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Abstract

Immersive Virtual Reality (IVR) provides unique potential for facilitating STEM learning through realistic and interactive
visualization of complex concepts. However, its effectiveness may be impacted by individual differences in visuospatial
imagery (VSI), referring to learners’ tendency or ability to visualize and mentally manipulate spatial information. Visual
fidelity in IVR can serve as either a scaffold for mental imagery or a source of additional cognitive load, and its interaction
with VSI remains unclear. To address this gap, we examined the effects of learning material fidelity (high vs. low) and self-
perceived VSI (high vs. low) on learning fungal biology in IVR. This study adopted a 2 x2 between-group design involv-
ing 120 college students (61 females, 59 males), and measured learning performance, cognitive load, motivation, learning
experience, and emotions. Results revealed that VSI significantly moderated the effects of fidelity in IVR. Learners with
low VSI benefited from high-fidelity learning materials, which compensated for their spatial processing limitations and
improved retention, perceived ease of use, and positive emotions. In contrast, learners with high VSI performed similarly
under both high- and low-fidelity conditions; however, they reported lower extraneous cognitive load, reduced fear of
failure and negative emotions, and higher perceived usefulness, perceived ease of use, and satisfaction when using low-
fidelity materials. These results extend the abilities-as-compensator hypothesis to IVR and self-reported VSI contexts and
highlight the importance of adapting visual fidelity to learners’ VSI when designing visualizations for STEM education.

Keywords Immersive virtual reality (IVR) - STEM - Fidelity - Visuospatial imagery (VSI) - Cognitive load - Learning
experience

1 Introduction 2023). Immersive Virtual Reality (IVR) technology, using
head-mounted displays, headphones, and controllers, pro-
vides learners with a multisensory experience in a realistic
digital space (Hartmann et al. 2023; Majewska and Vereen

2023). Research shows that IVR enhances engagement and

Mastering STEM content typically requires students to
process abstract and complex concepts that are often dif-
ficult to grasp through conventional media (Chng et al.
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learning across diverse contexts. Studies have demonstrated
its benefits for inquiry-based science learning (Yang et al.
2023), STEAM design and creativity (Izadinia 2023), and
practical skills acquisition in science and engineering (Yang
et al. 2024). Learners in immersive 360° or head-mounted
display environments also show better conceptual under-
standing, attention, and emotional engagement than those
using less immersive media (Rupp et al. 2019; Shadiev and
Li 2023).

A key feature of IVR is its realistic visual representa-
tions, which have become an important design factor in edu-
cational IVR (Birbara and Pather 2021). However, the role
of fidelity in learning remains debated: some studies suggest
that highly realistic details increase cognitive load and hin-
der learning (e.g., Birbara and Pather 2021; Menendez et al.
2020), while recent findings indicate that high fidelity can
facilitate effective mental model construction (e.g., Zhou et
al. 2024). Although high fidelity enhances immersion, its
impact on learning outcomes remains unclear, presenting
challenges for educational IVR design.

Furthermore, the effects of realistic visualization in VR
may vary across learners (Lin and Suh 2021), particularly
depending on their visuospatial imagery (VSI), that is,
their self-perceived or actual ability to mentally represent
and manipulate spatial relationships (Hartmann et al. 2023;
Hegarty et al. 2002). Low levels of VSI, or a lack of con-
fidence in one’s imagery ability, may hinder students from
constructing mental representations of knowledge (Hart-
mann et al. 2023), especially in disciplines that rely heav-
ily on spatial abilities (Safadel and White 2020). Therefore,
understanding how VSI moderates the impact of visual
fidelity is essential for optimizing STEM learning in IVR
environments.

1.1 Cognitive scaffold or burden: effects of fidelity
on learning and its theoretical background

Fidelity refers to the degree to which a simulation’s appear-
ance matches the real world’s (Hays and Singer 1989).
Historically, fidelity originated in the aviation field, as
simulation entered the fields of medicine and education
(Paige and Morin 2013). In VR, fidelity is an essential foun-
dation for achieving realism: high fidelity often enhances
realism by providing detailed and accurate representa-
tions that match real-world expectations. Realism in visu-
alizations refers to how accurately a visual representation
matches reality, involving factors like object shape, texture,
and lighting (Skulmowski et al. 2022). These same factors
are also central to the concept of fidelity, which similarly
emphasizes the accuracy of visual elements (Kapralos et al.
2017). Although the terms fidelity and realism have differ-
ent linguistic meanings, they are often used interchangeably
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in the context of visualizations, with no significant philo-
sophical distinction between them. Harrington provides a
clear definition of different levels of fidelity (Harrington
2012), which is why this study adopts the term fidelity and
follows the guidelines in his framework for design and
development. Given their conceptual overlap, both terms
are discussed in the following literature review.

Visual representations are widely employed as instruc-
tional tools in STEM contexts (Evagorou et al. 2015), and
new technological advancements have led to increasingly
realistic visualizations. However, the effects of such real-
ism on learning remain inconclusive (Skulmowski 2022).
Research on the effects of realistic visualization on learn-
ing has yielded divergent results, including positive (e.g.,
Menendez et al. 2022), negative (e.g., Scheiter et al. 2009),
and neutral (e.g., Birbara and Pather 2021) outcomes. Sev-
eral theoretical frameworks serve as the foundation for real-
istic visualization, with two of the most prominent being
cognitive load theory and mental model theory. These theo-
ries provide opposing perspectives on the impact of realistic
visualization. From the standpoint of cognitive load theory,
highly realistic visuals may hinder learning by overloading
cognitive resources. It posits that limited working memory
constrains learners’ ability to process information, thereby
impacting performance (Linn and Petersen 1985; Sweller
1988). Realistic visualizations, by introducing more details
and visual information, can increase extraneous cogni-
tive load as a result. Consequently, excessive realism may
overload perception and impair learning. For example,
Skulmowski and Rey (2020) compared realistic and sche-
matic 2D anatomical visualizations and found that realism
increased extraneous cognitive load because of detailed
imagery, although selectively applied realism improved
retention. In contrast, in a virtual training study involv-
ing both cognitive and motor tasks, del Rocio Hernandez-
Castaiion et al. (2023) compared learning under high and
low levels of task abstraction and found that high-abstrac-
tion materials facilitated generalization of learning, whereas
low-abstraction tasks promoted better transfer to similar
tasks. Scheiter explored the effects of realistic and simpli-
fied dynamic learning resources on learning about cell mito-
sis, the results showed that simplified resources are better
than realistic ones in testing (Scheiter et al. 2009). Simi-
larly, Menendez et al. studied the impact of diagrammatic
detail richness on adult learning of deformation knowledge,
and the results indicated that simplified diagrams led to
better transfer performance compared to detailed diagrams
(Menendez et al. 2020).

However, recent studies suggest that realistic visualiza-
tions can be beneficial in some contexts. For instance, in an
IVR study on object location memory, Huang and Klippel
(2020) found that high visual realism afforded richer spatial
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cues that supported spatial knowledge acquisition, though
its effects were moderated by spatial ability. In a multi-
representational computer-based learning study, adap-
tively increasing visual fidelity facilitated mental model
construction by enhancing germane cognitive load (Joo
et al. 2021). In diagram-based lessons on metamorphosis,
perceptually rich visuals improved conceptual learning in
younger learners but led to overgeneralization in older stu-
dents (Menendez et al. 2022). In anatomy learning, realis-
tic visualizations improved retention of specific details but
increased extraneous cognitive load (Skulmowski and Rey
2020). More recently, in 3D animated geography lessons,
high detail richness combined with low text load was found
to improve immediate knowledge acquisition (Zhou et al.
2024). These studies indicate that increased visual fidelity
or detail richness can facilitate mental model construction
and conceptual learning, though their benefits depend on the
learning context, modality, or learner characteristics. When
the learning objective requires the engagement of mental
imagery, incorporating detailed and realistic visuals can
further enhance learning outcomes. While the added details
in realistic visualizations may increase cognitive load, their
positive effects on mental model construction often offset or
even surpass these costs. Building on this line of evidence,
researchers have recently proposed that realistic visualiza-
tions can function as cognitive scaffolds (Kaldaras et al.
2024), supporting learners in constructing mental models
more effectively.

Taken together, the studies mentioned above primar-
ily focus on traditional multimedia learning environments.
While they do incorporate 3D learning resources, they differ
significantly from IVR in key aspects. IVR, with its richer
3D visualizations compared to traditional multimedia, can
serve as an effective scaffold for mental construction. How-
ever, it also places higher cognitive demands on learners
and requires more attentional resources. As a result, learners
may struggle to manage these demands within IVR. It is
therefore not appropriate to directly transfer findings from
multimedia research to IVR settings. Whether the mental
scaffold function of IVR outweighs its cognitive burden, or
vice versa, remains unclear. Taken together, further research
is needed to explore how realistic visualizations impact on
learning in IVR environments.

1.2 The impact of visuospatial imagery on learning:
enhancer vs. compensator hypotheses

Although empirical evidence indicates that technology-
enhanced environments, such as IVR, can enhance learners
to visualize and learn (Ng et al. 2020), these environments
often involve tasks that rely heavily on spatial processing,
such as mentally positioning, transforming, and rotating

objects, assembling components, as well as depth percep-
tion and spatial memory. Visuospatial imagery, that is VSI,
is generally regarded as a core component of the broader
spatial ability construct (Hegarty et al. 2002). It has been
defined as the ability to form vivid and clear spatial images
when interacting with either real or mediated environments,
conceptually overlapping with spatial intelligence (Hegarty
2010). Within multimedia and virtual environments, VSI
is considered a key factor influencing both spatial under-
standing and the sense of presence. According to the process
model of spatial presence proposed by Wirth et al. (2007),
VSI plays a central cognitive role in constructing a spatial
situation model and in the formation of spatial presence.

Previous research has adopted two main approaches to
measure individual differences related to spatial process-
ing: task-based performance tests (e.g., the Mental Rota-
tion Test, Burte et al. 2019; Paper Folding Test, Cuendet
et al. 2014) and self-report measures (e.g., the MEC Spa-
tial Presence imagery subscale, Hartmann et al. 2023).
Although these methods differ in operationalization, they
are conceptually connected, as both tap into the cognitive
processes involved in constructing and transforming mental
representations of spatial relations. Prior evidence suggests
that self-reported imagery tendencies correspond with per-
formance-based spatial ability measures when both target
similar forms of spatial processing (Blajenkova et al. 2006).
Task-based measures assess objective spatial performance
(Uttal and Cohen 2012; Wai et al. 2009), whereas self-
reports capture subjective imagery tendency and confidence
in using mental visualization strategies. For instance, the
Vividness of Visual Imagery Questionnaire (VVIQ; Marks
1973) assesses the clarity and vividness of mental images
(Iachini et al. 2019). Using the VVIQ, Alkhammash et al.
(2025) found that learners with higher imagery vividness
benefited most from VR-based anatomy learning, report-
ing stronger satisfaction, relevance, and presence. lachini et
al. (2019) showed that higher imagery vividness predicted
stronger presence experiences in IVR, while Sunday et al.
(2017) demonstrated that imagery clarity depends more on
general imagery ability than on domain expertise.

Both perspectives are theoretically complementary:
the former reflects learners’ cognitive ability to process
spatial information, whereas the latter captures their per-
ceived readiness, confidence, and motivational disposition
to engage in imagery-based reasoning during learning. In
the context of IVR learning, self-perceived VSI is particu-
larly relevant, as learners’ subjective imagery vividness and
sense of presence may directly influence their engagement
and interaction with high- or low-fidelity visuals. Therefore,
the present study adopts a self-perceived VSI perspective to
examine how imagery tendencies interact with visual fidel-
ity in impacting learning outcomes.

@ Springer
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Visual-spatial ability affects the effectiveness of dif-
ferent instructional methods, which is explained by two
hypotheses: the abilities-as-enhancer hypothesis and the
abilities-as-compensator hypothesis. While the enhancer
and compensator hypotheses were originally proposed
to explain the moderating role of visual-spatial ability in
learning (Mayer and Sims 1994; Brucker et al. 2014), their
theoretical implications can be extended to self-perceived
VSI given the close cognitive relationship between spatial
ability and imagery tendency (Blajenkova et al. 2006). Both
constructs involve the mental imagery, manipulation, and
transformation of spatial information, differing primarily
in whether they emphasize objective performance or self-
perceived imagery tendency.

The abilities-as-enhancer hypothesis suggests that high
visual-spatial ability enhances the effectiveness of the
instruction, while low visual-spatial ability learners do not
react sensitively to instruction (Brucker et al. 2014; Mayer
and Sims 1994). In this view, individuals with high spatial
ability can benefit more from 3D models with lower cogni-
tive load (Huk 2006), as they can easily construct mental
models (Mayer and Sims 1994), whereas 3D models may be
burdensome for those with low spatial ability. Studies show
that students with better mental rotation abilities benefit
more from 3D visualizations in AR environments (Kriiger et
al. 2022), and 3D MR training is more effective than 2D MR
training (Piri and Cagiltay 2023). Meta-analysis by Hoffler
also found that learners with high spatial ability perform
better in visual learning (Hoffler 2010).

The abilities-as-compensator hypothesis suggests that
high visual-spatial abilities can compensate for the instruc-
tion (Brucker et al. 2014; Mayer and Sims 1994). Learners
with lower spatial ability benefit more from 3D learning, as
dynamic visualizations help them overcome difficulties in
creating mental visualizations (Hays 1996). VR or 3D envi-
ronments act as compensators, improving their learning per-
formance (Tepla et al. 2022). Lee et al.’s study suggests that
virtual learning environments have a more positive impact
on these learners (Lee and Wong 2014). Additionally, learn-
ers with low spatial ability benefit more from spatial cues in
CAVE environments (de Back et al. 2020).

Current research on visual-spatial ability has primarily
examined its influence on learning with different visualiza-
tion formats, such as 2D versus 3D materials (Brucker et al.
2014; Hoffler 2010), yet relatively little attention has been
paid to its interaction with visual fidelity in IVR. Despite
these findings, most prior work has relied on objective mea-
sures of spatial ability, leaving the role of self-perceived
VSIunclear. Given that self-perceived VSI reflects learners’
perceived readiness, confidence, and motivation to engage
in mental visualization, which may directly influence how
they process high- or low-fidelity visuals in immersive
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environments. Therefore, research is required to examine
how self-reported VSI interacts with visual fidelity in affect-
ing learning in IVR. Additionally, as IVR becomes more
prevalent in STEM education, understanding this interac-
tion will advance theoretical insights into enhancer and
compensator effects in immersive learning.

1.3 The present study

To address this issue, this study examines the effects of
learning material fidelity (high vs. low) and self-perceived
VSI (high vs. low) on learning fungal biology in IVR and
measures performance, cognitive load, attention, emotions,
and learning experience. IVR has richer 3D visualiza-
tions compared to traditional multimedia, providing more
detailed information for observation and the construction
of mental models. While such visual richness may increase
cognitive load, its potential benefits for supporting learn-
ers’ understanding could outweigh these costs. This raises
the possibility that the abilities-as-enhancer hypothesis
may not be applicable in the context of IVR. Therefore,
building on the abilities-as-compensator hypothesis, we
propose an imagery-as-compensator account for IVR
learning. When visuospatial demands are externalized
through high-fidelity visualizations, learners with lower
self-perceived VSI may benefit more, as the detailed exter-
nal cues can compensate for their limited internal imagery.
Conversely, learners with higher VSI may achieve better
outcomes with lower-fidelity materials that reduce extra-
neous cognitive load.

Given this theoretical rationale, we formulate the fol-
lowing research questions and hypotheses to examine how
self-perceived VSI interacts with the fidelity of IVR learn-
ing materials on STEM learning:

RQ1: How do VSI and fidelity influence learning per-
formance in IVR?

H1: Learners with low VSI will achieve higher reten-
tion (Hla) or transfer (HI1b) in the high-fidelity condition
compared to the low-fidelity condition. Learners with high
VSI will achieve higher retention (Hlc) or transfer (HId)
in the low-fidelity condition compared to the high-fidelity
condition.

RQ2: How do VSI and fidelity affect cognitive load in
IVR?

H2: Learners with low VSI will experience greater cog-
nitive load in the high-fidelity condition compared to the
low-fidelity condition (H2a). Learners with high VSI will
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experience greater cognitive load in the high-fidelity condi-
tion compared to the low-fidelity condition (H2b).

RQ3: How do VSI and fidelity influence attention in
IVR?

H3: Learners with low VSI will demonstrate higher levels
of attention in the high-fidelity condition compared to the
low-fidelity condition (H3a). Learners with high VSI will
demonstrate higher levels of attention in the high-fidelity
condition compared to the low-fidelity condition (H3b).

RQ4: How do VSI and fidelity impact motivation in
IVR?

H4: Learners with low VSI will develop stronger motiva-
tion in the high-fidelity condition compared to the low-fidel-
ity condition (H4a). Learners with high VSI will develop
stronger motivation in the low-fidelity condition compared
to the high-fidelity condition (H4b).

RQS5: How do VSI and fidelity influence the learning
experience in [VR?

H5: Learners with low VSI will report a more positive
learning experience in the high-fidelity condition compared
to the low-fidelity condition (H5a). Learners with high VSI
will report a more positive learning experience in the low-
fidelity condition compared to the high-fidelity condition
(H5b).

RQ6: How do VSI and fidelity impact emotional re-
sponses in [VR?

H6: Learners with low VSI will experience more positive
emotions (H6a) or less negative emotions (H6b) in the
high-fidelity condition compared to the low-fidelity condi-
tion. Learners with high VSI will experience more positive
emotions (H6c) or less negative emotions (H6d) in the low-
fidelity condition compared to the high-fidelity condition.

Our predictions are grounded in the proposed imagery-
as-compensator hypothesis (H1, H4, HS5, and H6) and
informed by cognitive load theory (H2 and H3). We also
incorporate attention and motivation as key factors (Wu
et al. 2022), since they may be influenced by varying lev-
els of fidelity (H3 and H4). Considering the novelty of
IVR technology and its interactive nature, we additionally
assess satisfaction, perceived usefulness, and ease of use
(H5). Emotions are closely linked to cognitive processes
(Caglar-Ozhan and Altun 2020; Pelch 2018) with positive
emotions enhancing motivation, focus, and performance,

while negative emotions increase cognitive load and
reduce efficiency (Chang and Yang 2024). By examining
emotional responses, we aim to understand the mecha-
nisms through which fidelity and VSI affect learning.
Therefore, we also measure emotions and proposed H6.

2 Methods
2.1 Participants and experimental design

This study used a 2 x 2 between-subjects design with learn-
ing material fidelity (high vs. low) and self-perceived VSI
(high vs. low) as independent variables. Dependent vari-
ables included learning performance, cognitive load, atten-
tion, motivation, learning experience, and emotions. 120
participants (59 males, 61 females, aged 18-27, M=21.60,
SD=2.53) were recruited from two universities. Partici-
pants were assigned to experimental conditions through a
two-step procedure designed to balance VSI levels across
fidelity groups. VSI was measured before the learning
task. The first ten participants were randomly assigned to
the high- or low-fidelity condition. For subsequent par-
ticipants, the current sample median of accumulated VSI
scores was used as a temporary threshold to classify them
as having relatively higher or lower VSI. This rolling
median fluctuated slightly between 37 and 38 during the
early stage of data collection and stabilized at 38 in the
later stage. Within each VSI stratum (higher vs. lower),
participants were randomly assigned to the high- or low-
fidelity condition to maintain balanced VSI distributions
across groups. Table A1, and Figs A1 and A2 (in Appendix
A) summarizes the descriptive statistics of the VSI scale,
and Figure A3 shows the histogram of participants’ VSI
scores with a fitted normal curve, indicating an approxi-
mately unimodal, near-normal distribution. A post-hoc
analysis confirmed a final sample median of 38, consistent
with this allocation process (see Fig. Al in Appendix A).
The final group sizes were high visuospatial imagery with
high fidelity (HVHF; n=31), high visuospatial imagery
with low fidelity (HVLF; n=31), low visuospatial imag-
ery with high fidelity (LVHF; n=29), and low visuospatial
imagery with low fidelity (LVLF; n=29).

All groups learned the identical content, with fidel-
ity as the only manipulated variable. Participants were
screened for color vision deficiencies and VR motion
sickness. Informed consent was obtained, and the study
was approved by our institution’s ethics committee. All
participants were compensated. The required sample size
was determined using G*Power 3.1.9.7 (Faul et al. 2007),
based on an effect size of np> = 0.09 reported by Skul-
mowski (2022) and converted to f=0.31. With an effect
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size of /=0.31, alpha=0.05, and power=0.80, the required
sample size for the four groups was estimated to be 118.
The actual size meets this requirement.

2.2 IVR learning materials

The learning content was fungal biology, covering the con-
cept of mushrooms, their classification, and five types of
mushrooms in different growing environments in temper-
ate forests. The five mushrooms and their respective envi-
ronments were: Amanita muscaria in leaf litter, Amanita
regalis under conifer trees, Cortinarius fumosus on decay-
ing wood, Mycena olivaceomarginata in grasslands or
meadows, and Lepiota hemisphaerica on dung piles.

The distinction between fidelity levels was based on Har-
rington’s research on biology (Harrington 2012). We only
manipulated the fidelity of the learning materials while the
learning environment, tasks, and sequence were kept con-
sistent across conditions. Accordingly, two VR programs
corresponding to different fidelity levels were developed.
Fidelity was operationalized through variations in tex-
ture resolution and geometric complexity. In the high-
fidelity condition, high-resolution photographic textures
(2048 x 2048 px) were applied to detailed 3D mushroom
models, with a maximum Unity texture size of 8192 x 8192
px (8 K). In the low-fidelity condition, the same 3D mod-
els were simplified by reducing polygonal resolution (see
Fig. 1A and B) and replacing photographic textures with flat
color patterns (e.g., red and white for Amanita muscaria;
see Fig. 1C and D), preserving only key morphological

o
L

Learning material fidelity High

Low

features to achieve a cartoon-like style (see Fig. 1E and F).
In terms of geometric complexity, we compared the number
of underlying mesh triangles between the five sets of learn-
ing materials (e.g., Amanita muscaria). A Mann-Whitney U
test showed that the high-fidelity models (Mdn=4152.00)
contained significantly more triangles than the low-fidelity
models (Mdn=1312.00), U=2.000, z=—2.200, p = 0.032,
7= 0.70. Figure 1A, C and E demonstrate the low-fidelity
learning materials, while Fig. 1B, D and F display the high-
fidelity version.

To test the distinctiveness of perceived fidelity between
the high- and low-fidelity VR programs used in this study,
23 university students (not involved in the formal experi-
ment) were recruited to experience both versions in a
counterbalanced design. Participants evaluated the per-
ceived fidelity using a five-item, seven-point scale adapted
from the Scene Realism dimension of the German VR
Simulation Realism Scale (Poeschl and Doering 2013).
The adapted scale demonstrated good reliability and
validity (alpha = 0.960, KMO = 0.907). A paired-samples
t-test revealed that perceived fidelity was significantly
higher for the high-fidelity condition (M=6.05, SD=0.74)
than for the low-fidelity condition (M=3.73, SD=1.61),
t(22)=6.24, p < 0.001, Cohen’s d=1.30. These results
demonstrated a clear perceptual distinction between the
two VR programs.

The IVR environment was created using Unity 3D
and Blender, with an interactive Ul. The scene featured
a coniferous forest setting, with lighting to simulate day-
light. It included multiple 3D models such as pine trees,

Fig. 1 The illustration of low-fidelity (A, C, and E) and high-fidelity (B, D, and F) learning materials
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grass, mushrooms, interactive canvases, cameras, lights,
and game objects. Upon entering the scene, participants
followed the sequence of learning materials, each marked
with a yellow ring on the ground for easy identification
and navigation.

The IVR device used was the HTC VIVE Pro, which
includes a head-mounted display, controllers, and track-
ers. The display has a combined resolution of 2880 % 1600
for both eyes, a 90 Hz refresh rate, built-in high-resolution
headphones, and an interpupillary distance of 64 mm. It
uses Steam VR Tracking for positional tracking, with inter-
action via VIVE controllers. The system was connected to
an Alienware VR laptop running Windows 10 (8GB RAM,
NVIDIA GeForce GTX 1060, Intel Core i7-7700). The
program was controlled through the Steam VR plugin for
IVR operations.

2.3 Measures
2.3.1 Visuospatial imagery test

Participants’ visuospatial imagery was assessed using
the eight-item MEC Spatial Presence Questionnaire
(Hartmann et al. 2023), rated on a 7-point Likert scale
(1=strongly disagree, 7=strongly agree; total score range
0-56, higher=stronger imagery). These scores were used
during recruitment to classify participants’ imagery levels
based on a median-split approach (Lee and Wong 2014),
but with a rolling median that was updated as new data
accumulated, thereby supporting the stratified randomiza-
tion procedure.

2.3.2 Learning performance

The learning performance test consisted of pre- and post-
tests with 22 multiple-choice questions each, worth 1
point each for a total of 22 points. To prevent guessing,
each question had five options: four answers and one “I do
not know.” The difficulty index (DFI) and differentiation
index (DI) of the test were both satisfactory (DFI=0.592,
DI=0.245). A DFI in the range of 0.5-0.6 is considered
ideal, and a DI between 0.21 and 0.29 is acceptable (Baker
2001; Kumar et al. 2021). Both indices were calculated
according to classical test theory, where the DFI reflects
the proportion of correct responses and the DI indicates the
extent to which an item differentiates between higher- and
lower-performing students. Since the Cronbach’s alpha
was relatively low (0.503), a confirmatory factor analysis
(CFA) was conducted to validate the learning performance
(see Table A2 in Appendix A).

The test included retention and transfer parts, both con-
sisting of multiple-choice questions. The retention test had
13 questions, both image- and text-based, such as “What
color is the spore print of Amanita regalis?” The transfer
test had 9 items, like “To promote wild mushroom growth
in a city park, which measure should be taken based on
Lepiota hemisphaerica’s growth preferences?”

2.3.3 Post-experiment subjective scales

Table 1 presents the information of all post-experiment
subjective scales.

Cognitive load

The cognitive load test was adapted from (Skul-
mowski and Rey 2020), assessing intrinsic (Cronbach’s
alpha=0.74) and extraneous cognitive load (Cronbach’s
alpha=0.78).

Table 1 The descriptive informa-  variable Subdimensions Numbers of  Type Reliability References
tion for all subjective scales questions (Cronbach’s
alpha)
Cognitive load Intrinsic 5 7-point 0.74 Revised from
extraneous Likert 0.78 (Skulmowski
and Rey
2020)
Attention 3 0.76 Revised
from(Vorderer
et al. 2004)
Motivation Interest 2 0.82 Revised from
Probability of success 2 0.67 (Rheinberg et
Fear of failure 2 0.82 al. 2001)
Challenge 2 0.69
Learning Perceived usefulness 3 0.93 (Ai-Lim Lee
experience Perceived ease of use 3 0.82 etal. 2010)
Satisfaction 5 0.93
Emotions Positive 10 0.82 (Watson et al.
Negative 10 1988)
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Attention

The attention test, based on the Attention Allocation
Questionnaire (Vorderer et al. 2004), initially had four
dimensions. After translation and removing one redundant
item, three items remained (Cronbach’s alpha=0.76).

Motivation

The motivation scale was adapted from Rheinberg et al.
(2001) and included eight revised items across four dimen-
sions: challenge (Cronbach’s alpha = 0.69), interest (0.82),
probability of success (0.67), and fear of failure (0.82).

Learning experience

User experience was measured through perceived use-
fulness and perceived ease of use (Davis 1989). The scale,
adapted from (Ai-Lim Lee et al. 2010), had Cronbach’s
alpha=0.93 for perceived usefulness and Cronbach’s
alpha=0.82 for ease of use. The satisfaction scale, with
Cronbach’s alpha=0.93, measured participants’ satisfaction
with the learning environment, experience, instructional
methods, and performance.

Emotions

Emotions were measured using the PANAS questionnaire
(Watson et al. 1988), with ten words each for positive and
negative emotions (e.g., “excited,” “distressed”). Higher
scores indicate stronger emotions. Cronbach’s alpha was
0.85 for positive emotions and 0.93 for negative emotions.

2.4 Procedure

The experiment was conducted in a quiet room equipped
with IVR devices. After providing informed consent,
participants completed a VSI test and a pre-test on a lap-
top. They were then assigned to either the high- or low-
fidelity group. Following a brief introduction, participants

engaged in a 15-minute learning session using a head-
mounted display, after which they completed a knowledge
test, subjective scales, and a short interview. The proce-
dure is illustrated in Fig. 2.

2.5 Data analysis

Based on the results of the Shapiro-Wilk test and visual
assessment of histograms and normal Q-Q plots, it was
determined that all observations in the four conditions fol-
lowed a normal distribution. Therefore, further analyses
were conducted using the variance analysis. We used 1 to
measure effect size in the ANOVA, with effect size defined
as small (0.01), medium (0.06), and large (0.14). Post hoc
comparisons were conducted either when significant group
differences were detected or when non-significant results
were accompanied by a medium or larger effect size (Chen
et al. 2018).

3 Results
3.1 Learning performance
3.1.1 Pretest

Table 2 presents the descriptive statistics for each dimension
across the four conditions. Table 3 shows an overview of the
main effect and interaction of independent variables.
ANOVA of pre-test data showed no significant differ-
ences (F(3, 116)=1.23, p=0.304, n> = 0.03), indicating
comparable knowledge levels across the four groups.

!
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Fig. 2 Experimental procedure
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Table 2 Descriptive statistics for each dimension under the four exper-
imental conditions

Measures HVHF HVLF LVHF LVLF
(n=31) (m=31) (n=29) (n=29)
M(@SD) M(SD) M(SD) M
(SD)
Knowledge pretest 3.19 3.26 2.97 2.17
(2.66) 2.57) (2.32) (2.21)
Knowledge posttest 13.13 14.23 13.83 11.90
(3.11) 2.74) (.77) (2.66)
Retention difference 6.19 6.68 6.93 5.14
(2.24) 2.37) (1.93) (2.12)
Transfer difference 3.74 4.29 3.93 4.59
(2.05) (2.19) (1.81) (1.90)
Cognitive  Intrinsic 4.13 3.97 4.24 4.17
load (1.35) (1.41) (1.39) (1.18)
Extraneous 3.72 2.79 3.15 3.30
(1.34) (1.37)  (0.95) (1.28)
Attention 5.74 6.01 5.41 5.15
(1.00) (0.94) (1.02) (0.96)
Motivation Interest 5.87 6.34 5.93 5.38
(0.89) 0.79) (0.98) (1.73)
Probability of  5.42 5.95 5.50 5.50
success (1.00) 0.92) (0.92) (1.31)
Fear of failure 3.24 2.53 3.28 3.72
(1.49) (1.21) (1.25) (1.57)
Challenge 5.36 5.90 5.40 5.10
(1.02) (0.80) (1.07) (1.42)
Learning  Perceived 5.09 5.84 4.94 4.83
experience usefulness (1.29) (1.02) (1.20) (1.46)
Perceived ease 5.45 6.11 5.54 5.05
of use (0.93) 0.71)  (0.94) (1.11)
Satisfaction 5.58 6.10 5.57 5.25
(0.91) (0.70)  (1.01) (1.35)
Emotions  Positive 5.03 5.14 5.04 4.50
(0.76) (0.94) (0.76) (0.89)
Negative 1.98 1.44 1.84 2.41
(1.03) (0.45)  (0.99) (1.32)

Table 3 Main and interaction effects of independent variables
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Fig. 3 Differences in the retention difference across four conditions

3.1.2 Retention

A one-way ANOVA indicated significant differences in
retention scores across the four groups (F(3, 116)=3.88,
p=0.011, 0> = 0.09). As shown in Fig. 3, post-hoc mul-
tiple comparisons revealed that the LVHF group outper-
formed the LVLF group (Mean difference (MD)=1.79,
p=0.002), and the HVLF group outperformed the LVLF
group (MD=1.54, p=0.007).

A two-way ANOVA revealed no significant main effects
of VSI (F(1,116)=1.02, p=0.315, n*= 0.01) or fidel-
ity (F(1,116)=2.71, p=0.102, n*> = 0.02), but a signifi-
cant interaction (F(1,116)=8.21, p=0.005, n> = 0.07; see
Fig. 4). Each data point represents the mean value of one
experimental group (HVHF, HVLF, LVHF, LVLF), and the
connecting lines depict the interaction trend across fidelity
levels for learners with high and low VSI. These mean-
based plots are used to visualize the interaction between
VSI and fidelity conditions.

Measures VSI Fidelity VSI x Fidelity
P i P i p "’
Retention difference 0.315 0.01 0.102 0.02 0.005%* 0.07
Transfer difference 0.508 0.04 0.102 0.02 0.884 0.00
Overall performance 0.801 0.00 0.933 0.00 0.087 0.03
Cognitive load Intrinsic 0.518 0.00 0.638 0.00 0.850 0.00
Extraneous 0.901 0.00 0.088 0.03 0.019%* 0.05
Attention 0.001** 0.09 0.990 0.00 0.140 0.02
Motivation Interest 0.034* 0.04 0.842 0.00 0.017* 0.05
Probability of success 0.333 0.01 0.166 0.02 0.166 0.02
Fear of failure 0.017* 0.05 0.608 0.00 0.024* 0.04
Challenge 0.061 0.03 0.525 0.00 0.038%* 0.04
Learning experience Perceived usefulness 0.013* 0.05 0.165 0.02 0.060 0.03
Perceived ease of use 0.005%* 0.07 0.634 0.00 0.001%* 0.09
Satisfaction 0.021* 0.05 0.592 0.00 0.026* 0.04
Emotions Positive 0.046* 0.03 0.163 0.02 0.036* 0.04
Negative 0.024* 0.04 0.941 0.00 0.003** 0.07
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Fig. 4 Interaction between fidelity and visuospatial imagery in
retention

3.1.3 Transfer

One-way ANOVA results indicated no significant differ-
ences in transfer scores across groups (F(3, 116)=1.06,
p=0.371,12=10.03).

Two-way ANOVA revealed no significant main effects
of VSI (E(1, 116)=0.44, p=0.508, n> = 0.04) or fidelity
(F(1, 116)=2.72, p=0.102, 1> = 0.02) on transfer differ-
ence, and no interaction effect (F(1, 116)=0.02, p=0.884,
n? = 0.00).

3.1.4 Correlation between VSI and performance

A supplementary Pearson correlation analysis further con-
firmed this pattern: overall VSI was positively associated
with learning performance (»=0.205, p = 0.025), but the
relationship differed by fidelity condition: non-significant
in the high-fidelity group (» = -0.035, p = 0.793) and
strongly positive in the low-fidelity group (r=0.454, p <
0.001). These results reinforce the finding that high-fidel-
ity IVR materials compensate for low imagery learners.

In summary, the results supported Hla but did not sup-
port H1b, Hlc, or H1d.

3.2 Cognitive load

One-way ANOVA indicated no significant differences
in overall cognitive load across the four groups (F(3,
116)=2.11, p=0.103, n> = 0.05).

The ANOVA results (F(3, 116)=0.23, p=0.876, n> =
0.06) and post-hoc comparisons showed no significant dif-
ferences in intrinsic cognitive load across the four groups.

One-way ANOVA analysis indicated significant differ-
ences in extraneous cognitive load across the four groups

@ Springer
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Fig. 6 Interaction between fidelity and visuospatial imagery in extra-
neous cognitive load

(F(3, 116)=2.97, p=0.035, n*> = 0.07). Post-hoc multiple
comparisons revealed that HVHF group had significantly
higher cognitive load than the HVLF group (MD=0.94,
p=0.004; see Fig. 5).

Two-way ANOVA indicated no significant main effects
of VSI or fidelity on intrinsic and extraneous cognitive
load (see Table 3). However, a significant interaction effect
was found on extraneous cognitive load (F(1, 116)=5.65,
p=0.019, n* = 0.05; see Fig. 6).

The results rejected H2a but the results of extraneous
cognitive load partially supported H2b.

3.3 Attention

One-way ANOVA showed significant differences in atten-
tion across the four groups (F(3, 116)=4.40, p=0.006, 1
= 0.10). As shown in Fig. 7, post-hoc analysis revealed
higher scores for the HVLF group compared to the
LVLF group (MD=0.86, p=0.001) and the LVHF group
(MD=0.60, p=0.020). The HVHF group also focused
more than the LVLF group (MD=0.59, p=0.021).
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Fig. 7 Differences in attention across four conditions

Two-way ANOVA indicated a significant main effect of
VSI (F(1, 116)=10.60, p=0.001, n> = 0.09) but not fidelity
(F(1, 116)=0.00, p=0.990, 1> = 0.00) on attention, with no
interaction effect (F(1, 116)=2.21, p=0.140, n*> = 0.02).

The results rejected H3a and b.

3.4 Motivation

One-way ANOVA results indicated no significant differ-
ences in overall motivation across the four groups (F(3,
116)=0.76, p=0.518, n> = 0.02). Two-way ANOVA indi-
cated no significant main effects of VSI (F(1, 116)=0.61,
p=0.436,71>=0.01) or fidelity (F(1, 116)=0.19, p=0.667,
n? = 0.00) on motivation, nor any significant interaction
effect (F(1, 116)=1.45, p=0.231, 17 = 0.01).

One-way ANOVA showed significant differences in
interest across the four groups (F(3, 116)=3.50, p=0.018,
n®> = 0.08). Post-hoc analysis revealed that the HVLF
group scored significantly higher than the LVLF group
(MD=0.96, p=0.002; see Fig. 8).

One-way ANOVA indicated no significant differences
in the probability of success across the four groups (F(3,
116)=1.65, p=0.181, 0> = 0.04).

One-way ANOVA showed significant differences in
fear of failure across the four groups (F(3, 116)=3.79,
p=0.012, n* = 0.09). Post-hoc multiple comparisons
revealed that the HVLF group scored significantly lower
than the HVHF group MD=0.71, p=0.047), LVHF group
(MD=0.74, p=0.041), and LVLF groups (MD=1.19,
p=0.001), as shown in Fig. 8.

One-way ANOVA results showed significant differ-
ences in challenge across the four groups (F(3, 116)=2.84,
p=0.041, 0> = 0.07). Post-hoc multiple comparisons
revealed that the HVLF group scored significantly higher
than the LVLF group (MD=0.80, p=0.006; see Fig. 8).

Two-way ANOVA revealed a significant main effect
of VSI on interest (F(1, 116)=4.58, p=0.034, 1> = 0.04)
and fear of failure (F(1, 116)=5.83, p=0.017, n? = 0.05).
The main effect of fidelity on motivation was not signifi-
cant. Significant interactions were found on interest (F(1,
116)=5.89, p=0.017, nz = 0.05), fear of failure (F(I,
116)=5.20, p=0.024, 1> = 0.04), and challenge (F(I,
116)=4.42, p=0.038, 1*> = 0.04).

Results did not support H4a but partially supported H4b.
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Fig. 8 Differences in motivation across four conditions
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3.4.1 Learning experience

ANOVA analysis revealed significant differences in per-
ceived usefulness across the groups (F(3, 116)=4.06,
p=0.009, n? = 0.10). As shown in Fig. 9, post-hoc com-
parisons showed that the HVLF group scored significantly
higher than the LVHF group (MD=0.90, p=0.006) and
the LVLF group (MD=1.01, p=0.002). The HVHF group
scored lower than HVLF group (MD=0.75, p=0.019).

For perceived ease of use, significant differences were
found (F(3, 116)=6.72, p=0.000, n> = 0.15). As shown
in Fig. 9, the HVLF group scored higher than the HVHF
group (MD=0.66, p=0.006), the LVHF group (MD=0.57,
p=0.019), and the LVLF group (MD=1.06, p=0.000). The
LVHF group scored significantly higher than the LVLF
group (MD=0.49, p=0.045).

One-way ANOVA also showed significant differences in
satisfaction across the groups (F(3, 116)=3.62, p=0.015, 1
=0.09). As shown in Fig. 9, the HVLF group scored signifi-
cantly higher than the HVHF group (MD=0.52, p=0.047),
the LVHF group (MD=0.53, p=0.045), and the LVLF
group (MD=0.85, p=0.002).

Two-way ANOVA revealed significant main effects of
VSI on perceived usefulness (F(1,116)=6.41, p=0.013, n?
= 0.05), perceived ease of use (F(1,116)=8.26, p=0.005,
n* = 0.07), and satisfaction (F(1,116)=5.43, p=0.021, 1> =
0.05). The main effects of fidelity on the learning experience
and its dimensions were not significant. Interaction effects
were found on perceived ease of use (F(1,116)=11.55,

p=0.001, 1> = 0.09) and satisfaction (F(1,116)=5.06,
p=0.026, 12 = 0.04).

The results partially supported H5, with H5a partially
supported by the results of perceived ease of use and H5b
fully supported.

3.5 Emotions

A one-way ANOVA revealed significant differences
across the four groups in both positive emotions (F(3,
116)=3.45, p=0.019, n? = 0.08) and negative emotions
(F(3, 116)=4.83, p=0.003, 1> = 0.11).

Post-hoc multiple comparisons showed that, in terms
of positive emotions, the LVLF group scored signifi-
cantly lower than HVLF group (MD=0.64, p=0.004), the
HVHF group MD=0.53, p=0.017), and the LVHF group
(MD=0.54, p=0.016), as shown in Fig. 10.

For negative emotions, as shown in Fig. 10, the LVLF
group scored significantly higher than the HVLF group
(MD=0.97, p=0.000) and the LVHF group (MD=0.57,
p=0.032). The HVHF group scored significantly higher
than the HVLF group (MD=0.54, p=0.035).

A two-way ANOVA showed significant main effects of
VSI on positive emotions (F(1,116)=4.07, p=0.046, n> =
0.03) and negative emotions (F(1,116)=5.25, p=0.024, n?
= 0.04), while the main effect of fidelity was not significant
on either positive emotions (F(1, 116)=1.97, p=0.163, 1’
= 0.02) or negative emotions (F(1, 116)=0.01, p=0.941,
n? = 0.00). Additionally, significant interactions between
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Fig. 9 Differences in learning experience across four conditions
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VSI and fidelity were observed for both positive emotions
(F(1,116)=4.49, p=0.036, n> = 0.037) and negative emo-
tions (F(1,116)=9.24, p=0.003, n*> = 0.07).

These results supported H6a, b, and d but did not support
Héc.

4 Discussion
4.1 Empirical contributions

This study investigated how the fidelity of IVR learning
materials interacts with self-perceived VSI to impact cog-
nitive, motivational, and affective outcomes, revealing a
consistent imagery-as-compensator pattern across dimen-
sions. On learning performance, low-VSI learners achieved
higher retention with high-fidelity visuals, consistent with
the idea that detailed external cues can compensate for lim-
ited internal imagery and scaffold mental model construc-
tion (Hays 1996; Lee and Wong 2014; Zhou et al. 2024). In
contrast, high-VSI learners performed similarly under both
high- and low-fidelity conditions, indicating that they did
not require high-fidelity visual details to support learning.
This finding differs from prior empirical studies that did
not consider individual differences in visuospatial ability,
in which simplified visuals were thought to enhance learn-
ing by eliminating superfluous detail (Scheiter et al. 2009).
For cognitive load, intrinsic load did not differ, but extrane-
ous load showed a VSI and fidelity interaction: high fidelity
reduced extraneous load for low-VSI learners by external-
izing spatial information, yet increased extraneous load for
high-VSI learners, who likely experienced redundant details
as interference (Renkl and Scheiter 2017; Paas et al. 2003).

Parallel patterns appeared in attention, motivation, learn-
ing experience, and emotions. Attention was driven primar-
ily by VSI rather than fidelity: high-VSI learners sustained

Emotions

stronger visual engagement across conditions (Suh and Cho
2021), while low-VSI learners’ attention remained con-
strained even with richer visuals. Motivationally, high-VSI
learners reported lower fear of failure when learning with
low-fidelity materials, whereas low-VSI learners were more
motivated when aided by high-fidelity details in the learn-
ing materials (Chen and Wang 2018). These motivational
differences mapped onto learning experience: high-VSI
learners perceived low-fidelity IVR as more useful, easier
to use, and more satisfying, aligning with work showing that
display or interaction fidelity influences usability (McMa-
han et al. 2012). Affectively, high-VSI learners experienced
fewer negative emotions with low-fidelity learning materi-
als, while low-VSI learners benefited emotionally from high
fidelity materials that reduced uncertainty and supported
schema formation (Brockbank and Feldon 2024).
Compared with prior literature, our findings extend
abilities-as-enhancer or compensator accounts, largely
developed for objective spatial ability and 2D/3D multime-
dia, to self-perceived VSI in fully immersive VR. Whereas
enhancer accounts typically predict that high-ability learn-
ers benefit most from complex and dynamic visuals (Huk
2006), our findings reveal a different pattern in IVR: high
fidelity primarily supports low-VSI learners, who rely on
external visual detail to compensate for limited internal
imagery (Hays 1996; Lee and Wong 2014; Zhou et al.
2024). In contrast, high-VSI learners performed similarly
under both high- and low-fidelity conditions, yet they expe-
rienced lower extraneous cognitive load and better learning
experience when using low-fidelity materials. The results
indicate that the effects of fidelity are not uniform across
learners: learners with low visual-spatial ability perform
better under high-fidelity conditions, whereas learners with
high visual-spatial ability report more positive learning
experiences under low-fidelity conditions, despite showing
no significant differences in performance. This role reversal
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helps explain the inconsistent findings regarding fidelity
effects reported in prior studies.

Additionally, unlike performance-based ability mea-
sures, VSI captures learners’ self-perceived readiness and
confidence to engage in imagery-based reasoning, as well
as the vividness and clarity of their mental visualizations.
These aspects reflect learners’ preparedness to process spa-
tial information, their self-efficacy in mentally construct-
ing and manipulating spatial representations, and to some
extent, their willingness to engage in imagery-based pro-
cessing during learning. This subjective dimension intro-
duces a novel lens through which to understand learner
variability in IVR, complementing traditional performance-
based views of spatial ability.

4.2 Theoretical contributions

This study advances the theoretical understanding of how
self-perceived VSI interacts with visual fidelity in IVR
learning. While prior research on visualization and spa-
tial ability has primarily been situated within multimedia
learning and grounded in abilities-as-enhancer hypothesis
(Brucker et al. 2014), our findings extend the abilities-as-
compensator hypothesis to the IVR context, reframing it as
an imagery-as-compensator framework. This framework
emphasizes that the cognitive and affective benefits of high-
fidelity IVR depend on learners’ self-perceived imagery
skills. For learners with low VSI, high-fidelity visualiza-
tions act as external cognitive scaffolds, compensating for
limited internal imagery and improving learning. On the
contrary, learners with high VSI performed similarly across
fidelity levels, as their strong spatial abilities enable them to
mentally construct and manipulate representations without
relying on detailed external visuals.

From a broader theoretical perspective, this study inte-
grates cognitive load theory and mental model theory to
explain the mechanisms underlying these interactions. For
low-VSI learners, high-fidelity learning materials alleviate
the need for intensive internal visualization, thereby facili-
tating mental model formation and supporting comprehen-
sion of conceptual knowledge. High-VSI learners rely more
on their internal imagery processes; while the added rich-
ness of high-fidelity materials increases extraneous cogni-
tive load, it does not impair their schema construction or
learning performance due to their strong spatial abilities.
Therefore, the effects of fidelity in IVR depend on a bal-
ance between external scaffolding and internal cognitive
economy.

Theoretically, this research broadens the understanding of
fidelity beyond a universal design parameter by positioning
it as a learner-dependent instructional scaffold. It comple-
ments findings from traditional multimedia environments

@ Springer

(e.g., 2D or screen-based learning) with evidence from
fully immersive VR STEM contexts, where sensory real-
ism fundamentally alters cognitive and affective processing.
By linking self-perceived VSI to fidelity effects, this study
provides a more nuanced model of learner-environment
interaction and offers a theoretical foundation for adaptive
fidelity design in immersive learning environments.

4.3 Practical contributions

Building on the evidence from this study, we recommend
two design implications for IVR-based STEM learning
environments. First, visual fidelity should be personalized
to match learners’ levels of VSI. For low-VSI learners,
high-fidelity materials offer rich visual detail that serves as
an external scaffold, compensating for their limited inter-
nal imagery and facilitating mental model construction. In
contrast, high-VSI learners benefit from both fidelity levels;
however, low-fidelity materials may reduce extraneous cog-
nitive load and enhance their overall learning experience.

Second, for low-VSI learners, IVR environments should
provide additional scaffolding, such as visual highlights,
dynamic cues, or guided attention prompts, to direct focus
toward relevant spatial relationships and reduce unneces-
sary cognitive load. These scaffolds can enhance compre-
hension while minimizing the risk of excessive extraneous
cognitive load in highly detailed environments.

5 Limitations and future work

This study has several limitations. First, all assessments
were immediate; future research could explore whether
delayed assessments yield different results. Second, the
study manipulated only the fidelity of learning materials
within a standardized environment. Future work should
investigate how varying fidelity levels of environments
impact learning and experience. Third, to reflect the full-
sample variability and preserve generalizability, the present
study adopted a median-based grouping approach informed
by and building on established practice (e.g., Lee and Wong
2014). Future studies drawing on larger and more diverse
samples could examine whether more complex or clustered
patterns of VSI emerge. Fourth, the VSI measure in this
study was self-perceived rather than performance-based.
While it reflects learners’ perceived readiness, confidence,
or motivation to engage in imagery-based reasoning, it does
not directly assess their actual visuospatial skills. As a self-
report measure, it may be influenced by biases related to
factors such as age, gender, or self-efficacy. Future stud-
ies should therefore combine objective spatial ability tasks
(e.g., Mental Rotation Test) with self-perceived measures to
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validate findings and clarify the relationship between sub-
jective VSI and objective spatial ability. Finally, this study
focused on the acquisition of biological knowledge. STEM
education, however, often involves procedural knowledge
and skill-building, which may engage different cognitive
processes compared to factual learning. Future studies could
examine how fidelity affects learning on different types of
knowledge learning and skills development.
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