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Understanding students’ active
reading in phygital learning
environments: a study of
smartphone-based textbook
companions in Indian classrooms

Sunny Prakash Prajapati* and Syaamantak Das

Centre for Educational Technology, Indian Institute of Technology Bombay, Mumbai, India

Introduction: Active reading is essential for students’ comprehension and
engagement when working with complex academic texts. Although digital
textbooks and multimedia resources are increasingly combined with print
materials, little is known about how students engage in cross-media active
reading using smartphone-based companion applications in authentic learning
contexts.
Methods: We conducted a two-part investigation with high school students
in India. First, an exploratory survey of 45 students examined their reading
preferences and use of supplemental resources. Second, a mixed-methods
study with 26 students compared active reading behaviors across two systems:
a printed textbook with a smartphone companion app, and an interactive
digital textbook. Data sources included video recordings of the reading process,
validated self-report instruments for cognitive load and engagement, and
students’ textual responses to task questions.
Result: The result showed that the phygital system (printed textbook +
companion app) was associated with lower cognitive load, higher engagement,
and linguistically richer written responses compared to the digital textbook
system.
Discussion: These findings suggest that phygital learning environments can
enhance academic reading experiences and inform the design of technology-
integrated instructional materials.

KEYWORDS

active reading, phygital learning, textbook companion app, digital education, cognitive
load, user engagement, secondary education, multimodal learning

1 Introduction

Academic reading is a foundational cognitive process that shapes students capacity
to learn, reflect, and apply disciplinary knowledge. However, students, particularly
in secondary education, often report difficulties maintaining attention, understanding
abstract concepts, and meaningfully engaging with curricular texts (Moreno Rocha et al.,
2021). These challenges can be attributed in part to cognitive overload stemming from
dense instructional material, especially when students must process complex information
across multiple sources (Mayes et al., 2001). To mitigate these difficulties, educators have
emphasized active reading strategies, such as annotating, questioning, and summarizing
that support deeper comprehension through active engagement with content (Mehta
et al., 2017; Mahler, 2021; Shibata et al., 2015). Active reading is a process of meaning
making by engaging with the content (Mehta et al., 2017), and understanding the text
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(Shibata and Omura, 2020b). It is characterized by fluid
transitioning between immersive reading and sub-tasks by users
while interacting with the text. Secondary tasks, such as annotation,
content browsing, cross-referencing, etc., are often performed
during active reading (Hong et al., 2012).

Meanwhile, the presence of digital technologies in students’
lives has changed how they approach academic reading.
Increasingly, students blend printed materials with digital
learning tools, such as educational videos, interactive websites,
and mobile applications. This cross-media behavior reflects an
evolution toward multimodal learning, where learners flexibly
engage with multiple representations of knowledge. According
to Dual Coding Theory (Paivio, 1991), the use of both verbal
and visual channels, such as combining text with animation
or AR overlays, can enhance memory and comprehension by
activating parallel cognitive systems. In this context, phygital
learning environments (Saindane et al., 2023b), which integrate
physical textbooks with digital scaffolds via smartphones or tablets,
offer novel affordances for learning (Saindane et al., 2023a).
Although promising, little empirical work has examined how
such systems influence students’ engagement, cognitive load,
and reading comprehension in real-world academic contexts. As
reading in an academic context is dependent on multiple factors,
including the use of technological interventions (Moreno Rocha
et al., 2021), understanding the reading process in such contexts
becomes crucial.

Hence, this paper focuses on understanding the active reading
behavior of students in the context of academic reading. This work
presents two studies with students studying in grades 9–12 in
urban India, specifically. We investigate how this blended format
affects students’ reading behaviors, perceived workload, cognitive
engagement, and comprehension.

2 Background and related work

2.1 Academic reading contexts

Academic reading is defined as the reading of textbooks, or
other educational texts for an associated educational goal (like
research or learning) (Moreno Rocha et al., 2021). It is often
accompanied by other tasks (or activities) such as note-taking and
annotations (Lopatovska and Sessions, 2016), which are impacted
by media and technology (Moreno Rocha et al., 2021). This
effect is studied empirically for various aspects of learning (Hare
et al., 2024), for example, experimental studies that compare the
effect of media (usually digital and print) on comprehension
(Singer and Alexander, 2017), proof-reading (Schmid et al., 2023),
and reading strategies (Jian, 2022). Similar investigations are
presented for the multi-device and cross-media reading contexts,
which primarily includes augmented reality (AR) systems that
enable learner interactions with a print and a digital learning
material through their mobile devices (Rajaram and Nebeling,
2022; Prajapati and Das, 2025). Results indicate improvements in
reading comprehension in children when reading picture books
(Liu et al., 2024) or storybooks (Şimşek and Direkçi, 2023), and
reduced cognitive load in reading tasks for adults (Miah and Kong,
2024).

2.2 Understanding reading process and
learning experience

Reading is a multifaceted cognitive process of constructing
meaning from a text (Lopatovska and Sessions, 2016), and due to
its multi-faceted nature, learners interaction strategies are varied
(Jian, 2022). Hence, there are multiple methods used by the
researchers for studying reading process. A convenient way of
analyzing learner interactions with the print artifacts is through
video logs that capture learner actions during reading. These
logs can be annotated (or coded) with relevant labels that can
collectively be used to form themes related to the reading process
(like skimming, annotating, etc.) (Hong et al., 2012), or can be
studied as patterns of actions or behaviors (page turning, dog
earing, etc.) to support different reading types (Takano et al., 2014).
Similar temporal analysis of the reading process and activities
can also be used for understanding the difference in behaviors
in different media (Mahler, 2021). Comparatively, in digital or
computer-based learning environments click-stream data from the
respective reading platform (e.g., BookRoll1) is used for analyzing
reading behavior. In addition to behavioral analysis using process
log data, multiple studies have also used self-report instruments
that are administered to students. Cognitive load and engagement
are such constructs that are of importance in the reading process
(O’Brien et al., 2016) and often measured in this manner. The
NASA-TLX scale is one such validated instrument used for
measuring cognitive load that is used in the education setting
(Zumbach and Mohraz, 2008). It consists of six dimensions (mental
demand, physical demand, temporal demand, performance, effort,
and frustration) and it can be administered digitally or pen and
paper format (Hart, 2006). Similarly, for engagement, the User
Engagement Scale (UES) is used (O’Brien et al., 2018), which
also consists of Likert-type questions given to the user after the
experience session.

2.3 Analysis of learning outcomes in
reading

Evaluation studies on the learning interventions analyze
student outputs as an indicator of the enhancement in learning,
which can be conceptualized in different ways including
quantitative measures like improvement in test or assessment
scores (Kirkwood and Price, 2014). Assessments related to reading
comprehension can be performed using validated tests, which
are often applicable for broad contexts (Joshi and Vogel, 2024)
or tests designed by researchers or experts (specifically for the
respective study). Comprehension assessments can be performed
using multiple choice type test questions (Liu et al., 2024),
constructed response type questions (Singer and Alexander, 2017),
open ended questions that require inference generation (Kreijkes
et al., 2025), or a combination of both (Şimşek and Direkçi,
2023). Furthermore, computational linguistic tools such as Coh-
Metrix can quantitatively analyze student-written responses by
evaluating linguistic dimensions including readability, coherence,

1 https://brpt.bigdatasig.org/
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connective use, lexical diversity, and text complexity (McNamara
et al., 2014). It has been used as an independent evaluation
tool for student-generated texts (in assessments such as essays)
(Petchprasert, 2021), which can also be helpful in between group
comparison studies (Simion Malmcrona, 2020). Such tools can
also be combined with existing rubrics (Mahadini et al., 2021),
moreover, the computed linguistic indices are shown to be related
to the measure of reading comprehension (Allen et al., 2015;
Zagata et al., 2023).

2.4 Research gap

Existing literature provides significant insights into active
reading behaviors across separate digital (e.g., AkÇapinar et al.,
2020) and print (e.g., Hong et al., 2012) contexts; however,
integrated multi-device cross-media environments remain
understudied. Specifically, little is known about how high school
students engage with a printed textbook when augmented with
a smartphone-based companion application. Additionally, with
multiple interventions based on extended reality for textbooks
(Chulpongsatorn et al., 2023; Gunturu et al., 2024b,a; Rajaram
and Nebeling, 2022; Saindane et al., 2023b; Karnam et al.,
2021), it becomes crucial to analyze the reading behavior of
learners to understand how such solutions affect learning in
the context of academic reading. Therefore, this paper reports
the study on academic reading behaviors of students (studying
in 9th grade) with textbooks through two major studies: Study
1: Exploratory analysis of students academic reading practices
with textbooks and additional instructional materials such as
video, reference books, website, etc., and Study 2: A mixed-
method study investigating active reading behaviors with a
textbook companion application in a controlled setting. The
overall methodology is described in a schematic diagram in
Figure 1, and the specific research questions to guide the
investigation are:

RQ1: How do students integrate textbooks with other
instructional materials for academic reading?
RQ2: How do active reading behaviors differ when reading
with a printed textbook and a smartphone-based companion
application vs. an interactive digital textbook?
RQ3: How do the cognitive load, perceived engagement, and
textual characteristics vary across the two textbook systems?

The remainder of this paper is organized as follows. The
next section presents Study 1, a survey-based investigation,
along with its key findings. This is followed by the next
section on Study 2, which is subdivided into subsections,
elucidating Study 2a and Study 2b respectively. For each
of these sub-sections the employed data analysis procedures
and the corresponding results are reported. Subsequently, the
Discussion section interprets these findings in relation to the
three research questions. Finally, the paper concludes with a
summary of contributions and implications, while also mentioning
the limitations of this work and future work to address
these limitations.

3 Study 1: students’ preferences for
textbook and other instructional
materials for their academic goals

The objective of this exploratory study was to gain insights
into the student preferences regarding their use of textbooks
(mandated in the curriculum) and other instructional materials
for learning purposes. Data from grade 9–12 students studying
in Indian schools in metro cities were collected through internet
surveys (Cohen et al., 2017a), and the participants were procured
through convenience sampling method (Cohen et al., 2017b) using
social media platforms. Participants provided informed consent
before answering the survey questions. The survey consists of
Likert-type questions (five-point scale) (De Winter and Dodou,
2010) and descriptive questions related to (i) usage of textbooks,
(ii) usage of other instructional materials, and (iii) experience of
learning from textbooks. Link to the survey questions are provided
in the Appendix. Likert-type survey questions were analyzed using
statistical methods and the responses to the subjective questions
were analyzed using affinity mapping method (Hanington and
Martin, 2019). The results were interpreted to obtain a broad
understanding of learner preference and associated issues while
studying with textbooks and other instructional materials.

3.1 Student’s textbook usage contexts

Forty-five survey responses (N = 45) from 50 students were
finally selected (of the respondents who completed the survey) for
analysis. The respondents were in the age range of 14–18 years,
and studying in grades 9–12 where the medium of classroom
instruction was English. A large proportion of respondents (40%)
have reported studying significant time outside school hours
(respondents who selected 4 or 5 on the Likart scale), while for
the preference of studying alone or in a group, 71% of the students
reported that they preferred studying alone mostly, while no one
preferred always studying with others (see Figure 2). Looking at the
time spent by students while reading textbooks when compared
to learning from other resources, we do notice that learners
seemingly spend more time on other resources than textbooks
[greater preference of using other resources (Median = 3) than
textbooks (Median = 2), W = 542 , p = 0.032, Rank biserial
correlation = 0.390].

On questions about the reliance on these instructional materials
on understanding of the concepts, we could again see that learners
rely slightly greater on other resources (like videos, websites, etc.)
for their conceptual learning. However, these opinions do not differ
much statistically as no significant difference between learner’s
reliance on other resources (Median = 4), and school textbooks
(Median = 3), (W = 332, p = 0.355, Rank biserial correlation
= 0.182), (see Figure 2) was seen. Further, the responses to the
open-ended questions were analyzed using the affinity mapping
techniques (Hanington and Martin, 2019). There were three such
survey questions that looked into how students use textbooks, how
they use other resources in comparison to textbooks, and their
experiences of learning from textbooks.
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FIGURE 1

Schematic of studies conducted.

It was observed that they used textbooks as a (i) reference for
definitions and important points from the text such as - (“mainly
for definitions,” “to revise key points”), (ii) primarily for the goal of
preparing for examination (“Yes, to know the particular topic in-
depth, and for competitive exams”), (iii) for supplementing their
learning from textbooks, post reading (“For details about some
interesting content encountered in textbook.”), and (iv) when they
seek clarity in concepts (“Asking different questions and clearing
doubt also,” “To the topic that I could not understand,” “I use this
YouTube resource to understand easily. Sometimes some topics in
the textbook are directly given, which we aren’t able to understand
properly and we get confused to avoid this i use online videos,”
“Textbook skips a lot of steps in derivation and all but vids and tutors
they make it more easy than textbook”). A significant portion of
the respondents reported using online videos and websites as other
instructional resources for their academic goals.

3.2 Findings

The survey indicated that students use various instructional
materials for their academic needs. One of the emergent themes
from this analysis was that they have integrated technological
solutions well into their ecosystem. Regarding their learning
workflow, one practice that was mentioned by a significant number
of respondents, was their use of additional instructional materials
to supplement their learning. This was due to multiple reasons: (a)
persisting doubt in a concept they have read from the textbook,
(b) seeking detailed or alternative explanations for a concept, and
(c) looking for additional practice problems. Also, some responses
mentioned that supplemental digital content helped them with
focus and engagement (“for some reason I find myself more focused
while watching video than during reading textbook”), which is a
common issue in the context of academic reading (Moreno Rocha
et al., 2021). We wanted to further investigate the practice
of supplementing one’s learning using additional instructional
materials during academic reading. Specifically, we wanted to get
behavioral insights of students while they are supplementing their
academic reading. For this exploration we chose the context of

using printed textbooks with a smartphone, primarily because of
the general preference of smartphones over laptops (or desktops)
for learning (Diao and Hedberg, 2020). Additionally, we scoped the
context further to the reading of science texts.

4 Study 2: active reading behavior
with a textbook companion
application

To investigate how learners integrate dynamic content while
reading and their reading experience, we conducted two controlled
studies (Cohen et al., 2017b), referred to as study 2a and study
2b in the text. These studies follow mixed-method design, where
data from quantitative (such as self-report instruments) and
qualitative sources (participant interviews, video recordings, etc.)
were integrated for the investigation of the research questions.
Furthermore, such research design affords the ability to draw
insights beyond a singular data analysis method (Creswell, 2021).

The reading behavior of the students was studied (in studies
2a and 2b) by adopting the strategies and protocols suggested in
previous works on the study of reading behaviors (Hong et al.,
2012; Takano et al., 2014; Mahler, 2021). The smartphone-based
companion application selected for this study was iBioVARse
(Saindane et al., 2023b), which was developed as per the learning
needs of the participants (Saindane et al., 2023a). A comparison
between iBioVARse and DIKSHA2 (another companion application
provided by the government) is shown in Table 1. In study 2b,
an additional group of participants was also introduced that
performed the task using a digital textbook on a laptop. In addition,
participant data from interviews and self-reported instruments
(task workload and engagement) were also collected.

This study was conducted in accordance with the ethical
standards of the institutional research committee and prior to
the commencement of the study, ethical approval was obtained
from the Institutional Review Board (IRB). Informed consent was
obtained from the parents or guardians of all participating students,

2 https://diksha.gov.in/getapp/
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FIGURE 2

Visualization of user responses to Likert-type questions in the survey. The questionnaire items are: (i) Reliance on other resources, (ii) Reliance on
textbooks, (iii) Studying outside school, (iv) Time spent on other resources, (v) Time spent on reading textbooks, (vi) Studying with others.

and informed assent was obtained from the students themselves.
Participants were clearly informed that their participation was
entirely voluntary and that they could withdraw from the study
at any time without any penalty or consequence. They were also
informed that they could take breaks whenever needed and were
encouraged to ask questions if any part of the procedure or
instructions was unclear. All data were anonymized to protect the
privacy and confidentiality of the participants.

4.1 Study 2a: active reading with a
textbook companion application

To study the reading behavior with a textbook companion
application, six participants (n = 5 male, n = 1 female) studying
in grade 9 in an urban school in India were recruited through
the convenience sampling method (Cohen et al., 2017b), and
student ascent along with parent consent was obtained from the
participants. The study began with a semi-structured interview
of the participant, which was followed by the reading task. After
completing the reading task, the students were given self-report
instruments for workload and engagement. These phases are
further elucidated as follows:

TABLE 1 Comparison of the features between NCERT DIKSHA and
iBioVARse applications (table adapted from Saindane et al., 2023b).

Features NCERT DIKSHA iBioVARse

AR Content QR based Markerless

Voice over Narration Not Available On demand against
the current page

Animated content
/Video

Static Dynamic, can be
interacted
with through note taking

Note taking Not Available Note taking option with
screenshot capacity

Quizzes Test Available Available

Access to LLM based
Q&A

Not Available Available

• Interview: Participants were asked about their use of
textbooks and additional instructional materials for their
study goals, and how they integrate digital devices in
their workflows through semi-structured interviews (Cohen
et al., 2017b) (see Appendix for representative interview
questions). The interview duration was around 15 min for

Frontiers in Education 05 frontiersin.org

https://doi.org/10.3389/feduc.2025.1660133
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Prajapati and Das 10.3389/feduc.2025.1660133

the participants, and it was recorded in audio format by
the researchers.

• Reading session: As mentioned in the previous sections
that the context for this study involved reading a printed
textbook with a mobile companion application. Hence, the
researcher team chose iBioVARse application (Saindane et al.,
2023b) for this study as it was designed to be used as a
companion application for the NCERT textbooks and has
significantly higher usability than DIKSHA (see text footnote
2), which is widely used in the school ecosystem. Students
were given a topic from the NCERT Biology textbook (can
be accessed through this URL: https://ncert.nic.in/textbook.
php?kebo1=15-19) to read and answer five related questions
on a worksheet (the evaluation questions are provided in
the Appendix). Additionally, researchers ensured that the
students are able to use the application by demonstrating
various use cases and allowing them to interact with it before
the task, and the task data was collected using a video-camera
by the researchers. The task duration for the participants
was approximately 40 minutes, which was consistent with
the study durations mentioned in the previous literature on
reading behavior analysis (Hong et al., 2012), and quasi-
experimental studies with school students (Liu et al., 2024;
Casteleiro-Pitrez, 2021).

• Self-repot and feedback: Post the reading session, participants
were administered NASA-TLX (Hart, 2006) and UES (O’Brien
et al., 2018) self-report instruments for task workload and
perceived engagement during the task respectively. The
Participant responses to these scales and their feedback were
collected digitally3. Participants spent 10 minutes on the task.

4.1.1 Data analysis
The data sources for this study were transcripts from the

interviews, video logs of the reading sessions, and survey responses
of NASA-TLX (on seven point scale) and UES (on five point scale).
The transcripts were analyzed using thematic analysis approach
using inductive coding of the interview texts (Mo et al., 2024).
Video logs of the reading session (total duration of 152 min)
were first segmented using an open coding process (Saldaña,
2021), where the researchers coded for user actions, artifact usage,
and reading processes. The coding was further refined based on
prior studies on reading behavior (Hong et al., 2012; Takano
et al., 2014). To ensure coding reliability, two of the participant
interviews and video recordings (33.3% of the data) were reviewed
by two researchers and any disagreements were discussed until
a consensus was reached to finalize the codebook (see Table 2).
Additionally, the scores for NASA-TLX and UES instruments were
calculated from the Likert-scale responses as per the suggested
guidelines (Hart, 2006; O’Brien et al., 2018).

4.1.2 Findings
4.1.2.1 In-task reading behavior and interaction patterns

Examining the coded segments for the participants (see
Figure 3) we see that the participants were involved in reading from

3 https://tally.so/

TABLE 2 Codebook used for labeling the segments of the video data in
study 2a.

Behaviors/actions Description

Reading Holding or touching textbook pages for an
extended duration
while occasionally turning pages, annotating, etc.

Page flipping or turning Turning pages in a slow or fast-paced manner

Writing Writing on the given worksheet with a pen or a
pencil

Annotating Highlighting or making marks on textbook pages

Using App Interacting with iBioVARse mobile application by
holding it or
keeping it on desk

FIGURE 3

Percentage of various coded segments for each task.

the textbook for a significant portion of time while doing the task.
Additionally, the duration for each of these interactions was in line
with the results of Hong et al.’s findings (Hong et al., 2012) where a
similar method was used for the analysis of reading behavior from
the sequential analysis of video data. In the data, the reading process
is accompanied by the actions of page flipping and turning, which is
indicated by overlapping segments with codes RE and PFT. Other
behaviors of information extraction from the text can be interpreted
from the data, such as skimming and scanning by the learner, which
in the data can be seen when short reading duration overlaps with
multiple frequent page flipping segments as shown in Figure 4.

4.1.2.2 Students’ usage pattern of an integrated
smartphone companion application

The companion application was used by all participants,
commonly in between the reading sessions. This was characterized
by the segment indicating the usage of the app in between the
reading segments, i.e. reading followed by using the app followed
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FIGURE 4

Timelines showing a continuous reading activity segment during the
task for participants P3 and P6, with cropped snapshots from the
video data (of participant P3).

by reading again (Figure 5). While giving feedback after the reading
session, participants mentioned that they mostly used augmented
reality exploration of the textbook diagrams and the generative
AI-based question-answering feature of iBioVARse app. While
reflecting they mentioned that they searched for the information
related to the given question by asking their own versions of
it followed by re-verification from the textbook. Surprisingly,
no participant except for P6 used integrated videos in the app
during the task. Upon probing the participants, P5 mentioned
that they learn from videos after finishing reading their textbooks,
and searching for answers to the given questions is much easier
while reading.

4.1.2.3 Cognitive load and engagement in a reading task
NASA-TLX was administered on a 7 point Likert scale and

the analysis of the responses were done as per the methodology
mentioned in literature (Hart, 2006), for similar studies (Gu
et al., 2024). Responses from NASA-TLX were moderate values for
mental demand, effort, and frustration, which are indicative of the
cognitive load of the task. The means were lower than the values
reported for the standard digital reading environment for MD and
E, which were 5.13 for MD, 4.78 for effort. However, the frustration
values were higher, 2.29 (see Figure 6).

Figure 7 shows participants’ responses to the Likert-type
questions (which were on a scale of 5). Examining the individual
dimensions, it can be seen that the use of iBioVARse in reading is a
rewarding experience for the participants (items RW-S.1, RW-S.2,
and RW-S.3), and the perceived usability was above average (lower
values for items PU-S.1, PU-S.2, and PU-S.3), which was consistent

with previous results in usability evaluation of iBioVARse (Saindane
et al., 2023b).

Now, we wanted to understand the differences in the behavior
of the students between digital and phygital (physical textbook
and a digital system) reading experience. Hence, we introduced an
additional group between the participants where they performed
the task on a laptop.

4.2 Study 2b: active reading with a
textbook companion application and
comparison with a digital textbook system

Study 2b was an extension of study 2a, where the investigation
of understanding reading behavior of the students was extended to
digital textbooks. For this study a separate set of grade 9 students
from similar demographics was recruited (N = 20, 8 Male, 12
Female). They were randomly assigned either of the two textbook
systems for the reading task by the researchers. The data collection
methods were similar to study 2a for the textbook system with
iBioVARse companion application whereas for the digital textbook
system the reading behavior was analyzed from screen recordings
(Glassman and Russell, 2016). The three phases of the study remain
the same as described in study 2a, which are: (a) Interviews (10–
15 min), (b) Reading session (40–60 min), and (c) Self-report and
feedback (10 min).

4.2.1 Data analysis
For study 2b, the data analysis approach involved qualitative

and quantitative methods for the two participant groups, i.e.,
printed textbook with a smartphone-based companion application
(iBioVARse) vs. an interactive digital textbook. For the qualitative
analysis of the reading behavior from the video data, procedure
similar to study 2a was adopted. The corresponding codebook
for labeling video data was expanded to accommodate screen
recordings for smartphones and laptops (see Table 3). Similarly, for
the quantitative data obtained from NASA-TLX and UES-SF scales,
a statistical test was performed (in Jamovi4: an open statistical tool)
to compare the two groups (as used in prior studies for quantitative
measures Jian, 2022; Schmid et al., 2023; Liu et al., 2024).

The student textual responses to questions were analyzed
using the Coh-metrix indices that computes indices ranging from
basic text properties to lexical, syntactic, and cohesive measures
(McNamara et al., 2014). For the current analysis Coh-metrix
3.0 was selected as it provides us with a set of 108 indices for
assessing lower level (word count, paragraph count, etc.) and
higher level (e.g. cohesive measures) aspects of the text. Prior
studies have used these indices in multiple ways for the analysis,
such as, using a subset of the indices for looking into a singular
aspect of the text (like readability) (Feller et al., 2024), alongside
a conventional rubric for evaluating (Mahadini et al., 2021),
and in predictive modeling (Zagata et al., 2023). Hence, after
computing the indices for all the valid student responses, statistical
tests for comparison between two groups were performed on

4 https://www.jamovi.org/
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FIGURE 5

Timelines showing the app usage activity segment in between continuous reading activity segments during the task for participants P2, P1, P5, P3,
and P6, with cropped snapshots from the video data (of participant P2).

FIGURE 6

NASA-TLX responses from the participants.

the indices that are reported (in prior literature) to be related
to the reading comprehension skill (Allen et al., 2015). In this

FIGURE 7

Responses to UES question items from the participants.

analysis we wanted to have a broad-based comparison across
all aspects of the text, rather than focusing on an individual
aspect [for example, only analyzing cohesion using "Tool for
the Automatic Analysis of Cohesion” (TAACO) (Crossley et al.,
2016)].
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TABLE 3 Coding scheme used for labeling video data for study 2b.

Behaviors and actions Description Device media

Reading Holding or touching textbook pages for an extended
duration while occasionally turning pages, annotating,
etc.

Print

Page flipping or turning Turning pages in a slow or fast paced manner Print

Writing Writing on the given worksheet with a pen or a pencil Print

Annotating Highlighting or making marks on textbook pages Print

Visual tracking Placing finger over text and moving horizontally or
pointing at a location

Print

Using App Interacting with iBioVARse mobile application by
holding it or keeping it on desk

Smartphone

Using App >
3D visualization

Interacting with 3D models linked to textbook
diagrams

Smartphone

Using App >
Ask me anything

Using LLM feature to ask questions Smartphone

Using App >
Supplementary content

Using linked media, such as videos and MCQs Smartphone

Using App >
Translation

Translating text on the app Smartphone

Reading On textbook page with occasional scrolling, or
moving cursor along text

Screen

Scrolling Moving pages vertically in fast or slow pace on
the textbook page

Screen

Switching Switching to (or opening) another tab (textbook,
workbook, linked media, or LLM)

Screen

Typing Typing the text in a textbox Screen

Annotating Using highlighter or marking tool from the textbook
reader interface

Screen

Visual tracking Moving cursor along the text horizontally Screen

Text selecting Selecting text Screen

Copy or pasting text Copying (usually followed by selecting) and pasting
from one location to other

Screen

4.2.2 Findings
4.2.2.1 Reading in a digital textbook system

A reading process in the digital textbook system was interpreted
with a combination of codes. For example, when a learner is on
the textbook page and that time segment intersects with actions
such as scrolling and moving the cursor along the text, then
the learner is reading (Figure 8). Two types of reading textbook
page were observed, when the learner is moving the cursor
along the text and on the textbook page with minimal scroll.
And the other one where cursor movement along the text is
sparse with frequent scrolls. These two patterns indicate deep
reading and skimming (or scanning) reading activities respectively.
Figure 9 provides an example of these reading processes by a
participant using a temporal sequence visualization of coded
actions (often used while analyzing the video data Isenberg et al.,
2008), which in this case were scrolling and visual tracking. The
visualization shows learner actions in the time-span of around
3 minutes and 30 seconds when they are reading the digital
textbook. There are two reading episodes compared (for the
same participant), where in episode 1 (see Figure 9) scrolling and

visual tracking (moving cursor along text) actions are significant,
and in episode 2, the scrolling action is sparse and larger
segments of visual tracking actions indicating deep reading by
the participant.

Writing answers involved multiple switching instances between
workbook, textbook, and LLM pages. In most cases when
the learner was not able to locate the answers easily upon
reading textbook they switched to LLMs, moreover, there were
instances where they formulated the answers with the help
of LLMs. The visualization for the temporal sequence of the
time spent on different pages by a participant is shown in
Figure 10. Here, instead of the learner actions, we took the digital
artifact with which the learner is interacting while answering a
question. In this sequence, we see that the learner starts their
interaction with the workbook page to read and understand
the question followed by searching into the textbook. Thereafter
the learner has switched to the LLM page to search for the
answer to the workbook question. They later exclusively refers
to LLMs for the remaining duration of their answering task
for a question.
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FIGURE 8

Timeline showing various actions performed by users while reading in a digital environment. Textbook and workbook screens are also shown along
with action schematics.

FIGURE 9

Temporal sequences (two episodes) of digital reading processes with the actions scrolling and visual tracking (moving cursor along the text, as
mentioned in code-book given in Table 3).

4.2.2.2 Students academic reading practices
Similar academic reading behaviors were observed for this

participant cohort, which was using textbooks as the primary

instructional material and using digital content as a additional
reference material. The challenges reported by the students are also
similar, which were related to understanding the text, also one of
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FIGURE 10

Temporal sequences showing the time spent on different pages, i.e., textbook, workbook, and LLM by a participant.

TABLE 4 NASA-TLX scores for Study 2a and Study 2b, mentioned as: mean (standard deviation).

NASA-TLX
sub-scale
components

Study 2a:
print textbook
& smartphone

Study 2b:
print textbook
& smartphone

Digital textbook

Mental demand (MD) 3.83 (1.94) 3.10 (1.37) 4.30 (1.34)

Physical demand (PD) 2.00 (0.89) 2.70 (1.06) 3.40 (1.26)

Temporal demand (TD) 2.33 (1.03) 3.10 (1.29) 4.00 (0.94)

Performance (P) 4.33 (0.82) 3.70 (1.49) 4.70 (1.42)

Effort (E) 4.33 (1.63) 3.60 (1.35) 4.10 (1.66)

Frustration (F) 3.50 (2.35) 2.60 (1.58) 3.70 (2.41)

Workload (WL) 3.39 (0.94) 3.13 (0.77) 4.03 (0.89)

The total workload (WL), which is the average of all the sub-scale values is indicated in bold.

the participants mentioned that it is challenging for them to find
the information that is needed. The most common digital device for
active reading was a smartphone, only 5 students reported reading
on a laptop (or a PC), and one reported tablet. In terms of the use of
digital content, the trend was similar (“I use websites for searching
easy and short answers and also for understanding maths problems”).
Additionally, a few students also reported the use of ChatGPT
(“Searching on Google, YouTube and chat GPT”). Similarly, one
student commented on the ease of searching for information in
a digital system highlighting the affordances of digital media for
learning (“websites contains more information and it is easier to find
what we are looking for”).

4.2.2.3 Cognitive load and perceived engagement in
academic reading tasks

Table 4 below shows the descriptive statistics of the learner
responses to different components of the NASA-TLX instrument.
For all the six components of the NASA-TLX scale, the mean
values were more for the digital textbook case for the reading
task. This indicates that the overall workload experienced by the
learners while using the digital interactive textbook system was
greater on an average than when they were using iBioVARse system.
Additionally, a statistical significant difference was found in the

mean workload between the two groups using Mann-Whitney non-
parametric test (U = 23.5, p = 0.048, Rank biserial correlation
= 0.530) (Figure 11). The non-parametric version of the test was
chosen because of the ordinal nature of the Likert scale responses.

For the evaluation of perceived engagement, a short form UES
scale was used, and was adapted for the context of the present
study according to the guidelines mentioned in the literature
(O’Brien et al., 2018). The assessment questions were answered
by participants after the NASA-TLX questions. The questions
were in a five-point Likert scale format and for the calculation
of the engagement score the mean value of all twelve questions
was calculated for both groups. The mean value for the overall
engagement was higher for the group that read printed textbook
with iBioVARse (see Table 5), however, a statistically significant
difference was not observed between the two groups for means
using Mann-Whitney U test (U = 37.0, p = 0.343, Rank bisearial
correlation = 0.260).

4.2.2.4 Variation in textual characteristics of students’
response

Coh-metrix variables were computed for the students’ answers
for both the groups in Study 2b using the Coh-metrix tool
(McNamara et al., 2014). The text from the student response
was first pre-processed and valid entries were filtered out
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FIGURE 11

Perceived task load (mean NASA-TLX score) for the reading task in
studies 2a and 2b. *p < 0.05

as per the guidelines mentioned in the literature (Zagata
et al., 2023). Independent sample t-tests revealed statistically
significant differences in several indices correlated with reading
comprehension skill and text readability. Table 6 summarizes
the statistical tests results (Table S1 in Appendix provides the
descriptive statistical values for all relevant indices).

5 Discussion

This study sought to explore students active reading behaviors
and learning experiences when engaging with academic content
across two distinct textbook systems: a traditional printed textbook
augmented with a smartphone-based companion application
(phygital system), and a fully digital interactive textbook. Through
a combination of behavioral observation, self-report scales, and
linguistic analysis, we examined differences in student engagement,
cognitive load, and textual comprehension. The results of this
mixed-method investigation contribute to ongoing discussions
around the design of cross-media educational environments,
particularly in secondary school contexts where printed
textbooks remain dominant but are increasingly supplemented by
mobile technology.

5.1 Integration of instructional materials
for academic reading (RQ1)

The results of Study 1 reveal that secondary school students
frequently rely on a variety of instructional materials beyond their
prescribed textbooks. Learners often turn to digital resources such
as online videos, websites, and generative tools like ChatGPT
to supplement their understanding of textbook content. This
integration of resources reflects a pragmatic and self-directed
learning strategy, where students shift between modes to suit their
comprehension needs. Furthermore, students’ responses to the
interviews in study 2 suggests a strategic use of such dynamic

content, such as revisiting online explanations after textbook
reading or re-verifying answers with generative tools. And, they
prefer interacting with dynamic content through smartphones,
which is in accordance with the trend of using digital technologies
for academic reading purposes (Moreno Rocha et al., 2021; Diao
and Hedberg, 2020). These findings suggest that textbook design
and curricular planning should consider students’ multi-resource
learning strategies and provide more integrated access points for
supplemental content, while also considering for the ubiquitous
nature of mobile devices in academic reading workflows.

5.2 Active reading behaviors in phygital vs.
digital systems (RQ2)

The behavioral analysis from Study 2 offers a detailed view
into how learners engage in active reading tasks when supported
by different media. In both the phygital and digital textbook
conditions, students exhibited familiar active reading behaviors
such as annotating, scanning, and sustained reading. However,
notable differences emerged in the frequency and quality of these
behaviors between conditions. Behaviors indicative of deep reading,
which is crucial for comprehension and is an intentional process
(Chen et al., 2023) was inferred from the segments of video data
for both learning environments. In the phygital system, this was
inferred from the segments where the participant is reading and
their page flipping actions are spread throughout that interval
(Figure 4), and in the digital system when the learner is on
the textbook page and short scrolling activity occurs, and the
movement of the mouse pointer across text occurs (Figure 8). These
sequences indicates a productive oscillation between immersive
reading and supporting behaviors, characteristic of active reading
(Hong et al., 2012; Mahler, 2021), and indicate deep reading (Chen
et al., 2023; Jian, 2022) by learners. On the other hand, reading
behaviors indicative of surface reading were also observed. In
the data, when the learners were reading with a print textbook,
skimming was characterized with the shorter duration of reading
segments with a dense overlap of page-turning actions indicating
a rapid movement through pages (Figure 4). And, in the digital
textbook system, it was seen when complimentary actions such
as scrolling, page-switching were closely spaced in the timeline
(Figure 8). Such behaviors of deep and shallow reading are also
discussed in the context of reading in print (Shibata and Omura,
2020a; Mahler, 2021), and on screens (Chen et al., 2023; Mahler,
2021).

Active reading behaviors are characterized by reading and
support activities (such as annotation, navigation, etc.) (Hailpern
et al., 2015; Tashman and Edwards, 2011; Yoon et al., 2015).
Annotation behaviors also varied significantly for both the learning
environments. In the phygital concondition, students used pens or
highlighters to mark their textbooks, a practice well-supported in
educational literature as contributing to metacognitive awareness
and learning (Schmid et al., 2023). In contrast, annotation was less
frequent in the digital system, possibly due to interface friction or
a lack of familiarity with on-screen tools. A similar findining was
also reported in a comparative study of active reading behaviors
between digital and print medium (Mahler, 2021). This affirms

Frontiers in Education 12 frontiersin.org

https://doi.org/10.3389/feduc.2025.1660133
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Prajapati and Das 10.3389/feduc.2025.1660133

TABLE 5 UES-SF questionnaire items scores for study 2a and 2b, mentioned as: mean (standard deviation).

UES-SF components Study 2a:
print textbook
& smartphone

Study 2b:
print textbook
& smartphone

Digital textbook

FA-S1 3.0 (1.26) 3.80 (1.14) 3.5 (0.97)

FA-S2 2.33 (1.21) 3.40 (1.26) 3.30 (1.16)

FA-S3 3.5 (1.38) 3.7 (0.95) 3.40 (0.70)

PU-S1 2.33 (1.75) 4.1 (0.88) 3.50 (0.97)

PU-S2 2.17 (1.47) 4.1 (0.99) 3.80 (0.92)

PU-S3 2.67 (0.82) 3.60 (1.17) 3.90 (0.88)

AE-S1 3.33 (1.03) 4.00 (1.25) 3.80 (0.63)

AE-S2 2.83 (1.33) 4.00 (1.33) 3.70 (1.16)

AE-S3 3.5 (0.55) 4.8 (0.42) 3.90 (0.74)

RW-S1 3.33 (1.37) 4.4 (0.70) 4.00 (0.94)

RW-S2 4.0 (0.89) 4.00 (0.94) 3.90 (1.10)

RW-S2 4.17 (0.98) 4.80 (0.42) 4.40 (0.52)

OE 3.1 (0.41) 4.06 (0.67) 3.76 (0.57)

Here, FA, Focused attention; PU, Perceived usability; AE, Aesthetics appeal (of the system); RW, Reward; OE, Overall engagement (O’Brien et al., 2018).

TABLE 6 Summary of statistical tests for Coh-Metrix variables for the two groups in study 2b.

Digital textbook Print textbook & smartphone application

Coh-metrix
variable description

Mean Median SD Mean Median SD Statistical
significance

Word count 494.83 341c 292.32 216.2 219 33.72 U = 0, p < 0.001,
Rank biserial
correlation = 1

Sentence count 27 17 18.95 13 13.5 4.028 U = 11, p = 0.043,
Rank biserial
correlation = 0.063

LSA overlap,
adjacent sentences
(standard deviation)

0.197 0.203 0.056 0.25 0.255 0.039 t(14) = −2.32, p = 0.036,
Cohen’s d = −1.198

Lexical diversity,
content word lemmas

0.61 0.58 0.10 0.76 0.72 0.069 t(14) = −2.96, p = 0.01,
Cohen’s d = −1.53

Lexical diversity,
all words

0.44 0.429 0.07 0.556 0.55 0.05 t(14) = −3.83, p = 0.002,
Cohen’s d = −1.98

Temporal connectives
incidence

26.84 27.119 9.70 10.82 8.817 8.00 t(14) = 3.59, p = 0.003,
Cohen’s d = 1.85

Minimal edit distance,
all words

0.9 0.89 0.02 0.75 0.83 0.26 U = 3, p = 0.002,
Rank biserial
correlation = 0.9

Flesch reading ease 29.7 31.5 9.73 42.1 41.9 6.49 t(14) = −3.09, p = 0.008,
Cohen’s d = −1.6

Flesch-Kincaid
grade level

14.1 13.5 2.14 11.7 11.9 1.29 t(14) = 2.72, p = 0.017,
Cohen’s d = 1.4

Coh-metrix
L2 readability

5.78 6.21 1.66 9.55 8.97 3.69 U = 9, p = 0.022,
Rank biserial
correlation = 0.7

earlier findings that paper-based materials afford a more natural
and operable reading experience, particularly for tasks requiring
sustained attention and interaction (Shibata and Omura, 2020b;

Sellen and Harper, 2003). Additionally, when writing answers
to the comprehension questions, the annotated data points to
a greater tendency of copying-pasting the answers from LLMs
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with minimal editing, which is also reported in other learning
contexts with LLMs (Kumar et al., 2024; Kreijkes et al., 2025).
These differences highlight that the medium of delivery not only
influences how students access information but also shapes their
cognitive strategies and learning dispositions during the task.

5.3 Cognitive load, perceived engagement,
and textual characteristics of students’
response (RQ3)

The results from the NASA-TLX and UES-SF instruments
provide quantitative support for the observed behavioral
differences. Learners in the phygital group reported significantly
lower task workload, particularly in the dimensions of mental
demand and effort. This suggests that the division of labor
between paper and mobile app helped offload certain cognitive
tasks, such as content retrieval or concept explanation, thereby
reducing extraneous cognitive load. Additionally, while the digital
textbook group had access to similar tools, their higher reported
workload, especially in frustration and temporal demand, may
stem from the cognitive overhead of navigating multiple nested
interfaces. Prior studies (e.g., Qian et al., 2022; Cheng, 2017) have
documented similar results, where interacting with a paper-based
document along with a mobile device has lower perceived cognitive
load. Furthermore, In terms of perceived engagement, UES-SF
scores were higher for the phygital group, though not statistically
significant. The results contribute to the results of the investigations
of comparing learner’s engagement in different reading conditions
(Hare et al., 2024), and also reaffirms the association between
engagement (as measured using UES scales) and comprehension
(O’Brien et al., 2016).

Perhaps the most compelling evidence comes from the
linguistic analysis of students’ written responses using Coh-Metrix
tool (McNamara et al., 2014). The textual outputs of the digital
textbook group were seen to be longer (higher mean values for
sentence and word count), but demonstrated lower lexical diversity
and fewer temporal connectives (see Table 6 for statistical results).
In contrast, the group that read with print textbook and the
smartphone application, produced shorter but linguistically richer
responses characterized by greater lexical diversity (indicated by
the mean values of the variables ‘sentence count’, ‘lexical diversity’
in Table 6). These linguistic differences provides an important
result related to the reading comprehension in different textbook
systems, as results from the prior studies shows a statistically
significant correlation between Coh-Metrix variables (computed
on the written response of students) and reading comprehension
(Allen et al., 2015; Zagata et al., 2023).

6 Conclusion

The studies presented in this work have informed us that
students integrate digital devices, mainly smartphones, to better
understand the text by seeking more information, accessing
visualizations, watching videos, etc. This access to additional
content through the interactions with learning systems supports
academic reading and comprehension (Lopatovska and Sessions,

2016). For this investigation we utilized mixed-methods approach
(Cohen et al., 2017b) combining behavioral observations (through
video logs), validated self-report instruments for workload (NASA-
TLX) and perceived engagement (UES-SF), and linguistic analysis
of learners’ written response (Coh-metrix tool). Qualitative analysis
indicated the differences in active reading behaviors in the two
textbook systems with multiple episodes of deep and shallow
reading. In addition to the differences in the learner interactions,
one of the key difference was observed in the annotation behavior
of learners. On the other hand, quantitative analysis indicated
a statistically significant difference in the workload (lower in
the group that read a printed textbook with a companion
app), and higher perceived engagement when compared to the
group that read using a digital textbook system. Moreover, the
written responses obtained during the task also showed significant
differences in relevant Coh-metrix variables (see Table 6) that
correlates to the reading comprehension skill.

6.1 Implications for educational design and
practice

The findings of this study have several implications for the
design of learning environments and educational technologies:

• Phygital systems that integrate print with digital scaffolds
can offer the best of both worlds, supporting student
autonomy during academic reading activities. This multi-
device interactions can be explored in novel ways to improve
learning outcomes in students.

• Mobile-first design strategies are crucial, given students strong
preference for smartphones over laptops. However, design
must go beyond content delivery and consider usability,
learning flow, and scaffoldingmechanisms.

• Teachers and facilitators should be aware that not all digital
resources reduce workload, poorly designed systems or over-
reliance on generative tools can fragment attention and
impair deep engagement. Instructional guidance on how to
meaningfully integrate such tools is essential.

• Assessment practices should move beyond word counts
to include linguistic richness and cohesion as proxies for
understanding. Tools like Coh-Metrix or rubrics grounded
in discourse analysis can inform both formative and
summative assessment.

6.2 Limitations and future work

Despite the rich insights offered by this study, some limitations
must be acknowledged. The sampling methodology for participant
recruitment was convenience sampling, which threatens the
generalization of the findings. Although the results are discussed
in the context of existing findings, for future investigation, random
sampling would be adopted. Furthermore, limited statistical power
in quantitative analysis is another limitation for which the study
has used mixed-method study design as a mitigation measure.
For future quantitative investigations, a prior power analysis will
be performed.
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Future studies should examine the effects of a phygital
textbook system (textbook with a companion application) on
comprehension and retention over sustained use. Additionally,
the impact of adaptive scaffolds provided using LLMs in such
settings on comprehension can also be explored. Another
line of investigation could be the studies with cross-cultural
cohorts expanding the demographics to obtain different design
requirements of such learning systems.
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