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Abstract

Digital electronics is a fundamental subject for engineering students, and it enables the students to learn design-based
approaches and solve complex engineering problems. Students learn about minimization techniques for reducing the hardware
components and size of the circuit by solving complex Boolean equations. The Karnaugh map (K-map) is one such technique
utilized in digital electronics to solve complex Boolean equations and design AND-OR-INVERT (AOI) logical diagrams.
The K-map technique involves several steps to solve the Boolean expression, and students often find it difficult to follow the
K-map process. In this study, an AR-based learning system was developed using Unity 3D and Vuforia SDK that aimed to
teach the students about the step-wise operation of the K-map technique. An experimental study was conducted with 128
undergraduate engineering students to determine the impact of the AR learning system on the critical thinking skills, learn-
ing motivation, and knowledge gain of students. The students were divided into two groups: experimental group (N=64)
and control group (N=64). The AR learning system was implemented in flipped learning mode and utilized to provide in-
class activities during the learning. The experimental group students utilized the AR learning system for in-class activities
whereas control group students performed in-class activities using the traditional approach. The experimental outcomes
indicate that the use of AR technology has a significant positive impact on the critical thinking skills, learning motivation,
and knowledge gain of students. The study also found that critical thinking skills and learning motivation have a significant
positive correlation with the knowledge gain of students in the experimental group.

Keywords Augmented reality - Critical thinking - Flipped learning - Learning motivation - Learning environment

Introduction

The policymakers and leaders of modern universities often
find it difficult with the changing demands of the students
in modern education setup (Liu & Chen Jan., 2018). Tradi-
tional teaching methods are not sufficient enough in provid-
ing better learning opportunities. The traditional teaching
style exchanges information from textbooks with students,
but should be applied to solving real-world problems (Bansal
et al., 2020; Tadesse et al., 2019). Innovative learning meth-
odologies are evolving, addressing the changing demands of
education, and have the potential to improve the education
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system. Innovative techniques of teaching or learning that
make use of cutting-edge technology are essential in the dig-
ital age. The modern education system is based on an inter-
active learning paradigm in which students learn through
social networks, collaboration, immersion, think-pair-share,
and information collection for self-exploration (Zainuddin
& Perera Aug., 2017). Several learning methodologies, such
as active learning, collaborative learning, cooperative learn-
ing, flipped learning, guided learning, peer evaluation, video
sharing, synchronous sharing, inquiry-based learning, and
contextual mobile learning, have been adopted by educators
in recent times to enhance the learning (Chi et al., 2017; Lai
& Hwang, 2015).

The Flipped Learning Approach (FLA) is a teaching
methodology based on the “Inverted Classroom” principle.
The FLA setting is the inverse of a regular classroom, which
implies lectures are moved from the university classroom
to students’ activities at home. The traditional teaching
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method emphasizes the “sage on the stage” where the
teacher is focused on lecture delivery and the process is
more teacher-oriented, whereas FLA emphasizes “guide by
side” where the teacher’s role is of facilitator and guiding
the students (Strayer Jul., 2012). FLA has four pillars:
flexible environment, learning, instructional content, and
professional educator (Sams et al., 2012). Bergman and
Sams are the pioneers of the FLA approach. They recorded
the lectures and posted them to the students who missed
the class (Sams et al., 2012). They noticed that students
who attend the class also take advantage of the recorded
video lectures. As a result, they utilize lecture time on user
interactions with the students. The FLA approach contains
three essential elements: the creation of lecture videos,
the planning of in-class activities, and evaluation. In the
foremost step, the instructor prepares online videos and
posts them to students through the university portal, email,
YouTube channels, canvas, etc. Secondly, during class time,
the instructor designs activities to interest the students,
resulting in enhanced peer interaction. To assess the
student’s performance, the instructor can create multiple-
choice questions, short answer type questions, design-based
problems, and rubrics, among other things.

In-class activities are of great importance for the effec-
tiveness of the FLA because student learning is directly
associated with the objectives of the learning activity. Tech-
nology intervention could affect to a greater extent enhanc-
ing student learning experience during in-class activities
(Hwang et al., Dec. 2015). E-learning tools make use of
animated images, web pages with text and images, and flash
content (Malhotra & Verma, 2020). The content offered on
these platforms is two-dimensional and lacks interactivity
(Mejias Borrero & Andujar Marquez, 2012). Consequently,
there is a need to incorporate interactive learning techniques
so that effective learning can occur during class time. When
the activity-based design is blended with interactive learn-
ing technology, it can significantly improve student abili-
ties, knowledge, and motivation. Augmented reality tech-
nology can dynamically present the learning content and
provide immersive learning to the students. AR overlays
virtual objects in the real-world view with the help of com-
puter graphics and image processing techniques (Yilmaz,
2016). It enables the users to interact with the virtual con-
tent which further enhances the user experience (Wang
et al., Oct. 2018). AR has various applications in the field
of military, education, entertainment, medicine, marketing,
psychology, and advertisement (Azuma, 1997; Kesim &
Ozarslan, 2012).

In this paper, AR technology is employed to develop a
learning system that could help the students to learn about
Karnaugh maps in electronics engineering. In electron-
ics engineering, digital electronics is an important sub-
ject that deals with the design-based approach. In digital

electronics, students learn about logic design and the basic
organization of the circuits in digital devices. Students
learn about minimization techniques for reducing the
hardware components and size of the circuit by solving
complex Boolean equations. The Karnaugh map (K-map)
is one such technique utilized in digital electronics to solve
complex Boolean equations and design AND-OR-INVERT
(AOI) logical diagrams. The K-map technique involves
several steps to solve the Boolean expression, and students
often find it difficult to follow the K-map process. Also,
while implementing the K-map technique, they make lots
of errors that result in wrong logical solutions. So, there is
a requirement for a learning environment where students
follow the K-map steps to get the correct logical solu-
tions. In this study, an AR-based learning environment
was developed which aimed to address students’ problems
while learning about K-map. The AR-based mobile appli-
cation is an active-learning platform that provides step-
wise operation of the K-map technique to students. While
learning with the AR application, students get instant
feedback about the logic design. They can interact with
the application and develop an AOI logical diagram for
any Boolean expression. The AR application was devel-
oped using the Unity3D game engine and can act as a self-
guiding tool for individual learners. The main objective
of this research study is to determine the impact of AR
applications on the critical thinking skills, learning moti-
vation, and knowledge of students in the flipped learning
environment. Learning motivation relates to the desire of
learners to learn and pick up new information, abilities,
and attitudes. It motivates them to participate in pursuits
that advance their intellectual, professional, and personal
development. Critical thinking involves engaging in cog-
nitive activities that require the use of mental processes,
such as attention, selection, and judgment, to arrive at the
most optimal solution. Students’ knowledge is not static
and can be enhanced through various techniques, including
training, practice, and experience. It is crucial to under-
stand that everyone has different learning strengths and
weaknesses and that some may do well in some subjects
while others struggle. The following research questions
were addressed in this study:

1. How does the use of an AR learning system in flipped
learning mode impact students’ critical thinking skills?

2. How does the use of the AR learning system in
flipped learning mode influence the learning moti-
vation of students?

3. How does the use of an AR learning system in flipped
learning mode impact the student’s knowledge?

4. What is the correlation between the critical thinking
skills, learning motivation, and knowledge gain of stu-
dents who learned using an AR learning system?
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This paper is organized into the following sections:
“Related Work” presents the related works, “AR Learning
System” presents the development process of the AR learn-
ing environment, and “Methodology” presents the research
methodology. Experimental analysis and results are pre-
sented in “Experimental Results.” “Discussion and Conclu-
sion” presents the discussion and conclusion.

Related Work

According to the literature, AR-based applications enhance
students’ learning abilities and learning outcomes by facili-
tating user engagement, providing direct input (particularly
contextual information), and being enjoyable to use (Algayres
& Triantafyllou, 2019)—[44]. Also, the use of AR in flipped
learning mode enhances the instructional content in a significant
way (Chen et al., 2017). Chang and Hwang (2018) proposed an
AR-based flipped learning technique for school students and
suggested that AR can improve the learning enthusiasm, sat-
isfaction, ability to think objectively, self-efficacy, and cogni-
tive load of students (Chang & Hwang Oct., 2018). Weinhandl
et al. (2020) recommended that GeoGebra’s flipped learning
approach helped strengthen students’ academic attitudes
toward mathematical education. GeoGebra is an immersive
framework of geometry primarily used to teach children in
primary school (Weinhandl et al., 2020). Table 1 presents the
use of AR applications in science education, language learn-
ing, and engineering education.

AR is an efficient learning technology as it utilizes class
time effectively and provides an immersive experience to
students. The combination of AR and flipped learning
could be an efficient solution for both students and teach-
ers, as it provides an interactive and engaging environment
for the students.

Critical thinking is extremely important to Millennial
learners, and it is often linked to other abilities such as meta-
cognition, creative thinking, and intrinsic and extrinsic moti-
vation. (Moeti et al., 2016). It has a strong relationship with
the cognitive thinking of the students (analysis, synthesis,
and evaluation) (Bloom et al., 1956). Most universities have
embraced critical thinking skills as a real student-centered
learning strategy, encouraging and guiding students to “how
to think critically” (Anta & de Barrdn, 2018). Tsui states
critical thinking is highly related to instructional factors,
which means the instructor should be aware of the needs of
the students and accordingly adjust the teaching methodol-
ogy (Tsui, 2002). Besides, an instructor must include in-
class activities, research-oriented tasks, working in groups,
and case studies, so that they critically analyze the solu-
tion to the problem and can discuss it with their peers. The
use of AR in flipped learning mode can be a driving factor

@ Springer

to influence the critical thinking, learning motivation, and
knowledge of students.

AR Learning System

This section presents the steps involved in the design and
development of the AR learning system. Figure 1 presents
the different stages of implementation of the AR learning
system in flipped learning mode.

Concept Formulation of AR learning system

The AR learning system is developed to enhance the critical
thinking skills, learning motivation, and knowledge gain of
students in digital electronics courses. The mobile AR appli-
cation will act as a self-guiding tool that helps the students to
learn through the blended learning environment. To develop
the AR application, the learning objectives are defined to
achieve the desired learning outcomes. The following are
the learning objectives of the application:

LO1: To implement simple logical operations using com-
binational logic circuits.

LO2: To obtain a basic level of digital electronics knowl-
edge and set the stage to perform the analysis and design
of complex digital electronic circuits using K-map.

The Karnaugh map (K-map) is a minimization technique
utilized in digital electronics to solve complex Boolean
equations and design AND-OR-INVERT (AOI) logical dia-
grams. K-Map represents the pictorial view of the Boolean
equations in tabular form. According to the binary input
variables present in the equation, the size of the K-map var-
ies. The following expression presents the relation between
several input variables and the size of the K-map:

=M (D

where n=number of input variables.

M =No. of cells in K-map (size of K-map).

Figure 2 presents the different K-maps for the number of
input variables.

Design and Development of AR Learning System

The AR learning system uses a mobile AR application to
teach the concept of K-map to engineering students and
helps them to design the simplified circuit in a real-time sce-
nario. The AR application will be used in a flipped learning
mode where students watch videos and assess pre-learning
material before the class and will use the AR learning system
for in-class activities. In the present work, in-class activities
to teach K-map are designed using AR technology. In the
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Fig. 1 Different stages of
implementation of AR learning
system in flipped learning mode

Concept
Formulation

¢ Defining learning
objectives of the
learning activity

¢ Basics of K-map
techniques for bolean
expression
simplification

AR learning system, students can learn the steps of K-map
simplifications: form the pairs, equate Boolean equations,
and draw AOI logic diagrams. The system was developed
using Unity 3D game engine and Vuforia SDK (Kumar et al.,
2019; Kaur et al., 2063; Singh et al., 2019). The AR appli-
cation will scan the paper markers using a mobile camera
and allows the user to perform various tasks like binary-
pair formation, selecting the right Boolean expressions, and
building an AOI logic diagram.

An Arduino interface is also developed in the application
for physical hardware circuit verification. The Arduino Uno
is interfaced with the HC-05 Bluetooth module which will
send the data to Unity 3D Bluetooth Plugin. The Arduino
interface will verify the output of the designed circuit built
on a breadboard and the Bluetooth module will send the

A S

B 0 1 c 00 01 1 10

o| AB | AB o [ A8¢ | Asc | asC | ABC

1| AB | AB 1| aBc | aec | aBc | ABC
co 00 01 11 10

00 |AB CD|ABCD |ABCD |ABCD

01/aBcD |ABCD |ABCD |ABCD

11 [aBcD [ABCD |ABCD [ABCD

10 |ABcD |ABCD |ABCD |ABCD

Fig.2 K-Maps with 2, 3, and 4 input variables

Design and
Development of
AR Learning
System

AR System
Deployment and

Analysis

¢ Defining workflow of
AR mobile application

eUnity 3D game engine

¢ Vuforia SDK

¢ Arduino interface for
user interaction

¢ Unity Bluetooth plugin
for Arduino interface

¢ Marker-based AR
application

¢ Deployment of AR
application with
engineering students

¢ Analysis of AR
effectiveness on crtical
thinking skills, learning
motivation and
kcnowledge gain of
students

information about the circuit’s correctness to the Unity 3D
Bluetooth Plugin. The Unity 3D will display the message
on the AR application as “Correct Connection” or “Incor-
rect Connection.” Fig. 3 represents the block diagram of the
mobile AR application and the Arduino interface. Figure 4
presents the AR learning system.

Workflow of AR Learning System

This section presents the workflow of using the AR learn-
ing system for solving 2-variable Boolean expressions
using K-map. The API of the developed AR application
is shared with the students, and they were asked to install
the application on their smartphones. After the instal-
lation of an AR application, students were given paper
markers for the application along with the Arduino kit
for physical hardware verification. An example of an OR
gate (logic gate) is explained below to show the working
of an AR learning system. Firstly, the truth table of an
OR gate was posted by the teacher. According to the truth
table, students were supposed to place the markers in the
correct position.

Step 1: Place the markers as per the truth table mentioned
and scan them through mobile cameras as shown in Fig. 5.

Steps 2 and 3: Populate the K-Map cells and form the
pairs by clicking on the “Make Pair” tab as mentioned
in Fig. 6.

Step 4: The equation screen mentioned in Fig. 7 appeared
to the students only if the paired formation was correct, else
the students had to form the pairs again.

@ Springer
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Fig. 3 Block diagram of an augmented reality-based system for K-map

Arduino

Bluetooth

plugin to Markers
transfer scanned
datato by
unity : mobile

—— camera
R i

Hardware

verification
Status

Fig.4 The designed augmented reality-based system for K-map
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Fig.5 Scanning of markers
through a mobile camera

Fig.6 Formation of pair by
clicking on the “Make Pair” tab

Fig. 7 Selection of correct
equation

Select correct
equation.
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Fig.8 Selection of AOI diagram

2
£ Vuforig

Step 5: Once the correct equation was chosen then choose
the correct AOI logic diagram as mentioned in Fig. 8.

Step 6: The internal structure of the logic gate appeared
on the screen after choosing the AOI diagram, which helped
the students to make OR gate connections in real time (with
the help of IC 7432, breadboard, connecting wires, and LED
as shown in Fig. 9).

Step 7: Once the student had made the connection (on a
breadboard), then one question was expected to cross their
minds, “whether the connections are correct or not?” The
Arduino with Bluetooth plugin was used to transmit the real-
time output to the unity application to answer this question.
Students can verify the hardware connections by clicking on
the “Check” button as given in Fig. 10.

Step 8: If the connections were correct, then the “correct
connection” was displayed on the screen (as shown in step 8

Fig.9 Selection of the internal
structure of the logic gate

@ Springer

of Fig. 11). Otherwise, “wrong connections” would appear
on the screen. Figure 12 represents the graphical representa-
tion of the AR in the flipped learning system.

In this way, this self-guiding tool helped the students to
learn and build a bridge between real and virtual environ-
ments through AR. With the help of this application, teachers
could utilize more time on designing the applications related
to K-map (which is a must for employability). Figure 12 rep-
resents the graphical workflow of the application.

Students could perform any activity related to the 2-variable
on this learning platform. They had to place the markers accord-
ing to the truth table, and they could design any logic gate (AND,
OR, NOT, NAND, NOR, XOR, XNOR, etc.) on the learning
platform. As students learned through brainstorming, it helped
improve their critical thinking skills and understand complex top-
ics through this application.
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Fig. 10 Verification of hardware
connection with mobile applica-
tion

Methodology

An experimental study was conducted with engineering
students to determine the impact of AR learning systems
on the critical thinking skills, learning motivation, and
knowledge gain of students. This section presents the par-
ticipant details, experimental design, and measurement
instruments of the study.

Participants

In the present work, a total of 128 s-year undergraduate
students (mentioned in Table 2) from electronics engineer-
ing voluntarily participated in the study. The participants
have no or very less knowledge of digital logic design
using K-map. Also, they do not have any prior experience

Fig. 11 Verification of hardware
connections

in learning AR technology. At the beginning of the experi-
mental study, students were arbitrarily divided into two
groups: the experimental group (N =64) and the control
group (N=64). The random division of students was done
by the other teacher who was not aware of the different
interventions during the study. The experimental group
was treated with an AR learning system in flipped learn-
ing mode, where students are provided with pre-class
material in the form of videos to understand the basics of
digital electronics. During class time, they are allowed to
perform class activities with the help of the AR learning
system. Whereas the students of the control group were
treated using a conventional flipped learning approach,
in which they are also provided with the same videos as
pre-class material to learn at home, the control group stu-
dents are allowed to perform in-class activities without the
support of the AR learning system. Also, the students of
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Fig. 12 Graphical representa-
tion of design flow for AR in
flipped learning
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Table 2 Participant details

Gender Agegroup Stream Experimental Control group Total
(in years) group (FLA)

(AR in

flipped

learning)
Male 17-20 ECE 34 40 74
Female 17-20 ECE 30 24 54
Total 64 64 128

both groups were facilitated by the same teacher having
more than 10 years of teaching experience in electronics
engineering.

Experimental Process

Initially, a pre-test was carried out with the students to evalu-
ate their critical thinking ability and their knowledge about
the subject before the experiment. After the pre-test, students
were divided randomly into the experimental group (EG) and
control group (CG). Students from the EG were taught using
the AR learning system in a flipped learning mode, where
they were allowed to watch videos as pre-class material and
perform in-class activities using the AR learning system.
The control group students were taught using the traditional
flipped learning mode, in which they also watched the vid-
eos at home and performed the in-class activities using a
standard laboratory manual. The teaching intervention for
both groups was carried out for 1 week, and students learned
about digital logic building using Karnaugh maps (K-maps).
Students have applied the concept of K-maps to solve the
digital logic building problems and designed the electronic
circuit on the breadboard using logic gate ICs. Table 3 pre-
sents the details of the treatment given to both groups. The
pre-class material is provided to the students in the form of
videos using a “YouTube” channel named “Learn2Know”;
students were instructed to watch the videos before attend-
ing the class. In-class activities are of great importance for
improving the critical thinking skills of the students as they
enable them to think critically, develop logic, and design
electronic circuits. The in-class activities were designed to
solve the application-based problem statements on digital
electronics logic building. During the in-class activities,

Table 3 Treatment given to experimental and control groups

small groups of students were formed, nd they discussed
their ideas with their peers and came up with optimized
solutions. Activities were designed by keeping in mind the
higher-order thinking level of Bloom’s taxonomy. The in-
class activities enable the students to comprehend the facts,
apply problem-solving strategies, think critically, infer from
them, and then connect them to other concepts to achieve
success. Appendix 1 provides information about the in-class
activities. While conducting in-class activities, students of
EG used the AR application for self-evaluation, whereas CG
sought advice from the teacher. After the learning activity, a
post-test was conducted to evaluate the knowledge of the two
groups. Students were also asked to respond to the critical
thinking and learning motivation questionnaire. The details
of the experimental study are given in Fig. 13.

Measurement Tools

The questionnaire developed by Chai et al. (Sep. 2015) was
modified and adapted to measure students’ critical thinking
skills as mentioned in Appendix 2. It includes six items
(e.g., “When using augmented reality-based flipped learn-
ing approach, I would think about what I have learned cor-
rectly” and “When doing augmented reality-based flipped
learning approach, I will try to understand from different
perspectives on what I have learned”). Students were asked
to respond on a 5-point Likert scale. The Cronbach’s alpha
of the survey questionnaire was 0.72 showing the internal
consistency of the questionnaire. Appendix 2 presents the
survey questionnaire used for evaluating the critical think-
ing skills of the students.

For measuring the learning motivation of students, a
questionnaire designed by Keller (1987) was used. ARCS
model is a student-centered model and consists of four ele-
ments: Attention, Relevance, Confidence, and Satisfaction.
“Attention” deals with students’ interest in the lecture, “Rel-
evance” relates to the content’s usefulness, “Confidence”
deals with the belief of students, and “Satisfaction” relates
directly to motivation. The questionnaire consisted of 36
open-ended questions, and students had to answer on a
5-point Likert scale. The Cronbach’s alpha for four elements
of the ARCS model were the following: Attention=0.821,
Relevance =0.709, Confidence =0.719, and Satisfac-
tion=0.765, showing the reliability of the questionnaire.

Learning Experimental group Control group
resources
Videos Shared on YouTube channel “Learn2Know” Shared on YouTube channel “Learn2Know”

In-class activity e Used AR learning system

e Digital electronics combinational circuit building using
electronic components such as breadboard, logic gates ICs,

LEDs, and switches

e Digital electronics combinational circuit building using
electronic components such as breadboard, logic gates
ICs, LEDs, and switches

e Used laboratory manuals
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Pre-test to assess basic knowledge of the digital
electronic course

L

Pre-Test to evaluate Critical Thinking Level } .
10 min
Pre-Class Learning Activities (Online Learning Content)
. One
Experimental Group Control Group —
AR in Flipped Learning Flipped Learning
Approach Approach
Post-Test for Knowledge Gain (Digital Electronics Test 40 min
of K-Map)
Post-Questionnaire Critical Thinking and Learning } 20 min
Motivation

Fig. 13 Experimental design

A pre and post-test approach was used to measure the
knowledge gained of the students for K-map. A subject expert
having more than 10 years of teaching experience designed the
knowledge test. The pre-test consisted of 20 multiple choice-
based questions on digital electronics, and students were given
20 min to complete the test. The perfect score for the pre-test
was 20. The post-test consisted of 15 multiple choice questions
and five design-based questions on digital circuits. Students
were given 40 min to complete the test, and the maximum
score for the post-test was 30.

@ Springer

Experimental Results

RQ1: How Does the Use of AR Learning Systems
in Flipped Learning Mode Impact Students’
Critical Thinking Skills?

To assess the difference in critical thinking skills of both
groups before the learning activity, the pre-test was con-
ducted. As shown in Table 4, the results indicated that
there is no significant difference in the mean values of
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Table 4 Pre-test analysis of

. Lo Dependent Group N Mean S.D T Df p-value 95% confidence
critical thinking skills variable interval of the
difference
Lower Upper
Critical thinking  Experimental group 64 2.89 0902 -1.2 126 0.228 —0.490 0.118

Control group

64 3.08

pre-test scores for the experimental group and control
group. To evaluate the impact of AR intervention on criti-
cal thinking skills, the analysis of covariance (ANCOVA)
test was applied to post-test scores. In ANCOVA analysis
of post-test scores, the pre-test scores of critical thinking
are considered as a control variable. Table 5 presented the
post-test score. The mean value of critical thinking skills
of the experimental group was 4.17 and for the control
group was 3.41. F=41.43, with a p-value less than 0.01
indicating a significant difference in the critical think-
ing abilities of both groups. The ANCOVA test analysis
showed that the use of AR technology had a significant
positive influence on students’ critical thinking skills. The
r]2 value is 0.405, which reflects a moderate effect size.

RQ2:How Does the Use of AR Learning Systems
in Flipped Learning Mode Impact the
Student’s Knowledge?

Before applying the analysis of covariance (ANCOVA) test,
the students’ prior knowledge of the subject was assessed
using the pre-test scores of the two groups. Table 6 shows a
p-value larger than 0.05, indicating no significant difference
in students’ knowledge prior to the learning activity. So,
the ANCOVA test could be used to examine the post-test
scores of the knowledge test. In ANCOVA analysis of post-
test scores of knowledge gain, the pre-test scores of students’
knowledge are considered as a control variable.

Table 7 presents the ANCOVA analysis of post-test scores
of knowledge gain. The mean value of the post-test score
of the experimental group was 25.06 with an S.D. of 2.87,
and the mean value of the control group was 19.56 with
an S.D. of 3.04. F=53.74 and a p-value less than 0.001
indicated a significant difference in the knowledge gain of
the two groups. The ANCOVA analysis suggests that the
students of the experimental group performed better in the
post-test compared to the students of the control group. So,
the AR intervention has a significant positive impact on the

knowledge gain of students. The #” value was 0.468, which
showed a moderate effect size.

RQ3: How Does the Use of the AR Learning System
in Flipped Learning Mode Influence the Learning
Motivation of Students?

An independent sample 7-test was conducted to determine
the difference in the learning motivation of the two groups.
Table 8 presents the #-test statistics for the four factors of the
ARCS model: attention, relevance, confidence, and satisfac-
tion. The overall mean value of ARCS for the experimental
group was 4.66 and for the control group was 4.25, with
a p-value < 0.01 which indicates that there is a significant
difference in the learning motivation of the two groups.
The experimental outcomes indicate that the students who
learned with AR application were highly motivated com-
pared to the control group students.

In terms of sub-scales of ARCS model, the mean score
of attention of the experimental group was 4.70, and that
for the control group was 4.18 with a p-value < 0.01. This
suggests that AR intervention had a significant positive
impact on student’s attention during learning. This could
be because AR provided 3D representations of virtual
objects, which raised students’ attention while learning.
In terms of relevance, there was no significant difference
between the two groups. Relevance refers to the alignment
of instructional content towards the learning objectives.
During the learning process, the instructional content of
both teaching methodologies was aligned with the learn-
ing objectives. For confidence, the mean scores of the
experimental and control groups were 4.75 and 4.10, with
a p-value < 0.01 indicating that students of the experimen-
tal group were confident as compared to the control group
students. The possible reason could be learning through
interactive media, which stimulates curiosity in the stu-
dents. It also simplifies the complex logic for a better
understanding of the subject. For satisfaction, the mean

Ta‘b.le 5 ANCOVA, analysis of Group N Mean S.D Std. error Adjusted mean F p-value 1]2
critical thinking skills
Experimental group 64  4.175 0.489  0.082 4.172 41.43  0.000 0.405
Control group 64 3415 0432 0.082 3.419
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Table 6 Analysis of pre-test
score of knowledge

Table7 ANCOVA analysis of
post-test score of knowledge

Table 8 Analysis of learning
motivation

Table 9 Correlation between

critical thinking skills, learning
motivation, and knowledge gain
for experimental group students

@ Springer

Dependent variable  Group N Mean SD T Df p-value 95% confidence
interval of the
difference
Lower Upper

Students’ knowledge Experimental group 64 1142 190 1.13 126 0.259 —0.268 0.986

Control group 64 11.06
Group N  Mean S.D  Std.error Adjusted mean F p-value I
Experimental group 64  25.062 2.87  0.527 25.050 53.74  0.000 0.468
Control group 64 19.562 3.04 0.527 19.575
Dependent Group N Mean SD T Df p-value 95%
variable confidence
interval of the
difference
Lower Upper
Attention Experimental group 64 4.70 0.44 443 61.06 0.00 0.283 0.748
Control group 64 4.18 0.48

Relevance Experimental group 64 4.62 0.53 0.06 57.84 0.94 -0.245  0.229
Control group 64 4.63 0.40

Confidence Experimental group 64 4.75 0.50 5.20 61.87 0.00 0.399 0.897
Control group 64 4.10 0.48

Satisfaction Experimental group 64 4.57 0.26 5.12 49.06 0.00 0.295 0.673
Control group 64 4.08 0.46

Overall (ARCS) Experimental group 64 4.66 0.33 4.27 59.05 0.00 0.219  0.605
Control group 64 425 0.42

Critical thinking  Students’ Motivation

(post-test) knowledge (post-test)

(post-test)

Critical thinking

Students’ knowledge

Motivation

Pearson correlation
Sig. (2-tailed)

N

Pearson correlation
Sig. (2-tailed)

N

Pearson correlation
Sig. (2-tailed)

N

64
0.667+*
0.000
64
0.236
0.194
64

0.667+**
0.000

64
1

64

0.458%*
0.008

64

0.236
0.194
64
0.458%**
0.008
64

1

64

**Correlation is significant at the 0.01 level (2-tailed)
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Fig. 14 Correlation between
critical thinking, motivation,
and students’ knowledge

Critical
Thinking

Motivation

Students
Knowledge

Table 10 Comparative analysis of ARCS model with present research findings

Reference Topic N Attention Relevance Confidence Satisfaction
M SD M SD M SD M SD
Algayres & Trian-  Visual art course using AR technology 69 376 0.72 348 047 3.63 057 3.51 0.59
tafyllou, 2019)

Walker, 2012) Geometery course with AR technology 42 4.37 0.52 4.16 0.44 3.96 0.51 4.4 0.53

Dang et al., 2020) Cultural heritage course using AR 62 3.64 0.166 3.69 0.262 3.77 0.166 3.68 0.215
Control system using AR 34 419 0907 409 0907 420 0.809 426 0.819

Own Work Digital electronics using AR 64 4.70 0.44 4.62 0.53 4.75 0.50 4.57 0.26

scores for the experimental and control groups were 4.57
and 4.07, with a p-value <0.01 indicating that students of
the experimental group were delighted as compared to the
control group students.

RQ4: What Is the Correlation Between the Critical
Thinking Skills, Learning Motivation, and
Knowledge Gain of Students Who Learned

Using an AR Learning System?

To evaluate the correlation between critical thinking skills,
learning motivation (ARCS), and knowledge gain of stu-
dents in the experimental group, the Pearson correlation
was used. Table 9 presents the Pearson correlation sta-
tistics. With r=0.667 and p <0.01, it indicates that the
student’s critical thinking skills have a strong positive
correlation with the knowledge gain of the students who
learned with the AR application. Also, a moderate positive
correlation was noticed between the learning motivation
and knowledge gain of the students (r=0.458, p<0.01). It
can be concluded that the use of AR technology in flipped
learning mode enhances the student’s learning experience,
learning motivation, and critical thinking skills. Critical
thinking skills and learning motivation have a significant

positive correlation with the knowledge gain of students
in the experimental group as given in Fig. 14.

Table 10 compares how different fields are using aug-
mented reality technology in terms of attention, relevance,
confidence, and satisfaction.

Discussion and Conclusion

In this study, a hybrid learning framework was proposed
to integrate the flipped learning approach with AR techno-
logical design to provide unique and compelling learning
experiences to engineering students. The AR-based flipped
learning approach allowed utilizing the classroom time
better by providing interactive and immersive learning to
the students, which actively involved the learners in the
learning process. An AR learning system was developed
so that actual learning took place at an individual level
and thus transformed the learning into activity-based and
problem-solving learning. The AR learning system was
designed using the Unity3D game engine and Vuforia
SDK. An experimental study was conducted with engi-
neering students to determine the effectiveness of the
proposed system on students’ knowledge, critical think-
ing skills, and learning motivation in digital electronics

@ Springer



928

Journal of Science Education and Technology (2023) 32:912-930

course. The experimental outcomes indicated that the
AR in flipped learning mode significantly improved the
students’ knowledge, critical thinking skills, and learning
motivation compared to the conventional teaching meth-
ods. The experimental results substantiated several previ-
ous studies that exhibited the impact of AR intervention
on student learning and critical thinking skills.

The study presented the use of AR technology in flipped
learning mode. It indicated improved students’ critical think-
ing skills through enhanced engagement and better visuali-
zation of discrete concepts of digital electronics. The mean
value of the post-test score of critical thinking for the exper-
imental group was 4.13 compared to 3.31 for the control
group, which implied a significant improvement in the criti-
cal thinking skills of the experimental group. The study’s
findings support the findings of Chang and Hwang (2018),
who proved that AR technology with a flipped guiding
approach helps to improve critical thinking, self-efficacy,
and motivation of the learners (Chang & Hwang Oct., 2018).
It also supports the findings of Sailer and Sailer (2021) and
Gomez et al. (2020) who proved that incorporating gamifica-
tion in flipped classroom setting enhances the competency
skills among the students and make them better problem
solvers (Gomez-Carrasco et al., 2020; Sailer & Sailer, 2021).

The outcome of the present research work also supports
the result of Algayres (Algayres & Triantafyllou, 2019),
which states that combining game-based learning with the
flipped classroom methodology can improve student motiva-
tion, learning outcomes, and engagement. In other words,
if the classroom environment is more stimulating, students
are more likely to participate in in-class activities and think
critically about the assigned problem statement (Algayres &
Triantafyllou, 2019). These reviews correspond to the pre-
sent study’s findings, which suggest that effectively blending
AR technology with flipped learning can enhance students’
critical thinking abilities, especially during in-class activi-
ties wherein students are more challenged with more prob-
ing questions. The possible reason for the positive effect of
AR with flipped learning on critical thinking is its learner-
centered approach. In learner-centered approach, learners
think critically, interpret, analyze, and solve design-based
problems by interacting with peers during class activities.
Another reason could be the MAR application’s immersive
and engaging environment, which provides better visualiza-
tion of digital electronics concepts. The MAR application
also acts as a self-evaluating tool that allows the students to
check their solutions for the design problems. In addition,
discussion in the classroom and solving design problems
may have assisted students. It allowed them to understand
the design problems and think from different perspectives.
Flipped learning also allows the students to present their
knowledge in front of the class, and peers will enable them
to receive feedback. Walker also proves that instructions that
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emphasize student discussions could help improve critical
thinking (Walker, 2012).

To evaluate students’ learning motivation during the
experimental study, the adapted ARCS model consisted of
four elements: attention, relevance, confidence, and satisfac-
tion. The overall mean score was 4.51 of the experimental
group and 4.10 of the control group proving a significant
difference in the learning motivation of the two students.
The experimental outcomes showed that the experimental
group students were highly motivated compared to the con-
trol group students. During the learning process, teachers
observed that students of the AR in flipped learning group
were excited and curious to use the AR application. The
experimental results showed that attention, confidence, and
satisfaction were the relevant elements that enhanced the
student learning motivations. The following could be the
possible reasons for the enhanced learning motivation of
students. First, the proposed AR system allowed the stu-
dents to interact with and manipulate the 3D virtual content
that enhanced their attention and interest during the learning
process. Second, the AR in flipped learning provided instant
feedback on their logic designs which helped them learn
independently and establish independent learning abilities.
Third, the students had access to the AR application any-
where and anytime, giving them the flexibility to learn and
stimulating active learning.

In terms of knowledge gain, the mean score of the post-test
for the experimental group was 22.88. The control group was
19.19 with a p-value < 0.01 that showed a significant positive
impact of AR intervention on students’ knowledge gain. The
use of the proposed AR application provided feedback to the
students at every step about their logic that allowed them to
practice more independently and significantly enhanced their
skills in designing digital circuits. Compared to the conven-
tional flipped learning approach, the AR in flipped learning
approach also provided an effective self-learning model to
the students and encouraged them to learn actively through
their individualistic observation. The one limitation of the
proposed system is that it requires a good-resolution camera.
Sometimes, there is a problem in detecting markers when
using a low-resolution camera. In this study, we have used
android smartphones with HD resolution.

To summarize, this research involved the creation of an
AR-based learning system using Unity 3D and Vuforia SDK,
which aimed to teach undergraduate engineering students
about the step-by-step operation of the K-map technique.
The effectiveness of this system on the students’ critical
thinking skills, learning motivation, and knowledge gain was
tested through an experimental study with 128 participants.
The students were divided into two groups: an experimental
group (N=64) and a control group (N=64). The AR learn-
ing system was implemented in flipped learning mode and
used for in-class activities in the experimental group, while



Journal of Science Education and Technology (2023) 32:912-930

929

the control group used the traditional approach. The results
showed that the use of AR technology had a significant posi-
tive impact on the critical thinking skills, learning motiva-
tion, and knowledge gain of students in the experimental
group. Additionally, the study found a significant positive
correlation between critical thinking skills, learning motiva-
tion, and knowledge gain in the experimental group. During
the COVID-19 pandemic, conventional teaching methods
considerably failed to provide an interactive learning expe-
rience to students due to a lack of active engagement. The
utilization of disruptive technologies like AR and VR can
provide unique learning experiences to the students. Immer-
sion is an essential feature of AR and VR technology that
can impart better visualization and critical thinking skills.

The present study has a some limitation in terms of self-
rating scales of critical thinking and learning motivation.
Using the self-rating scales may cause self-bias by the
respondant and may lack of accuracy (Dang et al., 2020).
Overall, self-rating should not be the only way to evaluate
learning, even though it can be a helpful tool for getting
students to think critically about their education and take
ownership of their development. To provide a more thor-
ough view of student learning and performance, teachers
should also use additional forms of assessment, such as
peer evaluations, teacher feedback, and standardized tests
in the future research work.
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