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Abstract

Instructional videos are widely used, yet their limited interactivity often leads to passive viewing. Embedding
Virtual Reality (VR) as a form of generative practice, in which learners actively create content such as draw-
ings or visual representations, offers a promising solution to foster deeper cognitive processing. This study
examines the impact of integrating generative VR practice into instructional videos through an experimental
design involving 100 university students. Learners engaged with vocabulary tasks under four spatial layouts
that varied in the position (left vs. right) and size (small vs. large) of the interactive area, compared with a
video-only control. Outcomes included retention, transfer, attention, cognitive load, and perceived enjoyment.
Transfer benefits over video-only learning were observed only in the two large-area VR conditions. Among the
VR conditions, right-side positioning increased attention allocation and reduced cognitive load, whereas larger
interaction areas improved retention, transfer, and usability while reducing cognitive load. Eye-tracking fur-
ther showed that VR-based generative practice redirected attention toward the interactive area. No significant
interaction between position and size was found. These findings extend generative learning theory into VR-
supported video contexts, propose the Attentional Alignment Principle and Workspace Expansion Principle, and
provide design implications for interactive instructional videos.

Keywords Generative practice - VR-based interaction - Spatial affordances - Cognitive load - Eye tracking -
Instructional videos

Introduction

Interaction is widely recognized as a critical factor for deeper understanding, sustained engagement, and effective
knowledge application, making it an increasingly central concern in contemporary instructional practice (Rahimi
& Sevilla-Pavon, 2025). Accordingly, instructional design has shifted toward embedding interactivity to encour-
age learners to actively explore and engage with content and environments (Deng and Gao 2024; Hung and Chen
2018; Yu et al. 2024; Zhang et al. 2026a, b). In instructional videos, such efforts have included learner navigation,
embedded questions, and cues, which can improve engagement and comprehension (Deng & Gao, 2024; Geri et
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al., 2017; Hung & Chen, 2018; Kim et al., 2015; Yu et al., 2024; Yiiriim et al., 2023). However, these forms of
interactivity rarely require learners to generate new content. Generative learning theory, focusing on active strat-
egies, highlights the importance of learners creating new content to organize and integrate knowledge, thereby
deepening comprehension (Fiorella & Mayer, 2021).

Despite their wide adoption (C.-M. Chen et al. 2022a, b; Deng and Gao 2024; Hsieh 2020; Shen et al. 2023;
Zhang et al. 2026a, b; Zheng et al. 2024), instructional videos often constrain learners to passive viewing, lim-
iting opportunities for interaction that supports memory consolidation and skill transfer (Boateng et al., 2016;
Marchionini, 2003; Sabli¢ et al., 2021; Shih, 2010). Generative practice, where learners actively construct repre-
sentations to integrate knowledge (Fiorella & Mayer, 2021), may enable deeper learning beyond passive viewing
or lightly interactive video activities.

Virtual Reality (VR) offers a promising solution by enabling active participation. Its capacity for embodied
and multisensory enactment provides potential for supporting generative practice (Karnchanapayap, 2023; Van
Gemert et al., 2023). Prior studies have demonstrated positive effects of VR on engagement and learning out-
comes (Al Mamun & Lawrie, 2023; Lee et al., 2024; Lin et al., 2024; Zhao & McClure, 2024). Desktop VR, a
non-immersive and cost-effective format, has been shown to enhance learning without specialized equipment
(Chen et al. 2022a, b; Cromley et al. 2023; De Lorenzis et al. 2024; Johnson-Glenberg et al. 2021; Makransky
and Lilleholt 2018; Makransky et al. 2019; Zhou et al. 2018). Yet most VR applications emphasize procedural
demonstration or conceptual visualization (Makransky et al., 2019; Yang et al., 2024), with limited attention to
generative learning through content creation. Embedding generative practice in desktop VR may therefore extend
instructional videos from primarily presenting information toward supporting learners in actively constructing
and applying knowledge.

Generative practice via VR may transform videos into powerful tools for deeper learning, but two issues
require study: its effects on retention, transfer, attention, and load, and how the spatial affordances of interac-
tive elements shape learning through embodiment (Jiang & Chen, 2022; Kincaid & Corsun, 2003). Multitasking
between video viewing and practice may divide learners’ attention and momentarily shift focus between compet-
ing tasks (Ralph et al., 2015), making it vital to understand how such dynamics affect cognitive efficiency and
performance. Despite its promise, clear design guidance remains scarce.

The present study addresses these gaps by investigating the effects of integrating VR-based generative practice
into instructional videos and examining the spatial design of the VR practice area. The study first compares VR-
based generative practice with video-only learning in terms of retention, transfer, attention, and cognitive load.
It then examines how the position (left vs. right) and size (small vs. large) of the practice area influence learning
outcomes, attention, cognitive load, perceived enjoyment, and layout usability, as well as whether position and
size interact in shaping these outcomes. Accordingly, the following research questions are proposed:

RQ1: How does integrating VR-based generative practice into instructional videos, compared to video-only
learning, affect learners’ performance, attention, and cognitive load?

RQ2: How does the position of the VR-based generative practice area influence retention, transfer, attention,
cognitive load, perceived enjoyment, and layout usability?

RQ3: How does the size of the VR-based generative practice area influence retention, transfer, attention, cogni-
tive load, perceived enjoyment, and layout usability?

RQ4: Do the position and size interact in their effects on learning and experience?

The corresponding hypotheses are developed in Sect. 2 based on generative learning theory, embodied cogni-
tion theory, the split-attention effect, and the cognitive-affective theory of learning with media.
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Literature review, theoretical background, and hypotheses
Generative learning theory and strategies

Generative learning theory suggests that learning is enhanced when learners actively select, organize, and inte-
grate new information with prior knowledge rather than merely receive it (Fiorella & Mayer, 2016, 2021). Gen-
erative activities such as drawing, explaining, visualizing, and enacting can support deeper processing (Fiorella,
2023; Fiorella & Mayer, 2016).

Recent empirical studies provide converging evidence for the benefits of generative strategies in technology-
mediated learning (Zhang et al. 2025a, b). In video-based learning, drawing during viewing enhanced the benefits
of segmented instruction, and drawing accuracy mediated learning gains (Zhang et al. 2025a, b). Scaffolded
self-explanation prompts also improved learning performance and reduced cognitive load (Wang & Xu, 2024).
Beyond video contexts, explaining to oneself or others improved retention, and explaining to others further
enhanced transfer and activated brain networks related to attention, working memory, metacognitive processing,
and social processing (Zhu et al., 2024). In online learning, interactive graphic organizers improved retention
and comprehension, directed attention toward generative representations, and increased satisfaction while reduc-
ing perceived difficulty (Wang et al., 2021). Collectively, this evidence supports expecting VR-based generative
practice to improve retention (H1a), transfer (H1b), and attention (H1c¢) through deeper knowledge construction
(Chi & Wylie, 2014; Fiorella, 2023; Fiorella & Mayer, 2016).

However, their effectiveness depends on activity design, instructional support, and cognitive demands (Skul-
mowski, 2024). Although some scaffolded activities reduce cognitive load (Wang & Xu, 2024), active production
may compete with content processing for working-memory resources. In video learning, such tasks may divide
attention between processing and production (Beege and Ploetzner 2025; Zhang et al. 2025a, b). Thus, coordinat-
ing video processing with VR-based generative practice is expected to impose greater cognitive load than video
viewing alone (H1d).

Taken together, these theoretical and empirical findings lead to the following hypothesis: H1: Compared with
video-only learning, VR-based generative practice is expected to improve retention (H1a) and transfer (H1b),
increase attention allocation (H1c), and result in higher cognitive load (H1d).

Embodied cognition theory and interface layout in multiscreen and interactive learning

Embodied cognition theory suggests that cognition is grounded in interactions among sensorimotor systems,
bodily states, and the environment (Foglia & Wilson, 2013; Stalheim & Somby, 2024; Wilson, 2002). From this
perspective, interface layout may therefore affect learning by altering perception-action demands and coordina-
tion effort.

Evidence on spatial positioning is mixed. Holmes et al. (2012) found more gaze on the main than the second-
ary screen. However, Vatavu and Mancas (2015) reported no left-right attention difference. Murano and Lomas
(2015) observed fewer errors and clicks with top and left menus, though McCarthy et al. (2004) and Kalbach and
Bosenick (2003) found no significant performance differences across menu positions. Thus, existing interface
research does not provide direct evidence that right-side placement is universally superior. The prediction in the
present study is derived from embodied alignment: perception-action coupling is influenced by factors such as
handedness, reachability, and habitual motor routines (Bridgeman & Tseng, 2011; Ranzini et al., 2022; Stalheim
& Somby, 2024; Thorvald et al., 2020; Wilson, 2002). Related evidence indicates performance asymmetries asso-
ciated with hand preference and experience in mouse control (Peters & Ivanoff, 1999), and faster responses when
stimulus location is spatially compatible with the responding hand (Wilf et al., 2013). Although this relationship
has not been directly tested in VR-based generative learning, for predominantly right-handed learners, position-
ing the practice area on the right may better align with habitual motor routines, potentially reducing interaction
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effort and leaving more cognitive resources available for learning. This reasoning supports the expectation that
right-side positioning may facilitate retention (H2a) and transfer (H2b).

Size has a more direct motor-control basis. Larger targets reduce precision demands and facilitate selection
(MacKenzie, 1992; Parhi et al., 2006; Wang et al., 2024), and Wang et al. (2024) showed that larger motor and
visual spaces improved selection efficiency. Interface layout can also affect learning efficiency and cognitive load
(Zhang et al., 2022), while appropriately managed sensorimotor interaction can support learning and transfer
(Lyu & Deng, 2024; Pouw et al., 2014; Zou et al., 2025). Larger practice areas are therefore expected to improve
retention (H3a) and transfer (H3b).

A key gap is that prior studies have focused mainly on general interfaces, multiscreen viewing, target selec-
tion, mobile learning, or embodied learning broadly. Position, size, and especially their combined effects remain
underexplored in VR-based generative practice. Because larger areas may reduce precision demands while right-
side placement may align with habitual motor routines, the large-right configuration is expected to provide the
best conditions for retention (H4a) and transfer (H4b).

Split-attention effect

The split-attention effect proposes that coordinating spatially separated information sources imposes cognitive
costs because learners must divide attention and mentally integrate them (Chandler & Sweller, 1992; Mayer &
Moreno, 1998; Sweller et al., 2011). Cierniak et al. (2009) found that split-source formats led to poorer learning
outcomes than integrated formats, and that both extraneous and germane load contributed to this effect. Pouw
et al. (2019) revealed that greater spatial separation slowed information integration and reduced integrative eye
movements. In a systematic review of the spatial split-attention principle, Schroeder and Cenkei (2020) proposed
that the benefits of integrated designs may improve allocation of germane resources and integrative cognitive
processing rather than reduce extraneous cognitive load.

In the present study, learners must coordinate instructional video content with a separate VR-based practice
area. Unlike conventional split-attention research focused mainly on information-source separation or integra-
tion, little is known about how the position and size of an interactive practice area affect attention and cognitive
load during such alternation.

For position, performance asymmetry (Peters & Ivanoff, 1999) and spatial-compatibility evidence (Wilf et
al., 2013) suggest that layouts aligned with dominant-hand routines may facilitate interaction. Thus, for pre-
dominantly right-handed learners, right-side placement may make switching between video and practice more
efficient, leading to greater attention allocation (H2¢) and lower cognitive load (H2d). For size, larger targets
reduce precision demands and facilitate selection (MacKenzie, 1992; Parhi et al., 2006; Wang et al., 2024), while
interface layout can affect learning-related cognitive load (Zhang et al., 2022). Larger practice areas are therefore
expected to facilitate attention allocation (H3c) and reduce cognitive load (H3d).

These mechanisms may also combine. Efficient coordination of spatially separated activities can support pro-
cessing (Pouw et al., 2019; Schroeder & Cenkci, 2020), while larger targets and spatially compatible positioning
may reduce motor and switching demands (MacKenzie, 1992; Parhi et al., 2006; Peters & Ivanoff, 1999; Wang et
al., 2024; Wilf et al., 2013). Direct evidence for the interaction of position and size in VR-based generative learn-
ing remains limited. However, the combined reduction in target-selection and spatial-coordination demands sug-
gests that the large-right configuration may produce the greatest attention (H4c) and lowest cognitive load (H4d).

Cognitive-affective theory of learning with media

The Cognitive-Affective Theory of Learning with Media (CATLM) emphasizes that interactive designs influence
not only cognitive processing but also learning experience (Moreno, 2006). Park et al. (2014) suggested that
affective factors can facilitate both cognitive and affective outcomes, providing a basis for considering learn-
ers’ subjective experience. In immersive learning environments, the Cognitive Affective Model of Immersive
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Learning proposes that factors such as interest, motivation, embodiment, and cognitive load jointly influence
outcomes in virtual reality (Makransky & Petersen, 2021). More broadly, recent theoretical work suggests that
learning in digital environments may also involve social processes in addition to cognitive and affective ones
(Schneider et al., 2022).

However, little is known about how spatial properties of an interactive practice area, particularly its position,
size, and their combination, influence enjoyment and usability in VR-based generative learning. When interface
arrangements reduce motor-control effort and facilitate interaction, learners may experience greater ease of use
and perceived control. Accordingly, right-side positioning, when better aligned with the interaction routines of
predominantly right-handed learners, is expected to modestly enhance perceived enjoyment (H2e) and layout
usability (H2f). Larger interaction areas, by reducing precision demands, are expected to enhance enjoyment
(H3e) and usability (H3f). Their combination may further reduce interaction difficulty and increase perceived
control; therefore, the large-right configuration is expected to yield the highest enjoyment (H4e) and usability
(H4f).

Taken together, the hypotheses concerning position, size, and their interaction are as follows:

H2: Compared with left-side positioning, right-side positioning is expected to improve retention (H2a) and
transfer (H2b), increase attention allocation (H2c¢), reduce cognitive load (H2d), and yield modest improvements
in perceived enjoyment (H2e) and layout usability (H2f).

H3: Compared with smaller interaction areas, larger interaction areas are expected to improve retention (H3a)
and transfer (H3b), increase attention allocation (H3c), reduce cognitive load (H3d), and increase perceived
enjoyment (H3e) and layout usability (H3f).

H4: Position and size are expected to interact, with the large-right configuration producing the most favorable
outcomes across retention (H4a), transfer (H4b), attention (H4c), cognitive load (H4d), enjoyment (H4e), and
usability (H4f), and the small-left configuration producing the least favorable outcomes.

Methods

Participants and research design

A total of 100 university students (50 females, 50 males, ages 18-31, M=20.5, SD=2.69), all of whom were
right-handed and learning English as a foreign language. The study used a 2x2+1 factorial design with two
between-subjects factors: position (left vs. right) and area size (large vs. small) of the interaction area, plus a
control group. The effect size was based on the data (>0.44) reported in Kyaw et al. (2019). Using G*Power 3.1
(Version 3.1.9.7; Faul et al., 2007) calculations (effect size f=0.45, power=0.80, alpha=0.05), the target sample
size was 90 participants in total, which was met.

Application and generative interaction activities

The application, built with Unity 3D and Blender, teaches colour vocabulary to foreign language learners through
interactive and generative activities. It features two areas: an interactive area and a video area. The interactive
area functions as the practice space, where learners can select target words, adjust brush settings, rotate objects,
erase, and capture snapshots. The video area allows play, pause, fast-forward, and navigation.

As part of the generative learning tasks, learners engaged with nine English colour words, that is, aqua, azure,
sienna, mauve, fuchsia, vitelline, tangerine, chartreuse, and ultramarine, by actively applying them in the design
of artistic donuts, thereby fostering deeper semantic processing and integration. The design tasks were inspired
by The Tale of the Peach Blossom Spring; for example, one assignment required students to create a donut using
chartreuse and sienna, reflecting the village’s cultural association with wine and pastries.
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The 5-minute, 52-second video explains pronunciation, meaning, origin, symbolism, and usage of the colours.
The interface offers two sizes: large (1152 x 800) and small (768 x 800). When the interactive area is positioned on
the left with a large size, the video area is on the right with a small size. As shown in Fig. 1, the four experimental
conditions vary by interactive area position and size: LVRL (The VR interactive area is on the left with a larger
size, i.e., Left VR and Large), RVRL (Right VR and Large), LVRS (Left VR and Small), and RVRS (Right VR
and Small). The control group views only the instructional video (IV). Tasks are consistent across all conditions.

Measures

Prior knowledge

The prior knowledge test had nine fill-in-the-blank questions on the nine words. Participants wrote meanings of
each word if they knew, earning one point per correct answer (max nine points). None had prior knowledge of
these words.

Retention and transfer

We measured retention and transfer using 27 multiple-choice questions (nine words X three types). The retention
test had 18 questions, and the transfer test had nine. Participants earned 1 point per correct answer, with a maxi-
mum of 27 points. To discourage guessing, one option was “I do not know.”

The first retention type showed a coloured bar, asking participants to select the corresponding word. The sec-
ond, also the retention type, showed an image with multiple colours, and participants selected the matching word
for one colour. The transfer test gave a word, asking participants to choose the matching scene or object. The
McDonald’s » values (Hayes & Coutts, 2020; Shaw, 2021) indicated high internal consistency (retention: 0.83,
transfer: 0.72, overall: 0.86).

Subjective scales

Attention, layout usability, and perceived enjoyment were assessed using a seven-point Likert scale (1 =strongly
disagree, 7=strongly agree; as shown in Table 1). Higher scores indicated a higher level of agreement. Attention

Fig. 1 The interface of the
application and four experi-
mental conditions (translated)

3. sienna 3. sienna

[si'ene] brownish yellow fsi'ens] brownish yellow

for o prscn undoms n ancint Chna

(oo xv 0@ P o0 %W B®
LVRS RVRS
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Table 1 Subjective ratings Variable Numbers of Type Reliability Reference
questions (McDonald’s ®)
Attention 3 7-point Likert 0.875 Revised from
(Salomon, 1984)
Perceived enjoyment 3 0913 (Tokel & Isler,
2015)
Layout usability 6 0.922 Self-designed

was revised for the context, perceived enjoyment was referenced, and layout usability was self-designed with six
items:

The layout of this interactive learning environment makes me feel comfortable.
The layout conforms to my usage habits.

The layout is simple and easy for me to use.

I feel that the size and position of the interactive area in the layout are appropriate.
I feel that the size and position of the video area in the layout are appropriate.

I feel that the design of the layout aligns with what I expected.

A e

Cognitive load and attention allocation

This study compares learners’ cognitive load across five conditions using average fixation duration (0.1-0.5), an
eye-tracking indicator that correlates positively with cognitive load (Alemdag & Cagiltay, 2018; Krejtz et al.,
2018; van Gog & Jarodzka, 2013). We examined attention to interactive and video areas via total fixation duration
in Areas of Interest (AOIs) and explored attention to the instructor using fixation duration percentage (Rosch &
Vogel-Walcutt, 2013).

Procedure and data analysis

Participants were first instructed about the experiment, signed the consent form, and completed demographic
and prior knowledge tests. Then, they watched a video, interacted with the app on a laptop for tasks, and com-
pleted posttests, subjective ratings, and a brief interview for feedback, taking approximately 40 min overall.
Kolmogorov-Smirnov tests and visual inspections confirmed normal distribution of most data across the five
conditions, allowing for ANOVA analysis. Effect sizes in ANOVAs were measured using np? (Richardson, 2011),
with thresholds for small (0.0099), medium (0.0588), and large (0.1379) effects. We used Kruskal-Wallis tests
for non-normally distributed data.

Results

Table 2 shows the descriptive statistics for learning performance, subjective scales, and average duration of fixa-
tion across the five groups.

Retention
One-way ANOVA showed no significant differences in retention across the five groups (F(4,95)=1.830, p=0.129,
np? = 0.072), with the RVRL group performing highest (M=14.95). These results did not support Hla.

Among the four VR conditions, two-way ANOVA revealed no main effect of position on retention
(F(1,76)=0.868, p=0.355, np*> = 0.011), providing no evidence for H2a. However, a significant main effect of
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Table 2 Descriptive
statistics

Fig. 2 Differences in the
transfer

Measures LVRL RVRL LVRS RVRS v
(n=20) (n=20) (n=20) (n=20) (n=20)
M (SD) M (SD) M (SD) M (SD) M (SD)
Retention 13.65(3.42) 14.95(3.28) 12.30(3.48)  12.45(3.72)  12.85(4.06)
Transfer 5.75 (1.94) 5.85(2.11) 4.40 (1.76) 5.00 (1.56) 4.20 (1.79)
Attention 433(1.74)  538(126)  4.15(1.62)  5.00(127)  5.50(0.83)
Perceived enjoyment  5.63 (0.85)  5.68(1.05)  5.28(1.19)  5.72(0.77)  N/A
Layout usability 547(1.11)  5.73(0.99)  429(1.59)  4.70(1.05)  N/A
Cognitive load (Average 0.32 (0.05) 0.30 (0.04) 0.36 (0.04) 0.33 (0.05) 0.25 (0.05)
duration of fixation)
MD = 1.55, ¥*p < 0.01 Size
[
MD = 1.35, *p < 0.05 MD = 1.65, ¥*p < 0.01 EdLarge
I | B small
o MD = 1.45, *p < 0.05 N v
o T
‘2 7
C
©
—
—
3 1
0 | [ [

Left

Right \Y;
Position

area size was found (F(1,76)=6.118, p=0.016, np* = 0.075), indicating that larger interaction areas enhanced
retention. This result supported H3a.

No interaction effect on retention was observed between position and area size (F(1,76)=0.546, p=0.462, np>
=0.007). Thus, no evidence was found to support H4a.

Transfer

One-way ANOVA indicated significant differences in learning transfer (F(4,95)=3.356, p=0.013, np*> = 0.124;
see Fig. 2). Tukey’s HSD tests revealed that the LVRL group scored higher than the LVRS group (Mean Dif-
ference=1.35, p<0.05) and IV group (MD=1.55, p<0.01). Similarly, RVRL outperformed LVRS (MD=1.45,
p<0.05) and IV (MD=1.65, p<0.01). No other group differences were significant. These results partially
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supported H1b, as only the two large-area VR conditions (LVRL and RVRL) significantly outperformed the
video-only condition.

Among the four VR conditions, two-way ANOVA showed no significant main effect of position on transfer
(F(1,76)=0.713, p=0.401, np? = 0.009), providing no evidence for H2b. In contrast, a significant main effect of
area size was observed (F(1,76)=7.044, p=0.010, np? = 0.085), with larger areas yielding higher transfer scores
than smaller ones. This result supported H3b.

No interaction effect on transfer was found between position and area size (F(1,76)=0.364, p=0.548, np* =
0.005). Thus, no evidence was found to support H4b.

Attention

The Kruskal-Wallis test showed a slight difference in attention levels across the five conditions (H(4)=9.55,
p=0.049), but post hoc tests with Bonferroni correction revealed no significant pairwise differences. The IV
group (M=5.50, SD=0.83) and the RVRL group (M=5.38, SD=1.26) had the highest values. These results pro-
vided limited evidence and only partially supported Hlc.

Among the four VR conditions, two-way ANOVA revealed a significant main effect of interactive area position
on attention (F(1,75)=8.067, p=0.006, np*> = 0.097), with right-side interactive areas attracting more attention
than left-side areas. This result supported H2c. No significant main effect of area size was found (F(1,75)=0.713,
p=0.401, np? = 0.009), providing no evidence for H3c.

No significant interaction effect between position and size was observed (F(1,75)=0.087, p=0.768, np* =
0.001). Thus, no evidence was found to support H4c.

Attention allocation

The application included three predefined areas of interest (AOIs): AOI1 (interactive area), AOI2 (video area),
and AOI3 (teacher area). Table 3 presents the Wilcoxon signed-rank test results for total fixation duration in AOI1
and AOI2 across the four experimental groups. Across all VR conditions, learners spent significantly more time
fixating on the interactive area than on the video area, indicating a prioritization of interactive practice over pas-
sive video viewing.

Significant differences were also observed in fixation duration toward AOI3 (teacher area) across the five
experimental conditions (H(4)=18.81, p=0.001). As shown in Fig. 3, multiple comparisons revealed that the
IV group devoted a significantly higher percentage of fixation time to the teacher area than the LVRL group
(»=0.002, r=0.38), the RVRL group (p=0.017, r=0.32), the LVRS group (p=0.012, »=0.33), and the RVRS
group (p=0.008, r=0.34). No significant differences were found among the four VR groups. These findings pro-
vide process-level evidence that VR-based generative practice consistently redirected learners’ attention from the
video and teacher areas toward the interactive tasks, thereby partially supporting Hlc.

Table 3 Total duration of AOIs Total duration of fixation in AOI z P
fixation in AOI1 and AOI2 M (SD)
LVRL AOII 606.84 (231.60) -3.72b 0.00
AOD2 236.18 (120.17)
RVRL AOIl 554.95 (180.22) -3.81° 0.00
AOD2 236.08 (116.19)
LVRS AOIl 480.31 (129.77) 3.51° 0.00
AOI2 256.09 (115.12)
RVRS AOI1 609.39 (143.96) -3.78b 0.00
AOD2 254.47 (96.92)
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Cognitive load

Table 2 presents the descriptive statistics of cognitive load, indexed by average fixation duration (0.1-0.5), which
has been shown to correlate positively with cognitive load. The Kruskal-Wallis test revealed significant differ-
ences across the five conditions (H(4)=35.76, p<0.001; see Fig. 4). Multiple comparisons indicated that the
LVRS group had significantly longer fixation durations than the RVRL group (»p=0.008, »=0.34). In contrast, the
IV group showed significantly shorter fixation durations than the LVRL (»p=0.004, »=0.36), LVRS (p<0.001,
r=0.59), and RVRS groups (p=0.002, »=0.38). These results partially supported H1d because three of the four
VR conditions showed significantly higher cognitive load than the video-only condition, whereas the difference
between RVRL and IV was not significant.

Two-way ANOVAs revealed significant main effects of both position (F(1,72)=5.967, p=0.017, np* = 0.077)
and size (F(1,72)=9.154, p=0.003, np? = 0.113). Learners using right-side interactive areas showed lower cogni-
tive load than those using left-side areas, supporting H2d. Learners with larger interaction areas reported lower
cognitive load than those with smaller ones, supporting H3d. No significant interaction effect between position
and size was observed (F(1,72)=1.013, p=0.318, np* = 0.014). Thus, no evidence was found to support H4d.
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Perceived enjoyment

Perceived enjoyment scores were high across all four experimental groups, with mean values exceeding 5, indi-
cating generally high levels of enjoyment among learners in the VR conditions. The Kruskal-Wallis test showed
no significant differences in perceived enjoyment ratings across conditions (H(3)=1.56, p=0.670). The RVRS
group (M=5.72, SD=0.77) and RVRL group (M=5.68, SD=1.05) reported descriptively higher enjoyment;
however, these differences were not statistically significant.

However, two-way ANOVAs indicated no significant main effects of position (F(1,74)=1.149, p=0.287, np* =
0.015) or size (F(1,74)=0.473, p=0.494, np?> = 0.006) on perceived enjoyment, nor was there a significant inter-
action effect (F(1,74)=0.720, p=0.399, np*> = 0.010). These results provided no evidence for H2e, H3e, and H4e.

Layout usability

The Kruskal-Wallis test revealed a significant difference in layout usability across the four VR conditions
(H(3)=13.75, p=0.003; see Fig. 5). Bonferroni-corrected pairwise comparisons showed that the RVRL group
rated the layout significantly higher than the LVRS group (p=0.015, »=0.34) and the RVRS group (»p=0.038,
r=0.31). No significant differences were found among the other groups.

Two-way ANOVAs indicated no significant main effect of interactive area position on layout usability
(F(1,75)=1.517, p=0.222, np? = 0.020), providing no evidence for H2f. However, a significant main effect
of interactive area size was found (F(1,75)=16.676, p<0.001, np? = 0.182), indicating that groups using large
interactive areas reported significantly higher layout usability scores than those using small areas. This supported
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H3f. The interaction effect between position and size was not significant (F(1,75)=0.081, p=0.777, np*>=0.001),
indicating no evidence to support H4f.
Table 4 summarizes the results of hypothesis testing.

General discussion

This study investigated the impact of integrating VR-based generative practice into instructional videos, with a
focus on the spatial design of the interaction (i.e., position and size). Three key contributions are as follows.

The effect of VR-based generative practice compared to video-only learning

The results showed that the transfer benefits of VR-based generative practice depended on practice-area size.
The two large-area VR groups (LVRL and RVRL) significantly outperformed the video-only group, whereas the
two small-area VR groups did not. This pattern is consistent with prior work showing that drawing during video
learning enhances learning gains (Zhang et al. 2025a, b), scaffolded self-explanation improves performance and
can reduce cognitive load (Wang & Xu, 2024), and explaining to others promotes transfer and deeper cognitive
engagement (Zhu et al., 2024). Eye-tracking results further showed that learners in all four VR conditions allo-
cated more fixation time to the interactive area than to the video area, while video-only learners devoted more
attention to the instructor than learners in each VR condition. These findings provide process-level evidence of
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Table 4 The results of Hypothesis Description Result
hypothesis testing Hla VR practice> Video-only on retention x
Hlb VR practice>Video-only on transfer (0]
Hle VR practice>Video-only on attention (0]
Hld VR practice>Video-only on cognitive load o
H2a Right>Left on retention x
H2b Right>Left on transfer x
H2c Right>Left on attention v
H2d Right<Left on cognitive load v
H2e Right>Left on enjoyment X
H2f Right>Left on usability X
H3a Larger>Smaller on retention \
H3b Larger>Smaller on transfer \
H3c Larger> Smaller on attention x
H3d Larger <Smaller on cognitive load v
Note: \ (supported, statisti- H3e Larger>Smaller on enjoyment x
cally significant results in the H3f Larger>Smaller on usability v
predicted direction); x (not sup- H4a Right+Large — best retention x
ported, no significant effects or H4b Right+Large — best transfer x
effects in the opposite direction); 4. Right+Large — most attention x
O, (partially supported, overa.ll H4d Right+ Large — lowest cognitive load X
differences observed but no sig- . . .
. s H4e Right+Large — highest enjoyment X
nificant pairwise effects or only B -
limited evidence) H4f Right+Large — best usability X

attention allocation toward active interaction. Consistent with prior evidence (Tai et al., 2022), this study reveals
the potential of appropriately designed interactive practice to support vocabulary transfer.

The results therefore qualify rather than uniformly confirm the expected benefits of VR-based generative prac-
tice. Retention did not differ significantly between VR and video-only learning, and transfer advantages emerged
only in the large-area conditions. Moreover, three VR conditions showed higher cognitive load than video-only
learning, whereas RVRL did not differ significantly from the video-only condition. Because perceived enjoyment
was measured only in the four VR groups, no conclusion can be drawn regarding whether VR-based generative
practice increased enjoyment relative to video-only learning. From the perspective of generative learning theory,
the observed transfer advantages in the large-area conditions may reflect learners’ active selection, organization,
integration, and representation of information through interaction (Fiorella & Mayer, 2021). More recent work
further suggests that explaining, visualizing, and enacting are complementary forms of generative sense-making
(Fiorella, 2023). In the present study, VR-based practice combined visualizing and enacting, providing opportu-
nities for learners to engage with learning content through active interaction rather than passive viewing.

Practically, instructional videos should incorporate structured generative tasks when the goal is transfer and
application rather than content delivery alone. VR-based practice can shift learners from watching to construct-
ing, but it should be closely aligned with instructional content and designed to support meaningful generation
rather than distraction.

The effect of spatial positioning

Second, spatial positioning influenced attention and cognitive load but did not significantly affect retention,
transfer, perceived enjoyment, or layout usability. Right-side placement was associated with greater attention
allocation and lower cognitive load than left-side placement, suggesting a process-level rather than a direct learn-
ing-performance advantage. This pattern is broadly consistent with prior interface research showing that layout
can influence gaze patterns, usability, and task efficiency, although findings in general interface settings remain
mixed (Holmes et al., 2012; Kalbach & Bosenick, 2003; McCarthy et al., 2004; Murano & Lomas, 2015; Vatavu
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& Mancas, 2015). It also aligns with learning-related evidence that layout can affect learning efficiency, usability,
and cognitive load (Ragan et al., 2012; Zhang et al., 2022).

Theoretically, these findings can be explained by embodied cognition and split-attention perspectives. Embod-
ied cognition suggests that cognitive processing is shaped by perception-action couplings such as handedness,
reachability, and habitual scan paths (Bridgeman & Tseng, 2011; Ranzini et al., 2022; Thorvald et al., 2020; Wil-
son, 2002). For right-handed learners, right-side placement may better align with embodied motor-control rou-
tines, reducing interaction effort and attentional switching costs, a pattern also consistent with handedness-related
asymmetries in mouse control (Peters & Ivanoff, 1999). From a split-attention perspective, positioning may also
matter because learners must shift and integrate attention between instructional video and a separate practice
area (Chandler & Sweller, 1992; Mayer & Moreno, 1998; Pouw et al., 2019; Schroeder & Cenkci, 2020). In this
sense, the present results do not simply show that “right is better than left”; rather, they suggest that positioning
effects emerge when a layout aligns better with learners’ embodied routines and reduces coordination demands
in dual-space learning. Based on this pattern, we propose the Attentional Alignment Principle: interactive layouts
support more efficient active learning when they better align with learners’ embodied routines across task spaces.

Practically, spatial positioning should be treated as an instructional design factor rather than only a visual
choice. For right-handed learners, right-side placement may be a useful default because it aligns with embodied
routines, may reduce cognitive load, and supports more efficient attention allocation.

The effect of practice-area size

Third, we found that practice-area size significantly influenced retention, transfer, cognitive load, and layout
usability, but not attention allocation or perceived enjoyment. Larger interaction areas produced higher retention
and transfer, lower cognitive load, and better usability than smaller areas, regardless of whether the area was posi-
tioned on the left or right. These findings suggest that the benefits of a larger workspace are not due to attracting
more attention per se. One possible interpretation is that larger practice areas may reduce interaction demands
and facilitate generative practice, potentially involving lower motor effort and extraneous cognitive load. How-
ever, the roles of these factors remain to be further examined. This interpretation aligns with prior research
showing that larger displays increase arousal and improve memory outcomes (Reeves et al., 1999; Segijn et al.,
2017; Vatavu & Mancas, 2015). Interface layout can shape learning efficiency, usability, and cognitive load in
learning environments (Zhang et al., 2022). Vatavu and Mancas (2015) found that larger screens attract more
visual attention. The study by Reeves et al. (1999) indicated that larger screens elicit higher arousal levels and
positively impact memory retention compared to smaller screens. Thus, the present study adds evidence that, in
VR-supported generative learning, size matters not only for interaction comfort but also for meaningful learning
outcomes.

We term this the “Workspace Expansion Principle,” which proposes that expanding the spatial affordances
of generative practice areas (e.g., larger interaction interfaces) may reduce interaction demands, thereby freeing
cognitive resources for generative processing and supporting learning performance. However, the roles of motor
effort and extraneous cognitive load in this proposed explanation remain to be further examined. Future studies
should directly measure these variables and investigate the mechanisms underlying the observed effects.

Practically, these findings suggest that the spatial size of interactive practice areas should be treated as a core
instructional design feature. In designing VR-supported instructional videos, providing learners with adequate
practice space may therefore be one of the most effective ways to improve both transfer-oriented learning and
usability.
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Limitations and future directions

This study has several limitations. First, the advantage of right-side practice areas was observed only among
right-handed participants, requiring validation with left-handed or mixed populations. Second, the experiment
was a one-time intervention; longitudinal or repeated designs are needed to examine sustained effects. Third, the
generative task was limited to virtual object design, which restricts task diversity. Future research should test
whether benefits extend to other generative formats such as text production, visual representation, oral expres-
sion, or cross-modal tasks. Additionally, the focus on vocabulary learning limits generalizability. Further work
should investigate whether the proposed two principles apply to higher-order skills and abstract knowledge learn-
ing. Finally, average fixation duration was used only as an eye-tracking indicator associated with cognitive load,
rather than as direct evidence of extraneous load or motor effort. The roles of motor effort and extraneous cogni-
tive load in explaining the observed effects of spatial design therefore remain to be further examined. Future stud-
ies should directly measure these variables and combine eye-tracking with subjective and behavioral measures to
investigate the mechanisms underlying these effects.
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VR Virtual reality

M Mean

SD Standard deviation
MD Mean difference

LVRL The VR interactive area is on the left with a larger size, i.e., Left VR and Large
RVRL Right VR and large

LVRS Left VR and small

RVRS Right VR and small

v The control group views only the instructional video

AOI Areas of interest

ANOVA Analysis of variance
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