~

2025 ASEE Annual Conference & Exposition | PES

;iiiit Palais des congrés de Montréal, Montréal, QC - June 22-25, 2025 $5ASEE

Paper ID #47122

Shaping Spatial Minds: How School Type, Physics Achievement, and Student
Motivation Influence Spatial Reasoning

Taiwo Raphael Feyijimi, University of Georgia

Taiwo is a highly skilled Al Engineer, Researcher, and Doctoral Student at the University of Georgia

who completed his MS in Electrical and Computer Engineering in the College of Engineering. He is

currently leveraging Al to tackle simple and longstanding problems in engineering education. With over a

decade of industry experience as a Technology Strategist and Technical Lead, he has established himself

as a forward-thinking innovator in Al and EdTech. His expertise spans Exploratory Data Analysis (EDA),

Machine Learning (ML), Natural Language Processing (NLP), and Prompt Engineering Techniques (PETs)
with Large Language Models (LLMs). Taiwo is known for his ability to collaborate effectively within and

across organizations to meet project goals and drive transformative results. He excels in leading technical

teams, offering strategic IT consultations, and implementing solutions that enhance productivity.

Landon Todd Smith, University of Georgia

©American Society for Engineering Education, 2025



Shaping Spatial Minds: How School Type, Physics Achievement, and Student
Motivation Influence Spatial Reasoning

Taiwo Feyijimi, University of Georgia

Taiwo Feyijimi is a skilled Al Researcher and Doctoral Candidate in Engineering Education
Transformations Institute (EETI) in the College of Engineering at the University of Georgia,
Athens. He holds an associate degree in Electrical and Electronics Technology and Education,
B.Sc. Edu in Physics and Education and MS in Electrical and Computer Engineering. With over a
decade-and-a-half of industry experience within tech and education space as a Founder/Co-
Founder, EdTech Professional and Advisor to companies, public and private organizations, Taiwo
continues to establish himself as a forward-thinking innovator at the nexus of Engineering, Al and
Education. His research interests include competency development and leveraging Al tools,
technologies and methodologies to enhance ethical research and classroom engagement for
advanced problem-solving. Taiwo has developed two pioneering frameworks for integrating Al
into qualitative research, which are currently under review for U.S. copyright protection.

Landon Smith, University of Georgia

Landon Smith is a PhD student in Engineering Education Transformations Institute (EETI) in the
College of Engineering at the University of Georgia, Athens. He graduated from the University of
Georgia with a degree in Electrical Engineering in December 2023, and immediately began his
PhD program in January 2024. His experience as an undergraduate Qualitative Research Assistant
helped prepare him for the rigors of his current studies. Landon aims to investigate research gaps
related to imposter syndrome among engineering students. Outside of academics, he enjoys
various athletic activities, reading, video games, and music.



Abstract

Spatial reasoning is a fundamental cognitive skill increasingly recognized as critical for success
across Science, Technology, Engineering, and Mathematics (STEM) disciplines. It underpins
essential tasks in fields such as engineering, physics, architecture, and computer science, yet it
remains often underdeveloped and underemphasized in traditional educational curricula. This gap
presents significant challenges for students' learning and achievement in STEM pathways.

This study aimed to investigate the interplay of educational environments, physics performance,
and motivational factors (including self-efficacy and attitudes toward physics) in the development
of spatial reasoning skills among secondary school students. The research addressed three core
questions: (1) How do educational environments, indicated by school types, influence spatial
reasoning development? (2) What is the predictive power of physics performance on spatial
reasoning abilities? (3) How do students’ self-efficacy and attitudes toward physics, influenced by
personal and teacher factors, impact their spatial reasoning performance?

This study employed a quantitative approach using penalized regression models (Lasso and Ridge
regression) to identify key predictors of spatial reasoning performance. The sample consisted of
251 senior secondary school physics students from diverse public and private schools in Nigeria.
Data were collected using validated instruments: the Mental Rotation Test (MRT) and Spatial
Orientation Test (SOT) to measure spatial reasoning; a Physics Achievement Test Survey (PATS)
(based on WASSCE papers) to assess physics performance; and the Students' Attitudes Toward
Physics Questionnaire (SATPQ) to measure personal, teacher, and self-efficacy factors related to
physics learning.

The penalized regression analyses revealed several significant predictors of spatial reasoning.
School type emerged as the strongest predictor, with private school students demonstrating
significantly higher spatial reasoning scores than their public school counterparts. Physics
performance also showed a robust positive correlation with spatial abilities, indicating that stronger
physics proficiency is associated with better performance on spatial tasks.

This study confirms the interconnected influence of educational context, domain-specific
knowledge (physics), and individual motivational factors on spatial reasoning abilities. It provides
empirical support for implementing curriculum reforms and pedagogical strategies that explicitly
integrate spatial thinking into physics and engineering instruction, while also considering students'
attitudes and self-efficacy to foster more equitable and effective STEM education. Future research
should evaluate the long-term effectiveness of targeted interventions and explore the potential of
digital technologies for spatial skill development.

Keywords: Spatial Reasoning, Educational Environments, Physics Performance, Self-Efficacy,
and STEM



1. Introduction

Spatial ability, the capacity to visualize, manipulate, and reason about objects in space, is an
essential cognitive skill in engineering and STEM education. These skills underpin critical tasks
such as interpreting blueprints, solving physics problems, and developing innovative solutions to
complex engineering challenges [1]. Despite their importance, spatial abilities remain
underdeveloped in many educational systems, with significant disparities arising from varying
school environments, teaching approaches, and students' intrinsic and extrinsic motivational
factors. While previous research has explored the connections between spatial reasoning and
academic success [2], particularly in STEM fields, there is a pressing need for a more robust,
creative, and effective approach to cultivating spatial skills in students. This study aims to fill this
gap by addressing the interplay of educational environments, physics performance, and
motivational factors in developing spatial reasoning, with a focus on secondary education.
Research on spatial ability has highlighted its malleability and the potential for improvement
through targeted interventions [3]. Meta-analyses have shown that engaging students in spatially
enriched activities, such as 3D modeling, mental rotation tasks, and physics-based visualizations,
significantly enhances their spatial skills [1], [4]. However, these studies often fail to account for
the influence of contextual factors such as school type and teacher-student interactions, which may
mediate the effectiveness of such interventions. For instance, students in resource-rich private
schools with access to advanced laboratory equipment and interactive learning opportunities often
outperform their peers in under-resourced public schools, suggesting that educational
environments play a crucial role in spatial ability development [5]. Yet, a systematic investigation
of these contextual factors in secondary school settings is largely absent from existing literature,
leaving a critical gap in understanding how educational environments shape spatial reasoning.

Physics education has emerged as a promising avenue for enhancing spatial reasoning due to its
inherent reliance on mental visualization and abstract thinking. Studies have established a positive
correlation between physics performance and spatial skills, noting that students who excel in
physics tend to perform better on tasks requiring mental rotation and spatial orientation [6], [7].
Previous research has also shown that spatial skills can be developed through targeted
interventions, particularly in physics courses, where students engage with spatially rich content
such as force diagrams, vectors, and three-dimensional motion [8]. Despite this, the potential of
physics education as a platform for systematically developing spatial abilities remains
underexplored. Existing interventions often lack integration with physics curricula or fail to
address the role of student motivation and self-efficacy, both of which are critical for sustained
engagement and skill acquisition. This oversight represents a significant limitation, as motivation
and self-efficacy are known to mediate students' willingness to engage with challenging spatial
tasks [9], [10].

Furthermore, personal factors such as intrinsic interest and attitudes toward physics, along with
teacher factors such as instructional clarity and classroom dynamics, significantly influence spatial
ability development. Students with high self-efficacy and enjoyment of physics problem-solving



are more likely to invest cognitive resources in spatially demanding tasks, leading to stronger
spatial skills [11], [12]. However, emotional barriers such as stress and perceived difficulty can
diminish these gains, particularly for students from under-resourced schools, where perceived
costs of engagement are higher [13], [14]. Current literature inadequately addresses how these
factors interact to influence spatial reasoning, further underscoring the need for comprehensive,
multifaceted investigations.

1.1 Research Questions

Given these gaps, the present study seeks to advance engineering education research (EER) by
addressing the following research questions (RQs):

1. How do educational environments, as indicated by school type, influence the development
of spatial reasoning skills in students?

2. Towhat extent does performance in physics predict spatial reasoning abilities in secondary
school students?

3. How do students’ self-efficacy and attitudes toward physics, influenced by personal and
teacher factors, impact their spatial reasoning performance?

By critically analyzing the interactions among educational environments, physics performance,
and motivational factors, this study aims to provide actionable insights for enhancing spatial
reasoning in engineering education. The findings will contribute to the development of targeted,
context-sensitive interventions that address the unique challenges faced by diverse student
populations, thereby advancing the field of EER. This investigation represents a novel contribution
by integrating contextual, cognitive, and motivational dimensions to address the persistent gaps in
spatial ability development, setting the stage for a transformative approach to STEM education.

2. Literature Review: Advancing Spatial Ability Development in Engineering Education

Spatial reasoning is a critical cognitive skill that underpins success in engineering and other STEM
fields. Despite extensive research on its significance, gaps remain in understanding how
educational environments, physics performance, and self-efficacy influence its development. This
review critically synthesizes existing literature, presenting evidence to substantiate the RQs and
identifying novel contributions for advancing spatial ability in EER.

2. 1 Influence of Educational Environments on Spatial Reasoning Skills

The impact of educational environments on spatial reasoning skills is a pivotal area in STEM
education research. Spatial reasoning is not merely an innate ability but is malleable and influenced
by the quality and resources of the learning environment. Numerous studies have demonstrated
that resource-rich private schools consistently outperform under-resourced public schools in
fostering spatial ability, largely due to the availability of advanced educational tools, such as 3D
modeling software, CAD tools, and laboratory resources that support hands-on and visually
enriched learning experiences [5], [1]. These tools not only provide students with direct exposure
to spatial tasks but also enhance their ability to visualize and manipulate spatial information, a



critical skill for success in STEM fields. Beyond technological resources, the quality of teacher-
student interactions plays a fundamental role in shaping spatial abilities. Positive interactions,
including individualized support, feedback, and encouragement, foster a sense of safety and
engagement in the learning process, which is essential for tackling complex spatial reasoning tasks.
Research indicates that effective classroom management and discipline contribute to creating a
structured environment where students feel motivated to participate and explore spatially
demanding activities [15], [16]. These factors reduce emotional barriers, such as anxiety and fear
of failure, which are known to hinder cognitive performance and engagement in spatial tasks.
However, the broader implications of school type on spatial reasoning development remain
insufficiently explored. While private schools are often associated with superior spatial outcomes
due to their resource-rich environments, the mechanisms driving these differences remain under-
researched. For instance, contextual factors such as teacher training, curricular emphasis on spatial
reasoning, and socioeconomic factors influencing school resources and student experiences are
often overlooked in existing studies. Furthermore, public schools, particularly those in under-
resourced settings, face unique challenges, including limited access to spatially enriching tools,
larger class sizes, and reduced teacher-student interaction opportunities [16], [6]. Emerging
research suggests that the integration of spatial reasoning tasks into regular classroom activities,
irrespective of school type, can mitigate some of these disparities. For example, implementing
collaborative problem-solving exercises, leveraging low-cost visual aids, and emphasizing spatial
reasoning within the context of physics and mathematics curricula can create opportunities for all
students to develop these critical skills [1], [4]. Additionally, systemic interventions that focus on
professional development for teachers in public schools can enhance their ability to incorporate
spatial reasoning tasks into their teaching practices effectively.

This study seeks to address the gaps by examining school type as a determinant of spatial reasoning
development, specifically focusing on the contextual disparities between resource-rich and under-
resourced environments. By investigating the mechanisms through which educational
environments influence spatial abilities, this research aims to advance understanding of how to
create equitable opportunities for spatial reasoning development across diverse educational
settings. Such insights have broad implications for STEM education outcomes, particularly in
engineering, where spatial skills are indispensable.

2.2 The Role of Physics Performance in Predicting Spatial Reasoning Abilities

The relationship between physics performance and spatial reasoning has garnered substantial
attention in STEM education research. Physics inherently demands advanced cognitive processes
such as visualizing forces, manipulating vectors, and predicting motion trajectories, which closely
align with spatial reasoning skills [6]. These shared cognitive demands create a natural synergy,
positioning physics as a key predictor of spatial ability. Numerous studies corroborate this linkage,
demonstrating that students with higher physics scores perform better on spatial tasks, including
the Spatial Orientation Test (SOT) and Mental Rotation Test (MRT) [7], [17]. The predictive
power of physics performance in spatial reasoning lies in the deep cognitive overlaps between



these domains. Tasks such as analyzing free-body diagrams, interpreting vector fields, and
mentally manipulating objects require the ability to visualize spatial relationships and
transformations. This connection is particularly evident in studies exploring the role of kinematics
and dynamics problem-solving, where spatial visualization skills directly enhance accuracy and
efficiency [6], [18]. Furthermore, physics education emphasizes abstract reasoning and conceptual
clarity, which further contribute to the development of spatial abilities [4]. Despite these
established connections, the causal mechanisms underlying the relationship between physics
performance and spatial reasoning remains underexplored. While correlations are evident, limited
research delves into how specific aspects of physics instruction, such as the integration of spatially
enriched tasks, influence the development of spatial skills. Emerging evidence suggests that
incorporating spatial reasoning tasks into physics curricula, such as interactive simulations and 3D
modeling exercises, could amplify this relationship [1], [19]. However, these interventions are
neither widespread nor systematically evaluated, leaving significant gaps in understanding their
efficacy. Additionally, the extent to which self-efficacy and attitudes toward physics mediate this
relationship warrants further investigation. Students who exhibit higher confidence and enjoyment
in physics are more likely to engage with complex spatial tasks, fostering skill development [10],
[9]. Incorporating pedagogical strategies that enhance motivation and reduce perceived barriers
could therefore serve as a critical lever for spatial ability development in engineering education
[17], [11].

This study addresses these gaps by quantifying the predictive value of physics performance on
spatial reasoning and proposing curriculum enhancements that explicitly integrate spatial
reasoning tasks into physics education. By aligning instructional practices with cognitive demands,
this research seeks to advance engineering education by fostering spatial abilities critical for
success in STEM disciplines.

2.3 Impact of Self-Efficacy and Attitudes Toward Physics on Spatial Reasoning

Self-efficacy and attitudes toward physics play crucial roles in the development of spatial
reasoning, influencing both engagement and performance in spatially challenging tasks. Bandura's
[9] self-efficacy theory posits that confidence and persistence are key drivers of success, as
students who believe in their abilities are more likely to tackle complex problems with resilience.
This is particularly relevant in spatial reasoning, where tasks such as mental rotation and object
manipulation require sustained cognitive effort. Students with strong work ethics and enjoyment
of physics problem-solving outperform their peers, as intrinsic motivation enhances cognitive
resource allocation and perseverance [10], [11]. Intrinsic motivation, fostered by positive attitudes
toward physics, directly supports the development of spatial abilities. Enjoyment in solving
physics problems reflects an alignment of interest and capability, which facilitates deeper
engagement with abstract and spatially demanding concepts. Research has demonstrated that
students who find physics rewarding are more likely to invest effort in understanding spatial
relationships, leading to superior performance in tests like the Spatial Orientation Test (SOT) and
Mental Rotation Test (MRT) [17], [4]. Teacher behaviors significantly influence self-efficacy and



spatial reasoning outcomes. Supportive teaching methods, including encouragement,
individualized feedback, and clarity in instruction, build student confidence and foster a conducive
learning environment for spatial skill development. Studies highlight that effective teacher-student
interactions reduce emotional barriers, such as anxiety and fear of failure, which can impede
engagement in spatial tasks [20], [16]. Conversely, negative interactions, such as expressing
doubts about students' abilities, exacerbate emotional costs, deterring students from actively
participating in spatially demanding tasks [12].

Despite these well-established relationships, current research often overlooks the integration of
self-efficacy and attitudes into spatial reasoning interventions. This oversight represents a missed
opportunity to design targeted educational strategies that harness these motivational and attitudinal
factors. Interventions that prioritize building self-efficacy, fostering enjoyment in physics, and
leveraging teacher support could significantly enhance spatial reasoning skills, particularly in
under-resourced educational contexts where emotional and motivational barriers are more
pronounced.

This study contributes to the field by examining how personal and teacher factors collectively
shape spatial reasoning performance. By integrating self-efficacy and attitudes into spatial
reasoning interventions, it offers actionable insights for EER. These insights are vital for designing
pedagogical strategies that not only improve spatial skills but also address broader challenges in
STEM education by promoting engagement, confidence, and motivation.

2.3.1 Synthesis and Novel Contributions

While previous studies emphasize the importance of educational environments, physics
performance, and self-efficacy in spatial reasoning, they often treat these factors in isolation. This
study bridges these gaps by investigating their combined effects through the lens of the RQs:

e Educational Environments: By explicitly analyzing school type, this study elucidates the
contextual disparities in spatial reasoning development, offering targeted strategies to
replicate resource-rich environments in under-resourced schools.

e Physics Performance: By quantifying the predictive power of physics scores and
integrating spatial tasks into curricula, this study proposes innovative interventions to
enhance spatial reasoning through physics education.

o Self-Efficacy and Attitudes: By linking self-efficacy, personal attitudes, and teacher
behaviors to spatial reasoning, this research identifies actionable strategies for fostering
resilience and motivation in diverse educational contexts.

This review highlights critical gaps in the literature, substantiating the need for a more robust,
creative, and integrated approach to spatial ability development in engineering education. By
addressing these gaps through the RQs, this study opens a new avenue for advancing EER, paving
the way for transformative educational practices that equip students with the spatial skills essential
for STEM success.



2.4 Penalized Regression Models: Overview and Applications

Penalized regression models are statistical techniques that introduce regularization terms into the
objective function of regression models to reduce model complexity and mitigate overfitting [21],
[22]. These methods are particularly effective for analyzing high-dimensional educational datasets
where predictors frequently exhibit multicollinearity [23], [24]. Among the most prominent
penalized regression models are Ridge regression, the Least Absolute Shrinkage and Selection
Operator (LASSO), and Elastic Net. Ridge regression, which employs an L2-norm penalty, shrinks
coefficients toward zero, thereby stabilizing parameter estimates and reducing multicollinearity.
This approach ensures robust predictions even in the presence of highly correlated predictors,
making it valuable for modeling complex relationships in educational data [23], [21]. In contrast,
LASSO, which applies an L1-norm penalty, performs both regularization and variable selection
by driving the coefficients of irrelevant predictors to exactly zero. This dual functionality makes
LASSO particularly suitable for sparse educational datasets where identifying the most critical
predictors, such as factors influencing student performance or engagement, is essential [25], [22].
Elastic Net, a hybrid method that combines L1 and L2 penalties, is especially advantageous for
datasets with highly correlated predictors. By balancing coefficient shrinkage and variable
selection, Elastic Net produces more stable and interpretable models. This approach is particularly
relevant for studying multifactorial educational outcomes, such as spatial reasoning skills or STEM
achievement, where correlated predictors are common [24], [26].

Applications of these methods in education have been diverse. For example, penalized regression
models have been utilized to identify predictors of STEM success, evaluate the impact of student
attitudes on learning behaviors, and understand the factors contributing to the development of
cognitive skills like spatial reasoning [26], [17]. These applications underscore the utility of
penalized regression in advancing educational research by providing robust, interpretable insights
into high-dimensional data.

3. Theoretical Framework

This study uses Expectancy-Value Theory (EVT) to establish a framework to investigate the
spatial reasoning performance of senior secondary school (K-12) STEM learners. Together, these
theories provide insights into how cognitive, motivational, emotional, and selection processes
influence spatial reasoning performance and persistence. This framework serves as a foundation
for addressing educational inequities and informing generative Al interventions.

3.1 Expectancy-Value Theory (EVT)

EVT provides a powerful lens to explore how students' confidence in their capabilities (expectancy
for success) and the value they assign to tasks (subjective task value) influence academic
performance and engagement [27], [28]. The theory posits that students' beliefs about achieving
success and their perceptions of the importance, interest, utility, and costs of tasks significantly
shape behavior and motivation. This study underscores the importance of spatial reasoning skills,
such as mental rotation and spatial visualization, as critical predictors of success in physics and



other STEM disciplines. By leveraging EVT, the study offers valuable insights into how students'
perceptions and beliefs influence their academic engagement and spatial reasoning development.

3.1.1 Expectancy for Success in Spatial Reasoning

The expectancy component of EVT pertains to students' confidence in completing tasks
successfully. In spatial reasoning, this translates to their belief in their ability to perform complex
visualization tasks, such as mental rotation, interpreting force diagrams, visualizing three-
dimensional motion, or mentally rotating objects. High expectancy for success enhances
persistence, enabling students to tackle spatially complex problems in STEM curricula [29], [30].
For instance, a student confident in their ability to mentally rotate objects is more likely to persist
in mastering advanced geometry or CAD design, even when facing initial challenges.

3.1.2 Subjective Task Value in STEM Contexts

Subjective task value refers to the perceived relevance and utility of a task. For spatial reasoning,
students' recognition of its importance in future careers - such as engineering design, architectural
modeling, or data visualization - directly impacts their motivation and engagement. Students who
perceive spatial skills as essential are more likely to invest effort and persist in mastering
challenging tasks. By incorporating EVT constructs into the conceptual framework for spatial
reasoning performance and persistence, this study emphasizes designing interventions that
highlight the utility of spatial reasoning, inspiring students to prioritize its development [27], [31].
These constructs align with challenges in spatial ability assessment, where confidence, motivation,
and contextual relevance play critical roles. EVT's detailed subcategories attainment value,
intrinsic value, utility value, and cost provide a nuanced foundation for enhancing spatial ability
measurement tools.

Table EVT. Summary of components associated with EVT

EVT

Themes Sub-Themes Definition
Components

Expectancy for success refers to individuals'
Self-Efficacy beliefs about how well they will perform on
an upcoming task or activity [27].

Expectancy | Belief in
for Success Competence

Subjective task value represents how much a

I Importance Attalnment_ . |task or subject is valued by the student,
Subjective Value, Intrinsic | . . . ; )
and ... lincluding its importance (attainment),
Task Value — Value, Utility . L - .
Motivation enjoyment (intrinsic), utility, and associated
Value, Cost
costs [27].
Attainment value refers to the personal
Attainment Importance | importance of doing well in a task or activity,
Value of Success such as performing well in a technical subject

like engineering mathematics [27].




Intrinsic value is the enjoyment or satisfaction
Intrinsic Enjoyment derived from engaging in an activity or
Value and Interest subject for its own sake, rather than for
external rewards or utility [27].

Utility value refers to how a task or subject

Relevance contributes to future goals, such as the
Utility Value |and - usefulness of engineering courses in
Usefulness achieving career objectives like becoming a

professional engineer [27].

Cost is the perceived negative aspects of
engaging in a task, including time investment,
effort, stress, and potential missed
opportunities elsewhere [27].

Opportunity
Cost Loss and | -
Effort

4. Methodology
4.1 Participants and Data Collection

This research engaged 251 senior secondary school (K-12) physics students from Nigeria’s Ife
East and Ife North Local Government Areas, encompassing a variety of educational settings across
public and private institutions. The sample included 175 students from public schools and 76 from
private schools, with a gender distribution of 122 females, 119 males, and 10 participants whose
gender was unspecified. The average participant age was 16 years. While this geographically
localized sample provides valuable insights, future research should expand to include more diverse
regions and cultural contexts to improve the generalizability of findings. Socio-economic status, a
potentially significant factor influencing spatial reasoning, was not examined in this study. Future
investigations should incorporate socio-economic variables into a more comprehensive theoretical
framework beyond EVT, offering a deeper exploration of how intersecting factors contribute to
spatial reasoning development. This approach would provide a richer, context-sensitive
understanding of the dynamics influencing educational outcomes across varied demographics.

4.2 Assessment Instruments and Methodological Considerations

The study employed a suite of validated instruments to evaluate physics performance, attitudes
toward physics, and spatial reasoning. The Physics Achievement Test Survey (PATS), derived
from past West African Senior School Certificate Examinations (WASSCE), assessed conceptual
understanding and application of physics, though future studies will incorporate varied spatial
reasoning measures alongside physics tasks for a more robust analysis of spatial ability. The
Students’ Attitudes Toward Physics Questionnaire (SATPQ) with a few of the questions presented
in Table SATPQ measured personal, teacher, and self-efficacy factors, addressing self-report
limitations with reverse-coded items to detect response bias. The Mental Rotation Test (MRT)
(Figure 1) and Spatial Orientation Test (SOT) (Figure 2) evaluated spatial reasoning but may not
fully capture the spectrum of spatial skills necessary for STEM fields, prompting recommendations



to include domain-specific spatial tasks in future research. Instrument reliability was enhanced
through iterative validation, though pilot testing sample sizes were limited, suggesting further
reliability checks are warranted. Data collection employed a stratified sampling approach,
encompassing public and private schools in the lle-Ife East and North regions; however, the
sample’s limited geographical scope highlights the need for broader, more diverse samples in
future studies to improve generalizability.
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Figure 1 (Left). Sample MRT. Figure 2 (Right). Sample SOT. These screenshots display the initial
pages of the two distinct tests administered to assess learners’ spatial reasoning performance.

Table SATPQ. Students’ Attitude Toward Physics Questionnaire (Abridged)

S/N ITEM 112|3

PERSONAL FACTOR (PF)
0 | attend Physics classes regularly (Sample)
PF1 | I am generally interested in learning about physics
PF2 | I have fun whenever I learn physics topics
PE3 | I learn things quickly in most physics topics
PF4 | I am interested in the things I learn in physics
PF5 | I understand everything taught in physics lesson
PF6 | The mathematics in physics often makes the subject difficult
PF7 | I only hate the calculation aspect of physics
PF8 | I prefer other subjects more than physics




PF9 | I do not see the importance of physics in everyday life

PF10 | I am happy doing physics problems

Likert Scale: 1 — Never true 2 — Sometimes true 3 — Always true

SECTION ONE: Physics Achievement Test Survey (PATS) Questions

Dear Students,

This is an undergraduate research work aimed at determining the “Influence of Spatial Ability on Physics Students’ Learning
Outcome in Senior Secondary Schools in Osun state.” Therefore, your undivided attention is crucially needed for the next 25
minutes in answering the physics questions. Please, avoid guessing and give it your best. This will provide honest answers from
you that reflects your best possible performance in this test so that this research can be as genuine as it can be.

Type of School: Private ( ) Public ( ) Gender/Sex: Male () Female () Class: SSS1( ) SSS2( ) SSS3( )

INSTRUCTION: Attempt All Questions
Objective Questions Only

1. The slope of a straight line displacement-time graph indicates the  (a) Distance traveled  (b) Uniform Velocity
(c) Uniform acceleration  (d) Acceleration at an instant  (e) Uniform speed

2. Which of the following are contact forcer I Force of tension II Force of friction IIT Magnetic force IV Force of
reaction. (a) [, Il and Il only (b) Il andIVonly (c)I,IIIandIV (d)II,IlIand IV only (e)Iand IV only

3. A ball is thrown vertically upward from the ground with an initial velocity of 50ms™. What is the total time spent
by the ball in the air?  (a) 2.5s  (b) 5.0s (c) 10.0s (d) 15.0s (e) 20.0s

4. A boy pulls a nail from the wall with a string tied to the wall. The string is inclined at an angle of 60° to the wall. If
the tension in the string is 4N, what is the effective force used in pulling the nail? (a) 2N (b) 23N (4N (d)
43N (e) 8N

5. A piece of cork which is floating on water is acted upon by the force of:  (a) weight and viscosity  (b) weight
and upthrust  (c) upthrust and viscosity ~ (d) weight only  (e) upthrust only

6. Which of the following is a derived unit? (a) Metre  (b) Second (c) Kilograme (d) Coulomb (e) Ampere

7. A fixed mass of gas of volume 600 cm’ at a temperature of 27°C is cooled at constant pressute to a temperatuze of
0°C. What is the change in volume? (a) 54 cm® (b) 273 em’  (c) 300 cm®  (d) 546 cm®  (e) 600 cm’

8. Which of the following instruments is suitable for making the most accurate measurement of the internal diameter
of atesttube? (a) Metre rule  (b) A micrometer screw gauge  (c) A pair of calipers  (d) A tape (e) A set of
squares

9. A body accelerates uniformly from rest at the rate of 3ms™ for 8 seconds. Calculate the distance covered by the
body during the acceleration. (a) 12m (b) 2dm (c) 48m (d) 72 (e) 96m

10. A body of mass 5kg falls from a height of 10m above the ground? What is the kinetic energy of the body just before
it strikes the ground? (Neglect energy losses and take g = 10ms™). (a) 5] (b)25] (c) 250] (d) 500] (e) 625]

Figure 3. The screenshot displays the instruction section and the first 10 out of the total 20
objective test questions administered to assess learners’ physics performance.

4.3 Data Analysis

LASSO and Ridge regression models were applied to identify the predictors of spatial reasoning.
The primary dependent variables were the SOT and MRT scores, while the independent variables
included school type, physics performance, and personal factors (PF), teacher factors (TF), and
self-efficacy factors (SEF) from the SATPQ. The predictive models were used to examine the
relative contribution of each predictor to spatial reasoning performance due to their ability to
handle multicollinearity and for their capacity to select important predictors from a large set of
variables.



4.4 Model Interpretation

The coefficients from the LASSO and Ridge models were analyzed to determine the most
influential predictors of spatial reasoning. Features with higher coefficients were interpreted as
having a stronger relationship with the target variables, while those with lower or negative
coefficients were seen as less influential.

5. Results
5.1 Analysis of Coefficients and Features in Predictive Models

The analysis of coefficients from the Lasso and Ridge models reveals critical insights into factors
influencing students' spatial orientation and mental rotation abilities as measured by the Spatial
Orientation Test (SOT) and Mental Rotation Test (MRT). Key coefficients — quantitative measures
of the influence of each predictor — highlight the significant roles of school type, physics
performance, and individual engagement. School type (SCHLTYPE, Coefficient = 0.318917) is
the most influential predictor across both models. The positive coefficient suggests that students
from certain school types, likely those with better teaching methods and resources, achieve higher
spatial orientation and mental rotation scores. This aligns with factors such as teacher-student
interaction (TF1) and clear explanations of complex concepts (TF5) in educational settings.
Physics performance (PHYSICS SCORE, Coefficient = 0.186734) also significantly correlates
with spatial abilities in both tests. The coefficient highlights that students excelling in physics, a
subject requiring spatial reasoning and mental manipulation, perform better on these spatial tasks.
This relationship may be strengthened by interest and confidence in physics (PF3, SEF10).
Personal factors such as understanding physics concepts (PF5, Coefficient = 0.137586) and
enjoying physics problem-solving (PF10, Coefficient = 0.136615) exhibit robust positive effects.
The coefficients show that students who comprehend and enjoy physics are better at spatial
orientation and mental rotation, likely due to improved cognitive visualization and engagement.
Self-efficacy factors, notably effort in studying physics (SEF8, Coefficient = 0.173915),
underscore the role of persistence. A higher coefficient for SEF8 indicates that students who work
diligently on physics topics exhibit enhanced spatial skills, demonstrating the importance of hard
work in developing cognitive abilities. These coefficients collectively emphasize that school type
(SCHLTYPE, 0.318917), physics scores (PHYSICS SCORE, 0.186734), and cognitive
engagement in physics (PF5, 0.137586; PF10, 0.136615) are pivotal in predicting spatial
performance. This quantitative insight enables targeted educational strategies to foster spatial
reasoning by improving school environments, nurturing interest in physics, and promoting self-
efficacy.



6. Discussion

This section provides a detailed examination of the predictors influencing spatial reasoning skills,
focusing on insights derived from Lasso and Ridge regression models.

6.1 The Impact of Educational Environment on Spatial Reasoning

The role of educational environments in developing spatial reasoning is critical to advancing
engineering education research (EER). The analysis of spatial reasoning performance, as measured
by the Spatial Orientation Test (SOT) and Mental Rotation Test (MRT), reveals that school type
is the strongest predictor. Students attending private schools consistently outperformed their
counterparts in public schools, suggesting that educational environments with superior resources
and interactive learning opportunities better support the development of spatial skills. These
findings resonate with prior research indicating that problem-solving and hands-on learning
environments foster stronger spatial abilities [5]. Private schools' significant positive impact, as
captured by the coefficient for school type (SCHLTYPE), reflects their ability to provide enriched
educational experiences. These schools often feature better teacher-student interactions and clearer,
more engaging instructional methods, as supported by data from the Students' Attitudes Toward
Physics Questionnaire (SATPQ). Specifically, teacher interaction (TFI) and the ability to deliver
complex explanations effectively (TF5) emerge as pivotal factors in enhancing spatial reasoning.
Such insights are consistent with findings that exposure to spatially enriched environments,
including access to tools like 3D modeling software and laboratory equipment, can significantly
enhance spatial cognitive abilities [1]. The implications for EER are profound. The evidence
underscores the importance of replicating resource-rich, interactive environments found in private
schools within under-resourced public schools. Interventions aimed at incorporating problem-
based learning, hands-on activities, and access to advanced technological tools could democratize
the benefits of enriched educational contexts, addressing inequities in cognitive development
opportunities. Furthermore, these findings align with broader educational theories emphasizing the
interplay between resources, instructional quality, and cognitive development. The data-driven
insights affirm that well-supported school environments not only improve spatial reasoning but
also foster essential skills relevant for engineering disciplines, such as visualization and mental
manipulation of objects. By focusing on these transformative educational factors, EER can chart a
path toward innovative and equitable pedagogical strategies. In conclusion, the analysis highlights
school type as a critical determinant of spatial reasoning ability, reflecting the transformative
impact of resource-rich, interactive educational environments. These findings present a compelling
case for systemic interventions in education to ensure all students have access to high-quality,
spatially enriching learning experiences, thereby advancing cognitive skill development and
contributing to the broader goals of engineering education.

6.2 Role of Physics Performance in Predicting Spatial Abilities

Physics performance has been identified as a pivotal predictor of spatial reasoning abilities, as
measured by the Spatial Orientation Test (SOT) and Mental Rotation Test (MRT). Students with



higher physics scores consistently demonstrated superior spatial reasoning skills, underscoring the
inherent overlap between physics and spatial cognition. This finding aligns with prior research
indicating that strong spatial abilities are crucial for solving kinematics problems and visualizing
motion in space [6]. The positive correlation between physics performance and spatial reasoning
highlights the potential of leveraging physics education to enhance cognitive flexibility required
for tasks such as mental rotation and spatial orientation. Physics inherently involves mental
visualization of abstract concepts such as forces, vectors, and motion, making it an ideal domain
for cultivating spatial reasoning. For instance, integrating spatial reasoning exercises into physics
curricula such as visualizing forces, manipulating vectors, and solving problems involving three-
dimensional motion can strengthen this critical cognitive skill [6]. Insights from the Students'
Attitudes Toward Physics Questionnaire (SATPQ) further reveal the nuanced role of students'
attitudes toward physics in shaping spatial reasoning abilities. Factors such as enjoyment of
physics topics (PF3), interest in physics (PF1), and confidence in solving physics problems
(SEF10) emerged as important contributors to performance. These findings suggest that fostering
a positive and engaging learning environment in physics not only boosts academic performance
but also facilitates the development of spatial skills critical for engineering and computational
disciplines. In conclusion, the strong linkage between physics performance and spatial reasoning
presents a compelling case for incorporating targeted spatial training into physics education. By
doing so, educators can create a dual benefit of improving physics comprehension while enhancing
the spatial skills necessary for success in STEM fields. This intersection between physics
education and spatial reasoning offers a promising avenue for advancing engineering education
research and addressing the cognitive demands of future engineers.

6.3 EVT Constructs and Spatial Ability Development
6.3.1 The Influence of Self-Efficacy and Attitudes Toward Physics

Self-efficacy and positive attitudes toward physics are central to the development of spatial
reasoning skills, as evidenced by their substantial contributions to Spatial Orientation Test (SOT)
and Mental Rotation Test (MRT) performance. Intrinsic motivation and persistence, captured by
SEF8 (students' work ethic in studying physics), emerge as critical predictors of spatial reasoning
ability. Students who exhibited strong effort "working as hard as possible” - consistently
outperformed their peers, underscoring the vital role of persistence in mastering spatially
challenging tasks. This aligns with Bandura's [9] self-efficacy theory, which posits that individuals
with confidence in their abilities are more likely to engage in demanding tasks requiring resilience
and sustained effort. The enjoyment of physics problem-solving, encapsulated in PF10, further
highlights the impact of positive attitudes on spatial reasoning. Students who expressed enjoyment
in solving physics problems demonstrated superior spatial reasoning performance, reflecting their
comfort with abstract thinking and mental manipulation. Prior studies affirm that intrinsic
motivation enhances engagement with spatially demanding tasks, fostering stronger spatial
abilities [11]. Similarly, conceptual clarity in physics, represented by PF5 (understanding all
material taught in physics lessons), proved to be another crucial determinant of spatial reasoning.



Students with a comprehensive grasp of physics principles performed significantly better in spatial
assessments, emphasizing the interdependence of physics comprehension and spatial reasoning.
This relationship underscores the importance of integrating physics-based learning frameworks to
support the development of spatial skills in engineering education. Self-efficacy factors (SEF)
further encompass students' confidence, emotional responses, and persistence, all of which are
instrumental in shaping spatial ability. EVT provides a comprehensive framework to understand
how expectancy and task value beliefs interact with self-efficacy to influence engagement and
achievement. Negative emotional responses, including stress, nervousness, and helplessness
(SEF1-SEF4), act as significant barriers by amplifying the perceived cost of spatial reasoning tasks.
These barriers disproportionately affect students from under-resourced environments, highlighting
the need for interventions aimed at reducing stress and building resilience [12], [14]. Perceived
difficulty (SEF5-SEF7) further compounds these challenges, with low expectancy beliefs
intensifying disengagement. Conversely, students with high self-efficacy exhibit greater
persistence and effort (SEF8-SEF10), demonstrating the importance of goal-driven resilience in
overcoming spatial reasoning difficulties [9].

6.3.2 The Role of Personal Factors in Spatial Ability Development

Personal Factors (PF), encompassing intrinsic motivations, attitudes, and perceptions, play a
pivotal role in shaping student engagement and performance in spatial reasoning tasks, a critical
area for STEM education and engineering education research (EER). The EVT provides a robust
framework for understanding how expectancy for success and subjective task value drive spatial
reasoning, offering actionable insights into leveraging these factors to enhance STEM learning
outcomes. Students' interest and enjoyment in learning physics (PF1-PF4) align with the EVT
construct of intrinsic value, reflecting the innate curiosity that sustains engagement with spatially
demanding tasks. Research demonstrates that fostering intrinsic interest significantly enhances
spatial reasoning skills, as students willingly invest cognitive resources in challenging tasks when
driven by genuine curiosity and enjoyment [10], [17]. This relationship underscores the importance
of designing physics curricula and activities that stimulate and sustain intrinsic motivation.
Additionally, understanding physics concepts (PF5) corresponds to expectancy beliefs, a
cornerstone of EVT, which predicts confidence and subsequent performance in spatial tasks.
Students with high confidence in their understanding of physics principles exhibit greater
proficiency in spatial reasoning, as they approach tasks with optimism and a readiness to engage
[32]. However, perceived barriers, such as the mathematical complexities inherent in physics (PF6-
PF7), introduce significant challenges. Students experiencing high perceived costs often disengage
unless offset by strong intrinsic interest or utility value [13], [29]. Moreover, preferences for other
subjects (PF8- PF9) demonstrate the influence of low attainment value and perceived costs in
detracting from spatial ability development. Emphasizing the career relevance of physics and
STEM disciplines (PF13-PF15) is essential in addressing this issue. Recognizing the utility value
of spatial reasoning in STEM careers can bolster students' motivation and expectancy for success,
further integrating spatial skills into their academic and professional goals [33]. In conclusion,
personal factors, when aligned with the constructs of EVT, offer a comprehensive lens for



advancing EER. Strategies that enhance intrinsic interest, bolster expectancy beliefs, and
emphasize the utility value of spatial reasoning hold the potential to significantly improve spatial
skills development. These findings underscore the need for targeted interventions to address
perceived barriers, foster engagement, and connect physics and STEM education to broader career
goals, thereby equipping students with the cognitive tools required for success in engineering
disciplines.

6.3.3 Teacher Factors as Determinants of Spatial Ability

Teacher Factors (TF) play a critical role in shaping the contextual determinants of students' spatial
reasoning abilities, offering valuable insights for advancing EER. The EVT provides a robust
framework to explore how teacher behaviors, instructional methods, and attitudes influence
student engagement, self-efficacy, and motivation. Positive teacher-student interactions, including
supportive communication and effective classroom discipline (TF1-TF2), are essential for
fostering an environment conducive to spatial reasoning. These factors enhance students'
expectancy for success by reducing the emotional cost associated with engagement in challenging
spatial tasks. Research demonstrates that constructive teacher behaviors build confidence and
motivation, encouraging students to persist in cognitively demanding activities [15]. Conversely,
negative teacher behaviors, such as abusive language (TF3) or expressing doubts about student
capabilities (TF4), significantly undermine self-efficacy. These behaviors increase the emotional
cost of participation, resulting in disengagement from spatial tasks. Such detrimental effects
underscore the importance of cultivating positive social influences in the classroom to support the
development of spatial reasoning skills [20]. Instructional clarity (TF5) emerges as a cornerstone
of effective teaching, particularly in advancing spatial ability. Clear, relatable, and structured
explanations enhance students' understanding of complex spatial concepts, thereby improving their
attainment and utility value for these skills. This clarity fosters higher engagement and confidence,
making abstract concepts more accessible and attainable. Hattie [16] emphasizes that instructional
clarity is among the most impactful teaching strategies for improving student outcomes,
highlighting its critical role in engineering education. In conclusion, teacher factors significantly
influence students' spatial reasoning through their impact on classroom dynamics, emotional costs,
and instructional effectiveness. By prioritizing supportive teacher behaviors, minimizing negative
interactions, and ensuring instructional clarity, educators can create learning environments that
enhance spatial skills. These insights provide a roadmap for integrating teacher-focused strategies
into EER, ultimately contributing to more effective and equitable STEM education.

7. Implications for Engineering and STEM Education
7.1 Enhancing Curriculum Design

The findings of this study underscore the critical need to integrate spatial reasoning tasks into
engineering and STEM curricula. Incorporating activities such as mental rotation exercises, 3D
modeling projects, and visualization-based problem-solving into physics courses can foster the
cognitive skills essential for success in these disciplines. Providing access to spatially enriched



environments, such as laboratories equipped with 3D printers, CAD software, or virtual reality
simulations, further amplifies the potential for spatial skills development. These interventions are
particularly impactful when combined with clear and engaging instructional methods, as they
foster self-efficacy and intrinsic motivation among students.

7.2 Early and Sustained Interventions

The strong relationship between physics performance and spatial reasoning highlights the
importance of initiating targeted interventions early in students’ academic trajectories. Spatial
reasoning tasks should be introduced in secondary school physics curricula to equip students with
foundational cognitive skills for engineering and STEM pathways. Such early interventions are
especially crucial for students in under-resourced schools, where disparities in access to spatially
enriched environments and advanced educational tools may impede skill development. Strategies
that integrate career relevance and intrinsic value into physics education can further enhance
engagement and motivation, creating a pathway for sustained cognitive growth.

8. Conclusion and Future Research Directions

This study demonstrates that educational environments, physics performance, and self-efficacy
collectively shape spatial reasoning abilities. The findings suggest that targeted improvements in
physics education could enhance spatial reasoning, yielding broader benefits for STEM and
engineering education. Future research should examine the long-term impact of spatial reasoning
interventions and explore innovative teaching strategies tailored to diverse educational contexts.
Additionally, investigating the role of digital technologies, such as virtual and augmented reality,
in fostering spatial skills offers a promising avenue for advancing engineering education research
and practice.
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