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A B S T R A C T

Spatial ability is fundamental to STEM learning, as many STEM tasks require the mental repre
sentation and transformation of 2D and 3D information. Desktop virtual reality (desktop VR) has 
therefore been increasingly adopted for spatial training due to its interactivity and 3D repre
sentations. Textual and visual cues are widely used as instructional supports in multimedia 
learning, yet their distinct and combined effects on spatial training in desktop VR remain 
insufficiently understood. This study conducted a 2 × 2 between-subjects experiment manipu
lating the presence of textual explanations and spatially augmented visual cues in a desktop VR 
environment to examine spatial visualization and mental rotation performance. Spatial perfor
mance, learning experience, cognitive load, and visual attention allocation were measured using 
tests, subjective scales, and eye-tracking data. The results showed no significant main effect of 
textual explanations or spatially augmented visual cues on posttest performance after controlling 
for pretest scores, but a significant interaction between the two. The textual-explanation-only 
condition outperformed the combined textual-explanation-and-visual-cue condition, suggesting 
that the effect of textual explanations depended on whether visual cues were also present. Con
ditions including spatially augmented visual cues showed comparable training-phase perfor
mance to the other conditions; however, this was not accompanied by better immediate posttest 
performance when the cues were unavailable. Eye-tracking results further revealed that the 
combined cue/interactive areas received more fixations than the text areas, but this attention 
pattern did not translate into better posttest performance. These findings inform the application 
of the signaling principle within desktop VR-supported spatial training and suggest that 
instructional supports need to be carefully coordinated rather than simply combined.

1. Introduction

Spatial ability is a crucial component of human cognitive capabilities (Uttal & Cohen, 2012), involving multiple cognitive processes 
that support learners’ reasoning and performance across science, technology, engineering, and mathematics (STEM) disciplines (Stieff 
& Uttal, 2015; Wai et al., 2009). Solving problems in these disciplines often requires spatial reasoning, such as mentally manipulating 
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chemical structures (Rahmawati et al., 2021), interpreting biological diagrams (Castro-Alonso & Uttal, 2019), or understanding 
anatomical systems (Langlois et al., 2020). Spatial ability is not a unitary construct; instead, it comprises several distinct sub
components. Among these, spatial visualization and mental rotation are two particularly important subcomponents that contribute to 
solving spatial problems (Purwanto et al., 2024). Spatial visualization supports the multi-step transformation of complex 
three-dimensional (3D) forms, and mental rotation enables the manipulation of object orientations in one’s mind (Zhou et al., 2022).

Recent studies have increasingly demonstrated the potential of virtual technologies for training spatial ability (Di & Zheng, 2022). 
Desktop VR, as a screen-based 3D interactive environment, offers interactive spatial representations that enable learners to manipulate 
and inspect spatial objects in ways that are difficult to achieve with traditional two-dimensional (2D) materials, thereby offering a 
useful context for spatial ability training (Chang et al., 2018). However, from a cognitive load perspective, the 3D visual presentation 
and high level of interactivity in virtual environments may also impose additional information-processing demands on learners, 
potentially distracting attention (Mayer & Moreno, 1998; Mayer, 2024) and increasing cognitive load (Parong & Mayer, 2021). These 
challenges are particularly pronounced for individuals with lower spatial ability, who may struggle to identify relevant features and 
manage the complexity of 3D spatial tasks (Guo et al., 2025; Sun et al., 2020). Such difficulty may also elicit spatial anxiety, which 
could further constrain learners’ available working-memory resources and processing capacity, thereby negatively affecting spatial 
task performance (Nori et al., 2023; Ramirez et al., 2012).

Prior work in multimedia learning demonstrates that textual explanations and visual cues can direct attention and improve learning 
outcomes (Imhof et al., 2013; Marwan et al., 2019). According to the signaling principle (Schneider et al., 2018; Van Gog, 2014), these 
instructional cues may support learning by directing learners’ attention to task-relevant information and reducing unnecessary search 
during the processing of spatial relations. In spatial visualization and mental rotation tasks, such cueing may be particularly relevant 
because learners must identify task-relevant spatial relations, coordinate 2D and 3D representations, and mentally transform object 
orientations. Relevant research suggests that cueing can highlight essential visuospatial elements and relationships to reduce un
necessary processing (Castro-Alonso et al., 2019), and that guiding learners where to look can improve spatial problem solving among 
individuals with low mental rotation ability (Roach et al., 2019). Yet, most existing cueing research has examined 2D multimedia 
materials, such as text-picture materials (Ozcelik et al., 2009; Scheiter & Eitel, 2015), static diagrams (Jamet, 2014), animations 
(Boucheix et al., 2013; De Koning et al., 2010), and instructional videos (Li et al., 2023b), with far fewer studies exploring spatially 
augmented visual cues embedded directly within desktop VR or other 3D interactive environments (Chen et al., 2022; Stefanucci et al., 
2022; Wen et al., 2024). These cues differ from traditional 2D cues in that they are volumetric, spatially anchored, or dynamically 
integrated into the learner’s perspective. As a result, they may offer affordances for improving spatial abilities. Despite this potential, 
little is known about how such cues function in desktop VR, especially when combined with textual explanations. In the present study, 
we use the term spatially augmented visual cues to refer to visual cues embedded in the desktop VR environment and spatially aligned 
with task-relevant 3D information.

To address the aforementioned gap, this study experimentally investigates how textual explanations and spatially augmented visual 
cues influence spatial visualization and mental rotation performance within desktop VR, and further examines the interaction between 
these two forms of instructional support. Theoretically, this study aims to identify potential boundary conditions of signaling effects in 
desktop VR-supported spatial training by examining whether the effects of textual explanations and spatially augmented visual cues 
are additive or depend on their coordination within an interactive 3D environment.

2. Literature review and research questions

2.1. VR-supported training of spatial abilities and spatial task performance

Spatial ability refers to the capacity to mentally represent and transform 2D or 3D information (Lu & Carr, 2014). Classic tax
onomies categorize spatial ability into spatial perception, mental rotation, and spatial visualization (Linn & Petersen, 1985). Spatial 
perception was defined as the ability to determine spatial relationships with respect to the orientation of one’s own body, despite 
distracting information (Linn & Petersen, 1985), and is broadly understood as involving spatial judgment (Xiao & Zhang, 2021). 
Mental rotation refers to mentally rotating objects and identifying their 3D features (Shepard & Metzler, 1971). Spatial visualization is 
the skill to perceive and interpret complex spatial patterns, as well as comprehend imagined spatial movements (Mix & Cheng, 2012). 
These subcomponents are commonly assessed through different task formats. Spatial visualization is often measured by paper-folding, 
cube-comparison, and 2D-3D transformation tasks, which require learners to mentally restructure complex configurations or infer how 
flat patterns form three-dimensional objects (Ekstrom & Harman, 1976; Hegarty, 2010; Martín-Gutiérrez et al., 2010). Mental rotation 
is typically measured by object- or card-rotation tasks, the Vandenberg Mental Rotations Test, and the Purdue Visualization of Ro
tations Test, in which learners judge whether objects or configurations match after rotation (Bodner & Guay, 1997; Shepard & Metzler, 
1971; Vandenberg & Kuse, 1978). However, complex spatial tasks often involve the coordinated use of spatial visualization and mental 
rotation, especially when learners need to mentally transform configurations, construct or inspect 3D representations, and judge object 
orientations or spatial correspondences (Lin & Chen, 2016; Supli & Yan, 2024; Zhou et al., 2022).

Virtual technologies have emerged as effective media for enhancing spatial ability since they can provide interactive spatial 
representations and simulated 3D environments (Chang et al., 2018). VR systems can be classified into immersive VR (IVR) and 
non-immersive VR. IVR provides a high-fidelity simulated environment through head-mounted displays and motion-tracking tech
nology (Mikropoulos & Natsis, 2011). Another form of VR, often referred to as desktop VR, uses screens, keyboards, mice, joysticks, 
and touchscreens to provide rich interaction and 3D experiences (Dodd & Antonenko, 2012; Makransky & Petersen, 2019). Prior work 
has described 3D virtual worlds as desktop interactive VR environments that provide an illusion of 3D space and support interaction 
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within the environment (Dickey, 2005). In this study, we use the term desktop VR in this narrower sense, referring to a non-immersive, 
screen-based 3D interactive environment rather than an HMD-based IVR system. Although less immersive, desktop VR has been shown 
to be highly effective for learning and, in some cases, can even outperform IVR in promoting learning (Lee & Wong, 2014; Makransky 
et al., 2019).

A growing body of research has confirmed the value of desktop VR for training spatial abilities and improving spatial task per
formance. For example, emerging research in geography education demonstrates that VR-based metaverse environments can signif
icantly improve learners’ spatial thinking skills, showing medium-sized training effects (Purwanto et al., 2024). Zhou et al. (2022)
proposed a desktop VR spatial training system and found that learners who received the training showed significant improvements in 
spatial task performance compared to those who did not receive the training. Hauptman (2010) developed a desktop 3D virtual 
environment that trains users to construct and manipulate spatial images, and reported that this training effectively enhanced stu
dents’ spatial thinking. Taken together, these findings indicate that desktop VR is a promising tool for developing multiple sub
components of spatial ability. Building on this foundation, the present study adopts desktop VR as the platform for delivering spatial 
training tasks. In this environment, learners manipulate 3D objects, coordinate 2D planar figures with 3D models, and may use textual 
explanations and spatially augmented visual cues during spatial training.

2.2. Effects of on-screen text in multimedia learning

In multimedia learning environments, on-screen text refers to text presented on the screen such as subtitles, annotations, labels, 
narration, and explanatory statements. They serve functions including complementing auditory information (Hyunjeong & Mayer, 
2018), explaining key points (Stark et al., 2018), and providing prompts (Albus et al., 2021).

Although the redundancy principle suggests that presenting on-screen text may increase learners’ cognitive load, in some cases, it 
may facilitate learning (Mayer & Fiorella, 2021). For example, Li et al. (2023) found that the textual cues and summary scaffolds in IVR 
improved both learning performance and mental model development. Ardaç and Unal (2008) examined how the quantity of on-screen 
text would affect students’ learning of basic concepts in coordinate geometry within multimedia instructional units, and the results 
indicated that presenting the entire text was more effective for students with strong memory abilities. Recent research further shows 
that structured textual cues in educational animations can reduce cognitive load and enhance both learning outcomes and self-efficacy 
among elementary students (Du et al., 2025). However, not all text-based augmentations are effective. Turčáni et al. (2024) found that 
keyword highlighting has limited learning benefits.

Other studies have explored the form and modality of text presentation. Yue et al. (2013) investigated the differential effects of 
on-screen text and narration on learning and reported that subtle differences between on-screen text and narration were advantageous 
for learning. Hsieh (2020) found that subtitles presented in instructional videos could enhance learners’ vocabulary learning and 
listening comprehension abilities. Building on this line of inquiry, a growing body of research has shifted toward examining the 
interaction between on-screen text and other instructional factors. Zhou et al. (2024) found that when learning tasks rely on mental 
imagery, high visual detail combined with low text load optimizes learning, whereas high text load and low visual detail independently 
increase cognitive load, indicating an interaction between visual richness and textual load in 3D animation-based learning.

The effects of on-screen textual explanations appear to depend on their function in the learning task. They may facilitate learning 
when they clarify key concepts, summarize essential information, or connect verbal explanations with visual representations, but their 
benefits may be limited when they are redundant, cognitively demanding, or poorly aligned with task demands. These boundary 
conditions may help explain the mixed findings on-screen text. However, most prior research has focused on conceptual under
standing, vocabulary acquisition, and cognitive processing in traditional multimedia learning contexts, leaving its role in spatial skill 
training underexplored. Given the heightened visual complexity, spatial representations, and interaction demands of desktop VR, it 
remains unclear whether conclusions from conventional multimedia learning can be generalized to desktop VR-supported spatial 
ability training. This gap highlights the need to examine whether and under what conditions textual explanations may function as 
scaffolding for spatial skill training in desktop VR.

2.3. The impact of visual cues on learning

In multimedia learning, cues can be broadly categorized into textual cues and visual cues. Visual cues refer to graphical or picture- 
based signals and may take forms such as arrows, color changes, flashing, shading, zooming, and color coding. According to the 
signaling principle in multimedia learning (Van Gog, 2014), adding cues into multimedia learning materials can help guide learners’ 
attention to relevant elements of the material and support the initial selection of information for further processing. Empirical studies 
have shown that visual cues in multimedia learning can support learning by guiding attention to relevant information, although their 
effects vary across studies and outcome measures. For instance, Lin and Atkinson (2011) found that adding arrow cues to animations 
improved learning. Boucheix and Lowe (2010) used eye-tracking and revealed that visual cues helped focus attention on relevant 
areas, leading to higher test performance. However, cueing effects are not always reflected in all learning outcomes. Although Ragazou 
and Karasavvidis (2023) reported that visual cues in instructional videos did not significantly improve task performance, they did 
enhance learners’ motivation. Additionally, research has identified an expertise reversal effect in multimedia learning, where visual 
cues tend to benefit learners with low prior knowledge (Arslan-Ari, 2018; Richter & Scheiter, 2019), but may increase cognitive load 
for more advanced learners.

Although early research on visual cues has primarily focused on 2D video- or image-based learning, there is growing interest in 
their application within VR, AR, XR, and other spatially rich learning environments. For example, Nelson et al. (2014) found that visual 
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cues in a virtual science inquiry environment reduced students’ reported cognitive load. Han et al. (2023) demonstrated that cues in 
IVR effectively directed the attention of low-prior-knowledge learners and supported their selection of relevant information. In XR 
collaborative systems, cues enhance workspace awareness but face challenges related to cognitive load, personalization, and device 
compatibility (Assaf et al., 2024). Comparative studies also suggest that cue effectiveness hinges on spatial clarity, task alignment, and 
interpretability. For instance, Gaze Lines outperform other cue types in AR visual search tasks (Kelley et al., 2024), and in situated 
analytics, color cues remain effective, while combining multiple cue types may offer complementary benefits under certain conditions 
(Doerr et al., 2024). Research on spatial decision-making reveals that visual signals can bias spatial choices toward cued locations, 
indicating that visual cues may influence how attention is allocated during spatial decisions (Danziger & Rafal, 2009). Antrilli and 
Wang (2016) found that richer visual cues generated during object rotation facilitated mental rotation, suggesting that visual cues 
can support the integration of visual and motor information during spatial transformation.

Drawing on both the signaling principle (Van Gog, 2014) and empirical findings, visual cues should not be understood as auto
matically beneficial. Although cues may support learning by helping learners attend to relevant information and select, organize, or 
integrate essential material, empirical studies suggest that these benefits may be limited when cues are redundant, difficult to interpret, 
or unnecessary for learners who can already locate relevant information. Thus, attention guidance alone may not guarantee improved 
learning, which may partly explain the mixed findings on visual cues. Compared to video- or image-based media, desktop VR and other 
3D interactive environments may introduce additional considerations for the use of visual cues. As visual information shifts from fixed 
2D frames to interactive 3D objects and spatial layouts, learners may need to process more complex spatial relationships and coor
dinate multiple sources of information. However, it remains unclear how spatially augmented cues function in desktop VR and how 
they interact with textual scaffolds, highlighting the need for further empirical investigation.

2.4. Eye-tracking measures in spatial cognition research

Eye-tracking provides a direct and objective method for examining learners’ visual-cognitive processes (Zhai et al., 2018). Based on 
the eye-mind assumption, gaze behavior can be interpreted as indirect evidence of learners’ attention allocation and information 
processing during the learning task (Poole & Ball, 2006). This is also consistent with the Cognitive Theory of Multimedia Learning 
(CTML), which emphasizes the selection, organization, and integration of information and suggests that instructional cues may 
facilitate these processes by guiding attention and highlighting relations among elements (Wang et al., 2020). Research comparing 
learners with different spatial abilities shows that patterns can be detected through their eye-movement trajectories (Sun et al., 2020). 
Imagery research demonstrates that eye movements reflect spatial encoding processes (Mast & Kosslyn, 2002). Recent eye-tracking 
studies on spatial tasks suggest that fixation- and AOI-based measures can reveal learners’ visual information processing in spatial 
cognition (Keskin et al., 2018), and fixation, saccade, and switching measures can be used to examine information processing and 
search efficiency across spatial tasks such as mental rotation and spatial visualization (Tian et al., 2022). Hsieh (2026) showed that 
eye-tracking indicators can reveal strategy-related differences in relational spatial reasoning, supporting the use of eye-tracking to 
examine visual search and attentional control in spatial tasks. Thus, eye-tracking is well suited for evaluating how textual explanations 
and spatially augmented visual cues influence the training of spatial visualization and mental rotation.

2.5. Conceptual framework, research questions and hypotheses

To address the aforementioned gap, the present study investigates the effects of textual explanations and spatially augmented visual 
cues on spatial visualization and mental rotation performance in desktop VR environments. This section serves as the conceptual 
framework linking desktop VR as the spatially interactive learning environment, the signaling principle and cognitive load theory as 
the theoretical bases, textual explanations and spatially augmented visual cues as instructional supports for spatial cognition, and 
spatial performance, cognitive load, and attention allocation as the educational outcomes of interest. In this study, desktop VR is the 
spatially interactive learning environment rather than an independent variable. It provides the context in which learners manipulate 
3D objects and coordinate 2D planar figures with 3D models. Guided primarily by the signaling principle (Schneider et al., 2018; Van 
Gog, 2014) and cognitive load theory (Sweller et al., 1998), and informed by prior empirical findings, we propose several hypotheses 
while retaining exploratory research questions for effects that remain underexplored in desktop VR-supported spatial training. The 
signaling principle suggests that instructional cues guide learners’ attention to essential information (Van Gog, 2014), and such signals 
may reduce unnecessary cognitive effort and thereby lower extraneous load (Van Gog, 2014). Accordingly, textual explanations are 
expected to make task-relevant spatial relations more explicit and support coherent spatial representations. Prior studies have shown 
that on-screen text can complement auditory information, explain key points, provide prompts, and improve learning performance or 
mental model development (Albus et al., 2021; Du et al., 2025; Hyunjeong & Mayer, 2018; Li et al., 2023a; Stark et al., 2018). Thus, we 
hypothesize that learners receiving textual explanations will show better spatial performance than those not receiving textual ex
planations (H1).

Prior studies also suggest that instructional supports may improve learners’ motivational or affective experience by making 
learning materials more understandable or by increasing engagement (Du et al., 2025; Ragazou & Karasavvidis, 2023). Thus, we 
hypothesize that learners receiving textual explanations or spatially augmented visual cues will report more positive learning expe
riences than those receiving no instructional support (H2).

According to cognitive load theory, cognitive load includes intrinsic, extraneous, and germane load (Sweller et al., 1998). In this 
study, coordinating 2D planar figures with 3D models and mentally transforming spatial relations constituted a major source of 
intrinsic load. Therefore, textual explanations and spatially augmented visual cues were expected to influence cognitive load mainly by 
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affecting extraneous processing rather than by changing the intrinsic complexity of the tasks. Since textual and visual cues may reduce 
unnecessary search while also adding information to be processed, we cautiously hypothesized that these supports would not increase 
learners’ overall cognitive load during desktop VR-supported spatial training (H3).

Visual cues and interactive manipulation are expected to guide attention to task-relevant visual information, as supported by the 
signaling principle and eye-tracking studies showing that cues help learners focus on relevant areas and select task-relevant infor
mation (Boucheix & Lowe, 2010; Han et al., 2023). Thus, we predict that learners will allocate more visual attention to the combined 
cue and interactive areas than to the text areas during desktop VR-supported spatial training (H4).

Finally, the split-attention principle (Ayres & Sweller, 2005) suggests that when learners need to coordinate multiple sources of 
information that are physically or functionally separated, additional search and integration demands may increase extraneous pro
cessing. In desktop VR-supported spatial training, learners may need to coordinate textual explanations, spatially augmented visual 
cues, 3D models, and interactive manipulation simultaneously. Therefore, when textual explanations and spatially augmented visual 
cues are presented together, they may not necessarily produce additive benefits; instead, their effectiveness may depend on how well 
these sources of information are coordinated. Given the limited and mixed evidence on how textual explanations and spatially 
augmented visual cues jointly function in desktop VR, their interaction effect was examined exploratorily.

Based on these considerations, the study focused on the following research questions and hypotheses.

RQ1. How do textual explanations (absent vs. present) and spatially augmented visual cues (absent vs. present) affect spatial per
formance, including spatial visualization and mental rotation, in a desktop VR-supported 3D interactive learning environment?

H1. Learners receiving textual explanations will show better spatial performance than those not receiving textual explanations.

Since evidence remains mixed, the effect of spatially augmented visual cues on spatial performance was examined exploratorily.

RQ2. How do textual explanations and spatially augmented visual cues affect learning experience, including learning motivation, 
satisfaction, perceived usefulness, and perceived ease of use, in a desktop VR-supported 3D interactive learning environment?

H2. Learners receiving textual explanations (H2a) or spatially augmented visual cues (H2b) will report more positive learning ex
periences than those receiving no instructional support.

RQ3. How do textual explanations and spatially augmented visual cues affect overall cognitive load?

H3. Textual explanations (H3a) and spatially augmented visual cues (H3b) will not increase learners’ overall cognitive load during 
desktop VR-supported spatial training.

RQ4. How do learners allocate visual attention between text areas and combined cue/interactive areas during desktop VR-supported 
spatial training?

H4. Learners will allocate more visual attention to the combined cue and interactive areas than to the text areas during desktop VR- 

Fig. 1. The interface of four conditions (translated).
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supported spatial training.

Given limited evidence, the effect of textual explanations on attention allocation was examined exploratorily.

RQ5. Do textual explanations and spatially augmented visual cues interact in their effects on spatial performance, learning expe
rience, and overall cognitive load?

Given the limited and mixed evidence on how textual explanations and spatially augmented visual cues jointly function in desktop 
VR, their interaction effect was examined as an exploratory research question.

3. Methods

3.1. Participants and design

Participants were recruited through self-designed printed posters displayed on campus and recruitment announcements posted in 
university online social groups. A total of 100 college students (40 males and 60 females) from various majors at universities in 
northwestern China participated in the study. Their ages ranged from 16 to 26 years (M = 19.62, SD = 2.27).

This study employed a 2 (textual explanations: absent vs. present) × 2 (spatially augmented visual cues: absent vs. present) 
between-subjects design, including four conditions: no textual explanations and spatially augmented visual cues (NTENVC), spatially 
augmented visual cues (VC), textual explanations (TE), and textual explanations and spatially augmented visual cues (TEVC) (see 
Fig. 1). Textual explanations provided brief problem-solving strategies, whereas spatially augmented visual cues consisted of direc
tional arrows and color highlights. The arrows guided rotation toward the reference figure, while color highlights helped learners 
identify the lettered target faces (see Fig. 1). In addition, all other instructional elements were kept consistent across groups, including 
the audio narration, training procedure, task difficulty, and interactive functions.

Based on Kang (2021) and an assumed medium-to-large effect size (f = 0.40), a power analysis using G*Power 3.1 (Faul et al., 
2007) indicated a required sample size of 80. The final number of participants met this requirement. Participants were randomly 
assigned to one of four experimental groups, with no significant differences in age or gender distribution among the groups (see 
Table 1). Prior to the formal experiment, all participants provided informed consent and received compensation upon completion.

3.2. Apparatus and materials

3.2.1. Desktop VR and eye-tracking apparatus
The learning environment was implemented as a desktop VR environment rather than an immersive head-mounted display (HMD)- 

based VR system. Participants viewed and manipulated 3D objects on a laptop screen using a standard desktop interface. A laptop 
computer was used, with a screen size of 30.99 cm by 17.43 cm and a resolution of 1920 × 1080. Eye movements were recorded using a 
Tobii Pro Nano eye tracker (sampling rate: 60 Hz), which was mounted at the bottom center of the screen using adhesive strips and 
connected to the laptop via USB.

3.2.2. Training materials
The learning materials and system were developed using Unity 3D and comprised a total of 18 training tasks. In this study, 

“training” refers to a short-term, task-based VR practice session rather than a long-term instructional curriculum. The task design was 
informed by an established spatial task framework targeting integrated spatial visualization and mental rotation processes (Zhou et al., 
2022). Learners were required to determine whether a planar unfolded figure could be folded and rotated to match a corresponding 3D 
model. Thus, the judgment-based folding tasks were used to operationalize integrated spatial task performance involving spatial 
visualization and mental rotation, rather than to produce separate scores for the two constructs. Learners needed to mentally construct 
a 3D representation from a 2D unfolded figure and inspect the orientation and spatial correspondence of surfaces after folding. Each 
task involved 3D models containing one, two, or three instances of the letter F. Six distinct types of incorrect folding options, in which 
the planar figures could not be correctly folded into the target models, were intentionally designed as distractors for the judgment task 
and are summarized in Table 2. The training tasks, sequence, and difficulty were kept consistent across all groups. Each task comprised 
two interfaces: a test interface and an interactive interface (see Fig. 2).

Table 1 
Demographic information.

NTENVC VC TE TEVC statistics
(N = 25) (N = 25) (N = 25) (N = 25)
Mean Mean Mean Mean
(SD) (SD) (SD) (SD)

Gender 0.40 0.40 0.40 0.40 χ2 = 0.00, df = 3, p = 1.000
(0.50) (0.50) (0.50) (0.50)

Age 19.40 19.60 19.48 20.00 H = 2.65, df = 3, p = 0.450
(1.98) (2.66) (2.18) (2.31)

Note: Gender: 1, Male; 0, Female.
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In the test interface, learners were required to complete a task to decide whether the planar unfolded figure could be folded into the 
corresponding 3D shape. After submitting their response, learners proceeded to the interactive interface (see Fig. 2a), where they first 
listened to an approximately 10-second explanatory audio. Upon completion of the audio, learners engaged in interactive practice. The 
explanations included the correct answer, the rationale for the judgment, and problem-solving guidance, such as how to examine 
adjacent relations, opposite relations, and the spatial correspondences formed after folding.

The interactive interface was divided into three areas: a progress display area, an interactive manipulation area, and a reference 
area (see Fig. 2b). Learners’ task progress was continuously displayed at the top. The interactive area provided six operation buttons 
that allowed learners to fold, unfold, and rotate the model. In addition to using these buttons, learners could also rotate the model by 
right-clicking and dragging it. Through this interactive practice, learners visually explored the reasons why the planar figures could or 
could not be folded into the corresponding 3D models, which were presented in the reference area.

3.3. Measures

3.3.1. Spatial performance test
Spatial performance was assessed using a judgment-based test consisting of 36 items, with each item scored as one point. Each item 

presented a 2D planar figure together with a corresponding 3D model, and participants were required to judge whether the planar 
figure could be folded and rotated to form the target 3D structure. The test was adapted from the FORSpatial task framework, which 
assesses spatial visualization and mental rotation using shape-letter combinations and has shown acceptable validity and reliability 
(r = 0.66, p < 0.05; Cronbach’s α = 0.841; Zhou et al., 2022).

The spatial performance test was administered in two phases. First, participants completed the test one day prior to the formal 
experiment as a pretest to assess their initial spatial performance. Second, after completing the desktop VR training tasks, participants 
completed the same test again as a posttest to evaluate changes in spatial performance following the intervention. The same set of items 
was used in both phases, with the order of the questions randomized to minimize potential order effects.

The pretest scores were analyzed using a one-way analysis of variance (ANOVA), which revealed no significant differences among 
groups in initial spatial performance, F(3, 96) = 0.376, p = 0.771, η² = 0.012, indicating that participants’ spatial performance was 
comparable across experimental conditions before the intervention. The test showed acceptable internal consistency (Cronbach’s 
α = 0.774) and preliminary construct-related validity evidence (KMO = 0.708; Bartlett’s test, p < 0.001). Test items and their difficulty 
and discrimination indices are reported in Appendix A.

3.3.2. Learning experience
Learning experience was measured through four dimensions: satisfaction, motivation, perceived ease of use, and perceived use

fulness. The questionnaire was adapted from established scales developed by Chou and Liu (2005), Lee et al. (2010) and Hwang et al. 
(2013) (see Table 3). All items were rated on a 7-point Likert scale, ranging from 1 (“Completely disagree”) to 7 (“Completely agree”). 
The overall internal consistency of the questionnaire was high, with a Cronbach’s α of 0.887.

Table 2 
Six types of incorrect options used as distractors.

Type Illustration

Incorrect orientation of the letter opening ​
Incorrect facing direction of the letter ​
Incorrect placement of the letter ​
Incorrect opening direction of the letter relative to the target edge ​
Incorrect opening direction and placement of the letter ​
Incorrect facing direction and placement of the letters ​

Fig. 2. Screenshots of the desktop VR system interface. Left: test interface (a); right: interactive interface (b).

Q. Chen et al.                                                                                                                                                                                                           Thinking Skills and Creativity 63 (2027) 102402 

7 



3.3.3. Interactive test
The interactive test was process-oriented, as it captured learners’ in-system practice during VR training rather than final learning 

outcomes. It consisted of 18 items covering six shapes at three difficulty levels, with each item worth one point for a total score of 18. 
Participants’ responses and scores were automatically recorded by the system and constituted the interactive performance data used 
for subsequent analyses. The test was administered through the test interface embedded within the training system, where learners 
completed multiple-choice questions requiring them to judge whether an unfolded planar figure could be folded into the corre
sponding 3D model. The interactive test data were used to reflect learners’ performance during the learning process.

3.3.4. Eye-tracking
Fig. 3 shows the laptop and eye-tracking device used during the experiment. Participants viewed the desktop VR learning envi

ronment on a laptop screen and manipulated the 3D objects using a mouse, while their eye movements were recorded using a Tobii Pro 
Nano eye tracker mounted at the bottom center of the screen.

Eye-tracking measures were employed to examine cognitive load and attention allocation across the four experimental groups. The 
average fixation duration was used as an indirect eye-tracking proxy for overall cognitive load, as fixation-based measures have been 
used to infer processing demands and cognitive activity during learning (Clinton et al., 2017; Korbach et al., 2018; Van Gog & Scheiter, 
2010). However, this measure was not treated as a comprehensive assessment of cognitive load. The number of fixations was used to 
analyze patterns of attention allocation within predefined areas of interest (AOIs), reflecting learners’ selection and processing of 
instructional information (Poole & Ball, 2006; Ponce & Mayer, 2014). Two AOIs were defined within the interactive interface: a text 
area and a combined cue/interactive area (see Fig. 4). The combined cue/interactive area included the 3D manipulation space and, 
when present, the spatially augmented visual cues embedded in that space. Thus, fixations in this AOI were interpreted as attention to 
task-relevant interactive visual information rather than attention to visual cues alone.

3.4. Procedure

The experimental procedure consisted of four stages and lasted approximately 60 min in total. The first stage was completed one 
day prior to the formal experiment, whereas the remaining three stages were conducted consecutively in a quiet laboratory. First, 
participants completed a pretest questionnaire, which took approximately 15 min. Second, at the beginning of the formal experiment, 
participants read and signed an informed consent form. During this stage, the experimenter explained the experimental procedure and 

Table 3 
General information on the questionnaires.

Category Dimension Number of items Score Source

Basic Information ​ 7 ​ Self-developed scale
Spatial performance ​ 36 36 Self-developed scale
Interactive test ​ 18 18 Self-developed scale
Learning experience Learning satisfaction 3 1–7 Chou and Liu (2005)

Learning motivation 4 1–7 Lee et al. (2010)
Perceived usefulness 3 1–7 Hwang et al. (2013)
Perceived ease of use 3 1–7 Hwang et al. (2013)

Fig. 3. Experimental setup for the desktop VR spatial training task and eye-tracking data collection.
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requirements and addressed any questions raised by the participants. To ensure that participants became familiar with the training 
system and to avoid potential bias caused by operational unfamiliarity during the formal experiment, participants then watched a 2- 
minute and 23-second instructional video demonstrating system operation. Under the guidance of the experimenter, participants 
subsequently adjusted their posture and completed calibration of the eye-tracking equipment. This preparation stage took approxi
mately 5 min. Next, after successful calibration, the formal training session began and lasted approximately 25 min. For each item, 
participants first completed the corresponding spatial task in the test interface, and then used the interactive interface for learning and 
practice. This procedure was repeated until all training tasks were completed. Finally, after completing the training tasks, participants 
filled out the posttest and subjective experience questionnaires. An overview of the experimental procedure is presented in Fig. 5.

3.5. Data analysis

Data were analyzed using SPSS. Normality was examined using the Shapiro-Wilk test, together with histograms, Q-Q plots, and box 
plots. Homogeneity of variance was assessed using Levene’s test. Parametric tests were used when the relevant assumptions were met; 
otherwise, non-parametric tests were applied. For spatial performance, the assumptions of normality, homogeneity of variance, 
linearity between the covariate and the dependent variable, and homogeneity of regression slopes were met, so parametric tests were 
used. A paired-samples t-test was conducted to examine pretest-posttest improvement, and ANCOVA compared adjusted posttest 
scores across the four conditions with pretest scores as a covariate. The significant ANCOVA effect was followed by Bonferroni-adjusted 
EMM comparisons (Dunn, 1961). Two-way ANCOVA was then used to test the main and interaction effects, with significant in
teractions followed by simple main effects analyses (Field, 2012). Effect sizes were reported as partial eta squared (ηp²) and interpreted 
according to Cohen’s (Cohen et al., 1988, pp. 280–288) guidelines, with small, medium, and large thresholds set at 0.0099, 0.0588, 
and 0.1379, respectively. For the interactive test, normality and homogeneity of variance assumptions were also met; therefore, both 
one-way and two-way ANOVAs were used. In addition, non-parametric tests were used for learning experience and eye-tracking data 
as normality assumptions were not met. Kruskal-Wallis tests examined between-group differences, while Wilcoxon signed-rank tests 
compared the number of fixations in AOIs within conditions. These analyses should be interpreted as exploratory group-level 

Fig. 4. The screenshot of Areas of Interest (AOIs).

Fig. 5. Experimental procedure.
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comparisons rather than formal tests of the 2 × 2 factorial design.

4. Results

Descriptive statistics across the four experimental conditions are presented in Table 4. The results of hypothesis testing are sum
marized in Appendix B.

4.1. Spatial performance

Table 4 shows the pretest and posttest descriptive statistics for spatial performance across the four groups. A paired-samples t-test 
conducted on the overall sample showed a significant improvement from pretest to posttest, t(99) = − 11.31, p < 0.001, Cohen’s 
d = 1.13.

After controlling for pretest scores, the group effect on posttest spatial performance was significant, F(3, 95) = 2.999, p = 0.034, 
ηp² = 0.087. Bonferroni-adjusted comparisons indicated that the TE group outperformed the TEVC group, MD = 1.948, p = 0.032 (see 
Fig. 6).

A two-way ANCOVA revealed no significant main effects of textual explanations (F(1, 95) = 0.861, p = 0.356, ηp² = 0.009) or 
spatially augmented visual cues (F(1, 95) = 3.527, p = 0.063, ηp² = 0.036). However, a significant interaction effect between textual 
explanations and spatially augmented visual cues was observed, F(1, 95) = 4.666, p = 0.033, ηp² = 0.047 (see Fig. 7). Simple main 
effects analyses further showed that, without spatially augmented visual cues, textual explanation significantly improved adjusted 
posttest scores, F(1, 95) = 4.752, p = 0.032, ηp² = 0.048. In addition, within the textual explanation condition, the simple effect of 
spatially augmented visual cues was significant, F(1, 95) = 8.124, p = 0.005, ηp² = 0.079.

4.2. Interactive test performance

The one-way ANOVA showed no significant differences in interactive test performance among the experimental groups, (F(3, 
96) = 0.795, p = 0.500, ηp² = 0.024). The two-way ANOVA also showed no significant main effect of textual explanations (F(1, 
96) = 0.000, p = 1.000, ηp² = 0.000), no significant main effect of spatially augmented visual cues (F(1, 96) = 1.067, p = 0.304, 
ηp² = 0.011), and no significant interaction effect (F(1, 96) = 1.317, p = 0.254, ηp² = 0.014).

4.3. Learning experience

Results of the Kruskal-Wallis test indicated no significant differences in satisfaction across the training conditions, H = 6.081, 
p = 0.108. However, a significant difference was observed for motivation, H = 9.972, p = 0.019. Adjusted pairwise comparisons (see 
Fig. 8) revealed that motivation in the textual explanations group was significantly higher than that in the textual explanations and 
spatially augmented visual cues group, H = 2.817, p = 0.029, with no significant differences between the other groups. Results of the 
Kruskal-Wallis test indicated no significant differences in perceived usefulness across the experimental conditions, H = 5.343, 
p = 0.148, nor in perceived ease of use, H = 2.432, p = 0.488.

4.4. Eye-tracking outcomes

4.4.1. Average fixation duration
Descriptive statistics for average fixation duration are presented in Table 5. Results of the Kruskal-Wallis test indicated no sig

nificant differences in average fixation duration across conditions, H = 2.345, p = 0.504. This result suggests that this eye-tracking 
proxy did not reveal significant differences in overall cognitive processing demands among the conditions.

4.4.2. The number of fixations
The number of fixations was used to examine attention allocation across different AOIs within the same condition. The values in 

Table 6 refer to the total number of fixations within each AOI during the task, rather than values normalized by time. Results of the 

Table 4 
Descriptive statistics across four conditions.

Measure NTENVC 
(N = 25)

TE 
(N = 25)

VC 
(N = 25)

TEVC 
(N = 25)

M (SD) M (SD) M (SD) M (SD)

Pretest 26.48 (4.54) 27.72 (4.90) 26.80 (3.80) 26.52 (5.46)
Spatial performance (Posttest) 30.40 (3.49) 32.44 (2.43) 30.68 (3.25) 29.96 (3.42)
Interactive test 14.16 (1.25) 14.20 (1.76) 14.56 (2.14) 13.80 (1.71)
Learning experience Satisfaction 5.63 (0.74) 6.04 (0.72) 6.08 (0.58) 5.68 (0.87)

Motivation 5.35 (0.88) 5.83 (0.90) 5.41 (0.75) 5.24 (0.86)
Perceived usefulness 5.71 (0.94) 6.07 (0.89) 5.88 (0.99) 5.59 (0.93)
Perceived ease of use 6.12 (0.74) 6.36 (0.75) 6.37 (0.63) 6.20 (0.79)
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Wilcoxon signed-rank tests indicated that fixation counts in the combined cue/interactive areas were significantly higher than those in 
the text areas across the TE, VC, and TEVC conditions. Because this AOI combined the manipulation space and embedded visual cues, 
the result indicates attention to task-relevant interactive visual information rather than to visual cues alone.

5. Discussion

5.1. Empirical contributions

5.1.1. The effect of textual explanations depends on whether spatially augmented visual cues are present in desktop VR
The first major finding is that the effect of textual explanations on posttest spatial performance was conditional rather than in

dependent. After controlling for pretest spatial performance, neither textual explanations nor spatially augmented visual cues showed 
a significant main effect on posttest performance, whereas their interaction was significant. Specifically, the textual-explanation-only 
condition outperformed the combined textual-explanation-and-visual-cue condition. This suggests that textual explanations may 
support spatial performance when they are not presented simultaneously with competing spatially augmented visual cues. Prior 
research showed that textual cueing can facilitate cognitive processing in desktop VR environments (Albus et al., 2021). However, the 
present findings do not support a general conclusion that textual explanations independently improve spatial performance across 

Fig. 6. Differences in the spatial performance across the four conditions.
Note. The bracket indicates a significant Bonferroni-adjusted comparison between the TE and TEVC groups.

Fig. 7. Interaction effect of textual explanations and spatially augmented visual cues on spatial performance.
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conditions. Rather, they suggest a conditional advantage of task-specific textual explanations in desktop VR-supported spatial training. 
In this study, textual explanations clarified correct answers, judgment rationales, and key spatial relations, including adjacent re
lations, opposite relations, and folded spatial correspondences. Thus, the findings should be interpreted as evidence about spatial task 
performance in desktop VR-supported spatial training, rather than as evidence that textual explanations improve problem solving in 
general.

The interactive test and posttest served different measurement purposes. The former reflected training-phase performance, whereas 
the latter assessed immediate spatial performance after training. Because interactive test performance did not differ significantly across 
conditions, the results do not indicate a clear training-phase advantage of textual explanations. Instead, the contrast between com
parable training-phase performance and different posttest outcomes suggests that the arrangement of instructional supports may affect 
whether learners can perform effectively after the supports are removed.

Eye-tracking results showed that learners allocated significantly more visual attention to the combined cue and interactive area 
than to the text area across the TE, VC, and TEVC conditions. Because this AOI included both the interactive manipulation space and 
the embedded spatially augmented visual cues, this finding should not be interpreted as attentional capture by visual cues alone. 
Instead, it indicates that task-relevant interactive visual information attracted more attention than textual explanations. However, 

Fig. 8. Differences in the motivation across the four conditions.

Table 5 
Descriptive statistics of average duration of fixation across the four conditions.

Measure NTENVC 
(N = 25)

TE 
(N = 23)

VC 
(N = 23)

TEVC 
(N = 24)

M (SD) M (SD) M (SD) M (SD)

Average duration of fixation (s) 0.31 (0.06) 0.29 (0.07) 0.30 (0.07) 0.30 (0.06)

Note: Eye-tracking recordings from two participants in the TE group, two in the VC group, and one in the TEVC group were excluded from the eye- 
tracking analyses due to technical issues, such as calibration failure, unstable tracking, or excessive data loss. These exclusions occurred across 
conditions and were not concentrated in any single group.

Table 6 
Descriptive statistics and Wilcoxon signed-rank test results for AOIs across the conditions.

Condition AOI M (SD) Q2 (Q1, Q4) Z p r

TE 
(N = 23)

Text area 470.26 (250.75) 406.00 (307.00, 579.00) − 3.984b 0.000 0.831
Cue/interactive area 789.83 (440.76) 669.00 (476.00, 1111.00)

VC 
(N = 23)

Text area 262.13 (143.69) 239.00 (158.00, 239.00) − 4.197b 0.000 0.875
Cue/interactive area 883.83 (376.19) 779.00 (612.00, 1173.00)

TEVC 
(N = 24)

Text area 472.54 (162.31) 483.00 (312.50, 603.50) − 4.200b 0.000 0.857
Cue/interactive area 882.63 (460.34) 770.50 (565.00, 1100.75)

Note: Eye-tracking recordings from two participants in the TE group, two in the VC group, and one in the TEVC group were excluded from the eye- 
tracking analyses due to technical issues, such as calibration failure, unstable tracking, or excessive data loss. These exclusions occurred across 
conditions and were not concentrated in any single group.
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textual explanations may still have supported learners’ interpretation of spatial relations without dominating visual attention allo
cation. Additionally, no significant differences were found in average fixation duration across conditions, suggesting that textual 
explanations or spatially augmented visual cues did not increase overall cognitive load based on this eye-tracking proxy. This finding is 
consistent with prior evidence indicating that textual information does not necessarily increase cognitive load (Li et al., 2023a).

Although satisfaction, perceived usefulness, and perceived ease of use did not differ significantly across conditions, these findings 
may reflect the fact that all participants used the same desktop VR environment and completed the same spatial training tasks. Shared 
system-level and interaction-level features may have reduced between-group differences in learning experience (Lee et al., 2010; 
Makransky & Petersen, 2019). By contrast, the higher motivation reported in the textual-explanation-only condition relative to the 
combined condition suggests that motivation may be more sensitive to how textual explanations and spatially augmented visual cues 
are coordinated.

Taken together, these findings qualify prior multimedia and desktop VR research suggesting that textual or signaling cues can 
support learning (e.g., Albus & Seufert, 2022; King et al., 2023). Rather than showing a robust independent benefit of textual ex
planations, the present study found that their effectiveness in desktop VR-supported spatial training depends on how they are coor
dinated with spatially augmented visual cues.

5.1.2. Spatially augmented visual cues do not produce a training-phase advantage or better posttest performance
The second key finding is that spatially augmented visual cues did not produce a significant training-phase performance advantage 

or better posttest performance after controlling for pretest scores. Learners in the visual-cue conditions performed comparably to other 
groups during interactive training, indicating that the cues did not impair training-phase performance. However, this comparable 
performance was not accompanied by higher immediate posttest performance. This pattern may suggest that spatially augmented 
visual cues provided task-level guidance during training, but did not produce a measurable advantage beyond the supported practice 
phase.

This finding is consistent with prior research suggesting that realistic details may act as retrieval cues, but that such cue-related 
benefits may not persist when the cues are no longer available (Skulmowski & Rey, 2021). In the present study, spatially 
augmented visual cues may have guided learners’ attention to task-relevant visual information during training. However, because the 
cue-related AOI also included the interactive manipulation space, the eye-tracking results should be interpreted as attention to 
combined cue and interactive information rather than to visual cues alone. Moreover, greater attention to the combined cue/inter
active area was not accompanied by higher training-phase or immediate posttest performance.

Therefore, attention to visual cue/interactive areas should not be assumed to indicate better learning outcomes. Although visual 
cues can help focus attention on task-relevant elements (Boucheix & Lowe, 2010), the present findings show that such attention did not 
translate into better independent posttest performance. Spatially augmented visual cues should thus be interpreted cautiously as 
potential attentional guides rather than as demonstrated supports for improved learning performance.

5.1.3. Spatially augmented visual cues weaken the advantage observed in the textual-explanation-only condition
The third major finding concerns the significant interaction between textual explanations and spatially augmented visual cues. 

Follow-up simple main effects analyses showed that textual explanations significantly improved adjusted posttest scores only when 
spatially augmented visual cues were absent. Within the textual explanation condition, learners achieved higher adjusted posttest 
scores when visual cues were absent than when they were present. These results suggest that the benefit of textual explanations was 
conditional, and that adding spatially augmented visual cues weakened the performance advantage observed in the textual- 
explanation-only condition.

One possible explanation is that, in the combined condition, learners had to coordinate textual explanations, the 3D model, 
spatially augmented visual cues, and interactive manipulation simultaneously. This may have increased the need to coordinate 
multiple information sources and reduced the advantage associated with textual guidance. From the perspective of the split-attention 
effect (Mayer & Moreno, 1998; Mayer, 2024), simultaneous presentation of textual and visual supports may have divided learners’ 
attention rather than helping them integrate spatial relations more effectively. However, this interpretation should remain tentative 
because the present eye-tracking analysis did not separately isolate attention to visual cues from attention to the interactive manip
ulation space.

Prior multimedia research has shown that combining text and visual cues can support learning under some conditions (e.g., Wang 
et al., 2020). However, these studies differed from the present study in learning content, task type, media format, and research design. 
The present results should therefore be interpreted cautiously: in this desktop VR-supported spatial training task, combining textual 
explanations with spatially augmented visual cues did not produce additive benefits. This interaction emphasizes the need for careful 
instructional design in desktop VR learning environments. Rather than assuming that more instructional support is always beneficial, 
designers should consider that different forms of support may not produce additive benefits when presented simultaneously and may 
require careful coordination.

5.2. Theoretical implications

Rather than merely extending the signaling principle from conventional multimedia learning to desktop VR, this study refines the 
principle by identifying boundary conditions under which different forms of signals support or fail to support spatial learning in 
interactive 3D environments. While the signaling principle suggests that cues can guide attention and facilitate deeper learning 
(Schneider et al., 2018), the present findings indicate that attention guidance alone may not be sufficient for improving spatial learning 
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outcomes in desktop VR-supported spatial training. After controlling for pretest spatial performance, neither textual explanations nor 
spatially augmented visual cues showed a significant main effect on posttest performance; instead, their interaction was significant. 
Moreover, visual attention to cue/interactive areas did not translate into better training-phase or posttest performance. This distinction 
between attention guidance, training-phase performance, and post-training performance qualifies a key assumption of the signaling 
principle (Van Gog, 2014): cues may attract attention, but they do not necessarily improve posttest performance. Extending Li et al.’s 
(2023) observation that cue effects may vary across media, learning environments, and instructional combinations, the present 
findings further suggest that signaling effectiveness in desktop VR depends on how instructional cues are coordinated with textual 
explanations and learners’ attentional processing.

5.3. Practical implications

The findings suggest that instructional supports in desktop VR-supported spatial training should be carefully coordinated rather 
than simply combined. Designers should consider aligning textual explanations with learners’ interactive exploration so that key 
spatial relations are made explicit, while being cautious about presenting spatially augmented visual cues simultaneously with textual 
explanations. Because the textual-explanation-only condition outperformed the combined condition, textual guidance may be less 
useful when it is presented simultaneously with spatially augmented visual cues. Based on the average fixation duration measure, there 
was no eye-tracking evidence that textual guidance increased overall cognitive load. However, this finding should be interpreted 
cautiously because cognitive load was assessed using a single indirect eye-tracking proxy.

Spatially augmented visual cues should also be used selectively. Although learners attended more to the combined cue/interactive 
areas, this attention did not produce a training-phase advantage or better posttest performance. Therefore, spatially augmented visual 
cues should not be treated as beneficial simply because they attract attention. Designers may present cues sequentially with textual 
explanations, or gradually fade cues to encourage independent spatial reasoning. These implications are best interpreted within the 
context of the present desktop VR-supported spatial training task and do not indicate that the same design recommendations are 
specific to VR or generalizable to other learning environments.

6. Limitations and future directions

This study has several limitations that suggest directions for future research. First, it examined signaling strategies in short-term 
spatial performance training, whereas spatial ability development typically requires long-term practice. Potential practice effects 
cannot be fully excluded because the same items were used in the pretest and posttest, although all groups followed the same procedure 
and the analyses focused on between-group comparisons. In addition, the interactive test and posttest measured different aspects of 
performance and should not be treated as directly comparable indicators of internalization or transfer. As the learning experience and 
eye-tracking data did not meet parametric assumptions, these non-parametric results should be interpreted as exploratory group-level 
comparisons. Future studies should employ longitudinal designs, delayed posttests, and parallel test forms to better distinguish 
training effects from possible practice effects and examine whether the effects of textual explanations and spatially augmented visual 
cues are sustained over time. Although the spatial performance test showed acceptable internal consistency and preliminary construct- 
related validity evidence, items with relatively low discrimination should be further refined. Second, the study was conducted in a 
desktop VR environment, and it remains unclear whether the effects generalize to IVR settings, where higher immersion and inter
action may alter the role of instructional supports. The findings should be interpreted in relation to desktop VR-supported 3D inter
active learning environments rather than fully immersive HMD-based VR. Future research should investigate whether these findings 
hold in IVR environments. Third, although cognitive load theory was used to interpret learners’ processing demands, cognitive load 
was measured only through average fixation duration, an indirect eye-tracking proxy. This measure did not allow us to comprehen
sively assess cognitive load or distinguish intrinsic, extraneous, and germane load. Moreover, eye-tracking findings should also be 
interpreted cautiously. The 60 Hz sampling rate limited the capture of fine-grained attention shifts. Some recordings were excluded 
due to quality issues, and although these exclusions showed no apparent concentration across groups, the potential influence of the 
missing data cannot be entirely ruled out. The randomness of the missing eye-tracking data was not formally tested. Future studies 
should combine validated scales with eye-tracking to differentiate cognitive load types, utilize higher-resolution devices with stricter 
calibration to reduce data loss, and incorporate complementary metrics (e.g., pupillometry) or multi-modal data. Fourth, the combined 
cue/interactive area included both spatially augmented visual cues and the interactive manipulation space. Thus, the current eye- 
tracking analysis could not fully separate attention to visual cues from attention driven by interaction itself. Future studies could 
define more fine-grained AOIs to isolate cue-specific attentional effects. In addition, individual differences in spatial ability may 
moderate the effectiveness of instructional supports and should be examined in future adaptive signaling designs. Finally, this study 
manipulated the presence of task-specific textual explanations but did not independently vary the type of the textual content. The 
findings cannot fully disentangle the effect of text presence from the effect of explanatory content. Future studies should compare 
different forms of textual support to determine which textual features most effectively support spatial training in desktop VR. 
Moreover, because this study focused on spatial visualization and mental rotation tasks, future research should examine whether 
similar effects occur in non-spatial problem-solving domains.
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