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Abstract

The growing adoption of Augmented Reality (AR) in education raises challenges related
to the cognitive load that students experience during learning. Inadequate management
of this load can negatively affect information processing during learning activities. Al-
though previous studies have explored AR applications, most have focused on usability
and learning outcomes, leaving aside the detailed analysis of Cognitive Load Theory
(CLT), particularly its dimensions: intrinsic cognitive load (ICL), extraneous cognitive
load (ECL) and germane cognitive load (GCL). To address this gap, this study evaluates
cognitive load using the HistARium application, designed to support history learning with
interactive experiences. A total of 60 students participated and completed a structured
questionnaire to measure ICL, ECL, and GCL after using the application. The results show
a positive distribution: moderate intrinsic load, low extraneous load, and high germane
load. These findings indicate that the HistARium application balances content complexity,
reduces unnecessary effort, and promotes cognitive processes associated with information
organization and schema education construction. Furthermore, the results suggest that
integrating CLT principles into AR applications supports cognitive processing during
learning, while also opening new opportunities for the development of immersive and
adaptive learning environments.
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The continuous development of digital technologies has reshaped teaching and learning
processes, highlighting the role of emerging tools such as Augmented Reality (AR), Virtual
Reality (VR), and, more recently, Artificial Intelligence (Al) in education [5-7]. AR is a
technology that allows the user to visualize specific content that is generated in the form
of graphics, images, video, and sound, which enriches objects or environments of the real
world [8,9]. In educational contexts, particularly in areas such as history, where traditional
approaches focused on the use of texts still predominate, AR represents an innovative
alternative that makes it possible to visualize abstract concepts and recreate historical
events through immersive and dynamic environments [10,11]. AR is considered a variant
of virtual environments and is characterized by three properties: real-time interaction, the
combination of the real and the virtual, and 3D registration [12]. Learning that uses digital
resources has proven to be effective by integrating multiple formats of information, such
as text, images and animations, allowing students to construct more coherent cognitive
representations [8,13].

In this sense, Cognitive Load Theory (CLT) states that learning depends on the balance
between three types of cognitive load: intrinsic (ICL), extraneous (ECL) and germane
(GCL) [14,15]. Poor management of these loads can overload students and negatively
affect learning [2,14,16]. Several studies have reported that AR can improve academic
performance, motivation and engagement [9,17-19]. While some works show that AR
reduces ECL through intuitive visualisations, others suggest that it can increase ECL
because of stimulus overload [15]. Moreover, most studies focus on usability or learning
outcomes, without analyzing the CLT dimensions in depth.

Despite the growth of research on educational AR, important gaps remain. Cognitive
load studies have largely been carried out in domains such as the natural sciences, medicine,
and engineering, while history education is still under-explored. Many works focus solely
on academic performance and overlook variables such as cognitive load, usability and the
quality of the immersive experience. The study we present in this paper addresses that gap
by analyzing the three CLT dimensions through HistARium, an AR application designed
to deliver immersive history-learning experiences.

We conducted a study with 60 undergraduate students who used HistARium and
then completed a structured CLT-based questionnaire measuring ICL, ECL and GCL. This
design made it possible to examine how instructional design and interactive elements
influence students’ cognitive processing and overall learning experience. In this context,
the following research questions aim to analyze the levels of cognitive load perceived by
students and evaluate the distribution and balance of its dimensions to determine whether
they facilitate the efficient processing of educational information.

RQ1. How are the three CLT dimensions distributed while students interact with His-
tARium, and what does this distribution suggest about the cognitive processing promoted
by the instructional design?

RQ2. How are the three CLT dimensions distributed and balanced in students using
an AR application, and to what extent does this distribution reflect a balanced cognitive
processing of educational information?

2. Literature Review
2.1. Augmented Reality in History Education

The incorporation of emerging technologies in education has significantly transformed
traditional teaching methods, especially in disciplines that require the contextualization
and understanding of complex processes in a theoretical manner, such as history [20,21]. In
this context, AR has emerged as an innovative tool that makes it possible to superimpose
digital information on the real environment, generating interactive and immersive learning
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experiences. Traditionally, the teaching of history has been based on expository methods,
textbooks and static images, which limit the capacity of students to understand historical
events from a dynamic and contextualized perspective [22]. This limitation has been widely
documented in the literature, where it is pointed out that students tend to perceive history
as a theoretical, abstract and unattractive subject [23-25]. In contrast, AR makes it possible
to represent historical events through 3D and interactive reconstructions, facilitating a
learning experience closer to reality [26].

One of the main benefits of AR in history education is its impact on conceptual under-
standing. Recent studies have shown that AR-based applications allow students to visualize
complex historical structures, scenarios, and events, improving the retention of knowledge
and the understanding of causal relationships [22,26-28]. Likewise, experimental research
has shown that the use of AR improves the capacity of students to remember information
and recognize historical events in comparison with traditional methods [24-27].

In this same context, AR contributes significantly to the increase in motivation and en-
gagement of students [29,30]. According to recent systematic reviews, the use of interactive
environments based on AR fosters critical thinking, active participation and autonomous
learning [21,31]. This effect is explained in part by the capacity of AR to create immersive
experiences that connect the educational contents with the real environment of the student,
generating a greater perceived relevance of learning [32].

2.2. Cognitive Load Theory

In recent years, CLT has acquired significant relevance in contemporary educational
research due to its focus on students and on how they process information during their
learning [16]. CLT was initially proposed by John Sweller and holds that working memory
has a limited capacity; therefore, the instructional design must minimize unnecessary
cognitive load to optimize learning [14]. Currently, the growth in the use of immersive
technologies, such as AR and VR, has driven new research aimed at analyzing how these
tools affect the cognitive load of students in different educational contexts [2,3].

In history education, the versatility of AR technology has been used to reconstruct
historical scenarios, visualize cultural heritage and represent complex historical events
through 3D models [23,25]. Several studies have shown that these experiences favor
contextual understanding, since they allow students to actively interact with contents that
were traditionally presented in an abstract, theoretical or textual manner [27,33].

One of the main benefits identified in the literature is that AR can reduce extraneous
cognitive load by facilitating the visualization of complex concepts [31]. Recent research
indicates that the incorporation of visual and interactive elements helps students to process
information more efficiently, reducing the mental effort required to understand spatial and
temporal relationships [31]. A recent meta-analysis on AR and cognitive load concluded
that this technology presents a moderate effect in the reduction of the cognitive load of
students, especially when the activities are correctly designed from the pedagogical point
of view [34].

In the field of historical education, cognitive load is particularly important because
students must simultaneously process chronological, geographical, political and cultural
information [23,25,35]. AR offers advantages by allowing historical events to be represented
through contextualized experiences, reducing the abstraction of the content. Studies
focused on heritage education and history teaching have shown that students display
higher levels of understanding and retention when they interact with immersive historical
reconstructions [36].

However, the literature also warns that AR can generate cognitive overload when
the design of the experience incorporates too many visual stimuli, complex interactions
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or simultaneous information [37,38]. Recent systematic reviews [39] indicate that one of
the main challenges of educational AR is designing learning environments that effectively
manage cognitive demands while supporting efficient information processing. In this
context, the quality of instructional design is essential to minimize unnecessary cognitive
processing, prevent learners from allocating attention to irrelevant interface elements, and
facilitate the organization and integration of information relevant to the learning objectives.

The recent scientific literature suggests that AR has a high potential to improve the
teaching of history by facilitating immersive and contextualized experiences that promote
conceptual understanding and student motivation [40]. Nevertheless, its effectiveness
depends to a large extent on the pedagogical design and the adequate management of
cognitive load. Although AR can reduce mental effort by simplifying the visualization
of complex contents, there is also the risk of generating cognitive overload when the
experiences are not correctly designed.

2.3. Integrating Cognitive Load Theory and the Cognitive Theory of Multimedia Learning into
Augmented Reality

Although CLT is one of the most widely used frameworks for explaining how instruc-
tional design influences information processing, recent research suggests that its application
in immersive educational environments must be complemented by theories that explain
the cognitive mechanisms through which students process multimedia information [38]. In
this context, the Cognitive Theory of Multimedia Learning (CTML) proposed by Mayer [41]
represents a complementary framework that explains how students select, organize, and
integrate verbal and visual information to construct mental representations. Rather than
independent theories, CLT and CTML offer complementary perspectives: while the for-
mer analyzes the demands a task places on working memory, the latter explains how
multimedia material should be designed to promoted cognitive processes associated with
meaningful learning [42].

In AR applications, CTML provides an explanation of the mechanisms through which
this technology can facilitate learning. For example, one of the most relevant principles
is that of spatial contiguity, which states that learning improves when related visual and
textual elements are presented close to one another [41]. AR allows digital information
to be superimposed directly onto real objects or scenes, reducing the need for students to
divide their attention among multiple sources of information. However, recent scientific
evidence also cautions that immersion, by itself, does not guarantee learning [4]. AR
is a technological tool capable of increasing students’ sense of presence, attention, and
motivation, but these benefits do not automatically translate into improved educational
outcomes [42]. Under these conditions, the technology may increase rather than reduce
cognitive load, negatively affecting content comprehension. Therefore, the educational
impact of AR depends fundamentally on the quality of instructional design and not solely
on the degree of immersion offered by the technology [4]. From this perspective, the
present study adopts the CLT as the primary framework for analyzing the distribution of
the cognitive load perceived by students while using the HIstARium application.

3. Materials and Methods
3.1. Mobile Augmented Reality Application Design

HistARium was developed following the Scrum agile framework with weekly iter-
ations. The goal was to transform traditional pedagogical activities into immersive AR
experiences using the Meta Quest 3 headset, with hand tracking as the primary means
of interaction.
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The prototype was built in Unity 2022.3.10f1 (version LTS) with Android support
and ETC2/LZ4 graphics compression. The official Meta XR SDK (version 62.0) modules
(Interaction, Passthrough, Scene Understanding, MR Utility Kit, Audio and Haptics) were
integrated to ensure fluid, realistic interaction in AR environments.

The 3D resources were modeled and optimized in Blender 4.0.2, applying polygon
reduction, retopology and light texturing, in order to maintain performance and avoid
motion sickness in the user. Likewise, a dynamic system of object activation and script
optimization was implemented. The main screen can be observed in Figure 1, the 3D
objects of HistARium ready to interact with them. Three historical learning scenarios
were implemented:

Figure 1. Start of the HistARium application along with the three designed scenarios.

Mexican Revolution (Figure 2): Students analyzed the historical role of each character,
compared historical descriptions with visual representations, identified the correct cor-
respondence between events and historical figures, and justified each selection through
contextual information provided by the application.
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Figure 2. Characters that stand out in the Mexican Revolution.
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Industrial Revolution (Figure 3): Students examined the technological characteristics
of each artifact, identified the historical period in which it emerged, compared similarities
between industrial revolutions, and categorized each object according to chronological and
technological criteria.

Figure 3. Evolution of the Industrial Revolution.

Economic Schools (Figure 4): Students interpreted the main ideas of each economic
school, compared the characteristics of different doctrines, associated historical thinkers
with their theoretical contributions, and evaluated whether each association was conceptu-
ally correct based on immediate feedback.

Takes the
characters to
their homes
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LABOR VALUE HAND
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Figure 4. Main characters of the Economic Schools.
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Each interaction includes immediate feedback through sound and visual effects that re-
inforce learning. HistARium supports direct manipulation of 3D objects with the hands, as
immersion is known to enhance motivation and attention during educational activities [17].
Running HistARium on a Meta Quest 3 device allows traditional didactic strategies to be
rethought by translating 2D activities into immersive 3D experiences. The combination of
technology, pedagogy and user-centered design constitutes a model applicable to other
subjects of higher education.

The instructional design of HistARium was guided by the principles of CLT, aiming
to optimize the use of working memory resources while facilitating schema construction
during the learning process. Table 1 shows that, rather than incorporating AR solely as an
immersive technology, the application was intentionally designed to reduce unnecessary
cognitive processing, maintain the inherent complexity of the learning tasks at manageable
levels, and promote meaningful cognitive engagement through active interaction with
historical content.

Table 1. Instructional design principles implemented in HistARium based on Cognitive Load
Theory (CLT).

Theoretical Principle

Instructional Design Decision in HistARium Expected Cognitive Effect

Intrinsic Cognitive Load
(ICL)

Historical content was divided into three
independent instructional modules (Mexican
Revolution, Industrial Revolution, and Schools
of Economic Thought). Activities progressed
from exploration to identification, comparison,
classification, and association tasks.

Maintains task complexity at
manageable levels and prevents
cognitive overload caused by
simultaneously processing
multiple historical topics.

Extraneous Cognitive Load
(ECL)

Reduces split attention and
Three-dimensional objects, textual descriptions,  unnecessary cognitive processing
and interaction instructions were spatially associated with searching and
integrated within the same AR environment. integrating information from
multiple sources.

Schema Construction
(Germane Cognitive
Processes)

Activities required learners to compare historical
events, classify artifacts, associate historical
figures with events, and interpret

conceptual relationships.

Encourages schema construction,
knowledge organization, and
meaningful cognitive processing

3.2. Experiment

To reduce the possible novelty effect associated with the use of AR glasses, a pre-
vious familiarization phase was incorporated before the experimental activity. During
this phase, students interacted with the Meta Quest 3 glasses through a neutral activity,
unrelated to the historical content evaluated in the study, to freely explore, manipulate
objects, make decisions, receive feedback, correct errors, and continue. This procedure
allowed the participants to become comfortable with hand tracking, the manipulation of
virtual objects and the basic navigation within the immersive environment before using the
HistARium application.

The study followed a structured three-stage protocol designed to assess the cognitive
load perceived by students while using HistARium in an AR environment for history teaching:

1.  Induction phase (10 min): In the first stage the participants received an explanation
on the general purpose of the research and the dynamics of interaction within the
HistARium application. Likewise, instructions related to the manipulation of virtual
objects and the navigation through the different historical scenarios implemented in
the system were provided. Before starting the experience, all the students read and
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signed an informed consent form detailing the voluntary nature of their participation,
the confidentiality of the data, and their right to withdraw from the study at any time
without academic consequences.

2. Phase of interaction with the HistARium environment (35 min): Subsequently, each

participant individually used the Meta Quest 3 glasses to interact with the different
historical modules developed in HistARium. During this stage, the students explored
contents related to the Mexican Revolution, the Industrial Revolution and the Eco-
nomic Schools, carrying out activities involving the association, classification and
identification of historical characters and relevant events. While participants were
completing the activities, the researcher observed aspects related to user interaction,
adaptation time to the immersive environment and difficulties encountered during
the manipulation of virtual objects. Additionally, spontaneous student comments
regarding the comprehension of the activities, the clarity of the visual information and
the ease of use of the system were recorded.

3. Cognitive load evaluation phase (5 min): At the end of the immersive experience,

the participants completed a questionnaire designed to measure the cognitive load
perceived during their interaction with HistARium. The instrument was developed
based on the principles of CLT, with the objective of analyzing the cognitive load
experienced by the students throughout the learning process in the AR environment.

The questionnaire was applied in digital format and structured through a Likert scale
of 10 points, where 1 represented “totally disagree” and 10 represented “totally agree”. The
results obtained were analyzed using descriptive statistics to identify trends related to the
perceived complexity of the tasks, the mental effort required, the clarity of the information
and the organization of the learning within the immersive experience.

The objective of the study was not to compare cognitive load across historical topics
but to evaluate the overall cognitive experience produced by the instructional design
of HistARium. Since all three modules shared identical interaction mechanics, interface
structure, feedback strategy and instructional sequence, cognitive load was analyzed
globally rather than by content.

Although cognitive efficiency has traditionally been calculated by combining learning
performance and perceived mental effort, the present study adopts a descriptive interpre-
tation based on the distribution of the three cognitive load dimensions because objective
learning performance was outside the scope of this research.

3.3. Participants

A stratified random sampling design was used, taking the available academic sections
as strata. Participants were then selected proportionally from each stratum until a sample
of 60 students was reached. This procedure reduced selection bias and yielded a more
balanced sample. All participants had basic experience with digital devices, but most had
no prior significant exposure to immersive educational applications based on augmented
or mixed reality.

The sample comprised 60 university students enrolled in technology and engineering
degrees and programs. With respect to gender, 78.3% (47 students) self-identified as men
and 21.7% (13 students) as women. Most participants were between 18 and 21 years old,
with a mean age of 19.15 years.

Before the study, students were informed about the objectives of the research, the
confidentiality of collected data and the voluntary nature of their participation. Likewise,
the anonymity of the collected information and the right to withdraw at any time without
consequences were guaranteed.
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Although the instructional activities included matching and classification tasks, these
activities were intentionally designed to promote higher-order cognitive processes. Stu-
dents compared historical events, interpreted contextual information, analyzed similarities
and differences between historical concepts, evaluated alternative responses, and estab-
lished conceptual relationships before making decisions. Therefore, object manipulation
functioned as a means to support historical reasoning rather than as an end in itself.

3.4. Experimental Tnsks

In this study, interaction refers to the set of cognitive and motor actions performed by
students while manipulating virtual historical objects within the AR environment. These
actions included selecting, dragging, rotating, classifying, associating, and positioning
historical elements according to the instructional objectives of each activity. Every interac-
tion required participants to interpret historical information, compare alternatives, make
decisions, and receive immediate feedback from the system.

During the experimental session, the students interacted with the HistARium applica-
tion through activities organized in three thematic modules related to specific historical
contents. In each module, the participants had to carry out the following actions:

1. Explore the historical elements present in the AR environment.

2. Manipulate virtual objects using hand tracking to activate contextual information.
3. Relate characters, events and historical elements within each interactive scenario.
4. Complete the cognitive load questionnaire at the end of the experience.

The activities were designed to promote processes of analysis, comprehension and
association of historical contents through direct interaction with 3D objects. Each student
individual session lasted approximately 50 min and was supervised by a facilitator. Anal-
ysis was operationalized as the comparison and differentiation of historical events and
characters before selecting an answer. Comprehension referred to interpreting the historical
meaning of visual and textual information presented during each activity. Association con-
sisted of linking historical characters, technological artifacts or economic schools according
to their historical context.

Before beginning each activity, the students had previously received training on the
corresponding historical content within their regular courses. Consequently, HistARium
was not conceived as a resource for introducing new content, but as a tool for consolidating
and applying previously acquired knowledge.

3.5. Cognitive Load Questionnaire

Cognitive load perceived during the use of HistARium was measured with a CLT-
based questionnaire. The instrument was designed to capture the three dimensions of
cognitive processing experienced by students during the AR-based learning activity [43].

The questionnaire comprised ten items addressing task complexity, required mental
effort, clarity of the presented information and the pedagogical support afforded by the
application’s design. Items also captured the extent to which the environment facilitated
conceptual understanding, the connection with prior knowledge and the consolidation
of learning.

The items used in the instrument were the following:

Intrinsic Cognitive Load (ICL)

1.  The content addressed in the activity was complex.
The task carried out was difficult to develop.
3. Understanding the information demanded a high mental effort.

Extraneous Cognitive Load (ECL)
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1. The presentation of the content generated confusion.
The interface distracted the attention from the main learning.
3. The design of the activity hindered the concentration on the important elements.

Germane Cognitive Load (GCL)

The structure of the activity facilitated the comprehension of the main concepts.
The activities helped to relate the content with previous knowledge.
The experience promoted reflection on the practical application of what was learned.

L

The organization of the task contributed to consolidate the learning.

Each item was evaluated through a ten-point scale, with values between 1 = “totally
disagree” and 10 = “totally agree”. Subsequently, the results were analyzed using descrip-
tive statistics with the objective of identifying levels of cognitive load associated with the
use of HistARium in AR-based history educational scenarios.

The questionnaire consisted of 10 observed items distributed across three latent dimen-
sions (ICL = 3 items, ECL = 3 items and GCL = 4 items). The remaining variables correspond
to demographic variables and derived statistical variables used during data analysis.

4. Results

In this study, the cognitive processing index was used as an exploratory indicator
to describe the distribution of the perceived cognitive load dimensions during students’
interaction with HistARium. The present index provides an exploratory characterization of
how students perceived the allocation of their cognitive resources among intrinsic cognitive
load, extraneous cognitive load, and learning-oriented cognitive processing during the
instructional activity. Table 2 presents the demographic data and the variables analyzed in
the study.

Table 2. Statistical data of the 60 participants.

Statistical Data Value
Number of participants 60
Age, mean (SD) 19.15 (1.01)
Age range 17-21
Number of variables 15
Missing values (NA) 0
Percentage of missing values 0%

To determine the levels of the different cognitive loads it is necessary to calculate the
mean of each dimension. In Table 3 this value can be observed for, ICL, ECL and GCL.
Additionally, the value of the Cronbach’s Alpha must be considered, which is described in
Table 4, this value indicates that the reliability for the research study is acceptable. Although
Cronbach’s alpha values were slightly below the conventional threshold of 0.70, several
authors indicate that values between 0.60 and 0.70 are considered acceptable for exploratory
studies involving psychological and educational constructs [44].

Table 3. Descriptive statistics of the three cognitive load dimensions.

Statistical Values ICL ECL GCL
Mean 2.98 2.69 8.12
SD 0.89 0.88 0.98
Min value 1.33 1.33 6.00
Max value 4.67 4.67 9.75
Range 3.33 3.33 3.75

https://doi.org/10.3390/informatics13080126


https://doi.org/10.3390/informatics13080126

Informatics 2026, 13, 126

11 of 20
Table 4. Number of items and Cronbach’s alpha per CLT dimension.
CLT Dimension Number of Items Cronbach’s Alpha
Intrinsic Cognitive Load (ICL) 3 0.627
Extraneous Cognitive Load (ECL) 3 0.677
Germane Cognitive Load (GCL) 4 0.697

Figure 5 displays the distribution of responses across the three CLT dimensions. GCL

shows the highest mean (M = 8.12), indicating that students invested in cognitive ef-fort,

which was oriented towards the organization of information and schema construction.

The ICL reaches a mean value (M = 2.98), which suggests that the historical content was
perceived as challenging, but manageable. Finally, the ECL presents the lowest mean
(M =2.69), although it is the lowest value, it is close to the ICL value, indicating that the
design of the HistARium application introduces an excessive load but controlled workload.
In addition, it can be observed that the means follow the trend GCL > ICL > ECL, which
indicates a functional balance between the dimensions. These results indicate that students

allocated cognitive effort toward processing the instructional content.
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Figure 5. Distribution of student responses across the three CLT dimensions.

In both figures (Figure 6). a slight positive trend between the ICL and the GCL is
observed. This trend indicates that, as the inherent complexity of the task or the cognitive

effort directed toward processing the instructional content also slightly increases. However,

the dispersion of the data around the regression line evidence that this relationship is not

strong, since the points are not grouped in a compact manner around the estimated trend.
These results suggest that the complexity of the content contributes partially to stimulate
deeper cognitive processing, although it does not constitute the main factor that drives the
germane cognitive processing. In other words, the difficulty of the task did not appear to
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interfere with students’ cognitive processing, but instead generated a moderate cognitive
activation oriented to comprehension.
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Figure 6. Relationship between ICL, ECL, and GCL.

The relationship between ECL and GCL was moderate and positive, with a relatively
wide dispersion of the data. Despite this variability, there was no evidence of negative
interference: germane load did not systematically decrease as extraneous load increased.
This indicates that elements related to the design and interface of the application did
not consume critical cognitive resources or divert students” attention toward irrelevant
processes. Participants were therefore able to continue allocating cognitive resources
to learning, in line with CLT, and the application’s design did not produce cognitive
overload that would negatively affect the processes of information organization and schema
construction of learning.

In Figure 6, the grey band around the regression line represents the 95% confidence
interval. The relatively stable width of this band suggests that the observed trend is
consistent and free from extreme variations, and it remains positively oriented across the
data, supporting the stability of the relationship between the variables analyzed. In general,
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cognitive processes associated with schema construction were promoted in the students
even when ICL and ECL reached moderate levels.

Figure 7 illustrates the relationships among the three cognitive load dimensions
(ICL, ECL, and GCL) and the exploratory cognitive processing index adopted in this
study. The figure allows the visualization of the direction and magnitude of the observed
correlations, as well as the distribution and variability of participants’ responses. The
observed relationships should be interpreted as an exploratory characterization of students
perceived cognitive processing during the interaction with HistARium.

038

06

0.4

02
0

0.2

0.4

0.6

Efficiency 08
-1

ECL GCL Efficiency

ICL | | ECL | { GCL | [ Efficiency
0.44
32 Corr: Corr: Corr: ol
0‘1_ 0.030 0.134 -0.636"** L
0.0 _—
4 s B
Corr: Corr: m
3 o P — (o]
e 0.231. -0.509%** -
2- L ]
L] S
94 28, $e3, . g n
.__.__.-A—-L'—“' _a__._._-..*-l-r'i" Corr: @
o1 o . 8 * o
) g i o8 0.310 r
64 ) B g -
301 [m |
2.5 %ﬂ
204’ s s ® g.
1.5 ) g 8 o 18 —
s ®3 g PER M = SPT RN | . 2

2 3 4 2 3 4 6 7 8 9 10 15 20 25 30

Figure 7. Relationships among the perceived cognitive load dimensions and the exploratory cognitive
processing index.

In addition to presenting the correlation coefficients, these graphical representations
provide a visual description of the relationships among the cognitive load dimensions and
the exploratory cognitive processing index, as well as the dispersion of participants’ re-
sponses. The results show a positive correlation between GCL and the cognitive processing
index (r ~ 0.31), suggesting that students who reported allocating more cognitive resources
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to understanding, organizing, and relating historical information also tended to present
higher values of the exploratory index.

Similarly, the relationships between the cognitive processing index and both ICL
(r = —0.64) and ECL (r =~ —0.51) were moderately negative. These results suggest that
higher levels of perceived task complexity or unnecessary cognitive demands tended to co-
incide with lower values of the exploratory cognitive processing index. Nevertheless, these
associations should be interpreted cautiously because they describe statistical relationships
rather than causal effects. Moreover, the observed levels of ICL and ECL remained within
ranges that participants generally perceived as manageable during the instructional activity.

The scatterplots also reveal a relatively controlled dispersion of responses and gener-
ally consistent trends across participants, providing descriptive support for the observed
correlation patterns. Overall, the results suggest that HistARium promoted a perceived cog-
nitive profile characterized by comparatively higher levels of learning-oriented cognitive
processing together with relatively low levels of unnecessary cognitive demands.

5. Discussion

The results of this study provide empirical evidence on the cognitive processes that
students experienced while interacting with the AR application HistARium. From the
standpoint of CLT, our findings suggest that the application achieved an adequate balance
among ICL, ECL and GCL, without overloading students cognitively.

These results can be explained by the way the application presented the historical
information. From the CLT perspective, AR can support cognitive processing when instruc-
tional design follows CLT principles not only by incorporating three-dimensional elements,
but also by altering the way information is processed by working memory. In HistARium,
the integration of virtual objects directly into the real environment, manipulation via hand
tracking, and immediate feedback allowed students to interact with the content without
having to constantly switch between different sources of information.

Regarding RQ1, this question seeks to address the levels of intrinsic, extraneous and
germane cognitive load perceived by students while using HistARium for his-tory learning.
The three dimensions of CLT showed differentiated profiles, consistent with a favorable
balance that promoted cognitive processes associated with schema construction.

First, GCL reached the highest meaning (M = 8.12), which indicates that students
directed a substantial share of their cognitive resources toward understanding, organizing
and relating historical information. From the perspective of CLT, this is considered a posi-
tive outcome because germane load is associated with the schema construction processes
described by CLT. The pattern indicates that HistARium actively promoted cognitive en-
gagement during the immersive experience. According to the CLT, this type of processing
promotes the organization of schemas in long-term memory, a finding consistent with
the high levels observed in this dimension. This result does not imply that immersion
alone supported cognitive processing during the instructional activity. Rather, it suggests
that active interaction with historical objects, the need to classify figures and events, and
immediate feedback facilitated cognitive processes related to the organization, elaboration,
and integration of prior knowledge.

ICL exhibited a moderate value (M = 2.98), suggesting that students perceived the his-
torical content and the activities as challenging but manageable. Although AR introduces
new perceptual and interactive demands, such as manipulating three-dimensional objects
and navigating an immersive environment, these demands did not significantly increase
the intrinsic cognitive load. This can be attributed to the progressive design of the activities
and the preliminary familiarization phase with the Meta Quest 3 headset and the interaction
system, which reduced the effect of technological novelty. Consequently, perceived com-
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plexity was determined primarily by the historical content rather than by the technology
used, allowing the activities to be perceived as challenging yet cognitively manageable.

ECL showed the lowest mean (M = 2.69), indicating that the application and its
interface did not introduce significant unnecessary cognitive demands. The low levels
of extrinsic cognitive load can be explained by the fact that the app presented historical
objects, instructions, and feedback within the same interactive space. These findings are
consistent with the CLT and CTML principles incorporated into the instructional design of
HistARium, particularly those described in Section 2.3.

Likewise, the reliability results obtained through the Cronbach’s Alpha showed ac-
ceptable values for the 3D evaluated (ICL = 0.627, ECL = 0.677 and GCL = 0.697). Although
these values are not extremely high, they are considered adequate for exploratory research
in educational contexts and support the internal consistency of the instruments used. This
strengthens the validity of the interpretations made about the cognitive perceptions of
the students.

RQ2 examined how the three cognitive load dimensions were distributed during
students’ interaction with the AR application and whether this distribution was consistent
with a balanced allocation of perceived cognitive resources during the instructional activity.
Overall, the three dimensions exhibited a generally balanced profile, suggesting that
participants experienced a distribution of perceived cognitive load that was compatible
with the cognitive demands expected for the instructional design of HistARium.

First, ICL and GCL showed a slight positive relationship: as the inherent complexity
of the task increased, the cognitive effort also rose slightly. Although the dispersion
around the regression line indicates that this relationship is not particularly strong, the
historical content’s complexity does not appear to have acted as an obstacle but rather
as a moderate stimulus that promoted comprehension and analysis. In other words,
the level of task difficulty appeared sufficient to stimulate cognitive processing without
overwhelming students cognitively. On the other hand, the relationship between the ECL
and the GCL showed a moderate positive trend with no evidence of clear patterns of
negative interference. This finding is relevant, since an excessive increase in cognitive load
usually reduces the available cognitive resources that can be used for learning. However, in
this research no systematic decrease in GCL was observed as ECL increased. This indicates
that the elements related to the design of the application, the interface and the visual
interaction did not significantly divert the attention of the students towards irrelevant
processes. On the contrary, participants were still able to allocate their cognitive effort
to processing the instructional content despite the moderate demands imposed by the
immersive environment.

Furthermore, Figure 6 shows that the confidence intervals associated with the regres-
sion lines maintained an approximately constant width and a positive o. This supports
the interpretation of the results and suggests that the observed relationships between the
cognitive dimensions present statistical stability. The moderate dispersion of the data also
evidences that, although there were individual differences between students, the general
behavior of the variables followed relatively consistent trends.

The results obtained from the exploratory cognitive processing index complement this
interpretation. The positive correlation observed between GCL and the cognitive processing
index (r =~ 0.31) suggests that students who reported allocating a greater proportion of their
cognitive resources to understanding, organizing, and relating historical information also
tended to present higher values on this index. Although this association was weak to mod-
erate, it is consistent with the theoretical expectation of CLT that learning-oriented cognitive
processing is associated with a more balanced allocation of perceived cognitive resources.
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Similarly, the negative correlations observed between the cognitive processing index
and ICL (r = —0.64), as well as between the cognitive processing index and ECL (r ~ —0.51),
suggest that higher levels of perceived task complexity or unnecessary cognitive demands
tended to coincide with lower values of the exploratory index. Although the perceived
levels of ICL and ECL remained within moderate ranges throughout the instructional activ-
ity, the present findings should be interpreted as describing students perceived cognitive
profile rather than providing direct evidence of learning gains, knowledge construction, or
cognitive efficiency in the traditional sense.

Taken together, these results suggest that the educational impact of AR does not
depend solely on the level of immersion provided by the technology, but rather on the
way in which instructional design principles organize information to optimize cognitive
processing. CLT helped explain how working memory resources were distributed during
the activity, while CTML offers a complementary framework for understanding how the
integration of visual and verbal information facilitated the construction of coherent mental
representations. Consequently, both theories provide a more comprehensive explanation of
the cognitive mechanisms underpinning the use of AR in history education.

Although the observed correlations ranged from weak to moderate, they exhibited
theoretically consistent directions according to CLT. Therefore, the results should be inter-
preted as preliminary evidence of the relationships among the cognitive load dimensions
rather than strong predictive associations.

6. Conclusions

Overall, our findings suggest that students experienced a generally balanced cog-
nitive environment while interacting with HistARium. GCL showed the highest means
among the three dimensions, indicating that students invested substantial cognitive effort
in understanding, organizing, and relating the historical information delivered by the ap-
plication. HistARium promoted cognitive conditions that, according to CLT, are associated
with schema construction and information organization. ICL reached moderate levels,
suggesting that the historical content and the activities were perceived as challenging
yet manageable, without producing cognitive overload. ECL showed the lowest values,
indicating that the application’s design, interface, and visual elements did not introduce
unnecessary cognitive demands that could interfere with cognitive processing.

Moreover, the results suggest that the HistARium application provided a cognitively
balanced AR environment, where the demands associated with the complexity of the con-
tent and with the design of the interface remained at manageable levels. These findings
support the potential of AR applications as educational tools capable of offering immer-
sive and interactive experiences without causing harmful levels of cognitive overload for
the students.

In addition, the results suggest that HistARium was adequately designed from a
cognitive and educational perspective. The navigation structure, the visual organization
of historical information and the interactive elements of AR facilitated the organization of
information of the content without generating distractions or significant mental overload.
In this sense, the design of the application allowed the students to concentrate most of their
cognitive efforts on activities related to information organization and schema construction,
rather than using them to deal with interface-related or technical difficulties. This study
provides empirical evidence regarding the usefulness of CLT for analyzing educational
experiences based on immersive technologies.

This study did not include a direct assessment of learning outcomes, such as pretest-
post-test knowledge tests or objective performance measures. Consequently, the results
should be interpreted as evidence of students perceived cognitive processing rather than
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direct evidence of learning gains. Because participants’ prior historical knowledge was not
objectively measured before the intervention, differences in previous knowledge across
students could have influenced the perceived levels of intrinsic cognitive load.

7. Limitation

One limitation of this study is that the intervention consisted of a single 35 min session.
Although this duration was sufficient to evaluate students’ perceived cognitive load, it does
not allow conclusions regarding long-term cognitive processes or knowledge retention.

Since the objective was to characterize students’ perceived cognitive load during the
use of HistARium, no control group was incorporated. Future research should compare
AR-based instruction with conventional teaching strategies to determine differences in
learning outcomes and cognitive processing.

Another limitation is that cognitive load was evaluated exclusively through self-
report questionnaires. Although subjective instruments are widely used and validated
in CLT research, they may be influenced by participants’ perceptions. Future studies
should complement subjective measures with physiological indicators such as eye-tracking,
electroencephalography (EEG), pupillometry, or electrodermal activity to obtain a more
comprehensive understanding of cognitive processing.

8. Future Work

As future work, it is proposed to extend this research by incorporating new metrics
and evaluation models that allow a more comprehensive analysis of students’ experiences
in AR-based educational environments. Although the results obtained indicate an adequate
balance between the dimensions of cognitive load, the recent literature has identified a lack
of standardized metrics specifically designed to evaluate user experience in educational
AR applications, which continues to represent an important limitation in this field of
research. In this sense, future studies could focus on the development and validation
of standardized evaluation frameworks integrating dimensions related to cognitive load,
usability, immersion, interaction, and learning perception.

It would also be relevant to incorporate technology acceptance models, such as the
Technology Acceptance Model (TAM) [45], to analyze factors associated with perceived
ease of use, perceived usefulness, and behavioral intention to use AR applications in edu-
cational contexts. Previous studies have suggested that when immersive applications are
intuitive and easy to use, students tend to report lower levels of perceived mental effort
and greater acceptance of emerging educational technologies. Future research could also
explore the relationships among technology acceptance, perceived cognitive load, and
students’ cognitive processing profiles to better understand how instructional design and
interface characteristics influence the educational experience. Likewise, further studies
should examine how different AR interface design elements, such as the amount of visual
information presented, interaction mechanisms, level of immersion, and complexity of
virtual objects, influence the different dimensions of perceived cognitive load. Combin-
ing subjective cognitive load measures with objective indicators of learning performance,
mental effort, and physiological measurements (e.g., eye-tracking, pupillometry, or elec-
troencephalography) would provide a more comprehensive understanding of the cognitive
mechanisms underlying AR-supported learning. Such evidence could contribute to the de-
velopment of user-centered AR applications designed according to cognitive principles that
minimize unnecessary cognitive demands and support effective instructional experiences.

Finally, considering that the recent literature has highlighted challenges associated
with high costs, technological limitations, and the lack of scalable solutions in AR edu-
cational applications, future research could focus on the development of more accessible
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and technologically efficient systems. This could include the optimization of applications
for low-cost mobile devices, the integration of Al-based technologies, and the design of
immersive educational platforms that can be implemented in institutions with limited re-
sources. These research directions would contribute to the development of AR educational
environments that are more accessible, sustainable, and aligned with the cognitive and
pedagogical needs of students.
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