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Initial physics teacher education frequently approaches kinematics problem solving as a procedural
activity, with limited engagement in conceptual reasoning, argumentation, and metacognitive regulation.
This study examines the effects of Socratic dialogue mediated by generative artificial intelligence (GAI),
compared with teacher-guided Socratic dialogue alone, on discipline-specific critical thinking (CT) in
one-dimensional kinematics. A concurrent mixed-methods, within-group preexperimental design was
implemented with 18 preservice physics teachers working in small groups across two sequential phases
using parallel kinematics problem sets. Because the instructional conditions were implemented in a fixed
order, the observed differences cannot be disentangled from possible practice, learning, and carryover
effects. In the first stage, students engaged in instructor-guided Socratic dialogue; in the second stage, the
same structure was maintained while incorporating GAI-mediated Socratic support under instructor
supervision. Critical thinking was assessed through an analytic rubric applied to written group solutions
and complemented by Likert-scale surveys and open-ended responses. Rubric scores showed consistent
improvement during the GAl-mediated phase across all groups, with no observed declines. Students also
reported higher self-efficacy and intrinsic motivation, while cognitive load exhibited heterogeneous
responses associated with the need for verification and epistemic control when interacting with GAIL
These results suggest that integrating generative Al into a teacher-mediated Socratic framework can
support critical thinking in kinematics, although the sequential preexperimental design requires cautious

interpretation.
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I. INTRODUCTION

The development of critical thinking (CT) in initial
teacher training remains a persistent challenge, particu-
larly in physics, where conceptual understanding must
extend beyond the mechanical application of formulas. In
much of Latin America, instruction in one-dimensional
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kinematics has traditionally emphasized algorithmic
procedures, thereby constraining the development of reflec-
tive, analytical, and metacognitive competencies required
for interpreting physical phenomena beyond numerical
computation [1,2]. This instructional pattern reveals a
substantial gap between prevailing classroom practices
and the epistemic demands of physics teacher preparation,
where reasoning, model-based interpretation, and justifica-
tion are central to disciplinary expertise.

International research has identified guided inquiry,
collaborative argumentation, and conceptual analysis as
relevant instructional approaches for supporting critical
thinking in science education. [3,4]. In physics education,
kinematics occupies a particularly demanding epistemic
space, as it requires learners to construct mental models,
interpret variable relationships, and engage in abstract
reasoning—capacities that are central to the professional
formation of physics teachers [5].

Published by the American Physical Society


https://orcid.org/0000-0002-5617-6836
https://ror.org/00gd7ns03
https://ror.org/00gd7ns03
https://orcid.org/0000-0002-1644-9465
https://ror.org/00gd7ns03
https://ror.org/00gd7ns03
https://ror.org/04qenc566
https://crossmark.crossref.org/dialog/?doi=10.1103/x7vq-17rq&domain=pdf&date_stamp=2026-09-25
https://doi.org/10.1103/x7vq-17rq
https://creativecommons.org/licenses/by/4.0/

MARCOS GUERRERO-ZAMBRANO et al.

PHYS. REV. PHYS. EDUC. RES. 22, 020134 (2026)

Recent work further suggests that Socratic dialogue can
be productively extended through the mediation of gen-
erative artificial intelligence (GAI), enabling richer meta-
cognitive engagement and more explicit, evidence-based
argumentation [6]. Such mediation opens new possibilities
for personalized feedback, reflective dialogue, and guided
reconstruction of conceptual errors. While emerging stud-
ies indicate that both human tutors and GAl-based systems
can support critical thinking, empirical evidence within
physics education remains limited. This gap is especially
visible in domains such as one-dimensional kinematics,
where reasoning about motion, representation, and cau-
sality is foundational yet persistently challenging [7,8].

From an epistemic standpoint, GAI can be understood
not merely as an instructional tool but as a form of media-
tion that shapes how learners generate evidence, justify
inferences, and regulate their own reasoning. When
embedded within Socratic dialogue, GAI can function
as an epistemic scaffold by prompting alternative explan-
ations, counterexamples, and multiple solution pathways,
thereby supporting metacognitive monitoring and sense-
making. However, this form of mediation requires careful
pedagogical design to ensure that epistemic agency
remains with the learner rather than being transferred
to the technology itself [9]. Recent scholarship has
emphasized the importance of preserving responsibility,
judgment, and reflective control when Al systems are used
in educational settings [10-12]. Accordingly, the present
study conceptualizes GAI as a supervised epistemic
scaffold intended to support critical thinking and meta-
cognitive regulation, rather than as a replacement for
disciplinary understanding [13].

The preceding discussion situates this study within a
view of physics problem solving that moves beyond
procedural execution toward reasoning, interpretation,
and argumentative sensemaking. Rather than treating
kinematics as an exercise in formula substitution, this
perspective emphasizes the examination of assumptions,
the coordination of representations, and the use of dialogue
to support the development of critical thinking. Within this
framework, Socratic dialogue, when supported by gener-
ative artificial intelligence, offers a means of extending
students’ inferential and metacognitive activity by encour-
aging alternative explanations, conceptual contrasts, and
reflective self-correction.

Guided by this perspective, the present study compares
teacher-guided Socratic dialogue with a subsequent con-
dition in which the same dialogical structure is supported
by generative artificial intelligence. The study therefore
asks what differences in discipline-specific critical-
thinking performance are observed between these two
instructional conditions; how participants’ perceptions of
kinematics self-efficacy (KSE), cognitive load (CL), and
intrinsic motivation (IM) differ across the two phases; and
how their qualitative reflections converge with or qualify

the quantitative findings. Because the two conditions were
implemented sequentially in a fixed order, these questions
concern within-sample differences and patterns of con-
vergence rather than the independent causal effect of GAI
mediation. Consequently, this study addresses the follow-
ing research question: what differences emerge in rubric-
assessed critical-thinking performance and qualitative
reasoning when preservice physics teachers solve one-
dimensional kinematics problems through teacher-guided
Socratic dialogue alone, compared with the same dialogue
structure supported by GAI?

The remainder of the paper is organized as follows.
Section II presents the mixed-methods preexperimental
design, participants, SOCRATIC-IA instructional frame-
work, instruments, and data-analysis procedures.
Section III reports the quantitative and qualitative findings
concerning critical-thinking performance and participant
perceptions under the two instructional conditions.
Section IV discusses the findings in relation to previous
research in physics education and Al-supported learning,
and Sec. V presents the conclusions.

II. METHODOLOGY
A. Design study

The present study was conducted using a mixed-
methods approach with a qualitative emphasis and an
interpretive orientation, aimed at examining how critical
thinking develops in initial physics teachers as they engage
in Socratic dialogue while solving conceptual and quanti-
tative problems in one-dimensional kinematics under two
mediation conditions: (1) teacher-guided dialogue without
GAI and (2) teacher-guided dialogue supported by GAI.
This qualitative focus was complemented by a descriptive
and inferential quantitative component that estimated the
magnitude and direction of changes in performance and
learning perceptions across conditions, consistent with
concurrent mixed-methods integration designs described
in the methodological literature [14,15].

An applied empirical design was used to examine
a researcher-developed instructional intervention. The
analysis focuses on both student performance and learning
perceptions associated with a Socratic mediation strategy
implemented either alone or in combination with gener-
ative artificial intelligence within an initial physics teacher
training context. The research adopts a comparative and
explanatory orientation with a practical focus, as it con-
trasts two instructional conditions within the same par-
ticipant group and seeks to interpret observed changes
using qualitative and quantitative evidence, without assert-
ing the strong causal claims associated with randomized or
fully controlled experimental designs. The study employed
a within-group preexperimental repeated-measures design
with two sequential stages using isomorphic tasks. In
the first stage, participants solved kinematics problems
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through teacher-guided Socratic dialogue. In the second
stage, the same Socratic structure was preserved while
GAI was introduced as an additional mediating resource.
This design held the disciplinary content and procedural
sequence constant, allowing changes in performance to
be examined across two forms of mediation. However,
because the phases followed a fixed order, potential
practice and carryover effects are recognized as threats
to internal validity. Consequently, differences between
stages are interpreted as evidence of association compat-
ible with the introduction of GAI rather than as definitive
causal effects, consistent with classical analyses of causal
inference limitations in uncontrolled designs.

Operationally, the independent variable was the form of
Socratic mediation, contrasting teacher-guided dialogue
without GAI with teacher-guided dialogue supported
by GAI The dependent variable was the level of critical
thinking demonstrated in the solution of one-dimensional
kinematics problems, operationalized through a single
analytic rubric designed and applied consistently across
both phases. The rubric assessed problem and principle
comprehension, logical reasoning and argumentative
structure [16,17], counterexamples [18], recognition and
correction of conceptual errors [16,19], and clarity and
organization of the written response [18]. The quanti-
tative component analyzed score variations between
stages using descriptive statistics and inferential tests
for related samples, selected according to the distributional
properties of the difference scores and accompanied by
effect size estimates, as recommended for within-subject
designs [20,21].

As a complementary measure, a perception survey was
administered at the end of each phase. In the teacher-
guided condition, the survey assessed kinematics self-
efficacy, cognitive load, intrinsic motivation, Socratic
interaction (SI), and perceived critical thinking, together
with an open-ended item designed to elicit qualitative
evidence about learning derived from the dialogue. In the
teacher-GAI condition, the survey measured kinematics
self-efficacy, cognitive load, and intrinsic motivation,
along with perceived usefulness of GAI (PU-GAI), trust
in educational Al (TE-AI), and resource integration (RI),
and included an open-ended item focused on perceived
usefulness, clarity, and potential sources of confusion
associated with Al-supported problem solving. Because
not all dimensions were common across stages, inferential
comparisons between conditions were restricted to the
shared constructs, whereas phase-specific dimensions
were reported descriptively and interpreted qualitatively,
in accordance with principles of measurement comparabil-
ity and the cautious treatment of repeated-measures
scales [20,22].

Finally, the qualitative component examined the nature
of the reasoning displayed by participants through their
open-ended responses and, when applicable, through

evidence drawn from dialogue and written problem sol-
utions. This analysis was aimed at identifying patterns of
justification, error monitoring, use of analogies or counter-
examples, and argumentative organization. The qualitative
findings were then integrated with the quantitative results
through a convergent mixed-methods strategy, in which
numerical evidence indicates the direction and magni-
tude of change, while qualitative evidence elucidates the
form and conditions under which those changes occurred,
in line with established principles for mixed-methods
integration [14].

Given the small number of participants and the use of
six collaborative groups as the unit of analysis for rubric-
based performance, the quantitative component was
treated as exploratory and complementary. Its purpose
was not to generate population-level estimates or establish
causal effects but to describe the direction, consistency,
and approximate magnitude of within-sample changes
across the two instructional conditions. Inferential tests
were therefore interpreted cautiously and were integrated
with qualitative evidence through the mixed-methods
convergence analysis.

Because the process produced a single consensus score
for each product instead of independent ratings from each
evaluator, an intraclass correlation coefficient (ICC) could
not be calculated. Regarding the content validity index
(CVI), we clarified that the final CVI = 1.00 was obtained
only after an iterative two-round expert review. In the first
round, the analytic rubric obtained a global CVI of 0.944,
and the problem-Socratic question set obtained a global
CVI of 0.886. After revisions, the second validation round
produced a global CVI of 1.00.

B. Participants and teacher education context

The study was conducted within an initial physics
teacher training program at a public university in
Ecuador. The potential population consisted of 97 students
who had previously completed coursework in one-
dimensional kinematics. Participation was based on vol-
untary enrollment and instructional relevance, yielding a
group that was not merely selected but represented an
appropriate community for engaging in Socratic dialogue
and examining the development of critical thinking in an
authentic teacher education setting. A total of 18 students
completed all in-person sessions of the intervention,
corresponding to a participation rate of 18.6%. Participants
were enrolled between the third and eighth semesters of
their program and ranged in age from 18 to 25 years. To
support collaborative work and enable comparative analy-
sis, students were organized into six groups of three.
Group-level performance served as the unit of analysis for
critical-thinking scores, while individual contributions
were preserved through the dialogic and collaborative
writing processes.
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Participants had previous classroom experience using
generative Al tools. Their prior use was guided by the
instructor through structured prompts designed for aca-
demic activities. In previous classes, students had been
instructed to formulate prompts using four components:
role, context, instruction, and expected output format. For
the present study, this structure was reviewed before the
GAl-mediated phase and applied specifically to the sol-
ution of one-dimensional kinematics problems.

C. The SOCRATIC-IA socratic learning model

The instructional intervention was implemented through
the SOCRATIC-IA Socratic learning model, a framework
developed by the authors to promote discipline-specific
critical thinking during the solution of conceptual and
quantitative problems in one-dimensional kinematics. The
model integrates three instructional components: (i) con-
ceptual activation, (ii) teacher-guided Socratic dialogue,
and (iii) teacher-guided Socratic dialogue mediated by
GAI This structure allows the evolution of students’
argumentative and metacognitive reasoning to be exam-
ined under two levels of epistemic mediation while
keeping the disciplinary content and problem-solving
sequence constant.

The complete instructional sequence was organized into
three stages and implemented over 10 h. A 2-h initial stage
was devoted to activating foundational kinematics con-
cepts and aligning conceptual criteria across participants.
This was followed by two 4-h stages in which students
engaged in structured Socratic problem solving, first with
teacher mediation alone and then with teacher mediation
supported by GAI. Table I summarizes the instructional
structure of the SOCRATIC-IA model, outlining the three
stages of the intervention, their pedagogical purposes, the
core learning activities, and the corresponding assessment
strategies used in each stage.

The problem worksheets included conceptual and quan-
titative tasks designed to elicit interpretation, justification,
comparison of alternative explanations, and explicit veri-
fication of the physical principles involved. As a repre-
sentative example, participants were asked to solve the
task, which required students to identify the relevant
kinematic principles, explain the relationships among

the variables, justify the selected solution pathway, and
evaluate the conceptual consistency of the final response.
The complete problem statement, accompanying figure,
and Socratic prompts are provided in Appendix in
Supplementary Material.

As shown in Table I, in both Stage 2 and Stage 3,
students engaged in the same sequence of activities—
individual activation of prior knowledge, collabo-
rative dialogue, Socratic questioning, and consensus
construction—followed by analytic assessment of their
reasoning. The only difference between the two stages was
the presence or absence of GAI within the Socratic
interaction, allowing the effects of human-only versus
hybrid human-Al mediation to be examined under con-
trolled procedural conditions.

Figure 1 provides a graphical representation of the
SOCRATIC-IA instructional flow. The upper portion of the
diagram shows the progression from conceptual activation
to critical-thinking assessment, while the lower portion
depicts the two parallel mediation pathways implemented
in the study: teacher-guided Socratic dialogue (Stage 2)
and teacher-guided Socratic dialogue supported by gen-
erative artificial intelligence (Stage 3). By superimposing
these two pathways within the same structural framework,
the figure illustrates how the intervention maintained
identical epistemic steps while varying only the form of
mediation.

D. Ethical considerations and validity
of the SOCRATIC-IA model

The present study was conducted in accordance with the
ethical principles of the Declaration of Helsinki [23]. All
participants provided written informed consent after being
informed about the objectives of the study, the voluntary
nature of participation, their right to withdraw at any time,
and the procedures used to ensure confidentiality and data
protection. These safeguards are particularly important in
educational research involving emerging technologies,
where transparency and the protection of participants’
rights are essential [24].

To ensure the methodological quality of the instruments,
their development followed a two-stage validation process.
In the first stage, the research team designed the problem

TABLE I. SOCRATIC-IA instructional stages.

Stage Purpose Core activities Assessment

Stage 1: Conceptual Establish a shared conceptual baseline in ~ Review questions targeting velocity, None
activation kinematics acceleration, and motion representations

Stage 2: Teacher-guided Develop critical thinking through human-  Individual hypothesis generation, group Rubric;
Socratic dialogue guided Socratic questioning discussion, teacher Socratic questioning, survey

and consensus writing

Stage 3: GAl-mediated  Extend reasoning through hybrid human-Al Same Socratic questions explored with GAI Rubric;

Socratic dialogue epistemic mediation support under teacher supervision survey
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SOCRATIC-IA instructional sequence

Generative Al is represented as supervised mediation within a teacher-regulated Socratic process.

Teacher supervision and epistemic regulation

Individual Collaborative

hypothesis

H

Conceptual
activation

dialogue
I

Teacher-provided
Socratic questions

A1: teacher-guided path |
Consensus
S Assessment
writing

D Teacher-guided actions D Student reasoning/writing

FIG. 1.

A

Gemini support
(supervised scaffold)

Ji

I
1
I
I
1
Y 1
1
1
I
1
I

A2: same Socratic structure + Gemini support

D Assessment

D GAl-mediated support

Process diagram of the SOCRATIC-IA instructional stages. The lower portion of the figure shows the two parallel mediation

pathways implemented in the study: teacher-guided Socratic dialogue (Stage 2) and teacher-guided Socratic dialogue supported by
generative artificial intelligence (Stage 3). In both stages, the same procedural sequence is preserved, allowing the effects of human-
only and hybrid human-Al mediation to be compared under controlled conditions.

worksheets, Socratic question sets, analytic rubric, and the
two perception surveys. In the second stage, these instru-
ments were reviewed through expert judgment: three
specialists in physics education and pedagogy evaluated
the problem sets, Socratic questions, and analytic rubric,
while three experts in statistics reviewed the survey
instruments. Based on their evaluations, content validity
was assessed using the CVI. All instruments achieved
a CVI of 1.00, indicating complete agreement regarding
the clarity, relevance, and representativeness of the items,
which corresponds to an excellent level of content validity
according to established methodological standards.

ITI. EFFECTS OF SOCRATIC AND AI-MEDIATED
DIALOGUE ON CRITICAL THINKING IN
KINEMATICS

A. Performance on conceptual and quantitative
kinematics problems

The comparative analysis of the six groups revealed a
consistent pattern: across all evaluated situations, Socratic
mediation supported by GAI was associated with system-
atic improvements in response quality for both conceptual
and quantitative kinematics problems. The use of the same
five problems under both instructional conditions enabled
a direct and conceptually aligned comparison of perfor-
mance. Nevertheless, because identical items were reused,
potential practice effects are acknowledged, and the results
are therefore interpreted as evidence of improvement
under the second condition rather than as strong causal
effects.

Before conducting inferential comparisons, the distri-
butional assumptions of the score differences were
examined. A Shapiro—Wilk test, recommended for small

samples, indicated that the overall difference scores were
not compatible with normality (W = 0.736, p = 0.0148,
a = 0.05) [25]. This result, together with the ordinal
nature of the analytic rubric, supported the use of non-
parametric methods in a small-sample context, consistent
with methodological guidance in educational research and
recommendations for cautious interpretation of normality
tests with limited data [26]. Accordingly, the overall
impact of the intervention was evaluated using a one-
tailed Wilcoxon signed-rank test, justified by the a priori
directional hypothesis that GAI mediation would not
reduce performance but would instead produce either
improvement or no change. The use of a one-tailed
test was explicitly specified to avoid post hoc inferential
bias [27-29].

Formally, the global null hypothesis H stated that the
median of the difference scores between conditions was
less than or equal to zero, that is, that Activity 2 (A2) did
not outperform Activity 1 (A1) in total score. The global
alternative hypothesis H;; stated that the median differ-
ence was greater than zero, indicating that A2 produced
higher scores than Al. The results supported this predic-
tion: Hy; was rejected in favor of H,;, with a Wilcoxon
signed-rank statistic of 0 and p = 0.0312 at @ = 0.05. The
mean improvement of 8.3 points per group suggests a
consistent effect of the hybrid teacher-GAI mediation,
although reporting the corresponding effect size is rec-
ommended to complete standard statistical reporting [29].

Beyond the global analysis, the structure of score
differences was examined at the problem level. As shown
in Table II, Shapiro-Wilk tests applied to the problem-
specific differences did not indicate significant departures
from normality for Problem 1 (P1), Problem 3 (P3), and
Problem 5 (P5), whereas evidence of non-normality was
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TABLE II. Shapiro—Wilk tests for problem-level score differences.

Problem W (Shapiro—Wilk) p value Interpretation (a = 0.05)

1 1.0000 1.0000 Fail to reject the null hypothesis; distribution compatible with normality
2 0.7501 0.0200 Reject the null hypothesis; evidence of deviation from normality

3 0.8269 0.1012 Fail to reject the null hypothesis

4 0.7596 0.0247 Reject the null hypothesis; significant deviation from normality

5 0.9076 0.4207 Fail to reject the null hypothesis

TABLE III. Problem-level comparison of scores between activities using the Wilcoxon signed-rank test.

Problem N diffs # 0 Median Activity 1 Median Activity 2 Median diff. (A2-Al) w p value (two-tailed)
1 6 10.0 11.0 1.0 0 0.03125

2 5 9.0 11.5 2.5 0 0.06250

3 5 9.0 11.0 2.0 0 0.06250

4 6 6.5 10.0 35 0 0.03125

5 4 8.5 9.5 1.0 0 0.12500

observed for Problem 2 (P2) and Problem 4 (P4).
Given the small sample size (N = 6) and the ordinal
nature of the rubric scores, a nonparametric approach
was retained for all problem-level contrasts in order to
avoid unstable analytical decisions based on low-power
normality tests [26].

Subsequently, Wilcoxon signed-rank tests with two-
tailed contrasts were applied separately for each problem,
as summarized in Table III. This analysis enabled paired
comparisons of scores obtained in Activity 1 (A1) and
Activity 2 (A2) at the problem level, reporting the medians
for each condition as well as the median of the difference
scores (A2 — Al). From a descriptive perspective, a con-
sistent directional pattern is observed: across all five
problems, the median score in A2 exceeds that in Al,
with median differences ranging from 1.0 to 3.5 points.
From an inferential standpoint, at a = 0.05, statistically
significant differences were identified for Problems 1 (P1)
and 4 (P4), whereas for Problems 2 (P2), 3 (P3), and 5
(P5), the results did not reach the threshold for statistical
significance, despite exhibiting the same direction of
improvement.

For each problem k, hypotheses were formulated as
follows for the two-tailed tests. The null hypothesis Hy;
stated that the median of the score differences between A2
and A1 was equal to zero, indicating no systematic change
between conditions. The alternative hypothesis H; stated
that the median difference was different from zero,
indicating a systematic change between conditions. The
choice of a two-tailed contrast at the problem level is
justified as a methodologically conservative approach and
is aligned with standard reporting practices when multiple
comparisons are conducted and when unwarranted direc-
tional testing without a strict and explicitly declared a priori
theoretical constraint is to be avoided—a practice widely

cautioned against in the methodological literature due to its
potential to bias inference [28,29].

However, when the theoretical framework specifies
a priori a clear directional expectation—namely, that
mediation supported by generative artificial intelligence
should not result in performance detriment and that any
observable change, if present, would be in the direction
of improvement—the use of a one-tailed contrast can be
defended, provided that this directionality is declared
before data inspection and reported transparently. Under
this condition, for each problem k, the null hypothesis H,
is defined as the median of the difference scores being less
than or equal to zero, whereas the alternative hypothesis
H |, is defined as the median being greater than zero. This
formulation focuses inference on the theoretically relevant
direction of change while reducing the risk of opportun-
istic reinterpretation of results [27-29].

Figure 2 presents a heatmap visualization of the redis-
tribution of critical-thinking scores for six groups across
five kinematics problems, comparing Activity 1 (A1),
implemented through traditional teacher-guided Socratic
dialogue, with Activity 2 (A2), implemented through the
same Socratic approach but mediated by generative arti-
ficial intelligence, following the same problem order. This
matrix-based visualization facilitates the identification of
patterns and contrasts between instructional conditions
by representing numerical magnitudes through color gra-
dients and enabling rapid comparative reading across rows
and columns [30].

The use of a cold-to-warm color scale to represent lower
to higher scores makes both the direction and intensity of
changes visually salient, leveraging the perceptual corre-
spondence between magnitude ordering and visual order-
ing. This approach enhances the discrimination of score
increases and decreases between conditions and supports
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Critical-thinking rubric scores across groups and kinematics problems

(a) Total critical-thinking rubric scores by group Il Al: teacher-guided Socratic dialogue
+10 [l A2: Socratic dialogue with Gemini
+10

58 +11 49

+8

L a9

Total rubric score

(b) Problem-level critical-thinking rubric scores
P1 P2 P3 P4 P5

G1 Al without GAI
G1 A2 with Gemini
G2 Al without GAI

G2 A2 with Gemini

G3 Al without GAI

G3 A2 with Gemini

G4 Al without GAI

G4 A2 with Gemini

Group and condition

G5 Al without GAI

G5 A2 with Gemini

G6 Al without GAI

G6 A2 with Gemini

Kinematics problem

Descriptive visualization; scores should be interpreted in light of the fixed-order preexperimental design.

FIG. 2. Critical-thinking rubric scores across groups and kinematics problems. (a) Total critical-thinking rubric scores for the six
groups in Activity 1 (Al; teacher-guided Socratic dialogue) and Activity 2 (A2; teacher-guided Socratic dialogue mediated by
generative artificial intelligence); values above each pair of bars indicate the change in total score from Al to A2. (b) Problem-level
critical-thinking rubric scores for the same six groups across five kinematics problems (P1-P5) under A1 and A2. Color intensity
represents score magnitude from lower (cool colors) to higher values (warm colors), enabling visual comparison across groups,
problems, and instructional conditions. The visualization is descriptive, and the scores should be interpreted in light of the fixed-order
preexperimental design.
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TABLE IV. Triangulation of quantitative and qualitative results using a convergence matrix.

Finding Quant. evidence

Qual. themes

Conv. Integrated synthesis

Global improvement Wilcoxon (global):
with GAI W = 0.0000,
p = 0.03120

P1, P4: p =0.03125; P4
median: 6.5 — 10.0

P2, P3: p = 0.06250

(17%)

Improvement in P1
and P4

Positive trends (P2,
P3) without
significance

Perceived usefulness PU-GAI: 100% agreement
of GAI

Nuances in trust and TE-AI, RI: high agreement;

(44%)

integration neutrality + isolated
disagreement
Structuring/ Al: CT dispersion/neutrality; Al: CT 4 metacognition
metacognition A2: high convergent profile

Conceptual clarity/usefulness
(44%); reasoning structure

No problem-specific theme

Conceptual clarity/usefulness

Prompt dependence (22%);
math inaccuracies (28%)

(39%); A2: reasoning
structure

Agree Performance gains align with reports
of greater clarity and better-
organized reasoning.

Critical use/verification (33%) Partial Largest gains coincide with stronger

verification and critical control.

Silence Moderate gains appear without a
distinct qualitative signature by
problem.

Agree Perceived usefulness matches reports
of conceptual support and clarity.

Reservations match cautions about
limits and the need for verification.

Agree

Partial Metacognitive/structural reports track
the overall pattern without isolating
dimensions.

efficient visual inference of performance shifts across
problems and groups [31,32].

Taken together, the findings support a coherent and
convergent empirical narrative across levels of analysis. At
the global level, the alternative hypothesis H;s received
statistical support, indicating a significant improvement
in performance when Socratic instruction incorporated
mediation by GAI. At the problem level, the alternative
hypothesis H;; was supported for two of the five problems,
while the remaining three exhibited a homogeneous
directional pattern favoring Activity 2 (A2). In studies
with small sample sizes, this pattern is methodologically
informative, as consistent directionality across multiple
comparisons can be compatible with a stable underlying
effect even when statistical significance is not reached
in all individual contrasts, particularly under limited
power and conservative testing strategies at the problem
level [26,29].

In addition, no negative changes were identified for any
group or problem, suggesting that the incorporation of
GAI did not produce observable performance detriment
within the examined framework. However, this absence of
decreases should be interpreted cautiously: it does not
constitute inferential evidence of “no harm,” but rather
indicates that no systematic declines were observed under
the present sample and conditions.

Taken together, the evidence integrated across Tables I11
and IV and Fig. 2 supports the claim that hybrid human-Al
mediation can strengthen processes associated with critical
thinking in problem solving, particularly by promoting
more precise explanations, explicit verification of assump-
tions, and metacognitive self-regulation during reasoning,
provided that teacher supervision and explicit criteria for
response validation are maintained [33,34].

B. Quantitative analysis of shared perception
dimensions across instructional conditions

To characterize the learning experience under both
Socratic instructional modalities—teacher-guided and
teacher-GAI-mediated—perception surveys were admin-
istered to assess dimensions common to Activities 1 (A1)
and 2 (A2). The dimensions evaluated were KSE, CL, and
IM. Comparison across these shared dimensions indicates
that the transition toward hybrid teacher-GAI mediation
did not merely represent a change of tool, but rather a
modification in how prospective physics teachers experi-
enced the task.

For KSE, a clear increase was observed. Overall
agreement rose from 84.7% to 94.4%, responses in the
“Disagree” category disappeared, and the proportion of
“Strongly agree” responses increased from 26.4% to
37.5%. This pattern suggests enhanced confidence in
understanding and solving kinematics problems under
the GAl-mediated condition. The response pattern for
CL was more heterogeneous. Overall agreement increased
modestly from 59.7% to 65.3%, yet some items exhibited
polarization, with responses clustering at opposite posi-
tions. This indicates that, for certain items, part of the
group reported higher mental demand, while others
reported no increase or even a reduction in perceived
effort. For instance, agreement on item CL; increased from
77.8% to 88.9%, indicating that several participants
perceived greater attentional effort. At the same time,
others described a redistribution of effort, associated with
verification activities and quality control of responses
generated by the GAI Finally, IM exhibited the most
pronounced effect: agreement reached 100% in A2, com-
pared to an initial 87.5%, eliminating all neutral and
disagreement responses.
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Mean response scores by survey item across activities
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Mean response scores by survey item for Activity 1 (A1; teacher-guided Socratic dialogue) and Activity 2 (A2; teacher-guided

Socratic dialogue mediated by generative artificial intelligence). Items correspond to shared perception dimensions—KSE, CL, and
IM. The figure illustrates the overall increase in KSE and IM under the GAI-mediated condition, while cognitive load exhibits greater

variability across items.

In summary, hybrid teacher-GAI mediation strength-
ened self-efficacy and intrinsic motivation, whereas cog-
nitive load displayed a differentiated response, reflecting
the dual nature of the tool as both a facilitator and a source
of demands for critical supervision. Figure 3 illustrates the
evolution of mean scores by item, allowing for a cautious
conclusion: although age-based subgroups are small, KSE
and IM converge toward high levels in A2, while CL
remains the most variable dimension. From a pedagogical
standpoint, the perceptual benefits of GAI appear to be
broadly distributed in terms of competence and motiva-
tion; however, the experience of mental effort seems to be
modulated by individual differences such as prior expe-
rience, study habits, ability to formulate effective queries,
tolerance for uncertainty, and the need for validation—a
pattern also reported in recent studies on factors condi-
tioning the educational use of ChatGPT and related
tools [35].

C. Quantitative analysis of activity-specific
perception dimension

In the perceptual analysis of dimensions not shared
between the two activities, a highly positive evaluation
pattern emerges, with nuanced differences associated with
cognitive complexity. In Activity 1 (A1), SI consistently
reached high levels of agreement across all indicators,

ranging from 88.9% to 100%, with minimal neutrality
(0%—-5.6%) and no disagreement. In contrast, CT was also
predominantly evaluated favorably but exhibited greater
dispersion, with agreement levels ranging from 77.8% to
94.4%, increased neutrality (5.6%-22.2%), and isolated
instances of mild disagreement (5.6%).

In Activity 2 (A2), PU-GAI achieved unanimous appro-
val across all indicators (100% agreement), corroborating
the role of GAI as a learning support. More nuanced
patterns emerged for TE-AI and RI. Although overall
agreement remained high (88.9%-100%), neutrality
reached up to 11.1% for TE-AI and up to 16.7% for RI,
along with isolated instances of mild disagreement for RI
(5.6%). Rather than weakening the findings, these patterns
ground them: students confirm the usefulness of GAI
while simultaneously identifying conditions for its effec-
tive use, such as the need for verification, sensitivity to
prompt formulation, and awareness of potential errors—
features consistent with a more reflective and self-
regulated mode of engagement.

In summary, the two instructional activities define a
convergent profile characterized by high acceptance of
both Socratic interaction and GAI mediation. Within
this profile, more immediate benefits—such as perceived
usefulness, clarity, and guidance—are nearly unanimous,
whereas more complex constructs, such as critical think-
ing, and dimensions related to criteria and reliability of
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use—such as trust in educational Al and resource
integration—exhibit higher levels of neutrality and occa-
sional disagreement. These response patterns are consis-
tent with processes of deep learning and the progressive
development of reasoning.

D. Qualitative analysis of student reflections across
instructional conditions

A thematic analysis suitable for small samples, follow-
ing the framework proposed by Braun and Clarke [36],
was conducted to examine the underlying experiences
reflected in the open-ended responses. In Activity 1 (A1),
students were asked, “What did you learn from the
teacher’s Socratic questions?” Analysis of the 18 res-
ponses revealed three dominant themes. The most fre-
quently reported theme was conceptual clarification and
deepening (44%), highlighting the role of guided ques-
tioning in refining understanding of kinematics concepts.
This was followed by critical thinking and metacognitive
awareness (39%), where students emphasized reflection on
assumptions, reasoning processes, and error detection. A
third theme concerned the structuring of reasoning (28%),
with respondents noting improved organization and coher-
ence in their problem-solving explanations.

In Activity 2 (A2), students responded to the question,
“In which aspects was generative Al useful or confusing?”
The thematic distribution shifted while preserving con-
tinuity with Al. Conceptual usefulness and clarity again
emerged as a dominant theme (44%), indicating that GAI
was perceived as reinforcing understanding. A substantial
proportion of responses emphasized critical use and
verification (33%), reflecting students’ awareness of the
need to evaluate, contrast, and validate Al-generated
outputs. Additional themes included structuring of reason-
ing (17%) and instrumental efficiency (17%), the latter
associated with faster exploration of solution pathways and
alternative explanations. Alongside these benefits, stu-
dents explicitly identified limitations: prompt dependence
(22%) and mathematical inaccuracies (28%), which
required continuous verification. Rather than undermining
the instructional value of GAI, these limitations appear
to have fostered more deliberate, reflective, and self-
regulated engagement with the problem-solving process.

E. Convergent mixed-methods interpretation
of learning outcomes

To integrate evidence from performance outcomes
(critical-thinking rubric), perceptions (survey data), and
reported experiences (open-ended responses), a qualitative-
quantitative convergence matrix was employed, as pre-
sented in Table IV. This integrative approach enables
systematic comparison of findings and the identification
of coherent patterns across data sources without redun-
dancy in result reporting [37,38].

Within the quantitative component, the global compari-
son between activities showed higher scores under the
GAI-mediated condition (A2), with a Wilcoxon statistic of
W = 0.0000 and a p value of 0.03120. At the problem
level, statistically significant differences were identified
for Problems 1 (P1) and 4 (P4), both with p = 0.03125. In
particular, P4 exhibited a marked median increase, from
6.5 1n Al to 10.0 in A2. For P2 and P3, a favorable trend
toward A2 was observed (p = 0.06250), although the
conventional significance threshold of a = 0.05 was not
reached. Finally, P5 showed a more moderate change, with
p = 0.12500. Regarding perceptual evidence, a highly
favorable evaluation was identified. In A2, PU-GAI
reached 100% agreement. Dimensions associated with
reliability and criteria of use, such as TE-AI and RI,
maintained high levels of agreement, although with neu-
trality levels of up to 11.1% and 16.7%, respectively, and
an isolated instance of disagreement (5.6%) for RI. Taken
together, these results indicate high acceptance accompa-
nied by cautious appraisal.

The qualitative analysis revealed thematic cores that
complement the observed quantitative patterns. In A2,
conceptual usefulness and clarity emerged in 44% of
responses, critical use and verification in 33%, and
structuring of reasoning in 17%. Reported limitations
included mathematical inaccuracies (28%) and prompt
dependence (22%).

Overall, the triangulated evidence primarily indicates
convergence between performance gains and high per-
ceived usefulness, reinforced by narratives emphasizing
clarity and instructional scaffolding. In addition, partial
agreement is observed for dimensions related to trust and
resource integration, where quantitative acceptance coex-
ists with qualitative cautions highlighting the need for
verification and sensitivity to prompt formulation.

IV. DISCUSSION

This study compared two forms of Socratic mediation in
the resolution of conceptual and numerical problems in
translational kinematics within initial physics teacher
training: one guided exclusively by the instructor and
another supported by GAI. Across the full set of findings, a
consistent pattern emerges. Performance assessed through
a critical-thinking rubric and several learning-related
perceptions tended to improve when Socratic dialogue
was complemented by GAI whereas cognitive load did not
follow a uniform trajectory and appeared to be modulated
by the additional effort required for verification and quality
control of Al-generated responses.

From a performance perspective, the observed global
improvement is consistent with recent reports positioning
Al-based tutors as supports capable of enhancing learning
in authentic educational contexts, including physics, when
they are integrated with clear pedagogical intent rather
than deployed as substitutes for students’ intellectual
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work [39]. Along similar lines, multiple studies have
shown that Al-supported Socratic dialogues can foster
reasoning and critical-thinking processes by sustaining
probing questions, demanding justification, and encour-
aging argumentative revision [40,41]. Evidence from
mathematics education further supports this mechanism:
when dialogical exchanges are structurally constrained, Al
tools can promote deeper thinking and autonomous dis-
covery rather than mechanical response generation [42].

The contribution of the present work becomes more
meaningful when situated against a long-standing diffi-
culty in the teaching of kinematics: the tendency to
prioritize algorithmic procedures and data substitution
over modeling, variable interpretation, and metacognitive
reflection [1,2]. Research on active methodologies
in science education suggests that critical thinking is
strengthened when shared argumentation, conceptual
analysis, and guided inquiry are emphasized rather than
mere repetition of procedures [3,4,43]. In translational
kinematics specifically, learning requires the construction
of mental models, the interpretation of relationships
between quantities, and abstract reasoning—competencies
that are central to the professional formation of future
physics teachers. Within this framework, the Socratic
method provides a plausible pathway for sustaining expla-
nations grounded in reasons rather than results, and its
articulation with GAI may expand opportunities for feed-
back and error reconstruction, provided that interaction
remains reflective and pedagogically supervised [6].

Within physics education, emerging studies already
report uses of ChatGPT aimed at strengthening teachers’
dialogical skills and exploring customizable Socratic
tutors, with the potential to foster active reflection and
adaptive scaffolding [44.,45]. Complementary work has
shown that GAI can support conceptual understanding
and learning efficiency by offering immediate feedback,
alternative solution pathways, and opportunities for self-
correction [46]. It is also relevant that comparisons
between student-generated solutions and Al-generated
responses allow the identification of both strengths and
blind spots in each mode of reasoning, opening space for
instructional practices centered on contrast, justification,
and critical evaluation [47].

From the participants’ perspective, the observed
increase in self-efficacy and intrinsic motivation aligns
with studies reporting positive effects of GAI on engage-
ment and learning perceptions, although such effects
are contingent on task characteristics and the quality of
pedagogical guidance [48]. At the same time, the liter-
ature cautions that unguided use of chatbots may lead to
poorly structured interactions, superficial reflection, and
even reduced performance, particularly when argumenta-
tion and metacognitive control are not explicitly required
[39]. In this sense, the practical contribution of the
SOCRATIC-IA approach does not lie in “using AI” per se

but in framing its participation as a cognitive scaffold:
prompting explanations, contrasting assumptions, request-
ing evidence, checking dimensional and conceptual con-
sistency, and enforcing reasoning traceability before
accepting a response.

Nevertheless, the methodological limitations identified
call for a cautious interpretation of the findings. The
preexperimental design, fixed sequence of conditions,
and repeated use of the same problems across phases
introduce strong threats to internal validity, including
practice effects, familiarity, and potential carryover.
Additionally, the small sample size and the mixture
of analytical units—group-level performance versus
individual-level perceptions—constrain the scope of
inference. For a high editorial standard, it also remains
necessary to report the reliability of the scoring process
more explicitly, for instance, through interrater consis-
tency, and to complement statistical significance with
effect sizes and confidence intervals so that the magnitude
of change is as transparent as its statistical support.

Taken together, the study is best interpreted as situated
and preliminary evidence. It suggests that Socratic media-
tion can be strengthened through GAI when interaction is
deliberately designed to demand higher-order thinking and
when the teacher retains the role of epistemic regulator of
the dialogue. Future research should incorporate counter-
balancing or crossover designs, truly isomorphic tasks,
larger samples, and assessments of retention and transfer.
In addition, deeper qualitative analyses of the dialogues
themselves—such as question quality, justification pat-
terns, and mechanisms of self-correction—would help
disentangle more precisely which aspects of change can
be attributed to the Socratic strategy, which to GAI
mediation, and which to accumulated practice.

V. CONCLUSIONS

This study compared the traditional Socratic method
with a Socratic approach mediated by GAI to enhance
critical thinking in prospective physics teachers during the
resolution of conceptual and numerical problems in trans-
lational kinematics. The preexperimental mixed-methods
design contributes to physics education research and
related STEAM disciplines by providing empirical evi-
dence of the role of GAI as a catalyst for deep learning and
the development of higher-order cognitive skills.

The findings indicate that higher critical-thinking scores
were observed during the second, GAl-mediated Socratic
dialogue condition. Although this pattern was consistent
across the participating groups, the fixed sequential design
does not allow the observed differences to be attributed
independently to GAI mediation, because practice, accu-
mulated learning, familiarity, and carryover effects cannot
be excluded. Specifically, statistically significant within-
sample differences were observed in the quality of
responses for both conceptual and numerical questions
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in Problems 1 and 4, along with positive trends in the
remaining problems analyzed. These results suggest that
GAI can enrich Socratic dialogue by supporting concep-
tual accuracy, inferential elaboration, and metacognitive
revision. The absence of negative performance impacts,
together with the overall improvement observed, supports
the pedagogical feasibility and potential benefits of inte-
grating GAI tools within this disciplinary context.

Analysis of the secondary research questions further
revealed that GAI mediation positively influenced stu-
dents’ perceptions of learning. Significant increases were
observed in kinematics self-efficacy and intrinsic motiva-
tion among prospective teachers, who evaluated the role of
GAI in their learning process favorably. These subjective
gains were consistent with the objective improvements in
performance. Cognitive load, however, exhibited a more
complex pattern. While GAI facilitated access to informa-
tion and conceptual clarification, it also required students
to engage in monitoring and quality control of generated
responses. This finding underscores the importance of
pedagogical designs that integrate GAI as a teacher-
supervised cognitive scaffold rather than as an answer-
providing tool.

Within the conditions examined in this study, the
SOCRATIC-IA model provides a preliminary instructional
framework for integrating teacher-guided Socratic dia-
logue and generative Al in kinematics problem solving.
The findings support further investigation of its feasibility
and pedagogical value, but they do not establish its
effectiveness beyond the present sample and instructional
context. Further research using larger samples, controlled
or counterbalanced designs, equivalent nonidentical tasks,
and measures of retention and transfer is needed to
determine whether the observed patterns can be replicated
and attributed more specifically to GAI-mediated Socratic
support.

By integrating Socratic dialogue with the adaptive
and feedback capabilities of GAI, this approach not only
enhances conceptual and numerical problem solving in
translational kinematics but also fosters self-efficacy and
intrinsic motivation—key factors for autonomous and
lifelong learning. More broadly, this research opens
avenues for exploring how pedagogically grounded

applications of generative Al can transform STEAM
learning environments by cultivating deeper, more trans-
ferable forms of reasoning.

APPENDIX: SUPPLEMENTARY MATERIALS

The supplementary materials for this article are avail-
able as open online resources in Figshare and document
the instructional, assessment, and Al-mediated compo-
nents of the intervention. Supplementary Material S1:
Kinematics Problem Set presents the conceptual and
quantitative kinematics problems used during the learning
activities, including tasks on average speed, average
velocity, acceleration, graphical interpretation, and relative
motion  (https://doi.org/10.6084/m9.figshare.32733156).
Supplementary Material S2: Socratic Questions provides
the teacher-designed Socratic prompts aligned with the
analytic rubric, showing how students’ reasoning was
guided across conceptual understanding, argumentation,
examples, error correction, and clarity of response (https://
doi.org/10.6084/m9.figshare.32733849). Supplementary
Material S3: Analytic Rubric contains the scoring instru-
ment used to evaluate discipline-specific critical thinking
in kinematics through five criteria and four performance
levels  (https://doi.org/10.6084/m9.figshare.32735553).
Supplementary Material S4: Prompt Structure describes
the role, context, instructions, and output format used
during the generative Al-mediated phase, as well as the
boundaries of teacher supervision and conceptual valida-
tion (https://doi.org/10.6084/m9.figshare.32735838.v1).
Finally, Solution to Problem 1 provides a worked example
of a student-group response on average speed and average
velocity in circular motion, illustrating the type of reason-
ing, mathematical justification, and Al-supported Socratic
reflection analyzed in the study (https://doi.org/10.6084/
m9.figshare.32751666.v1).
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