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Abstract: In this study, we aimed to empirically evaluate the effectiveness of a specialized science,
technology, engineering, arts, and mathematics (STEAM) program that purposefully utilizes 2D and
3D modeling tools to develop technical, logical, and spatial thinking in 1st-4th-grade students.

To test the hypothesis of an association between the STEAM approach and the development of
thinking, a quasi-experiment with pre- and post-testing in parallel groups was conducted (N = 172).
The experimental group (EG) (n = 85) participated in project-based activities involving the creation
of physical and digital models throughout the academic year, whereas the control group (CG) (n = 87)
followed a standard curriculum for the same period.

Adapted versions of the Bennett Mechanical Comprehension Test (technical thinking), Raven’s
Progressive Matrices (logical thinking), and the Yakimanskaya—Zarkhin—Kadayas Spatial
Representations Test (spatial thinking) were used, with grade-level differentiation and score
normalization to ensure cross-grade comparability of the results.

The results revealed a statistically significant superiority of the EG over the CG in the post-test
across all measured indicators (p < 0.001, Mann-Whitney U test) with large effect sizes (r =
0.72-0.76). The greatest improvement was recorded in spatial-thinking skills. Intra-group analysis
(Wilcoxon signed-rank test) confirmed significant dynamics within the EG (r > 0.80) and no
significant change in the CG. The results also suggested the potential importance of the teacher’s role
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as a facilitator in implementing STEAM-based activities.

The findings provide empirical support for the potential effectiveness of integrating a
modeling-based STEAM approach into primary education to foster the development of technical,
logical, and spatial thinking in children.

Keywords: STEAM education, primary school, spatial thinking, technical thinking, logical thinking,
3D modeling, educational experiment, project-based learning

1. Introduction

The dynamic development of modern society and the knowledge-based economy generate a
consistent demand for specialists with interdisciplinary competencies capable of innovative activities
and solving complex, practice-oriented problems. In this context, science, technology, engineering,
arts, and mathematics (STEAM) education has established itself as one of the most promising
approaches to address the challenges of the 21st century [1,2]. Its integrative nature aims to foster a
holistic worldview in students and develop their critical thinking and a range of soft skills
(communication, collaboration, and problem-solving) through the application of knowledge from
various disciplines to implement projects [3,4].

Despite the growing interest in the STEAM approach and its recognized potential, particularly at
the primary school level, where the foundations of cognitive activity are laid [5,6], a significant gap
persists in the scientific and pedagogical literature. First, there is a lack of consensus on specific
pedagogical strategies and didactic tools for effectively integrating STEAM into the educational
process [7,8]. Second, there is a scarcity of empirically grounded research examining the
effectiveness of specific STEAM practices in developing strictly defined cognitive abilities in
primary school students, such as technical and spatial thinking [9,10]. Third, the role of digital and
physical modeling tools (2D/3D) as catalysts for development remains unclear.

Consequently, the scientific novelty of this study lies in the comprehensive empirical assessment
of the impact of a structured STEAM program, which purposefully utilizes 2D and 3D modeling
tools, on the development of specific domains of thinking in primary school students, namely,
technical, logical, and spatial thinking.

We aimed to evaluate the effectiveness of a specially designed STEAM-oriented educational
program employing 2D and 3D modeling tools to develop technical, logical, and spatial thinking in
1st-to 4th-grade students.

Research hypothesis: Implementing a structured STEAM program based on the systematic use of
2D and 3D modeling in the primary school curriculum will lead to a statistically significant
improvement in the indicators of technical, logical, and spatial thinking among students compared to
traditional instruction.

1.1. Literature review

The theoretical foundation of this research is based on the principles of competency-based and
integrative approaches to education. STEAM is not a simple sum of disciplines but a meta-approach
fostering a holistic worldview and the formation of key competencies [11,12]. An analysis of the
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literature reveals several key vectors in STEAM research at the primary school level, the first of
which is associated with the motivational and cognitive effects of learning. Studies have confirmed
that project-based activities within STEAM contribute to increasing student interest in the natural
sciences and technical disciplines, thereby reducing academic anxiety and fostering a positive
attitude toward learning [13,14]. The potential of STEAM to overcome gender stereotypes and
engage girls in STEM fields is particularly emphasized [15].

The second direction focuses on developing soft skills. Integrating the arts into STEM disciplines
is crucial for developing creativity, divergent thinking, and emotional intelligence [16,17].
Collaborative work on projects fosters communication and collaboration skills [18].

The third and least developed direction concerns the impact of STEAM on specific cognitive
functions and thinking styles. Research indicates a positive influence of integrated approaches on
computational thinking [19] and general scientific skills. However, there is a lack of studies
investigating the relationship between STEAM practices, particularly those utilizing modeling tools,
and the development of technical (engineering) and spatial thinking skills in primary school students.
This identifies the research gap addressed in this study.

Despite the growing popularity of the STEAM approach, a consensus regarding its
operationalization and a unified definition are lacking in the academic community [20,21]. STEAM
is interpreted as either the development of creative abilities or as a tool for solving practical problems,
leading to significant variability in the content of educational programs, assessment methods, and
pedagogical strategies [6]. This methodological ambiguity creates serious difficulties for researchers
and practitioners, hindering the comparison of results from different studies and the development of
universal criteria for effective STEAM education. We bridge this gap by operationalizing STEAM
through the lens of developing cognitive constructs, technical and spatial thinking, and applying
standardized diagnostic tools to measure them.

A methodological challenge for modern STEAM pedagogy is the development of valid and
reliable diagnostic tools to measure the acquisition of specific competencies [10,22]. To overcome
this challenge, a set of tools adapted for primary school-age children was applied, which constitutes
an element of its novelty.

2. Methodology

To test this hypothesis, a pedagogical experiment was conducted following a pre-test/post-test
design with parallel groups (control group [CG] and experimental group [EG]).

2.1. Participants

The study involved 1st-4th grade students (N = 172) from general education schools in Southern
Kazakhstan. The sample was divided into an EG and a CG using a matched group assignment
procedure based on initial academic performance levels.

Matching was conducted using school-provided academic achievement indicators, including
overall academic performance and subject-level results (where available), to improve the baseline
comparability between groups prior to the intervention.

The EG (n = 85) received instruction according to the developed STEAM program, while the CG
(n = 87) followed the standard curriculum without STEAM.

STEM Education Volume 6, Issue 4, 697-715



700

To ensure age comparability between the groups, the participants were proportionally distributed
across grade levels (Table 1).

Table 1. Distribution of participants by grade and study group.

Grade Experimental Group Control Group
Grade 1 20 21
Grade 2 22 23
Grade 3 20 21
Grade 4 23 22
Total 85 87

This grade-balanced distribution supported the methodological validity of the age-based
diagnostic adaptation and ensured a reliable comparison of outcomes between the EG and CG.

2.2. Intervention program

The program was implemented over an academic year (34 weeks). Sessions were held once a
week, with each session lasting 40 minutes for grades 1-2 and 45 minutes for grades 3-4, aligning
with the schedule of the partner institutions.

In addition, the EG participated in structured STEAM-based learning activities, including 2D and
3D modeling tasks, engineering-oriented problem solving, and project-based learning modules. The
CG followed a standard curriculum without STEAM integration.

The program content was designed for the targeted development of engineering-technical and
spatial thinking, as well as related cognitive processes (e.g., working memory, attention, and logical
reasoning) in primary school students. The sessions were organized as group project activities (4-5
students per group), which fostered the development of communication skills and working memory
through task distribution [23,24]. Each project was carried out over 3-4 weeks and included the
following stages, aimed at the gradual formation of cognitive strategies: analysis of the technical task
(logical thinking), creation and mental manipulation of images of the future object (spatial thinking),
prototype creation (technical thinking), testing and problem-solving (logical and critical thinking),
presentation of results, and reflection.

2.3. Examples of STEAM projects targeting key competencies

—"Bridge Across the Gorge" (using paper and cardboard): This project aimed to develop technical
thinking through calculating strength and load and spatial thinking through creating and mentally
rotating 2D nets of the future 3D structure [10]. Group work required the simultaneous holding of
multiple parameters in working memory (length, weight, and strength).

—"Eco-House of the Future” (using wooden construction Kits, counting sticks): This project
stimulated spatial thinking and visual memory through the need to create a 3D model based on a
pre-designed sketch plan. Logical thinking was developed by justifying the choice of materials and
structures from the perspective of their efficiency.

—"Symmetrical World" (digital 3D modeling in Tinkercad): This project targeted the profound
development of spatial thinking through mental rotation, scaling, and projection of virtual objects
along three coordinate axes [9,25]. Creating symmetrical models requires a high level of abstract,
logical thinking and concentration.
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For younger students, especially those in grades 1-2, digital modeling tasks were scaffolded
through step-by-step teacher demonstrations, simplified object manipulation, the use of predefined
geometric shapes, and guided practice with basic navigation tools. Older students were given more
autonomy in modifying, rotating, and combining the objects. This differentiation was used to ensure
age-appropriate access to the same spatial reasoning tasks across grades.

2.4. Teacher qualifications

The program was delivered by primary school teachers (n = 5) who underwent specialized
training in the fundamentals of STEAM education and the development of cognitive functions in
primary school students through technical creativity (a 36-hour course), focusing on the
implementation of modeling-based, project-oriented instructional practices. All teachers had over 10
years of experience and the highest qualification category, which ensured not only a high degree of
implementation fidelity for the experimental program but also accurate tracking of progress in the
development of students' target cognitive abilities.

2.5. Instruments and data collection

A battery of validated diagnostic instruments was used to assess changes in key cognitive
components relevant to STEAM learning in the participants. The instruments were adapted for each
grade level through the structured selection of developmentally appropriate items from the full test
pools.

All diagnostic instruments were applied in age-adapted formats with grade-level differentiation.
The adaptation was based on cognitive load regulation and the developmental characteristics of
primary school students, including attention span, processing speed, and working memory capacity.

The number of tasks differed according to the grade level.

Raven’s Progressive Matrices — 6 / 8/ 10 / 10 tasks (Grades 1-4)

Bennett Mechanical Comprehension Test: 13 /13 /17 / 17 tasks

Yakimanskaya—Zarkhin—Kadayas Spatial Representations Test — 8 /8 /10 / 10 tasks.

Score Normalization Procedure

To ensure the comparability of results across grade levels, where the number of test items
differed, raw scores were transformed into normalized proportional scores.

For each participant, the normalized score was calculated as follows:

normalized score = (number of correct responses) / (total number of items in the grade-specific
test version)

This transformation resulted in a continuous scale ranging from 0 to 1, which represents the
proportion of correctly solved tasks.

The normalization procedure was selected based on the following considerations:

- It preserves the relative performance of students within each grade level.

- It ensures comparability across tests with different numbers of items.

- It avoids distortion associated with unequal test lengths.

This is consistent with the diagnostic and developmental orientation of the adapted instruments.

The diagnostic battery included the following:

—  Technical Thinking: Adapted version of the Bennett Mechanical Comprehension Test.
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— Logical and Abstract Thinking: Raven’s Progressive Matrices in an age-adapted format.

— Spatial Thinking: Yakimanskaya—Zarkhin—Kadayas Spatial Representations Test, which
assesses mental rotation and object manipulation skills.

Instrument Adaptation and Construct Validity

All diagnostic instruments were adapted for primary school students using a structured and
theoretically grounded item-selection approach, rather than the full-scale administration of the
original tests.

The adaptation process was guided by the following principles.

- Preservation of the core diagnostic constructs (technical, logical, and spatial thinking)

- Developmental appropriateness and cognitive load regulation

- Progressive increase in task complexity across grade levels

- Use of perceptually clear, contextually meaningful, and age-relevant items

- Equivalence and comparability of the pre- and post-test measurements.

Importantly, the adaptation did not involve arbitrary simplification but rather a systematic
selection of tasks that retained the underlying cognitive processes measured by the original
instruments.

For Raven’s Progressive Matrices, selected items preserved key processes such as pattern
recognition, analogical reasoning, and structural completion, which constitute the core of nonverbal
logical intelligence.

In the adapted Bennett Mechanical Comprehension Test, the focus was maintained on causal
reasoning in mechanical systems, functional understanding, and spatial-mechanical relationships,
while excluding developmentally inappropriate complexity.

The spatial thinking test adaptation targeted essential spatial processes, including mental rotation,
projection, and object manipulation, which are foundational to early engineering cognition.

Scoring across all instruments was based on the proportion of correct responses relative to the
total number of items, ensuring comparability across grade-specific versions and alignment with
developmental diagnostic practices.

This structured adaptation framework supports the construct validity and methodological
consistency of the instruments in primary education research.

Furthermore, the adapted instruments were used as developmentally oriented diagnostic tools
rather than fully standardized psychometric scales. Therefore, this study emphasizes construct
preservation, developmental appropriateness, and interpretive consistency across measurement
points.

Detailed descriptions of the adaptation procedures, item selection rationale, grade-specific test
structures, and additional statistical indicators are provided in the Supplementary Material (S1-S2).

2.6. Procedure

Testing was conducted twice: at the diagnostic (pre-intervention) and post-intervention stages of
the study.

Detailed descriptions of the age-adaptation procedures, task selection rationale, and
grade-specific structure of the diagnostic instruments are provided in the Supplementary Materials to
ensure methodological transparency and reproducibility of the study.

Data Analysis

Statistical data processing was performed using STATISTICA (version 10.0). Owing to the
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ordinal nature of the underlying test scores and deviations from the normal distribution identified
using the Shapiro-Wilk test, non-parametric statistical methods were applied. Although normalized
scores were expressed on a continuous 0-1 scale, they were derived from discrete item-level
responses with grade-specific test lengths; therefore, non-parametric methods were considered more
appropriate for conservative inferences.

— The Wilcoxon signed-rank test (W) was used to compare the results before and after the
intervention within groups.

— The Mann—Whitney U test was used to compare the results between the EG and CG at both
measurement stages.

— The Kruskal-Wallis H test was used to assess the influence of the grade factor, followed by
the n? calculation.

— Effect sizes (r) were calculated for paired and unpaired comparisons to assess the practical
significance of differences. Additional non-parametric effect size measures (rank-biserial correlation
and common language effect size) are provided in the Supplementary Materials for interpretive
completeness of the results.

The applied statistical approach was primarily descriptive and aimed to identify consistent
patterns of change within groups and differences between groups at each measurement stage.

It should be noted that we did not directly model interaction effects (group >time), which would
provide a formal test of differential change between groups. Therefore, the findings should be
interpreted as converging evidence from complementary within- and between-group comparisons
rather than as a formal test of interaction effects.

Exact p-values are reported where available; otherwise, threshold values are indicated (e.g., p <
0.001) in accordance with statistical reporting standards.

Given the strong significance levels observed in the main comparisons, no formal correction for
multiple testing was applied; however, this should be considered when interpreting the marginal
results.

Ethical Considerations

The study was conducted in accordance with the institutional ethical guidelines. Informed
consent was obtained from the parents and school administration. Participation was voluntary, and
data confidentiality and anonymity were guaranteed.

3. Results

To evaluate the effectiveness of the STEAM program, a comparative analysis of the dynamics of
technical (Bennett test), logical-abstract (Raven's Progressive Matrices), and spatial thinking
(‘Yakimanskaya-Zarkhin-Kadayas test) indicators was conducted in the CG (n = 87) and EG (n = 85)
before (Pre) and after (Post) the experiment.

At the pre-intervention stage (Pre), statistical analysis using the Mann-Whitney U test revealed
no significant differences between the groups on all three measured indicators (p > 0.05 for all tests,
Table 2), confirming the initial equivalence of the groups and supporting the validity of the applied
matching procedure.

Additional effect size measures (rank-biserial correlation and common language effect size)
confirmed the magnitude and direction of the observed differences (see Supplementary Table S1 for
details).
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After the implementation of the STEAM program at the post-intervention stage, statistically
significant differences were observed between the EG and CG. The descriptive statistics for the
post-stage are shown in Table 2. These differences are visually demonstrated by the box plots in
Figure 1.

Table 2. Descriptive statistics results at the post-intervention stage for the Bennett, Raven,
and Yakimanskaya-Zarkhin-Kadayas tests.

Test Group N Mean SD Min Q1 Median Q3 Max
Experimental 85 9.4 2.4 6 7 9 12 13
Bennett
Control 87 6.6 1.8 4 5 7 8 9
Experimental 85 7.1 2.2 4 5 7 8 11
Raven
Control 87 4.8 1.5 3 4 5 5 8
Experimental 85 6.8 1.7 4 5 7 8 10

Spatial thinking
Control 87 4.2 15 2 3 4 5 7

Note: N — number of participants; Mean — arithmetic mean; SD — standard deviation; Min — minimum value; Q1 —
first quartile; Median — median; Q3 — third quartile; Max — maximum value.

Because non-parametric methods were used, medians and interquartile ranges were considered
the primary descriptive indicators, whereas means and standard deviations were reported for
additional descriptive context.

The distribution of normalized pre- and post-test scores across groups, together with descriptive
mean trends, is presented in Figure 1.
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Figure 1. Distribution of normalized pre- and post-test scores for Bennett, Raven, and
Spatial measures in the control (CG) and experimental (EG) groups.

Note: Box plots represent the median, interquartile range (IQR), data range and outliers. The lines
indicate the descriptive mean trends within each group and are provided for visual interpretation only.
The scores were normalized to the proportion of correct responses. The y-axis starts at zero to ensure
an accurate visual representation.

Statistical analysis using the Mann-Whitney U test confirmed that the differences between the
groups in the post-stage were statistically significant for all three tests (p < 0.001), with a large effect
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size (Table 3).

Table 3. Results of the Mann-Whitney U test for intergroup comparisons.

Test Stage n (EG) n (CG) p r Interpretation

Bennett Pre 85 87 0.519 0.048 Negligible
Post 85 87 <0.001 0.721 Large

Raven Pre 85 87 0.211 0.092 Negligible
Post 85 87 <0.001 0.743 Large

Spatial thinking Pre 85 87 0.23 0.088 Negligible
Post 85 87 <0.001 0.759 Large

Intra-group analysis using the Wilcoxon signed-rank test showed that statistically significant
changes occurred in the EG for all three indicators between the pre- and post-stages (p < 0.001 for all
tests) with large effect sizes. No significant dynamics were identified in the CG (p > 0.05), and the
effect size was negligible (Table 4).

Taken together, the presence of statistically significant within-group improvement in the EG,
combined with the absence of meaningful change in the CG and the emergence of strong
between-group differences at the post-test stage, indicates a consistent pattern of differential
development associated with the intervention.

Table 4. Results of the Wilcoxon test and effect size (r) for intra-group comparisons (pre — post).

Test Group N pairs p r Interpretation
Control 87 0.502 0.072 Negligible
Bennett .
Experimental 85 <0.001 0.814 Large
Control 87 0.427 0.085 Negligible
Raven .
Experimental 85 <0.001 0.807 Large
. o Control 87 0.51 0.071 Negligible
Spatial thinking .
Experimental 85 <0.001 0.826 Large

The effect size calculation (Figure 2) confirmed that the changes in the EG were not only
statistically significant but also of high practical importance (large effect size, r > 0.80), in contrast to
the negligible changes in the CG.
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Figure 2. Effect sizes (r) for within-group pre—post changes.

Note: Effect sizes were computed using the Wilcoxon signed-rank test. The values on the bars indicate the effect size r
magnitudes. The experimental group shows large effects across all tests, whereas the control group shows negligible
effects across all tests. The y-axis starts at zero to ensure an accurate visual interpretation.

Additional analysis using the Kruskal-Wallis test showed no statistically significant differences
in the results between students of different grades (1-4) either at the pre- or post-stage (p > 0.05 for
all tests, Table 5). Effect size estimates (n?) were negligible in all comparisons (n? = 0), indicating
that grade level did not meaningfully influence the test performance. This suggests a comparable
pattern of results across age groups within primary school; however, the formal equivalence of
effects was not directly tested, and this should be interpreted with caution.

Table 5. Results of the Kruskal-Wallis test for assessing the influence of the “grade" factor.

Test Stage H p n? Interpretation
Pre 2.64 0.45 0.000 No differences
Bennett .
Post 1.37 0.713 0.000 No differences
Pre 1.88 0.597 0.000 No differences
Raven .
Post 1.26 0.739 0.000 No differences
Pre 1.93 0.586 0.000 No differences

Spatial thinkin
P g Post 0.13 0.988 0.000 No differences

Note: H — Kruskal-Wallis H statistic; p — significance level; n? — eta-squared effect size measure.

4. Discussion

We aimed to comprehensively evaluate the effectiveness of a specialized STEAM program
utilizing 2D and 3D modeling to develop key domains of thinking in primary school students,
namely technical, logical, and spatial thinking. The results support the main hypothesis and provide a
deeper understanding of the mechanisms through which the integrated approach influences students'
technical, logical, and spatial thinking and identifies the critical conditions for its successful
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implementation.

The statistically significant superiority of the EG over the CG in the post-test, supported by large
effect sizes (r = 0.72-0.76), indicates a strong association between the application of the STEAM
approach and the development of the targeted types of thinking skills.

The large within-group effect sizes observed in the EG should also be interpreted in relation to
the alignment between the intervention activities and the measured cognitive domains of interest.
Although the STEAM tasks were not designed to directly replicate the diagnostic test items, the
intervention and assessments involved overlapping cognitive processes, such as spatial manipulation,
mechanical reasoning, and pattern recognition. Therefore, part of the observed effect may reflect
domain-specific training sensitivity rather than broad transfer.

The contrast between the substantial progress in the EG and the minimal changes observed in the
CG suggests the effectiveness of the intervention under the given conditions.

This contrast should also be interpreted in light of the differential sensitivity of the instructional
approaches involved, where structured STEAM-based activities may produce more measurable gains
in the assessed domains than traditional instruction over the same period.

Furthermore, these effects should be interpreted as resulting from the combined influence of the
instructional approach and its pedagogical implementation, rather than from the intervention content
alone.

In addition, the use of adapted and shortened diagnostic instruments should be considered when
interpreting the magnitude of the observed effects, as the measurement sensitivity and reliability of
such tools may differ from those of fully standardized psychometric tests.

In addition, students’ prior familiarity with digital tools and interfaces may have influenced their
engagement with the modeling tasks, particularly in activities involving spatial reasoning and virtual
object manipulation. This factor was not explicitly measured in this study and should be considered
in future research.

In addition, the analytical approach relied on complementary within- and between-group
comparisons rather than a unified model of change, which should be considered when interpreting
the magnitude and generalizability of the observed effects.

This is consistent with the structure of the intervention, which relied on the systematic use of 2D
and 3D modeling tools that required students to constantly perform mental rotations, projections, and
object manipulations. This result aligns with research demonstrating the plasticity of spatial thinking
in primary school-age children and its high sensitivity to targeted interventions [19]. Furthermore, it
finds methodological support in studies that also showed that the development of complex cognitive
structures (in their case, spatial thinking) requires the application of specific tools and progresses
unevenly, depending on the design of the learning activities.

The observed improvement in logical thinking can be explained by the structure of the
project-based activities, which require students to systematically analyze task conditions, identify
patterns, and construct causal relationships.

Engagement in modeling tasks and engineering problem-solving promotes the transition from
concrete actions to more abstract reasoning, thereby supporting the development of analytical and
nonverbal logical thinking, as measured by Raven’s Progressive Matrices.

Qualitative analysis of the implementation process suggests that the teacher’s role may be an
important mediating factor in the observed outcomes. In particular, differences in teacher preparation,
familiarity with STEAM pedagogy, instructional practices, and classroom-level conditions may have
STEM Education \Volume 6, Issue 4, 697-715
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contributed to the magnitude of observed effects.

Observations indicate that more active facilitation, including guidance, support of student
autonomy, and structured organization of project-based activities, may enhance learning outcomes
compared to procedural or instruction-driven approaches.

This directly relates to the thesis of Herro et al. [26] and Ortiz-Revilla et al. [18] regarding the
need to shift the pedagogical role for STEAM success, which is strongly supported by empirical
evidence from related fields. Researchers investigating the effectiveness of didactic games for
developing spatial thinking have found that the effectiveness of a methodology directly depends on
the teacher's readiness to organize activities rather than transmit knowledge. Their conclusion that
"the teacher becomes the organizer and consultant of cognitive activity" aligns with our concept of a
"facilitator” and confirms that investments in teachers' professional development are not an
additional option but a necessary condition for the successful implementation of STEAM.

On an operational level, our study offers a way to overcome the methodological gap caused by
the vague definition of STEAM. We avoided the lack of operational transparency through a detailed
description of the independent variables: specific pedagogical practices (maintaining engineering
journals, design thinking, and project defenses) [20]. This approach to strict operationalization,
similar to the criterion-referenced framework for assessing spatial thinking [27], enables a clear
demonstration of which specific practices led to which results, contributing to the refinement and
operationalization of the STEAM concept.

This approach reflects a pragmatic balance between methodological rigor and developmental
feasibility, which is particularly important in research involving primary school populations in the
Netherlands.

An important observation was the minimal change identified in the CG over the study duration.

This pattern may indicate that traditional instructional approaches have a limited impact on the
development of the targeted types of thinking (technical, logical, and spatial) within the same time
frame, particularly when these skills are not explicitly addressed in the curriculum.

Furthermore, this result may also be influenced by the characteristics of the measurement
instruments and the applied normalization procedure. The use of proportional scores and cross-grade
comparable scales may reduce the visibility of gradual developmental changes, especially when such
changes are relatively small or nonlinear.

In addition, the diagnostic instruments used in this study may be more sensitive to structured,
model-based learning gains than to incremental changes associated with routine classroom
instruction.

These factors should be considered when interpreting the observed lack of significant dynamics
in the CG and require further investigation in future studies.

Despite these convincing results, this study has several limitations.

First, a quasi-experimental design with class-level group allocation was used, which does not
exclude the influence of unobserved variables on the results. Although a matching procedure based
on academic performance indicators was applied, other potentially relevant factors (e.g., prior
cognitive development, motivation, or socio-economic background) were not controlled.

Second, the statistical approach did not include direct modeling of the interaction effects between
group and time, which limits the ability to formally test differential change between groups.

Third, the data were collected within intact classes and implemented by a limited number of
teachers, which may have introduced a degree of clustering at the class or teacher level. This was not
STEM Education \Volume 6, Issue 4, 697-715
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explicitly modeled and may have influenced the independence of the observations and the precision
of the statistical estimates.

Fourth, although the instruments were carefully adapted using a structured and theoretically
grounded approach, formal psychometric validation (e.g., reliability coefficients such as Cronbach’s
alpha) was not conducted for the adapted version.

This limitation is related to the use of shortened and developmentally adapted test forms, which
were designed to ensure age-appropriateness and feasibility within the educational setting. Because
these adapted forms were not administered as fully standardized psychometric scales, reliability
coefficients such as Cronbach’s alpha or McDonald’s omega could not be robustly estimated in this
study. In future studies, researchers should include full-scale psychometric validation of the adapted
instruments, including reliability and internal consistency analyses.

Fifth, the sample was limited to Southern Kazakhstan, requiring caution when generalizing the
conclusions to other cultural and educational contexts in the future.

The specific characteristics of the regional educational system, including curriculum structure,
institutional organization, and the level of integration of digital and STEAM-based practices, may
have influenced the baseline performance and responsiveness to the intervention. In Southern
Kazakhstan, where STEM- and STEAM-oriented practices are gradually being integrated into school
education, students’ prior exposure to modeling-based and engineering-oriented tasks may vary
considerably across schools. This context should be considered when interpreting the magnitude of
the observed gains and when transferring the program to other educational systems in the future.

Despite efforts to standardize the program, the personal and professional characteristics of the
teachers involved in the experiment may have acted as confounding variables.

In particular, the EG teachers received specialized STEAM-oriented training, whereas
comparable training conditions for the CG were not explicitly controlled in the study design.
Therefore, some of the observed effects may be associated not only with the intervention content but
also with differences in teacher preparation, pedagogical style, and level of instructional engagement.

Additionally, the limited observable change in the CG may be partly related to the sensitivity of
the measurement instruments and normalization procedure, which may not fully capture gradual
developmental progress in the absence of targeted instructional interventions.

The theoretical significance of this study lies in the empirical confirmation of the link between
specific STEAM activities (2D/3D modeling) and the development of specific, measurable
components of thinking, as well as in identifying the critical role of the pedagogical position in this
process. From a practical standpoint, the results justify the feasibility of broadly implementing
similar programs in the future in the same way.

However, the successful implementation of such approaches depends on the availability of
appropriate technical infrastructure, including access to digital devices, stable software environments,
and institutional support for STEAM-oriented instruction.

The key success conditions are as follows: 1) systematic sessions; 2) appropriate training for
teachers to work in the new role of facilitator; and 3) the use of clearly described and reproducible
pedagogical practices, ensuring the program's scalability [28,29].

For future research, we recommend: 1) Conducting a longitudinal study to test the sustainability
of the effects; 2) using cluster randomization, involving more teachers and schools to mitigate the
"teacher effect”; and 3) supplementing quantitative methods with qualitative interviews for a better
understanding of students' perceptions of the STEAM environment.
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5. Conclusions

In this study, we aimed to achieve our objective of evaluating the impact of a STEAM-oriented
program utilizing 2D and 3D modeling on the development of technical, logical, and spatial thinking
in primary school students. Based on this analysis, the following conclusions can be drawn:

—  Hypothesis Confirmation: The implementation of a structured STEAM program based on
the systematic use of 2D and 3D modeling was associated with statistically significant and
practically important improvements in technical, logical, and spatial thinking among students in the
EG compared to the CG.

— Intervention Effectiveness: The effect size of the STEAM program implementation was
large (r > 0.72 for intergroup comparisons), indicating its high practical significance and
effectiveness in developing technical, logical, and spatial thinking in students.

—  Approach Universality: The results showed a consistent pattern across students in grades
1-4, suggesting the program’s potential age-related adaptability within primary education.

—  Contribution to Theory and Practice: The results provide empirical support for integrating
STEAM-based modeling activities into primary education and clarify their association with the
development of technical, logical, and spatial thinking. A practical outcome of this study is the
development and testing of a lesson model that may be considered for implementation in educational
practice, subject to contextual adaptation.

The prospects for further research are as follows.

— Alongitudinal study is recommended to assess the sustainability of the observed effects.

—  Expanding the sample size and conducting randomized controlled trials (RCTSs) in various
sociocultural contexts is recommended.

—  Adeeper study of the program's influence on students’ motivation and academic
performance in related disciplines is needed.

— Investigating the role of digital and analog modeling tools in achieving educational
outcomes.

Thus, this study makes a significant contribution to the justification and development of effective
pedagogical strategies for fostering critically important forms of thinking, including technical,
logical, and spatial thinking, among primary-school students.
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Appendix

Table S1. Mann-Whitney between-group comparisons: U, Z, p, r (Z/VN), rank-biserial
r_rb, and common language effect size (CLES).

Test Stage nl n2 U z p r (ZN) rank-bise CLES
(EG) (CG) (two-tailed) rialr rb (EG >
CG)

Bennett Pre 85 87 3903 0.630 0.529 0.048 -0.056 0.472

Post 85 87 6785 9.456 <0.001 0.721 0.835 0.918
Raven Pre 85 87 4091 1.207 0.228 0.092 -0.107 0.447

Post 85 87 6879 9.744 <0.001 0.743 0.860 0.930
Spatial Pre 85 87 4074 1.154 0.248 0.088 -0.102 0.449
thinking  Post 85 87 6948 9.954 <0.001 0.759 0.879 0.940
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Note: The direction of rank-biserial correlation (r_rb) and CLES depends on the ordering of groups. In the present table,
CLES is reported as the probability of superiority of the experimental group over the control group (EG > CG). Values of
CLES greater than 0.5 indicate higher scores in the experimental group, whereas values below 0.5 indicate higher scores

in the control group.

Table S2. Wilcoxon within-group changes: Z, exact p, r (Z/\N), rank-biserial r_rb, and
common language effect size (CLES).

Test Group N A p r W+  W-  rank-biserial CLES
pairs (two-tailed) (Z/N) rrb (Post>Pre)
Bennett Control 87 0.672 0.502 0.072 2073 1755 0.083 0.542
Experimental 85  7.505 <0.001 0.814 3540 115 0.937 0.969
Raven Control 87 0.793 0.428 0.085 2101 1727 0.098 0.549
Experimental 85  7.440 <0.001 0.807 3525 130 0.929 0.964
Spatial Control 87 0.662 0.508 0.071 2070 1758 0.082 0.541
thinking ~ Experimental 85  7.615 <0.001 0.826 3565 90 0.951 0.975

Note: For paired comparisons, rank-biserial correlation (r_rb) was computed from Wilcoxon signed-rank statistics as
(W+ — W-) / [n(n+1)/2]. CLES is reported as the probability that post-test scores exceed pre-test scores (Post > Pre).
Values greater than 0.5 indicate improvement from pre- to post-test.
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