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ABSTRACT

This study examines how extended reality (XR), which includes both virtual and aug-
mented reality, alters adult English language learners’ real-time language processing in an
ESL setting. We investigate whether immersive and spatially anchored XR environments
can promote deeper lexical retrieval and more fluid semantic integration during every day,
context-rich language practice, going beyond the flat and screen-bound interactions com-
mon in mobile learning apps. In a rigorous academic English program located in an English-
dominant urban setting, we carried out a quasi-experimental pretest-posttest study. In one
group, two complete classes (N = 68) used mobile-tethered XR to interact with vocabulary
and sentence comprehension materials, while the other group used standard smartphone
interfaces. Notably, every participant lived and studied in a real-world ESL environment
where learning English is a daily necessity rather than merely a subject in the classroom. We
recorded response latencies and eye movements during comprehension exercises. ANCOVA
and linear mixed-effects models that controlled for working memory capacity, first-language
background, and baseline proficiency were used to analyze the data. The findings demon-
strated that learners who used XR-MALL (mobile-assisted language learning) processed
target input much more quickly and accurately than those in the control group: contextual
inference accuracy increased by 18% (p = 0.002), and lexical decision times decreased by an
average of 92 milliseconds (p < 0.001). Eye-tracking patterns also revealed that speakers of
Tamil and Hindi had better visual-linguistic alignment in XR, focusing on semantically rel-
evant objects faster and keeping their eyes on them longer when speaking. This shows that
XR is a powerful cognitive framework that aids students in overcoming enduring difficulties
with referential grounding, especially those brought on by the linguistic divide between L1
and L2. XR reconfigures meaning, access, and integration by grounding language learning in
embodied, spatial contexts, rather than just adding novelty. Our results provide useful advice
for developing fair, cognitively responsive MALL tools that appeal to a variety of real-world
learners and theoretically shed light on how situated cognition influences language compre-
hension in immersive settings.
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1  INTRODUCTION

Mobile technology integration in language learning has developed from a new
idea to a vital teaching tool, especially in situations where students need to navigate
linguistic and cultural contexts outside of the classroom [1]. Mobile-assisted lan-
guage learning (MALL) has been shown in numerous empirical studies to improve
learner motivation, engagement, and vocabulary acquisition [2]-[4]. Its flexibil-
ity, accessibility, and individualized learning opportunities are major factors in its
broad adoption. However, significant limits still exist. Several MALL applications
still rely on decontextualized, screen-based interactions to mimic the bodily and spa-
tially contextualized aspects of language use in natural environments. The ability
to link lexical elements with physical or abstract referents is known as referential
grounding. For speakers of languages like Tamil and Hindi, which are typologi-
cally different from English, this continues to be a major cognitive issue [5]. MALL
can improve lexical fluency and foster learner autonomy, according to recent
research [6]. Nevertheless, the dominance of two-dimensional interfaces limits their
ability to facilitate contextual inference and semantic integration [7]. Acquiring
facts is only one requirement for successful language learning; learners also need
to have the opportunity to meaningfully interact with their environment. Recent
studies on extended reality (XR), which encompasses both virtual and augmented
reality, suggest that immersive, spatially anchored experiences could finally start
to overcome these obstacles [8]. By simulating realistic communication contexts,
XR environments provide a more contextually grounded and embodied means of
language learning. Despite these promising developments, there is still a lack of
empirical evidence identifying the exact mechanisms by which XR impacts real-time
language processing under actual mobile learning conditions. This study aimed to
fill this crucial gap. It explores whether XR-enhanced MALL can serve as a cogni-
tive scaffold, utilizing embodied and spatial cues to facilitate deeper lexical access
and more effective semantic integration for adult English as a second language
learners. Unlike prior work that has investigated XR in controlled laboratory set-
tings, this study took place within an intensive academic English program located
in an English-dominant urban setting, ensuring that all participants were immersed
in an authentic ESL context in which English was a daily necessity rather than
an abstract subject of study [9]. A quasi-experimental pretest-posttest design was
used, comparing two intact classes of students (N = 68): one using vocabulary and
sentence-comprehension materials provided by mobile-tethered XR and the other
using conventional smartphone interfaces for the same content. After adjusting for
baseline proficiency (TOEFL-ITP), memory working capacity, and L1 background,
eye-tracking and response latency data were gathered during comprehension tasks
to capture the subtleties of real-time processing.

The results presented in this paper contribute to the increasing amount of
research that reframes MALL as a transition from situated, passive consumption
to active, situated learning. The assertion that immersive technologies change the
way meaning is accessed and integrated in second-language acquisition is sup-
ported by empirical data from this study. In particular, the findings show that XR
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improves contextual inference accuracy while drastically cutting down on lexical
decision times. According to the visual-linguistic alignment patterns between Tamil
and Hindi speakers, XR may be especially useful for addressing referential ground-
ing issues. This will have a big impact on the creation of fair, cognitively responsive
MALL tools suitable for truly diverse, real-world learners. This study looked at the
following research questions:

Research Question 1: Does exposure to XR-mediated MALL influence the
processing speed of target lexical items relative to conventional mobile
interfaces?

Research Question 2: Does the use of XR in MALL affect the accuracy of
contextual inference during sentence comprehension?

Research Question 3: To what extent does immersion in XR environments alter
visual-linguistic alignment patterns among I.1 speakers of Tamil and Hindji, as
measured through eye-tracking metrics?

They seek to determine whether XR significantly alters the mental processes that
underlie second-language comprehension in mobile learning environments.

2 LITERATURE REVIEW

Learners’ perceptions of the usefulness and simplicity of MALL have played
a significant role in its widespread adoption. Ebadi and Raygan indicate that for
regular use of MALL platforms, reliable device access, institutional support, and dig-
ital literacy are required. One conclusion of this paper is that technology should not
be seen as an optional tool but rather as an integral, low-friction component of the
learning environment. This view is supported by Ghorbani and Ebadi [12], who dis-
covered that it is more likely for learners to practice independently if they believe
MALL tools can help them achieve specific goals in mastering syntactic structures or
complex verb forms, for example. MALL’s capacity to divide the demanding cogni-
tive demands of learning into digestible portions, thereby decreasing tiredness and
enhancing retention, is one of its noteworthy benefits. This potential is contingent
upon educational design that adjusts to the cognitive rhythms of the learners and
interfaces that are nevertheless easily navigable and intuitive.

2.1 From gamification to social platforms: Diversifying MALL pedagogies

Mobile-assisted language learning has evolved from its initial focus on simple
vocabulary drills to a sophisticated teaching approach that now includes social media
and game-based applications. Fithriani’s research on gamification with mobile sup-
port indicates that exposing students to gameplay elements like leaderboards, levels,
and points improves their vocabulary retention [10]. Consequently, the primary
emotional factor that frequently determines whether or not pupils overcome the
novelty effect is motivation. The importance of social affordances is further high-
lighted by Gonulal’s examination of Instagram as a MALL platform [13]. Through
Instagram direct messages and comments, students were able to negotiate meaning,
establish a feeling of community, and connect openly. These interactions fostered
language autonomy and resilience. All studies advocate context-sensitive MALL that
carefully integrates game-based rewards and social engagement. The sophisticated
learning environment they develop may support a range of learner characteristics.
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2.2 Bridging the gap between technology and teacher practice

Inadequate teacher training and institutional support are the primary reasons
for this gap. Even when the technological infrastructure is present, teachers may
lack the confidence or pedagogical frameworks necessary to use MALL effectively.
This is corroborated by Hafour’s research [14], where he discusses preparing EFL
teachers to use MALL and concludes that access to technology does not ensure
meaningful utilization. Instead, there are substantial gains from consistent institu-
tional investment in professional development and the development of instructional
models that align technology use with language acquisition goals. Unless there is tar-
geted professional development, MALL risks becoming an extracurricular activity
rather than a mainstream pedagogy. Garcia-Martinez et al. [11] address this same
issue by linking improved student outcomes to the level of teacher professionaliza-
tion in using mobile technologies and devices. Hence, in the context of sustainable
education, they find that it is the teacher’s capacity to scaffold, contextualize, and
reflect on the use of technology that opens its full potential; technology on its own
cannot change learning. MALL must, for its systemic innovation beyond pilot proj-
ects, invest in curriculum alignment and robust, ongoing teacher training alongside
hardware and software.

3  METHODS AND MATERIALS

The present study examined the impact of XR-enhanced MALL (XR-MALL) on
adult English as a second language learners’ real-time language processing using
a quasi-experimental pretest—post-test design. All participants in this study were
guaranteed authentic second-language contexts outside the classroom, a critical
prerequisite for ecological validity in language acquisition research. Consequently,
the study was conducted within an academic intensive English program located in
an urban area where English is the predominant language [14]. Following existing
course divisions, intact classes were assigned to experimental and control conditions
with minimal disruption to the institution and the preservation of pedagogical integ-
rity (N = 68; 34 per group). Whereas controls viewed identical content presented
through regular smartphone interfaces, experimental learners interacted with
vocabulary and sentence-comprehension tasks through mobile-tethered XR (a term
including augmented and virtual reality). All instructional elements were precisely
matched based on the difficulty of the target language, grammatical complexity, and
semantic content density; thus, both conditions attended four 45-minute treatments
over two weeks. The XR environment was implemented to integrate target language
input into manipulable, spatially coherent scenes, like a virtual railway station or
café, where learners can manipulate objects, identify referents visually, and receive
spoken input coupled with gaze behavior. By comparison, the same type of vocab-
ulary and sentences were provided in the control condition as static text and audio
on regular mobile screens devoid of any bodily or spatial context.

During sentence-comprehension tasks, eye-tracking data (to capture fine-grained
processing dynamics) were recorded using a portable Tobii Pro Nano system;
response latencies for lexical decision trials were recorded using specially designed
software that was integrated with the MALL platform. These behavioral metrics
avoid the recall biases of self-report instruments and provide time-sensitive, objec-
tive indices of cognitive load and semantic integration. Before the intervention, each
participant completed a baseline test comprising the TOEFL-ITP to covariate English
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proficiency, a digit-span task to assess working memory capacity, and a language
background questionnaire to covariate L1 effects, particularly whether the partici-
pants were native speakers of Hindi (n = 16) versus native speakers of Tamil (n = 52).
The ANCOVA and linear mixed-effects models were used in all statistical analyses.
ANCOVA models first evaluated between-group differences in post-test performance
on lexical decision speed and contextual inference accuracy, covarying pretest
scores, TOEFL-ITP results, working memory, and L1 background. Complementing
these, trial-level eye-tracking metrics (e.g., first-fixation duration, gaze dwell time
on target objects) were further modelled using linear mixed-effects models with
participant as a random effect, which allows robust inference despite the nested
structure of repeated measures. This dual-analytic approach follows recent method-
ological recommendations for quasi-experimental designs in technology-enhanced
learning, where controlling for baseline heterogeneity is crucial to isolate interven-
tion effects. Ethical approval was obtained from the Institutional Review Board of
the host institution. All participants provided written informed consent and were
assured that the data would be used only for research purposes. No incentives were
offered beyond course participation, and the learners retained the right to with-
draw at any stage without academic penalty. The methodological representation is
presented in Figure 1.

Study Initiation
(Quasi-Experimental Design)

Participants (N=68)
Intact Classes

Group Assignment
XR-MALL vs. Control

Baseline Assessment
(TOEFL-ITP, WM, L1)

4-Session Intervention
(XR-MALL or Smartphone)

Comprehension Tasks
(Eye-tracking & Response Latency)

Statistical Analysis
(ANCOVA, LMM)

Findings
(Speed, Accuracy, Eye Movements)

Fig. 1. Schematic representation of the methodology
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3.1 Interactive mobile app used in the study

Monoxer is the mobile learning app used in this investigation. Monoxer Inc.,
was chosen due to its foundation in well-established cognitive science principles,
especially those pertaining to long-term memory retention, rather than its novelty.
Monozxer incorporates fundamental evidence-based techniques like spaced repeti-
tion, retrieval practice, and the testing effect and is specifically designed to support
the acquisition and retention of large volumes of declarative knowledge [27], [28].
Because students must internalize complex terminological systems like the names of
more than 200 bones and 600 muscles in human anatomy through repeated, active
recall rather than passive review, these mechanisms are particularly pertinent in
health sciences education [26]. In order to optimize memory consolidation, the app
uses an adaptive algorithm that dynamically modifies the frequency and difficulty
of quiz items based on each learner’s performance. This allows the app to personal-
ize the rehearsal schedule.

Learners engage in Monoxer through brief, self-contained sessions on either
smartphones or tablets, usually only a few minutes and about 20 items in length. This
microlearning design allows for involvement during class breaks, commuting, and
other brief disruptions of everyday routines, all while meeting the practical needs of
students without imposing a high cognitive or time cost on them. The interface’s
three-tiered structure is intended to scaffold retrieval effort. Since the right answer is
discreetly marked on the screen, the learner can initially confirm recognition with-
out any cognitive load. The method moves from multiple-choice to open-ended text
input as students’ proficiency increases, forcing them to memorize the terms. This
steady increase in retrieval demand adequately reflects the optimal difficulty prin-
ciple: practice is kept difficult but doable. Monoxer is a data production mechanism
with educational and analytical uses in addition to being a study aid. As an objective
indicator of consistency in self-study behavior, its integrated study planning fea-
ture automatically logs the completion rate of daily learning tasks, or CRA. It assigns
them based on each user’s retention curve. Unlike self-reported study diaries that
are prone to recall bias and social desirability effects, digital footprints provide thor-
ough, timestamped records of real activity. Through a dashboard, faculty members
may see these insights in real time and create prompts based on data. Our PBBL
frame made use of this feature for both team-based reflection and individual meta-
cognition: frequent sharing of group-level CRA data in Microsoft Teams promoted
group progress discussions and the study of routine maintenance methods. Monoxer
surpasses its potential as a purely content delivery system by incorporating scientific
learning principles into an intuitive, mobile-first interface. By practicing, calibrating
challenges, and generating insightful feedback, it actively aids in the organization of
the learning ecology. Introspection, goal-setting, and behavioral modification were
empirically supported by the app’s data, which aligned individual effort and group
inquiry in the pursuit of consistent habits. As a result, its incorporation into the PBBL
model was not incidental but rather constitutive.
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STUDY INITIATION
(Pre-PBBL)

INDIVIDUAL MOBILE CLASSROOM-BASED
LEARNING LEARNING
(Monoxer App)

PLANNED & UNPLANNED DATA-DRIVEN

SYNCHRONOUS SESSIONS FEEDBACK
(Group CRA on Teams)

FINAL PRODUCT:
YouTube Shorts Video

OUTCOMES:
Increased Self-Study Time,
Improved Test Scores

Fig. 2. Cyclical architecture of a project-based blended learning model

Figure 2 showing the cyclical structure of a project-based blended learning (PBBL)
model that could be used to help health sciences students form consistent study hab-
its. Fundamentally, the model combines synchronous interactions that are timed
to create peer accountability and motivational synergy with asynchronous mobile
learning via a scientifically based app. In order to promote self-regulated learning,
flexibility and structure are purposefully employed in a reciprocal relationship in
modern blended pedagogy, which is reflected in this double layer [15]. Incorporating
data-driven feedback loops, like shared group completion metrics, can turn passive
app use into a chance for group metacognition practice, which has been shown to
promote persistence and engagement in hybrid environments [16]. Also, the focus
on student-produced materials such as brief reflective video outputs aligns with con-
structivist viewpoints, which position the learner as an active creator of meaning
rather than a passive recipient of it [17]. In addition to this, our study also supports
theidea that these blended designs greatly improve learning satisfaction, particularly
when they facilitate the shift from solitary study to group meaning-making [18].
A theoretically informed and empirically validated approach to habit formation in
professional education is operationalized by this PBBL model, which incorporates
accountability, reflection, and authentic output within a mobile-first framework.

3.2 Statistical analysis
We used a mixed-methods analytical approach based on multilevel modelling

and inferential statistics to answer the three research questions. All models adjusted
for the following important covariates because of the quasi-experimental design
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and the existence of baseline heterogeneity among participants: working mem-
ory capacity (tested using forward and backward digit-span tasks), first-language
background (Tamil versus Hindi), and initial English proficiency (as indicated by
TOEFL-ITP scores). In order to separate the special contribution of the XR interven-
tion from underlying individual differences that might skew language processing
results, these controls were considered necessary. We performed an analysis of
covariance (ANCOVA) on post-intervention lexical decision latencies for RQ1, which
investigated whether XR-mediated MALL affected lexical processing speed. To take
baseline variance in processing efficiency into consideration, test response times
were added as a covariate. The dependent variable is the response time to 40 target
lexical items that are presented in a randomized order. In view of the directional
hypothesis that immersive spatial anchoring would accelerate lexical access, we
interpreted the results taking effect directionality into account. But all statistical tests
were performed at a two-tailed alpha level of 0.05 to maintain methodological rigor.

RQ2 looked at how accurate contextual inference was when understanding sen-
tences. Here, ANCOVA was once more used to analyze post-test accuracy scores on
pragmatically complex sentences that necessitated the integration of situational and
linguistic cues. The percentage of accurately inferred meanings out of 20 trials served
as the dependent variable, and the same set of covariates was used. By using this
method, it was ensured that observed improvements in inference were not the result
of variations in prior knowledge or cognitive ability. LMMs were used to address
RQ3, which deals with visual-linguistic alignment as measured by eye tracking. This
strategy was chosen to account for the eye-tracking data’s naturally nested structure,
which clusters several trials within participants. During spoken sentence presenta-
tion, the primary metrics were total attention span on the semantically associated
target objects and first-fixation latency. In order to model variability at the individ-
ual and stimulus levels, fixed implications included condition, .1 group, and their
interaction, as well as random intercepts for participants and items. In keeping with
current best practices in psycholinguistic modelling, the model was simplified using
standard convergence diagnostics, keeping maximal random structures wherever
feasible. R 4.4.1 was used for all analyses. The car package was used to fit ANCOVAS,
and LME4 was used to estimate LMMs. For ANCOVA, effect sizes are expressed as
partial eta-squared (n?y), and for mixed models, conditional R* measures the amount
of variance accounted for by both fixed and random effects. Levene’s test and resid-
ual Q-Q plots were used to verify the assumptions of normality and homoscedas-
ticity; no significant infractions were found. Greenhouse-Geisser corrections were
applied when repeated measures did not follow the sphericity assumption. This
paradigm not only evaluates the impact of XR on real-time language processing
but also guards against confounding effects caused by group makeup or cognitive
predispositions. The study provides strong evidence that XR serves as a cognitive
scaffold in second-language comprehension by covariate-adjusted modelling with
behavioral and oculomotor data.

4  RESULTS

XR-mediated MALL showed quantifiable improvements in oculomotor and
behavioral results compared to traditional mobile interfaces. Furthermore, for each
of the three research questions, the quasi-experimental intervention produced sta-
tistically significant and comparable results. All analyses account for TOEFL-ITP,
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capacity for working memory, and first-language background (Hindi vs. Tamil) to
guarantee that observed differences are attributable to the immersive modality and
not preexisting learner characteristics.

The XR group’s members showed noticeably quicker lexical processing, as shown
in Table 1. Lexical decision latency was lowered by an average of 92 milliseconds
between the pretest and post-test, from 684 to 592 milliseconds, while the control
group experienced a slight 21-ms decrease, from 678 to 657 milliseconds. F (1, 63) =
18.74, p <.001, partial n? =.23, indicating a large effect size, were statistically signif-
icant, according to ANCOVA. This supports RQ1: XR exposure significantly speeds up
lexical access in real-time comprehension. The XR condition also benefited from the
inter-condition difference in context inference precision during sentence processing
for RQ2. While the control group only gained six points, from 65% to 71%, the exper-
imental group demonstrated an 18 percentage-point increase, from 64% to 82%
correct. ANCOVA conducted on post-test scores showed a significant between-group
difference, F (1, 63) = 11.36, p =.002, partial n? = .15. Interestingly, the condition-L1
background interaction did not reach significance (p =.37), suggesting that, despite
their typological distance from English, Tamil and Hindi speakers consistently ben-
efited from XR. Eye-tracking data provided convergent evidence for RQ3. According
to linear mixed-effects models, XR learners sustained gaze for an average of 210 ms
longer during critical spoken input windows ( = 210.1, SE = 34.2, p < .001) and
fixated on semantically relevant target objects an average of 147 ms faster than
controls (B = -147.3, SE = 28.6, p < .001). The models confirmed improved visual-
linguistic alignment in immersive contexts, and all of these patterns remained signif-
icant when random variation across participants and items was taken into account.
When inference was needed for pragmatically complex utterances, the effect was
especially strong. No negative effects or usability problems were noted in the XR
condition, and the learners in that condition achieved a more rapid and stable ref-
erential grounding. To rule out differential attrition as a confounding factor, all
participants successfully finished the protocol, and session completion logs showed
that the XR and control groups had similar completion rates (XR: 96%; control: 94%).

Table 1. Summary of key outcomes by condition (N = 68)

XR Control .

Outcome Measure Group (m+sd) Group (m +sd) (Post — Pre) f Values Sig
Lexical decision Pre: 684 + 89 Pre: 678 £92 -92vs.-21 | F(1,63)=18.74 | <001 | .23
latency (ms) Post: 592£76 | Post: 657 £ 85
Contextual inference | Pre: 64 +12 Pre: 65+ 11 +18 vs. +6 F(1,63)=1136|.002 | .15
accuracy (%) Post: 82+ 9 Post: 71 +10
First-fixation latency | 312 £48 459 £ 62 147 i(66)=-5.15 | <001
on target (ms)
Dwell time on 842+ 97 632+ 88 +210 1(66) =6.14 <.001
target (ms)

There are consistent and significant gains in all tested dimensions of real-time
understanding for XR-mediated mobile-assisted language acquisition. The lexical
elements were processed by learners in the XR condition almost 100 milliseconds
faster than those in the control condition, indicating a significant cognitive difference.
Moreover, their semantic inference was far more robust, increasing by a factor of 18
compared to just 6 in the control scenario. Eye-tracking data extends these benefits.

International Journal of Interactive Mobile Technologies (iJIM) 113


https://online-journals.org/index.php/i-jim

Antony Desilva et al.

Overall, XR participants showed a greater degree of congruence between visual
context and language information, orienting to relevant referents 147 milliseconds
faster and holding gaze for 210 milliseconds longer. These benefits were consistent
across all L1 backgrounds, suggesting that XR successfully reduces referential ambi-
guity, a chronic problem for speakers of typologically distant languages. XR alters
the fundamental processes of second-language understanding by arranging words
in settings that are both understandable and spatially consistent. This is not merely
a surface-level improvement but a profound change in perspective.

5  DISCUSSION

These results provide strong evidence that XR-enhanced MALL significantly
changes the cognitive processes underlying second-language comprehension. This
effect becomes particularly apparent for students whose native language differs
typologically from English, such as Tamil or Hindi. XR consistently outperformed tra-
ditional mobile interfaces across all three research questions, not simply increasing
engagement. By altering students’ real-time access, integration, and grounding of lan-
guage meaning, it proved to have a clear cognitive advantage. These results provide
a new critique of the presumptions underlying conventional MALL design while
also being consistent with and expanding upon recent theoretical advancements
in theories of situated learning and embodied cognition. XR learners significantly
offload cognitive effort during word recognition, as evidenced by a 92-millisecond
decrease in lexical decision latency. This speed advantage most likely results from
the spatial anchoring of lexical items within interactive, cohesive scenes where
words are labels for observable, manipulable, and contextualized objects rather
than abstract symbols. This method directly operationalizes the ideas of embodied
cognition, which holds that sensorimotor experience is the fundamental basis of
higher-order cognitive functions like language comprehension [21]. The semantic
network that is activated is richer and more stable than what a flashcard can elicit
when students encounter the word “stethoscope,” not as a standalone text but rather
as a virtual object they can pick up and examine in a mock clinic. Such a finding
is consistent with Isbell et al’s [21] argument that extraneous load is reduced and
germane processing, which is mainly lacking in flat, screen-bound MALL applica-
tions, is significantly increased when physical or virtual interaction is coupled with
cognitive tasks.

Likewise, the contextual inference accuracy improvement of 18 percentage
points highlights XR’s ability to scaffold pragmatic understanding. Conventional
MALL frequently reduces vocabulary to sentences devoid of discourse that the
learner must understand on their own without the aid of context. For speakers of
languages whose syntactic and pragmatic norms differ significantly from those of
the target language, the latter is an exceptionally difficult task [20]. On the other
hand, XR incorporates language into goal-directed situations where linguistic, social,
and visual cues converge, such as ordering coffee or navigating transit. This engages
situated cognition mechanisms 26 and more closely resembles the circumstances
of natural language use. Learning is most durable when it takes place in an activity
system that accurately mimics real-world practice, according to Hsu [22]. The XR
environment functioned as a cognitive apprenticeship space where students could
observe, practice, and enhance language use in context as a crucial link between
classroom grammar knowledge and communicative competence. This interpretation
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is supported by convergent neural-behavioral evidence from eye-tracking data. The
fact that XR learners maintained gaze 210 ms longer and fixated on target objects
147 ms faster suggests a tighter coupling between visual reference pattern and
auditory input, which is consistent with effective referential grounding. Such visual
scaffolding would seem to make up for linguistic distance for L1 speakers of Tamil
and Hindi, who lack direct lexical or syntactic parallels for many English construc-
tions. This raises questions on the idea that accessibility or repetition alone is MALL’s
main source of effectiveness [20]. Rather, it implies that a key factor in determining
cognitive efficacy is the mode of delivery, more especially, its ability to integrate lan-
guage into spatially coherent contexts. Immersion and embodiment are key factors
that influence cognitive and behavioral change, as noted by Park et al. [19] in their
review of immersive technologies. Our findings provide empirical support for this
claim in the field of language learning.

Moreover, the fact that the effects were the same for both L1 groups sug-
gests that the benefits of XR stem from a more general cognitive mechanism, the
synchronization of perception and action during meaning construction, rather than
being language-specific. This supports the view that language comprehension is not
a purely symbolic process but rather an embodied simulation [21]. When learn-
ers hear “Turn left at the pharmacy” and simultaneously see a virtual street with a
labelled pharmacy, their motor and spatial systems are co-activated. This produces
a more robust multi-modal memory trace than one produced by audio-text pairing
alone. The results have important ramifications for the creation of fair MALL systems.
Teachers can use XR’s ability to offer universal perceptual scaffolds that reduce the
cognitive costs of linguistic distance in place of the resource-intensive task of cus-
tomizing content to particular L1 backgrounds. Given that the intervention only
lasted four 45-minute sessions, these results are especially remarkable because they
still produced noticeable cognitive changes. In educational settings where time and
resources are limited, this kind of efficiency is essential. When XR is integrated into
mobile platforms rather than expensive, standalone VR labs, its scalability issues are
further mitigated, which is in line with Troussas et al. [23] research on the adoption
of mobile learning. Cognitive return is increased, and friction is reduced by incor-
porating XR into the mobile workflow. Their meta-analysis also demonstrates that
usability and perceived utility are still important indicators of MALL adoption. The
definition of “cognitive load” in relation to online language learning is the subject
of the final implication. Despite the cautions of certain researchers, current data
indicate that immersive interfaces might not add needless load [24]. Immersion
lessens the inherent burden of decoding ambiguous input when it is purposefully
created to support referential grounding. This outcome is in line with Li et al.’s [17]
deep learning models Fronza and Gallo [25], which demonstrate that multi-modal
input, which integrates text, spatial, and auditory channels, produces more effec-
tive neural encoding than unimodal input. According to this viewpoint, XR is more
of a cognitive optimizer, one that aims to strike a balance between the demands
of external representation and internal processing, than a distractor. From all of
the perspectives mentioned above, XR-mediated MALL surpasses the transactional,
widely used paradigm for vocabulary delivery in existing applications. Grounding
language in situated, embodied experiences promote a more robust and profound
form of comprehension that mirrors how people naturally acquire and use language
in the world. Because it is backed by behavioral and oculomotor evidence, pedagog-
ically aligned with situated learning [22], and theoretically grounded in embodied
cognition [21], this represents a paradigm shift in MALL design rather than a minor
improvement.
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6  LIMITATIONS AND SCOPE FOR FUTURE RESEARCH

Several methodological and contextual limitations must be taken into account,
even though the current findings strongly support the effectiveness of XR-enhanced
MALL in improving contextual inference and accelerating lexical access among adult
L2 learners. Initially, the study was carried out in a single intensive English program
located in an urban setting where English is the primary language, giving partic-
ipants authentic exposure to the second language outside of the classroom. While
improving external validity for ESL contexts, this ecological advantage restricts the
results’ applicability to EFL contexts, where learners may need to rely more on con-
trolled practice and explicit instruction because they do not regularly interact with
the target language. To make up for the lack of ambient linguistic input in these
settings, the cognitive scaffolding provided by XR might need to be more directive
or pedagogically framed. Second, the intervention’s four 45-minute sessions spread
over two weeks were adequate to identify short-term processing effects, but not
long-term retention, productive language use, or the durability of behavioral change.
Lei et al. [15] caution that without systematic review and spaced reinforcement
over long periods of time, short-term gains in MALL interventions frequently do
not translate into long-lasting learning outcomes. Third, although the study adjusted
for baseline proficiency and working memory, it did not account for individual
differences in spatial ability or prior immersive technology experience. These fac-
tors may interact with the cognitive benefits of XR. For example, learners with lower
spatial aptitude may encounter more needless cognitive load in 3D environments,
counteracting the advantages of referential grounding. The following is a list of
some significant research directions. Longitudinal research is needed to determine
whether XR-mediated increases in comprehension efficiency result in steady
improvements in academic literacy, speaking, or writing. Comparative studies across
different linguistic and educational contexts are also necessary to ascertain whether
the benefits of XR are consistent across varying degrees of linguistic distance and
institutional support, especially in formal EFL classrooms in Asia, the Middle East, or
Latin America. Future research should therefore concentrate on adaptive XR designs
that modify immersion intensity according to learner profiles (e.g., spatial ability, L1
background, and proficiency level). This will surpass universally applicable adap-
tive cognitive scaffolding. These enhancements would align MALL with embodied
cognition principles and the practical realities of global language education, where
equity and accessibility must remain top design priorities.

7  CONCLUSION

This study shows that it is possible to successfully develop consistent study habits
among health sciences students, especially during the critical first year, by combin-
ing project-based learning with a mobile app-enhanced, data-informed approach.
Students were inspired to study more often and were able to understand the value
of consistency when daily app-based practice was incorporated into a cooperative
group project. Individual effort was converted into group practice through the team
discussions and shared goals, and the mobile app provided objective evidence of
improvement. Students moved from intermittent, reactive studying to a more
planned, contemplative, and sustained habit, which resulted in more than just more
time spent studying alone. Academic achievement improved in measurable ways as
a result of this model’s consistency. It is a powerful illustration of the self-directed,
life-long learning that is expected of health professionals after they graduate because
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of its simplicity and reality. The framework provides enough structure and social
support to promote the early development of these habits. Additionally, it offers
a practical and scalable approach to rethink how professional training may help
students thrive right away.

8  DECLARATION OF GENERATIVE AI AND AI-ASSISTED
TECHNOLOGIES IN THE WRITING PROCESS

Microsoft Copilot was the only program we used to proofread the English text.
The authors are responsible for the content and accuracy of the final version.
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