal of
Latest Technology in Engineering Management & Applied Science, XIV(IV), 678-681.
https://doi.org/10.51583/ijltemas.2025.140400077

Kyselova, O. (2024). Implementing Project-Based learning using artificial intelligence. ITpo6remu CyuacHmx
Tpancdopwmarrint Cepis [lenarorika, 4. https:/ /doi.org/10.54929/2786-9199-2024-4-06-02

Lavli, R. O. E. H., & Efendi, N. (2024). Effect of project-based learning model on creative thinking ability. Journal
of Education (JIP) STKIP Kusuma Negara, 15(2), 115-126. https:/ /doi.org/10.37640/jip.v15i2.1804

Lee, H,, Stinar, F., Zong, R., Valdiviejas, H., Wang, D., & Bosch, N. (2025). Learning Behaviours Mediate the
Effect of Al-powered Support for Metacognitive Calibration on Learning Outcomes. CHI "25:

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 1341-1357



1356 BAMBANG SUSILO et al.

Proceedings of the 2025 CHI Conference on Human Factors in Computing Systems, 1-18.
https:/ /doi.org/10.1145/3706598.3713960

Lestari, N. A., Liliasari, Irawan, N. Z. P., & Musthapa, 1. (2024). Research trends of project-based learning model
in chemistry learning through bibliometric analysis. Indonesian Journal of Educational Research and
Review, 7(2), 404-415. https:/ /doi.org/10.23887 /ijerr.v7i2.79200

Lin, H., & Chen, Q. (2024). Artificial intelligence (Al) integrated educational applications and college students’
creativity and academic emotions: students and teachers’ perceptions and attitudes. In BMC
Psychology (Vol. 12, Issue 1, pp. 1-16). https:/ /doi.org/10.1186/s40359-024-01979-0

M, A. A. (2024). Balancing ACt: exploring the interplay between human judgment and artificial intelligence in
problem-solving, creativity, and decision-making. IgMin Research, 2(3), 145-158.
https:/ /doi.org/10.61927 /igmin158

Mahmud, S. S., & Islam, N. N. (2022). Project-based learning for developing learner autonomy: University-level
English language courses. JOLTL (Indonesian Journal of Language Teaching and Linguistics), 7(2),
149-166. https:/ /doi.org/10.30957 /ijoltl.v7i2.684

Martini, B., Bellisario, D., & Coletti, P. (2024). Human-Centred and Sustainable Artificial Intelligence in Industry
5.0: Challenges and Perspectives. Sustainability, 16(13), 5448. https://doi.org/10.3390/su16135448

Naseer, F., & Khawaja, S. (2025). Mitigating conceptual learning gaps in Mixed-Ability Classrooms: A Learning
Analytics-Based evaluation of Al-Driven adaptive feedback for struggling learners. Applied Sciences,
15(8), 4473. https:/ /doi.org/10.3390/ app15084473

Olarewaju, N. Y., Hammed, N. a. L. A., & Raheem, N. a. O. (2025). Impact of Artificial Intelligence Tools on
Student Initiative. Journal of Contemporary Education Research.
https://doi.org/10.70382/hujcer.v7i8.012

Pavone, G. (2025). Generative Al in the learning Process: threat or tool? Understanding the role of Self-Esteem
and academic anxiety in shaping student motivations. Journal of Marketing Education.
https:/ /doi.org/10.1177/02734753251346857

Perdana, R., Budiyono, A., Sajidan, A., Sukarmin, A., & Rudibyani, R. B. (2020). Inquiry Social Complexity
(ISC): Design Instructional to Empower Critical and Creative Thinking (CCT) Skills in Chemistry.
PERIODICO TCHE QUIMICA, 17(34), 727-735.
https:/ /doi.org/10.52571/ptq.v17.n34.2020.751_p34_pgs_727_735.pdf

Pérez, R. A,, Sagrado, A. L., Gonzélez, E. O., & De Bedout, L. F. (2024). Implications philosophical, ethical, and
pedagogical implications of the use of Artificial Intelligence in education. Digital Education Review,
45, 29-36. https:/ /doi.org/10.1344 / der.2024.45.29-36

Pratama, F. R. R., & Ekarini, F. (2025). The influence of Artificial Intelligence (Al) use on learning motivation
and task independence among PTIK students at Semarang State University. Journal of Educational
Sciences Journal, 9(5), 3411-3423. https:/ /doi.org/https:/ /doi.org/10.31258 /jes.9.5.p.3412-3423

Pratiwi, E. A., & Ikhsan, J. (2024). Project-Based Learning (PjBL) in Chemistry Learning: Systematic Literature
and Bibliometric Review 2015-2022. In Journal of Science Education Research (Vol. 10, Issue 6, pp. 343-
354). https:/ /doi.org/10.29303 /jppipa.v10i6.7017

Rahman, G., Almutairi, E. a. A.,, Mudhsh, B. A., & Al-Yafaei, Y. (2025). Harnessing generative Al for
collaborative creativity: A study of university students’ engagement and innovation. International
Journal of Innovative Research and Scientific Studies, 8(3), 3284-3296.
https:/ /doi.org/10.53894/ijirss.v8i3.7227

Ramadani, I. (2025). Integration of Kajang Local Wisdom-Based Teaching Materials in Improving Critical
Thinking Skills. Jurnal Pengabdian Nasional (JPN) Indonesia, 6(1), 274-284.
https:/ /doi.org/10.35870/jpni.v6i1.1184

Ramdhani, D., & Hakiman. (2025). From digital learning to artificial intelligence: Enhancing autonomy among
students of Islamic education. Journal of Educational Management and Instruction, 5(2), 319-334.
https:/ /doi.org/https:/ /doi.org/10.22515/jemin.v5i2.10221

Renz, A., & Vladova, G. (2021). Reinvigorating the discourse on Human-Centered Artificial intelligence in
educational technologies. Technology Innovation Management Review, 11(5), 5-16.
https:/ /doi.org/10.22215/ timreview /1438

Ridwana, A., Rahmawatia, Y., & Mardiaha, A. (2025). Bridging culture and chemistry: Implementing
ethnochemistry to enhance chemical literacy of Indonesian high school students. In Multidisciplinary
Science Journal (Vol. 7, Issue 11). https:/ /doi.org/10.31893 / multiscience.2025530

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 1341-1357



HUMAN-CENTRED AI IN ETHNO-CHEMISTRY PJBL TO DEVELOP STUDENTS' CREATIVE

1357 THINKING SKILLS AND INDEPENDENT LEARNING

Septiani, N. R. A., & Ramadani, N. a. N. (2025). Al: Do Teachers Still Have a Role in the Future? Inspiration
World Journal of Education and Language Research, 4(1), 263-272.
https:/ /doi.org/10.58192/insdun.v4il1.2947

Setiawan, N. F. A,, Rahman, N. a. M., Triana, N. S., & Jayanti, N. M. A. (2024). Dominant indicator of creative
thinking: the case of geography learning outcomes. JURNAL IQRA, 9(1), 45-59.
https://doi.org/10.25217/i.v9i1.4376

Shneiderman, B. (2021). Tutorial: Human-Centred Al: Reliable, Safe and Trustworthy. N Companion
Proceedings of the 26th International Conference on Intelligent User Interfaces (IUI '21 Companion).
Association for Computing Machinery, New York, NY, USA, 7-8., 7-8.
https:/ /doi.org/10.1145/3397482.3453994

Simangunsong, A. D., Sitompul, H. S., Pane, E. P., Novatrasio, G., & Sumatera, U. D. (2023). The effect of project-
based learning through Artificial Intelligence (Al) in increasing students' creativity and learning
achievement. Dharmas Education Journal, 4(3), 128-134.

Sudjarwo, S., & Sunyono, S. (2018). Mental models of atomic structure concepts of 11th-grade chemistry
students. Asia-Pacific Forum on Science Learning and Teaching.
http:/ /repository.lppm.unila.ac.id/ 9777/

Sumarni, W., & Kadarwati, S. (2020). Ethno-Stem Project-Based Learning: Its impact on critical and creative
thinking skills. Indonesian Journal of Science Education, 9(1), 11-21.
https://doi.org/10.15294/jpii.v9i1.21754

Thomas, ].W. (2000). A Review of Research on Project-Based Learning. California: The Autodesk Foundation.

Tinenti, Y. R., Dasna, I. W., Habiddin, H., Munzil, M., H. Tangi, & Moreira, I. X. (2025). Integrating East Nusa
Tenggara’s local wisdom into project-based learning to assess students’ concept comprehension, crucial
learning skills, and attitudes towards chemistry learning. Indonesian Journal of Science Education,
14(3), 563-584. https:/ /doi.org/https:/ /doi.org/10.15294 /jpii.v14i3.20523

Veerasinghan, K., Balakrishnan, B., Damanhuri, M. I. M., & Gengatharan, K. (2021). Design thinking for creative
teaching of chemistry. International Journal of Academic Research in Business and Social Sciences,
11(3). https:/ /doi.org/10.6007 /ijarbss/v11-i3 /8979

Weymuth, T., & Reiher, M. (2021). Immersive Interactive Quantum mechanics for teaching and learning
chemistry. CHIMIA International Journal for Chemistry, 75(1-2), 45.
https://doi.org/10.2533 /chimia.2021.45

Zhai, C., Wibowo, S., & Li, L. D. (2024). The effects of over-reliance on Al dialogue systems on students’
cognitive abilities: a systematic review. Smart Learning Environments, 11(1).
https:/ /doi.org/10.1186/540561-024-00316-7

Zhang, Z. T., Tong, S., Liu, Y., & Butz, A. (2023). Is overreliance on Al provoked by study design? In Lecture
notes in computer science (pp. 49-58). https:/ /doi.org/10.1007 /978-3-031-42286-7_3

SCIENTIFIC CULTURE, Vol. 12, No 2.1, (2026), pp. 1341-1357



