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Abstract: Augmented Reality (AR) has emerged in our educational paradigm as
a new tool to accelerate change in the teaching and learning process. This
technology can improve students’ visualisation skills, which helps them
understand abstract concepts, especially in Chemistry. Furthermore,
visualisation skills help improve students’ critical thinking. This study was
conducted with 16 secondary students. Before and after the intervention, students
were required to complete a Purdue Spatial Visualisation Test to measure their
visualisation skills. During four weeks of intervention, students explored the
content using a mobile augmented reality application for learning chemical
bonds (called CBOND) and completed critical thinking tasks each week. This
study employed data mining using a decision tree to predict the path to improving
students’ visualisation and critical thinking skills in learning chemical bonds.
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The results revealed that CBOND had a significant effect on students’
visualisation and critical thinking development. Therefore, this study proved that
augmented reality technology could help students to visualise abstract concepts,
especially in Chemistry, and in turn, foster their higher level of critical thinking.

Keywords: Augmented reality; Visualisation skills; Critical thinking; Data
mining; Chemistry
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1. Introduction

The advanced technology that emerged in education is now being explored to solve
problems in the teaching and learning process. This is because the teaching method and the
use of static textbooks alone are failing to engage students which have contributed to poor
learning outcomes. Tsai (2020) reported that the respondents found it boring to hear the
lecturer talking in front of them. Similarly, Gowda and Suma (2017) also agreed that the
drawback of teacher-centred instructions was that students felt bored and reduced the rate
of mind present in the classroom. The students also believed that integrating technology
was important and would help them in their learning process (Borycki & Kushniruk, 2021).
Therefore, educators have begun to seek technologies that have the potential to be
integrated into education to help students learn actively and improve their understanding,
especially in science-related subjects like Chemistry. Therefore, educators have begun to
seek new potential technologies to be integrated into education in order to help students
learn actively and improve their understanding, especially in the field of Chemistry.

Chemistry is the most common subject that contains many abstract concepts,
creating difficulties for the students to visualise. Therefore, teachers integrate technologies
with active learning strategies to help students effectively learn Chemistry. For example, a
survey conducted by Ayob et al. (2019) shows that the implementation of technology in a
blended learning approach while teaching Chemistry can improve students’ achievement
in this subject. Recently, AR has emerged as a visualisation tool. According to Shelton and
Hedley (2002), AR has many advantages and has great potential to change the instructions
and learning of complex concepts and content. Therefore, these advantages can be applied
to the topic of chemical bonds to decrease students’ misconceptions due to the inability of
the students in visualisation because AR also allows detailed visualisation and object
animation in which the students can view and interact with the 3D images during their
learning (Gun & Atasoy, 2017; Shelton & Hedley, 2002). In addition, AR is displayed in
different ways and view angles to improve students’ understanding of the subjects. This is
because AR is presented in different and efficient ways to make students understand the
content better.

AR has been evolving over the years and has become portable and available in
mobile devices as a result of rapid technological development. The concentration of AR
and mobile devices provides an innovative experience and gives more exciting experiences
for users to explore the physical world easily because it is handheld and portable, unlike
PCs (Lin et al., 2013). AR is characterised as a live, direct or indirect, view of a physical,
real-world environment in which the elements are augmented by computer-generated
sensory input such as sound, video, graphics or GPS data. However, the latest technologies
in AR have shifted to Mobile Augmented Reality (MAR), in which AR was used in mobile
applications (Nincarean et al., 2013). Nincarean et al. (2013) and Kazmierczak et al. (2021)
also stated that MAR created a more meaningful learning experience and a majority of the
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participants from previous studies reported higher motivation, enjoyment and educational
effects.

2. Background of the study

2.1. Difficulties in visualising the abstract concepts in chemistry

Chemistry is one of the elective science subjects and the core to the other parts of science
which has received less interest from students. This is because they found it hard to
understand. Chemistry is a science subject that will equip students with the knowledge that
can help them in problem-solving, decision-making, and critical and scientific thinking.
Many researchers (Botella et al., 2018; Levy Nahum et al., 2004; Ozmen, 2004; Tan et al.,
2001) believe students are weak in Chemistry and always fall into the misconception
problem. According to Uzuntiryaki and Geban (2016), students have difficulties
understanding most of the concepts in Chemistry and hold misconceptions which lead to
the prevention of meaningful learning.

Levy Nahum et al. (2010) stated that the concepts associated with chemical
structure and bonding, such as molecules, ions, hydrogen bonds and giant lattices, are
abstract. This abstract concept will create difficulties that may lead to misconceptions due
to the students’ fundamental misunderstanding. For example, in chemical bonding, there is
great potential for forming alternative conceptions as students try to derive meaning from
what is said by the teacher or what is written in the textbooks because the concepts of this
topic are abstract (Willingham, 2007). Besides, scientific concepts are complicated because
many scientific ideas and models are too sophisticated to be taught in schools. Therefore,
Hoban and Nielsen (2013) suggested that school curriculum should include representations
of science such as animations and videos. Taber (2011) supported Kelly and Jones’s (2008)
recommendation as they reported that many students were able to correct their
misconceptions after viewing either static molecular visualisations or animations (Fang &
Guo, 2016).

Chemistry is a subject that involves talking about the problems in visualisation in
science education. This is because Chemistry is a visual science subject in which
visualisation plays a major role in daily practices (Wu & Shah, 2004). Chemical bonding
is an example of a basic topic that contains an abstract concept that cannot be directly
applied to everyday life. Therefore, students need help in understanding the chemical
bonding concept (Lutviana et al., 2019; Uzuntiryaki & Geban, 2016). Many students are
still confused in answering simple questions regarding the topics of chemical bonding
(Bakar & Ayob, 2010). The common problem amongst students is that they need help to
write the sequence of electrons for the ionic bond and covalent bond and create a mental
diagram about the formation of the bond (Bakar & Ayob, 2010).

Moreover, Bakar and Ayob (2010) conclude that a few problems in the study of
chemical bonding led to students’ misconceptions. Some students cannot identify the type
of bonding and still answer single and double bonds instead of the right answer which are
covalent and ionic. Besides, students cannot identify the conditions of every chemical bond
that forms between the elements. A similar finding was revealed by Dawati et al. (2019) in
which most students do not understand that bonds occur in the electron transfer of sodium
chloride from sodium to chloride. Students have difficulties drawing the diagram of the
electron sequences for the ionic and covalent compounds, rendering the diagram to be
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dysfunctional. Another problem with chemical bonds amongst students is that they cannot
draw the Lewis structure correctly. This is because they do not understand the concept and
cannot visualise the abstract concept (Bakar & Ayob, 2010; Dawati et al., 2019).

Therefore, effective teaching strategies or new tools to enhance the teaching and
learning qualities that can help in the visualisation of abstract concepts in chemical bonds
should be developed and further implemented. According to Vavra et al. (2011), from the
65 articles on visualisation that were analysed, most of the studies were in Chemistry which
emphasises that visualisation is essential when learning Chemistry.

Dawati et al. (2019) mentioned that students sometimes needed help to translate
one representation to another because of their limited conceptual knowledge and poor
visual-spatial skills. Vavra et al. (2011) stated that technology such as animations and other
computer-based visualisations facilitate understanding, motivate student interest in
learning and help them learn as an extra practice. Besides, visualisation skills can be
improved with the help of technology, such as by mentally manipulating complex spatial
dimensional and 3D figures (Tsai & Yen, 2014).

2.2. Technologies used to visualise abstract concepts in chemistry

Abstract concepts in science can be categorised into theoretical and descriptive concepts.
Examples of descriptive concepts can be found with directly observable exemplars in
Chemistry, such as chemical reactions. Theoretical concepts represent abstract concepts
that cannot be viewed with the naked eye, such as protons, atoms, molecules, and others
(Derman et al., 2019). Research has demonstrated the beneficial use of technology as a
means for visualising abstract concepts. Visualisation technology provides a means to learn
about visible phenomena that are too small, large, fast, or slow to see with the unaided eye
(Cook et al., 2006; Dawati et al., 2019). For example, Al-Balushi et al. (2017) developed
an animation to help students understand abstract concepts in Chemistry. According to
them, this type of technology allows students to visualise the interactions amongst
molecules and understand the related chemical concepts.

According to Gkitzia et al. (2020), many students have difficulties learning
symbolic and molecular representations of chemistry. To promote the students’
understanding of chemical representation, they introduced eChem, a computer-based
visualising tool that allowed them to build molecular models and view multiple
representations simultaneously. They also prove that technology can be used as a learning
tool to help students understand chemistry. This is because multiple link representations
that are represented by multimedia allow students to visualise the interactions amongst
molecules and avoid misconceptions related to chemical concepts.

There is an abundance of available technology in education that aims to help
students in visualisation, including simulation and animation. However, Prinz et al. (2005)
highlight that technology such as simulation has limitations in that the resolution of the
appearances is not consistent and the quality of the videos is also low, which forces the
students to replay the simulation repeatedly to ensure understanding. Therefore, Falvo
(2008) stressed that researchers must keep exploring the best visualisation technology to
be integrated into the modern classroom to ensure an effective learning process. Lin and
Wu (2021) also investigated the appropriate instruction sequence approach and different
ways of using visualisations that could significantly increase students’ conceptual
understanding of chemistry. To overcome the limitations of simulation and animation
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where the resolution of the appearances is not consistent and the quality of the videos is
also low, students are forced to replay the simulation repeatedly to ensure understanding,
the technology like AR is better for be applied because it functions in real-time and more
user friendly as it happened within the users’ environment.

AR is a new technology that has emerged in education. AR has been extensively
studied, yet there needs to be more paucity in the use of AR in education (Martin et al.,
2018). The number of research has been consistently growing due to the effectiveness of
this technology in recent years. AR has been used in many education fields, including
Medicine, Chemistry, Mathematics, Physics, Geography, Biology, Astronomy, Language
and History. Augmented reality provides an efficient way of representing a model that
needs visualisation, with a higher ability to interact than other interfaces (Shen, 2019;
Singhal et al., 2012). Singhal et al. (2012) provided support by demonstrating a seamless
interaction between real and virtual environments and using a tangible interface metaphor
for object manipulation.

AR is an innovation to improve the learning of three-dimensional shapes instead of
using the traditional method in which teachers use wooden objects or any physical objects.
When technology evolves in education, there is also an introduction to animation and
simulation in learning three-dimensional shapes. Cerqueira and Kirner (2012) list several
advantages of using AR techniques for educational purposes. For example, AR minimises
the misconceptions that arise due to the inability of students to visualise concepts such as
chemical bonds because AR allows detailed visualisation and object animation (Botella et
al., 2018). AR allows macro or micro visualisation of objects and concepts that cannot be
seen with the naked eye. AR displays objects and concepts in different ways and at different
viewing angles, which helps students understand the subject better (Cerqueira & Kirner,
2012). This is the reason why AR can visualise better as compared to simulation or
animation technology.

Medina et al. (2007) revealed that students in their study repeatedly mentioned
during the activities and interviews that they liked how the AR showed the interactions
inside a protein, which they had never seen before. These findings show that AR has a high
potential in showing different types of representations, such as static 2D/3D images and
3D dynamic images (animations) to visualise interactions amongst amino acids and
protein-building processes. In addition, most of the research conducted on AR to date
shows that students are excited and interested to learn using AR. For example, research
conducted by Rehman et al. (2019) provided positive feedback about their experience of
the combination of virtual and real environments. Burton et al. (2011) also reported similar
results, with the participants in their study excited about the potential of this technology
for sharing information and learning about new concepts. This feedback is useful in
determining the readiness of students to accept and use this new technology. AR also
encourages students to become more active in the learning process due to the interactivity
of its applications (Lamounier et al., 2010). Therefore, it encourages students to think
critically and creatively, improving their experiences and understanding. Yang et al. (2015)
used AR to develop visualisation mindtools which may help students to think critically.

Hence, AR can be used in learning Chemistry to resolve the misconception among
students. Many processes, ideas and concepts can be better illustrated using real-world
images d and graphics (Singhal et al., 2012). According to Gudyanga and Madambi (2014),
visualising tools to minimise learners’ misconceptions is a good initiative because it will
create a visually stimulating teaching and learning environment rather than a conceptual
environment so that students can understand the concept better.
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Over the years, the Horizon Reports (2004-2011) have identified mobile devices as
having the potential to transform education. Today, AR is being developed and designed
to be integrated into mobile devices. The relevance of mobile learning is supported by the
NMC Horizon Report: 2018 Higher Education Edition (Becker et al., 2018), which
highlights that AR technology is still emerging in recent years. Research has consistently
shown that mobile technology will have a significant impact on the future of education
(Martin et al., 2011; Roslan et al., 2021). Specifically, Martin et al. (2011) identifies MAR
as a highly promising technology in this field, providing users with ease and flexibility for
unrestricted use in various locations (Hollerer & Feiner, 2004). The mobility of mobile
devices is also a significant advantage over desktop PCs, as they can be used on the go,
whenever and wherever the user desires (Crompton et al., 2016).

Inferences deduced from the literature show that MAR can be used in visualisation
and simultaneously create easiness for the students to use it anywhere and everywhere other
than helping students to learn in a fun way. According to Stanger-Hall et al. (2011),
visualisation can improve existing knowledge and understanding and may develop
cognitively active learning and critical thinking skills. Harrell (2004) indicated that
argument visualisation is being used to help students construct diagrams that will gradually
improve students’ critical thinking abilities. Similar results were shown by Shatri and Buza
(2017) as they found that visualisation as a teaching and learning form exerts a positive
influence in increasing and developing students’ critical thinking ability. A majority of
prior studies have underlined that the positive effect of visualisation may enhance students’
critical thinking skills.

2.3. Development of critical thinking in learning with visualisation tools

Previous researchers have mentioned that visualisation or images formed are a part of the
critical thinking process. Gardner and Hatch (1989) said that visual is one of the multiple
intelligences that students should possess to be efficient critical thinkers. Critical thinking
is an important attribute for success in the 21st century. Critical thinking is defined as
higher-order thinking or level 3-6 of Bloom’s Taxonomy of Cognition (Stanger-Hall et al.,
2011). Critical thinking is crucial to be learned and applied by students because this skill
is needed to enhance other skills that may be useful in a person’s daily life and the future.

Critical thinking is consistently emphasised, such as in the Program for
International Student Assessment (PISA) in the assessment of science, math and reading
(Rosen & Tager, 2013; Coban et al., 2022). Reports from PISA and Trend in International
Mathematics and Science Study (TIMMS) by OECD (2013) established that Malaysian
students score below the global average compared to other Asian countries. According to
Suhadi et al. (2016), the main cause of this problem is that Malaysian students are unable
to master thinking skills. Therefore, to ensure that Malaysia is not far behind other
countries, the transformation of the learning strategies to foster students’ critical thinking
should take place. AR content is aligned with a learning goal.

Various initiatives are implemented to enhance the development of critical thinking
skills among students (Zulkifli et al., 2020). According to Zakaria et al. (2014), the element
of higher-order thinking skills (HOTS) is now the focus in the learning of Science,
Technology, Engineering and Mathematics (STEM). For example, positive results were
found in the STEM area and in training special skills such as spatial awareness (Buchner
& Jeghiazaryan, 2020). This can be observed from questions in the Form 3 Assessment
(PT3) that have required students to think critically to find the answers. According to
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Santrock (2008), thinking has several functions, such as reasoning, forming concepts,
critical and creative and problem-solving. However, nowadays, in the challenging world,
it is required for an individual to possess critical thinking skills that consist of components
that require high-level intellectual and rational skills such as reflection, argument,
understanding and evaluation (Jiménez-Aleixandre & Puig, 2012).

The Malaysian Education Blueprint (Ministry of Education Malaysia, 2013)
outlines a new teaching approach that is more student-centred than the previous teacher-
centred approach in enhancing critical thinking skills among students. Suhadi et al. (2016)
also mentioned that technology has the potential to be a medium for the implementation of
this recommendation when it comes to educational transformation. June et al. (2014)
deduces that the integration of video and interactive activities in class may help to stimulate
interactions and develop critical thinking amongst students. Students will become more
responsive and develop self-confidence during discussions. This proves the importance of
educational technology in supporting students’ learning.

2.4. Relationship between critical thinking and visualisation

According to Kogut (1996), suitable strategies must be applied to improve critical thinking.
The strategies listed by Kogut (1996) are asking questions frequently and directly to the
students individually, using examples and illustrations, promoting discussion among
students in class group assignments and effective use of feedback to encourage critical
thinking and exemplification. The strategies mentioned that illustration is one of the
strategies for developing students’ critical thinking skills. This is supported by Gardner’s
(1992) statement stating that visual is one of the multiple intelligences students should
possess to be efficient critical thinkers. Visualisation can also be used to improve existing
knowledge and understanding and may develop active learning and critical thinking skills
(Stanger-Hall et al., 2011). Some studies that present visualisation tools like e-maps,
graphic organisers, web-based simulation, and others use specific tasks to develop the
student’s critical thinking. Most of these studies show positive outcomes in developing
critical thinking using visualisation tools.

Specific teaching or learning strategies must be applied to ensure that the learning
process using visualisation tools is effective. Collaborative learning is a suitable example
of strategies that can help in enhancing students’ critical thinking. Despite these strategies,
visualisation may also help improve students’ critical thinking. According to Han (2010),
critical thinking can be applied in teaching computer visualisation and communication.
Critical thinking is an essential skill that students must master in order to produce
independent thinkers (Khan et al., 2022). Educators have become more interested in
teaching “thinking skills” instead of teaching content or information in recent years.
Certain strategies have to be applied to help improve critical thinking. It is proven that
critical thinking can be improved using visualisation as research shows that 3D
visualisation can improve students’ critical thinking skills in university as students can
analyse information from various available sources.

Shatri and Buza (2017) reported similar findings as they found that visualisation
increases communication, increases critical thinking, and provides an analytical approach
to solving various problems. An experiment was constructed for visualisation and deduced
that visualisation is fundamental for developing and increasing critical thinking. The results
taken from this research highlight the positive effect of visualisation in the teaching and
learning process in developing students’ critical thinking and overall performance. The
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results also show that visualisation motivates students to learn by improving their
collaboration and critical thinking approaches.

Learning with visualisation also may consequently improve students” achievement.
Istigomah et al. (2020) stated that implementing the somatic, auditory, visualisation, and
intellectual (SAVI) learning approach improves students’ attention towards mathematics
lessons. Erbas and Demirer (2019) used AR as a visualisation tool in learning biology. AR
activities have proven to improve students’ academic achievement and motivation in a
biology course. Consequently, it was found that the student’s motivation in the
experimental group increased more than that of the students in the control group. The
teacher and the students stated that AR activities might increase their achievement scores
and motivation.

Based on the discussion above, this study developed a mobile augmented reality
application to support the learning of chemical bonds (called CBOND) and investigate the
effects of CBOND on student learning. The research questions of the study include:

RQ1: What are the effects of CBOND on students’ visualisation skills?
RQ2: What are the effects of CBOND on students’ critical thinking skills?

RQ3: What are the students’ critical thinking paths to obtain high-level visualisation
skills?

3. Method

3.1. Participants

In this study, 16 Form 4 (16 years old) students who were taking Chemistry in a secondary
school were chosen to learn using CBOND for four weeks. Certain criteria were taken into
account in selecting the sample. The first was that the selected school should have students
who were already exposed to the latest learning technology, such as online learning, mobile
learning and others. Only for research question three, which intends to observe details on
the critical thinking skills development process amongst students when learning using
CBOND, the sample needed was 4 students. In this part, the critical thinking task was
analysed in detail. The level of critical thinking involved in this research was assessed and
discussed thoroughly and the two students who scored the highest and the lowest in the
critical thinking task were selected. This was to determine the pattern of their level of
critical thinking in detail for each week, whether it increased, decreased, or remained
stagnant.

3.2. Instruments

The students were required to complete a Purdue Spatial Visualisation Test (PSVT) in
week 1 (pre-test) and week 6 (post-test) to measure their visualisation skills before and
after learning the CBOND intervention. During the intervention, each student was asked
to perform four critical thinking tasks after completing the weekly learning activities. The
intervention is illustrated in Fig. 1 below. This study recorded the PSVT test and the
Critical thinking task in written form.
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Fig. 1. Research procedure during the intervention

All participants were involved in the 4-week of teaching and learning using
CBOND. Several activities required students to explore the CBOND application using the
markers provided, as shown in Fig. 1. Besides the CBOND was integrated with simulation
and audio to explain the concept.

3.2.1. CBOND - a mobile augmented reality application for learning chemical
bond

The learning theories used as guidelines in designing CBOND for learning chemical bonds
were the cognitive theory of multimedia learning (Mayer, 2005) and the principles for
designing visualisation tools in Chemistry (Wu & Shah, 2004). CTML was used as the
guideline to produce effective multimedia learning and the principles for designing
visualisation tools in Chemistry (Wu & Shah, 2004) were used because it is focused on
visualising the object specifically in Chemistry. In the implementation of CBOND in the
classroom, a pre-test was conducted before students used CBOND and a post-test was
conducted after students used CBOND. The test consisted of two tests which were the
Purdue Spatial Visualisation Test (PSVT) to measure visualisation skills and the Chemical
Bond Test to measure the students” knowledge and achievement. Before exploring
CBOND, the students and teacher explained how to use the CBOND and the mini-book
provided. The students were divided into four groups of four. The exploration using
CBOND, and the class activity were conducted concurrently.

The software used to develop the CBOND is Unity, consisting of Unity3D
Packages used to develop applications in MAR. The software is suitable for developing
applications on multiple platforms such as PC, MAC, Android, and iOS. CBOND needed
a visible marker to make the MAR display in 3D visual. This marker was provided on
specific pages of the mini-book. This ensures that the student’s learning process is
systematic and follows the syllabus outlined in KSSM. Two pages were developed in the
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CBOND Application: the ‘Main’ page and the ‘Instructions’ page. Another button included
was the camera, which was utilised to scan the marker.

The mini-book was provided with the CBOND application. The mini-book acted
as the guideline to ensure that the student’s learning was systematic throughout the lesson.
The flow of the content in the mini-book adhered to the KSSM syllabus set by the
government. This may avoid confusion during the exploration process using CBOND.
Several markers (refer to Fig. 2) were provided in the mini-book used during their learning
using CBOND. Marker is needed when using CBOND because it is detected by the camera
in order to display the virtual objects on the screen. Different markers displayed different
representations on the screen. Therefore, the markers for each element and compound in
chemical bonds were provided in the CBOND mini-book.

Fig. 2. The example of markers in CBOND for students’ exploration

In the first week of treatment (Week 3), the teacher explained the whole process
and the student’s individual and team roles. The students were divided into groups of four
and the groups were assigned based on their pre-test performance. Each week, the teacher
started the class by introducing the subtopic to the students. The teacher gave the task and
facilitated the learning process using CBOND. The exploration was guided by the mini-
book provided for each group. In each session during the exploration using CBOND,
students had the time to explore CBOND within the subtopic to manipulate and explore on
their own freely.

Using the variety of markers, students are able to explore the formation of ionic
bonds (Fig. 3) and covalent bonds (Fig. 4) during the teaching and learning process. This
is an example of exploring activities amongst students using the CBOND.

Respective to Fig. 3, students are able to visualise how the Sodium (Na) transfers
its one electron to Chlorine (CI) to become an octet. For covalent bonds (Fig. 4), students
are able to see how the sharing of electrons occurred between two molecules of Chlorine
cn.
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Fig. 4. Example of covalent bond formation (CI2)

3.2.2. Purdue spatial visualisation test (PSVT)

Mental rotation is defined by Sorby (2007) as a whole object that is being transformed
while mental transformation involves the transformation of a part of the object. Two tests
are conducted to investigate the level of visualisation skills of the students. The Purdue
Spatial Visualisation Test (PSVT) includes PSVT: R for rotation and PSVT:D for
development. According to Oliver-Hoyo and Babilonia-Rosa (2017), the most common
test used in Chemistry education studies involves rotations like ROT or PSVT: R. This test
was performed before and after they experienced learning using CBOND during the
treatment phase. This is because the literature shows that MAR has great potential in
visualisations. This opportunity is taken to maximise the advantages of MAR in
visualisation in learning Chemistry because the abstract concepts in Chemistry require
visualisation skills.

The visualisation test conducted during the pre-test and post-test was the PSVT test.
PSVT: R was used to measure the ability of the students to rotate the mental image, while
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PSVT:D was used to measure the ability of the students to develop the mental image. PSVT:
R and PSVT:D consisted of 30 questions and the test were recorded as the findings of
PSVT test. These questions were used before and after the treatment to determine the
differences in the test scores after the students completed learning using CBOND. The test
was conducted for 40 minutes before and after the treatment process of the research. PSVT
was used because this test was common and was usually used to examine visualisation in
Chemistry education (Wu & Shah, 2004).

3.2.3. Critical thinking tasks

The critical thinking task was conducted during the treatment process of the research. The
critical thinking task was included after the students used the developed CBOND. The
questions of the critical thinking task on chemical bonding were selected based on Bloom’s
Taxonomy from the collection of SPM questions. According to Bissell and Lemons (2006),
the first basic category in the first two levels of Bloom’s Taxonomy did not require critical
thinking skills. This was also agreed by Crowe et al. (2017) as they mentioned that the first
two levels did not require critical thinking and the level of critical thinking becomes higher
from Level 3 to Level 6 in Bloom Taxonomy. This opinion is also supported by Swart et
al. (2010), who mentioned that the critical thinking skills in Bloom’s Taxonomy covered
the level of applying, analysing, evaluating, and creating. Therefore, the selection of
questions will be emphasised from Level 3 to Level 6.

The original version of Bloom’s Taxonomy was developed by Benjamin Bloom
(1956). However, Cochran et al. (2007) highlighted that Bloom’s taxonomy should be
updated to make it relevant to 21st-century practices. Therefore, the nouns were changed
to verbs, while the two sequences of the two top levels in the original version of Bloom’s
Taxonomy by Benjamin Bloom (1956) were swapped in the revised version of Bloom’s
Taxonomy by Anderson and Krathwohl (2001). Therefore, the selected questions referred
to the revised version of Bloom’s Taxonomy by Anderson and Krathwohl (2001).

The Critical Thinking Task questions were designed based on Bloom’s Taxonomy
by Anderson and Krathwohl (2001). Therefore, the critical thinking task covered questions
from Level 3 to Level 6, which were applying, analysing, evaluating, and creating. There
were four questions for each Critical Thinking Task that were given to the students every
week, covering Level 3, Level 4, Level 5, and Level 6 of Bloom’s Taxonomy. The topics
include the formation of compounds (Task 1), ionic bonds (Task 2), covalent bonds (Task
3) and differences between ionic and covalent bonds (Task 4). Each task consists of
questions from each level of Understanding, Remembering, Applying, Analysing,
Evaluating and Creating in revised Bloom’s Taxonomy. Table 1 shows the example
questions for each level of critical thinking.

Table 1 shows an example of critical thinking task questions. The alphabet shown
as A, D and (d) in the table is the only example that can be anything related to the scope.

3.3. Data analysis

At this phase, all the data gathered from the PSVT test, and the four critical thinking tasks
were collected to analyse. The details of each process or method conducted during this
phase are discussed below.
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Table 1
Example of question

Level Example of critical thinking question

Level 1 (Understanding)  What is the type of bond for compound A?

Level 2 (Remembering)  List the properties of compound A?

Level 3 (Applying) Next, please help Ali identify the name of the element and classify
each element into two elements which are metal elements or non-
metal elements by putting a cross (X) on the table below. Illustrate
the electron arrangement of the covalent compounds.

Element Name of the element

A
B
C
D
E
F
Level 4 (Analysing) Differentiate the differences between atom A and atom D in terms
of their tendency to donate electrons.
Level 5 (Evaluating) Explain and justify your answer to question (d).

Level 6 (Creatin .
( 9 Write other examples of metal and non-metal elements that are not

included in the table above and give the reason for your answer.
Next, illustrate each of the elements that you stated. All answers
must be filled in the table below.

Other examples  Metal Non-Metal
Reasons:
Illustration:

3.3.1. The effect of CBOND on students’ visualisation skills

The visualisation test conducted during the pre-test and post-test was the PSVT test. This
test was divided into PSVT:R and PSVT:D. PSVT:R was for rotation while PSVT:D was
for development. PSVT:R was used to measure the ability of the students to rotate the
mental image, while PSVT:D was used to measure the ability of the students to develop
the mental image. PSVT:R and PSVT:D consisted of 30 questions. These questions were
used before and after the treatment to determine the differences in the test scores after the
students completed learning using CBOND. The test was conducted for 40 minutes before
and after the treatment process of the research. PSVT was used because this test was
common and was usually used to examine visualisation in Chemistry Education (Wu &
Shah, 2004).

Based on the previous reliability reported by previous research, the reliability of the
PSVT:R test was 0.771 and PSVT:D was 0.800 (Nordin & Saud, 2007) and PSVT:R test
was 0.792 and PSVT:D was 0.783 (Rahman & Eliya, 2010). Table 2 shows the levels of
visualisation based on students’ scores, as suggested by Nordin and Saud (2007).
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Table 2

The Levels of visualisation based on scores
Score Level of visualisation
81-100 Excellent
61-80 Very good
41-60 Good
0-40 Weak

A simpler version by Rahman and Eliya (2010) was selected to measure the
students’ visualisation skills and prevent students from feeling bored when answering the
question. According to Rahman and Eliya (2010), the value of the reliability of the
instrument was high. The reliability will be low if the a value of the instruments is below
0.6 (Abu & Tasir, 2000). This is parallel with Cronbach’s alpha scale by George and
Mallery (2003). Ghazali (2016) said that the instruments are valid when higher reliability
is attained. A higher reliability translated into a lower existence. A reliability test of the
PSVT also has been conducted within the sample in this study. The results showed that
PSVT:D has an « value of .872, PSVT:R has an o value of .737 and PSVT as a test has an
o value of .898. This showed that the PSVT test is reliable to use.

3.3.2. The effect of CBOND on students’ critical thinking skill

The content analysis was conducted to determine the effect of learning using CBOND on
students’ critical thinking skills. As mentioned before, the revised version of Bloom’s
Taxonomy proposed by Anderson and Krathwohl (2001) was used to design the questions
for weekly critical thinking tasks. Table 3 illustrates the critical thinking levels and the
example of students’ ability to answer the questions. According to Anderson and
Krathwohl (2001), levels 3 to 6 (Applying, Analysing, Evaluating and Creating) are the
levels that students need to think critically when answering the questions. The critical
thinking levels were measured based on students’ scores for each type of question.

3.3.3.  Prediction path of students’ critical thinking to obtain high-level
visualisation skills

The prediction model was developed by using a data mining technique named decision tree
modelling by using a Random Tree classifier by WEKA software. The data used to develop
the predictive model includes the students’ scores in critical thinking level (Level 3 to 6)
for all tasks and the post-test scores for visualisation level (PSVT). The accuracy of the
generated classification tree results is 95%.

4. Results and discussions

4.1. The effect of CBOND on students’ visualisation skills

Descriptive and inferential analysis was conducted to study the effect of CBOND on
students’ visualisation skills.
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Table 3
Critical thinking levels in Bloom’s Taxonomy and the student’s ability to answer the
questions

Critical thinking level The student’s ability to answer the questions

Recall or remember
Explain the information that has been stated

High critical Apply it
thinking skills Level 6 (Creating) Distinguish between different parts of the answer.
Justify

Create a new point of view.

Recall or remember

Explain the information that has been stated
Apply it

Distinguish between different parts of the answer.
Justify

Recall or remember

Explain the information that has been stated
Apply it

Distinguish between different parts of the answer.
Recall or remember

Explain the information that has been stated
Apply it

Recall or remember

Explain the information that has been stated
Recall or remember

Level 5 (Evaluating)

Low critical

thinking skills ~ -6vel 4 (Analysing)

Level 3 (Applying)

Level 2 (Understanding)

PP ONMNEPRONMNPEORODNDEOOORMLDNDRE

Level 1 (Remembering)

4.1.1. Descriptive analysis

Table 4 shows the descriptive analysis obtained from the pre- and post-PSVT tests. PSVT
test was given to students before and after the treatment, which is learning using CBOND.
The scores before and after the treatment and the levels of visualisation for each student
were recorded. The students were categorised based on their scores (Nordin & Saud, 2007)
(refer to Table 4). Next, the bar graph in Fig. 5 compares each student’s pre- and post-
PSVT test scores.

4.1.2. Inferential analysis

Inferential analysis was conducted to determine the effect of learning using CBOND on
students’ visualisation skills. This inferential analysis was conducted to compare the means
between the two variable groups which were pre-PSVT and post-PSVT. Wilcoxon Signed-
Ranks Test was performed to compare the mean scores between both tests to determine the
effects of CBOND on students’ visualisation skills. The non-parametric test was performed
as an alternative to the parametric test because the number of samples was insufficient to
conduct the parametric test. Therefore, the following hypotheses were tested:

Ho: There is no significant difference between the mean of the pre-PSVT test scores
and the post-PSVT test scores.
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Ha: There is a significant difference between the mean of the pre-PSVT test scores and
the post-PSVT test scores.

Table 4
Scores (in %) of the students for pre- and post-PSVT tests and levels of visualisation skill

Students Pre-test o Post-test o
Score Categorisation Score Categorisation

S1 27 Weak 40 Weak
S2 40 Weak 70 Good
S3 27 Weak 50 Good
S4 37 Weak 50 Good
S5 37 Weak 53 Good
S6 47 Good 60 Good
S7 63 Very good 80 Very good
S8 50 Good 63 Very good
S9 33 Weak 53 Good
S10 40 Weak 53 Good
S11 53 Good 60 Good
S12 40 Weak 57 Good
S13 27 Weak 27 Weak
S14 47 Good 57 Good
S15 47 Good 53 Good
S16 10 Weak 23 Weak
Mean 41.20 50.80

Standard deviation 2.761 3.243

0 excellent

80 L B B B B B B B B B ___ B N B &N =B _&B_ =B &B &8 B B & B 8§ § _§ |}

ver
70 ¥

good
60 W —— B i N N NN RN NN NN SN NN SN RSN BN S S

50 good

40 ==

30 +

weak

W Pre PSVT
Post PSVT

S1 S2 S3 sS4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 Si16

Fig. 5. Comparison of pre- and post-PSVT test scores

From the findings, none of the students scored lower than their pre-PSVT test
scores in the post-PSVT. 14 students scored very high in their post-PSVT test as compared
to their pre-PSVT test and 2 students scored the same in both pre- and post-PSVT tests.
The significant value is .001, which was lower than the value of alpha of .05, and thus, Ho
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was rejected. This means that the pre-PSVT test scores had a significant difference from
the post-PSVT test scores (z = —3.313, p < .001). This result shows that CBOND has a
significant effect on improving the visualisation skills of students.

As mentioned in the literature review, augmented reality applications can facilitate
students’ spatial visualisation skills in education (Yuen et al.,, 2011). The findings
supported the idea of students’ improvement after learning using MAR based on a study
done by Omar et al. (2019) in which the students in the experimental group displayed a
greater level of visualisation skills in terms of mental rotation skills compared to students
in the control group after learning in an orthographic projection classroom. The findings
from this study are also in line with findings from Eh Phon et al. (2019a) which revealed
that augmented reality could potentially enhance students’ spatial visualisation ability.
They found that an AR tool can help students visualise abstract science concepts such as
the galaxy system (Eh Phon et al., 2019b). This can be attributed to AR applications
facilitating abstract concepts’ concretisation and improving students’ understanding of the
concepts and processes (Shelton & Hedley, 2002).

Therefore, CBOND helped them visualise the atoms or the formation of molecules
that humans were unable to see with the naked eye. Wojciechowski and Cellary (2013)
also stated that AR helped students visualise abstract concepts, especially when teaching
objects and phenomena that are impossible to see with the naked eye. In addition, the AR
environment implemented in CBOND allows the learning content to be presented
meaningfully and improves practical skills. In this research, the principles by CTML
(Mayer, 2005) and Principles for designing a visualising tool on Chemistry (Wu & Shah,
2004) were highlighted as they said that signalling principles or linked inferential is
important. This is because a chemical bond involves the process of sharing, donating or
receiving valence electrons. Students must have this basic conceptual understanding to
understand more complicated content in other subtopics or topics. Therefore, the highlight
or signalling may help them visualise the abstract concept of the atoms/molecules that were
formed. This is supported by Cheng and Tsai (2013) in which an AR environment improves
visualisation skills, practical skills, and conceptual understanding.

Roca-Gonzalez et al. (2017) also found similar results. Their study shows that the
visualisation skill scores of students in the experimental group trained with AR increased
compared to the control group which had no significant effect. This is because when
students are being trained to visualise, it will improve their visualisation skills. In research
done by Giin and Atasoy (2017), there were positive responses from the students as most
said that the 3D presentation by AR helps to visualise better than the 2D presentation on a
board or notebook.

Students need to understand what it looks like by imagining the phenomenon.
Visualisation skills are required to ensure the students understand what is happening
between the atoms. This is because the formation is invisible to the human eye. Students
need their visualisation skills to understand it well. Therefore, when students are asked
difficult questions, they are able to answer the questions easily. CBOND is the tool that
helps in visualising invisible things. Moreover, CBOND incorporates AR technology for
learning chemical bonding to help students visualise abstract concepts.

Purdue Spatial Visualisation Test (PSVT) was used in this research to measure the
students’ visualisation skills and mental ability to visualise the outcomes. CBOND
incorporated AR technology to prepare for the Chemical Bond Test; thus, AR helps
students to visualise abstract concepts. These simultaneously will train the students and
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improve their ability to visualise. Although there are many available tests, the PSVT was
found to be the most suitable for secondary students. The PSVT test concept was also
similar when students did the rotation test since students had to visualise what would
happen after the visual was rotated. In CBOND, students had to visualise the formation of
the atoms. Both the PSVT test and the visualisation of CBOND are related.

4.2. The effect of CBOND on students’ critical thinking

The critical thinking task was conducted weekly (week 1 until week 4) which consisted of
critical thinking questions from Bloom’s Taxonomy levels of applying, analysing,
evaluating and creating. The tasks were designed differently according to the different sub-
topics and were designed following the Malaysian National Curriculum which is called
Standard Based Curriculum for Secondary Schools (KSSM) for chemical bonds topic.

4.2.1. Descriptive analysis

Table 5 reports that the mean score for Critical Thinking Task 1 was 72.75, and the standard
deviation was 10.73. The mean score for Critical Thinking Task 2 was 73.625, and the
standard deviation was 8.95. The mean scores for Critical Thinking Tasks 3 and 4 were
45.375 and 51.75, respectively, while the standard deviation for Critical Thinking Task 3
was 16.617 and Critical Thinking Task 4 was 9.875.

Table 5
Scores (in %) of critical thinking tasks for each student

Students CT 1 score CT 2 score CT 3 score CT 4 score
S1 68 72 56 50
S2 88 92 50 56
S3 84 72 76 60
S4 76 70 32 48
S5 70 80 50 32
S6 74 64 44 56
S7 84 68 40 56
S8 72 74 38 56
S9 60 64 50 60
S10 78 84 64 64
S11 66 76 34 52
S12 68 80 20 40
S13 58 72 24 30
S14 72 76 76 68
S15 92 80 42 38
S16 54 54 30 12
Mean 72.75 73.625 45.375 51.75
Standard deviation 10.73 8.95 16.6168 9.875

Note. CT = Critical thinking task.

The table also shows that the mean score increased from critical thinking task 1 to
critical thinking task 2 by about .875. However, the score dropped in critical thinking task
3. The decreased score from critical thinking 2 was approximately 28.25, and critical
thinking 4 showed an increment of a mean score of approximately 6.375. There were three
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students (S2 and S10) who achieved scores above the mean scores for all the critical
thinking tasks. Two students (S13 and S16) scored below the mean score.

From Table 5, seven students scored better than the mean score, while nine scored
lower than the mean score for CT1. The number increased in CT2, showing that eight
students scored higher than the mean score for CT2. For CT3, the number of students who
scored higher than the mean score was seven and the number of students who scored lower
than the mean score was nine. However, the students scored higher than the mean score in
CT4; nine students scored higher than the mean score and seven scored lower than the
mean score.

Two students scored higher than the mean score for all the critical thinking tasks
(S2 and S10) (refer to Table 5). Two students scored below the mean score for all the tasks
(S13 and S16). The findings show no substantial differences in the number of students who
scored higher or lower than the mean score, but most students scored well, with half scoring
higher than the mean score for at least 2 of the critical thinking tasks. There were only two
students who scored lower than the mean score for all the tasks. This finding also shows
that in CT4, the number of students who scored more than the mean score was 9 which was
greater than the number of students who scored lower than the mean score. However, it has
to be pointed out that CT4 was the hardest task as the design of question CT4 consists of a
higher level of questions as compared to CT1, CT2 or CT3.

As compared to the mean score, most students scored better in CT2 than in CT1.
Most students’ scores decreased in CT3 and increased again in CT4. CT4 scores obtained
by the students were not as good as CT1 and CT2, but better than the scores in CT3. One
of the reasons the scores decreased in CT3 was that the type of question asked in CT3 was
experimental. This type of question requires the students to identify what elements were
involved in the experiment and describe the characteristics of the elements and compounds
involved. This is evidenced by Johnson (2002), who revealed that students have difficulties
understanding what happens during the chemical reaction process in experiments. Besides
that, students claimed that they had difficulties linking the chemical changes during
experiments and with chemical reactions (Eilks et al., 2007). This is supported by Kurt and
Ayas (2012), who agreed that the reaction rate involving chemical reactions is difficult to
understand and apply in real life. However, it is different from CT1, CT and CT4 where
the questions were more direct as they used analogies and real-life examples. These tasks
tested the students based on what they had learned and understood when learning the topic.
Students rarely made mistakes when answering these questions because they knew what
they needed to answer.

The difficulty level of the syllabus can also affect students” critical thinking scores.
In CT3 and CT4, the questions were more challenging towards the end of the syllabus. In
CT4, students’ mean score was better than CT3 but lower than CT1 and CT2 due to the
question difficulty level factor. This is because CT4 questions were difficult as they
covered the last part of the chemical bond topic. Students need to think more critically to
apply what they learn to answer the questions. For example, questions in CT4 asked about
the differences between both types of bonds rather than straightforward questions. S2 and
S10 agreed on this as they indicated that CT1 and CT2 were easier compared to CT3 and
CT4. As discussed earlier, the sequence of the content of the mini-book and CBOND
referred to the KSSM syllabus. Therefore, the tasks were organised according to the
difficulty level, from easy to hard. Hence, from Week 1 to Week 4, the difficulties of CT1-
CT4 differed in terms of difficulty level. Therefore, this explains why the students’ mean
scores of CT3 and CT4 were lower than CT1 or CT2. This is important to consider the
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syllabus, which is another reason why the theory of cognitive theory of media learning
(CTML) was taken into account by considering the students’ cognitive load.

4.3. Analysis of each level of critical thinking

Furthermore, the process of developing critical thinking for each level of student learning
using CBOND was also investigated. For this purpose, only four levels (applying,
analysing, evaluating, creating) categorised by Anderson and Krathwohl (2001) which
involved critical thinking when answering questions were chosen to be intensely analysed.
Table 6 shows the analysis of students” answers to the weekly critical thinking tasks (CT1-
CT4). The student’s critical thinking skills were categorised as high if they scored higher
than the mean score and categorised as low if they scored below the mean score. Below is
the discussion of students’ critical thinking process for each level.

4.3.1. Applying level

Fig. 6 illustrates the total number of students who scored above the mean score and lower
than the mean score for applying level. Applying is the third level in the revised version of
Bloom’s Taxonomy which is the lowest level that needs critical thinking skills. For this
level, the students needed to answer questions that required them to recall or remember the
information and apply it in a new way. For example, the students must illustrate the answer
in the critical thinking task. Most students scored higher than the mean score at the applying
level, as shown in Fig. 6.

16

Applying Level
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10 8 10
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Fig. 6. Number of students” mean scores in applying level for the weekly critical thinking
task

In CT1, only one student scored below the mean score (S1), while the other students
obtained higher than the mean score. At the applying level (see Table 6), there were six
students (S4, S7, S8, S9, S10, S14) in CT2, eight students (S1, S4, S6, S7, S11, S12, S13,
S14) in CT3 and six students (S1, S4, S5, S8, S13, S16) in CT4 who scored below the mean
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score. Students mostly scored high in the applying level except in CT3, where the total
number of students who scored higher and lower than the mean score was the same. The
mean score value for CT3 also was the lowest compared to other Critical Thinking tasks.

Table 6

Analysis of the student’s critical thinking task score (%) in the weekly critical thinking

tasks
Applying Analysing Evaluating Creating

Students ¢t ¢cT CcT €T CT CT CT CT CT CT CT CT CT CT CT CT

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
S1 92 100 67 50 100 100 50 20 50 0 17 50 36 88 86 63
S2 100 100 75 80 100 100 50 60 50 67 17 38 100 100 57 50
S3 100 100 83 80 100 100 83 20 67 67 50 63 71 38 86 63
S4 100 70 50 60 100 100 17 40 33 50 33 38 71 63 29 50
S5 100 100 75 40 75 100 50 40 33 100 17 50 71 38 57 O
S6 100 100 67 80 92 83 33 60 67 100 17 38 43 0 57 50
S7 100 60 67 80 100 75 50 20 67 67 0 63 71 69 43 50
S8 100 70 83 60 100 67 33 20 33 50 25 75 57 100 14 50
S9 100 60 83 80 100 50 50 40 O 100 8 63 43 50 57 50
S10 100 80 83 80 75 100 83 40 67 50 33 75 71 100 57 50
S11 100 100 67 80 75 100 50 20 17 100 8 100 71 25 14 O
S12 100 100 50 80 100 83 17 40 O 50 0 50 71 88 14 0
S13 100 100 67 60 75 100 33 20 O 50 0 44 57 50 0 0
S14 100 60 67 80 83 100 100 40 33 50 83 88 71 88 57 50
S15 100 100 83 80 100 100 50 40 67 50 25 44 100 75 14 O
S16 100 90 75 40 83 100 33 20 O 50 17 0 36 0 0 0
Mean 100 87 71 69 91 91 45 33 39 68 21 53 66 62 36 35

Note. CT = Critical thinking task

This revealed that students understand how to illustrate the atoms or molecules
required by the critical thinking task questions. This is because most of the questions for
the application level asked the students to make illustrations. Therefore, CBOND helps
students in visualising atoms or molecules. This shows that CBOND also helps to improve
students’ understanding of the importance of basic concepts. This is because if the students
fail to answer questions at the applying level, the tendency not to be able to answer
questions at the upper level of critical thinking is high. In brief, the students can answer
most questions at the applying level which required them to do illustrations as CBOND
helped them improve their understanding by visualising atoms or molecules during the
treatment. The principles in CTML (Mayer, 2005) and principles for designing visualising
tools on Chemistry (Wu & Shah, 2004) helped in the representation of CBOND
visualisation such as the consideration of spatial contiguity principle in CTML (Mayer,
2005) whereby words and pictures of visual were displayed simultaneously. This is because
people learn better when corresponding words and pictures are presented near rather than
far from each other on the page or screen.

4.3.2. Analysing level

Analysing level is the fourth level in the revised version of Bloom’s Taxonomy. Students
need to have extra skills compared to applying which the students need to distinguish
different parts of the answers. Students needed to compare or distinguish what type of
chemical bonds were involved in the questions. A similar result was obtained at the
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analysing level, in which most students scored higher scores than the mean score for the
analysing level. Fig. 7 shows the number of students’ mean scores in analysing level for
each critical thinking task.

Analysing Level
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Fig. 7. Number of students’ mean scores in analysing level for the weekly critical
thinking task

Referring to Fig. 7, there were six students (S5, S11, S12, S13, S14, S16) in CT1,
five students (S6, S7, S8, S9, S12) in CT2, six students (S4, S6, S8, S12, S13, S16) in CT3
and seven students (S1, S3, S7, S8, S11, S13, S16) in CT4 who scored below the mean
score in the analysing level. Students mostly scored high at the analysing level. This level
required students to differentiate the two types of bonds which were ionic and covalent.
Therefore, when most students scored higher than the mean score, it shows that most of
them were able to analyse the differences between the bonds. Students can differentiate the
properties of each type of bond, how the bond was formed and what group of elements was
involved in the formation of covalent bonds or ionic bonds. The chemical bond topic
introduces the basic topic related to chemical bonds before the students learn more about
it in the next topic. Students must know the reason for the formation of a compound. The
students must know what atoms belong to what group or period. This is because the ionic
bond is formed between a metal and a non-metal while a covalent bond is formed between
two non-metal atoms. When the students can differentiate this, they will know what
formation bond will be formed.

4.3.3. Evaluating level

The evaluating level is the fifth level in the revised version of Bloom’s Taxonomy. At the
evaluating level, students have to explain and justify their answers. In the assigned critical
thinking task, students must justify the answers completely to attain full marks. For
example, in the Critical Thinking Task, students have to justify why they chose ionic bond
or covalent bond as the answer. Poor evaluating skills may contribute to marks. In contrast
with applying and analysing levels, most students” evaluated level scores were below the
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mean scores. Fig. 8 presents the number of students’ mean scores in evaluating level for
each critical thinking task.
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Fig. 8. Number of students’ mean scores in evaluating level for the weekly critical
thinking task

Fig. 8 shows that students CT3 scored very low in the evaluating level, where the
mean score for the students was only 21 (refer to Table 6). The mean score value was the
lowest as compared to all mean scores in all tasks. This may be due to the type of questions
in CT3 which is the experimental type. The students were not able to evaluate their answers,
especially when the questions were experiment-related. There were only 7 students (S1,
S2, S3, S6, S7, S10, S15) in CT1, 4 students (S5, S6, S9, S11) in CT2 and 6 students (S3,
S4, S8, S10, S14, S15) in CT3 and 7 students (S3, S7, S8, S9, S10, S11, S14) in CT4 who
scored above the mean score. This demonstrates that most students have low skills at the
evaluating level and are poor at evaluating their answers, especially when the questions are
based on experiments. Students failed to score full marks because the students were not
able to justify how the compound was formed.

However, many students could have performed better at the evaluating level which
may also affect their creating skills. This may be attributed to the fact that students need to
write justifications for their answers which contradicted Efe and Efe (2011). The findings
reveal that students who were taught with the help of computer simulations made
statistically significant improvements in their test scores at all levels of Bloom’s taxonomy.
However, in a study by Febrina et al. (2019), the evaluating level was the highest level
included in the textbook compared to other levels. This is because evaluating is the main
part of critical thinking that can generate and attract students to use all their mental
processes optimally. Referring to the first Bloom’s Taxonomy in 1956 by Dr Benjamin
Bloom, the evaluating level was the highest in Bloom’s Taxonomy. This indicates that the
evaluating level was one of the highest levels of critical thinking.
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4.3.4. Creating level

Creating level is the highest level in the revised Bloom’s Taxonomy. To achieve this level,
students need to create a new product or point of view. In this Critical Thinking Task,
students have to create a new molecule based on their knowledge of chemical bonds. They
also need to explain how the molecules or compounds were formed. Fig. 9 illustrates the
number of students” mean scores in creating a level for each critical thinking task.

Creating Level
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: : u u u u

= 2
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CT1 CT2 CT3 CT4

M > mean score 10 9 9 10
E < mean score 6 7 7 6

Fig. 9. Number of students’ mean scores in evaluating level for the weekly critical
thinking task

CT4 reported the lowest mean score in the creating level was 35 and was followed
by CT3 36, CT2 62 and CT1 66 (refer to Table 6). This is because the creating level in the
CT4 was hard. There were six students (S1, S6, S8, S9, S13, S14) in CT1, seven students
(S3, S5, S6, S9, S11, S13, S16) in CT2 and seven students (S4, S8, S11, S12, S13, S15,
S16) in CT3 and six students (S3, S5, S6, S9, S11, S13, S16) who scored below the mean
scores.

At the creating level, the questions required students to think of other molecules or
atoms similar to what was asked in the questions. Students needed to understand what they
had learned to provide new examples. Besides that, the students needed to evaluate their
answers at the creating level, for which the students needed to give reasons for their
answers. Therefore, the score of each critical thinking task for the creating level shows that
the mean score decreased from CT1 to CT4. However, the number of students who scored
higher than the mean score for each task was greater than the students who scored lower
than the mean score. This shows that the students’ creating skills were good because most
students scored higher than the mean score. Students also scored well when answering
questions at the creating level. Creating level is the highest level in the revised Bloom’s
Taxonomy. Similar findings can be observed in Crowe et al. (2017) in which they found
that the criteria requiring the most complex thinking skills show the most dramatic
improvement in results. There was a significant increase in students’ ability to interpret
data and design their hypotheses which are the required skills for analysing and creating
Bloom’s levels.
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To sum up, most students were able to think critically when answering the tasks.
This shows that the students improved their critical thinking skills, especially the lowest
level of critical thinking. This shows that CBOND helped in improving students’
understanding of chemical bonds and their critical thinking skills. Students were mostly
able to answer questions well in applying, analysing, and creating levels but not in the
evaluating level. Previous studies have also reported that the use of technology can help
students develop thinking and interpretation skills, resulting in them developing higher-
order thinking skills (Efe & Efe, 2011). The findings demonstrated that CBOND also
helped improve students’ understanding of basic concepts, which is important because if
the students fail to answer questions at the applying level, the tendency of students to not
answer questions in the upper level of critical thinking becomes higher. This is supported
by Talanquer (2018), who said that it is difficult for students to understand the relationship
between topics in Chemistry, where students need to have a basic understanding and need
to relate ideas to the topic. Moreover, learning the concepts in Chemistry depends on
students’ understanding of the fundamental ideas at the analysis level which presents
students with materials (or asks them to locate materials), then asks questions or presents
problems with answers that require them to differentiate or organise some parts
appropriately.

4.3.5. Findings from two high-performing students in critical thinking
development

Of all 16 students, S2 and S10 were observed to have scored higher marks than the mean
score for most critical thinking tasks, especially at the creating level, which was the highest
level in Bloom Taxonomy. Table 7 demonstrated that S2 scored high for most critical
thinking levels (applying, analysing, creating) except in the evaluating level in CT3 and
CT4 tasks. This may be due to the question’s difficulty and the need for more skills in
evaluation. From S2 answers’ in CT3 and CT4 at the evaluating level, S2 did not provide
enough information for the answer. As a result, S2 did not score full marks for the
evaluating level. However, S2 scored higher than the mean score in the creating level,
which was the highest level of critical thinking.

Table 7
S2’s score for each critical thinking level in the critical thinking task

CT1 CT2 CT3 CT4
Applying 100, High 100, High 75, High 80, High
Analysing 100, High 100, High 50, High 60, High
Evaluating 50, High 100, High 17, Low 38, Low
Creating 100, High 100, High 57, High 50, High

Note. High = above the mean score, Low = below the mean score

A similar scenario was reported by S10, who also scored higher than the mean score
at the creating level. In contrast, S10 obtained low scores in the applying and evaluating
levels in CT2 and the analysing level in CT1. Students needed to differentiate between two
atoms in terms of their tendency to donate or accept electrons, but S10 only stated the
answers without differentiating the atom. Therefore, S10 cannot obtain full marks for the
analysing level of CT1. Overall, the S10’s critical thinking skill achievement was
considered high because S10 scored high for each critical thinking level.
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Table 8
S10’s score for each critical thinking level in the critical thinking task
CT1 CT2 CT3 CT4
Applying 100, High 80, Low 83, High 80, High
Analysing 75, Low 100, High 83, High 40, High
Evaluating 67, High 50, Low 33, High 75, High
Creating 71, High 100, High 57, High 50, High

Note. High = above the mean score, Low = below the mean score

S13 and S16 were also chosen as they were weak in answering the questions in the
higher levels of critical thinking for all tasks (refer to Table 6) which is elaborated on in
the next section.

4.3.6. Findings for two low-performing students in critical thinking development

In contrast to S2 and S10, another significant finding was observed for S13 and S16 (refer
to Table 9 and Table 10) as S13 and S16 scored low for most of the CT tasks. The students
could not answer higher-level questions that were analysing, evaluating, and creating.
Applying level was the only level that both students could answer. Referring to the answers
of S13 and S16 on all the tasks, the results show the students know how to draw or state
the type of bond, but when evaluating the answers, they failed to give the correct answers.
These results deduce that both students understood the basics of the topic but needed to
gain the necessary skills for analysing when there are many atoms involved. The students
also lack the evaluating and creating skills needed to develop a strong understanding of the
differences between the bonds and atoms. When the students do not fully understand the
topics, the students are unable to provide the appropriate explanation or example for the
questions.

Table 9
S13’s score for each critical thinking level in the critical thinking task

CT1 CT2 CT3 CT4
Applying 100, High 100, High 67, Low 60, Low
Analysing 75, Low 100, High 33, Low 20, Low
Evaluating 0, Low 50, Low 0, Low 44, Low
Creating 57, Low 50, Low 0, Low 0, Low

Note. High = above the mean score, Low = below the mean score

S2 and S10 scored higher marks than the mean score for most levels in the critical
thinking tasks. Out of four tasks, S2 scored one task lower than the mean scores for
evaluating in CT3 and evaluating in CT4. S10 obtained low scores in the applying and
analysing levels in CT1 and evaluating levels in CT2. This shows that these two students
experienced difficulties in answering evaluating questions. Overall, S2 and S10’s critical
thinking skill achievement can be considered high because the students mostly scored high
for the entire critical thinking task. S2 and S10 demonstrated good level visualisation skills.
From S2 answers’ in CT3 and CT4 on evaluating level part of questions, S2 did not provide
sufficient information for the answer. As a result, S2 did not score full marks for the
evaluating level. However, S2 was able to score higher than the mean score in the creating
level which was the highest level of critical thinking.
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Table 10
S16’s score for each critical thinking level in the critical thinking task
CT1 CT2 CT3 CT4
Applying 100, High 90, High 75, High 40, Low
Analysing 85, Low 100, High 33, Low 20, Low
Evaluating 0, Low 50, Low 17, Low 0, Low
Creating 36, Low 0, Low 0, Low 0, Low

Note. High = above the mean score, Low = below the mean score

Other than improving the student’s visualisation like CBOND did, other
dimensions like scaffolding are also needed to spark students’ ability to think critically and
provide complete answers when the students answer questions that need to be evaluated.
Besides, the students need more practice, especially in experiment questions. This is
because most of them could not answer well when the questions were twisted. S10 obtained
low scores in the applying and evaluating levels in CT2 and analysing levels in CTL1.
Students need to differentiate between the two atoms in their tendency to donate or accept
an electron, but S10 only states the answers without differentiating the atoms. Therefore,
S10 could not obtain full marks for the analysing level in CT1. Overall, the student S10°s
critical thinking skill achievement can be considered high because S10 mostly scored high
for each critical thinking level.

S13 and S16 scored low for most of the tasks. The students were mostly unable to
answer the higher levels which were analysing, evaluating, and creating. Applying level
was the only level that both students could answer well. This is because CBOND that was
applied in their learning helped improve their understanding and their applying skills. This
is because most of the applying level in the topic needed them to draw which was related
to the CBOND used. However, this is a good sign as the weaker studies are now able to
improve their applying skills and basic understanding of the topics. Both S13 and S16
students were students with weak visualisation levels. A higher level of critical thinking
skills like evaluating needs time to improve. Although S13 and S16 scored lower than the
mean scores for evaluating and creating levels of critical thinking, the improvement in the
applying and analysing should be considered because it will then help the students to
improve other higher levels.

Based on S13 and S16°s answers on all the tasks, the results showed the students
know how to draw or state the type of bond. However, when it comes to evaluating the
answers, both students failed to give the correct answers. In conclusion, the answers
revealed that students understood the basics of the topic but lacked skills on how to analyse
when there are many atoms involved. Besides, the students also lack the evaluating and
creating skills needed to fully understand the differences between the bonds and atoms.
More learning time is needed with CBOND to help them improve their analysing and
creating skills. When the students do not fully understand the topics, the students cannot
provide the appropriate explanation or example for the questions. This is why both students
cannot answer the evaluating and creating level questions well.

In conclusion, CBOND helped in improving the development of critical thinking
skills among the students. This can be deduced from the findings as most students scored
higher than the mean scores for applying, analysing, and creating levels. Students were
found to have low evaluating skills, as most scored lower than the mean scores. The
positive development of the student’s critical thinking was considered a great achievement
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because most students can answer the higher level of critical thinking which was the
creating level. Therefore, critical thinking skills should be improved from time to time.

4.4. The prediction path of students’ critical thinking level to obtain high-level
visualisation skills

For the last research question, the path of students’ critical thinking level to obtain high-
level visualisation skills was developed using a data mining technique which is a decision
tree modelling using a Random Tree classifier by WEKA software. Fig. 10 shows the
decision tree analysis of students with different levels of visualisation and critical thinking.
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/ «34 /\\ »=34
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Fig. 10. Decision tree analysis for students with different levels of visualization and
critical thinking task

Fig. 10 illustrates the model derived from several pathways to achieve the very
good, good and weak visualisation levels. A total of 11 nodes (rectangle and oval shapes)
were derived from the model and the three leaf nodes (rectangle) were good, weak, very
good) indicated the students’ level of visualisation. The bracket beside (X, X) of the
visualisation level indicated the number of students’ classification, followed by how many
students were incorrectly classified. From the output, no students were incorrectly
classified. The number of learning paths derived from the model is shown in Table 9. There
were three visualisation levels which were very good, good, and weak.

In Table 11, there were three visualisation levels involved for the sample, which
were very good, good, and weak. There was one learning path for very good, four for good
and one for weak. The detailed information on each path was shown in the table, which
consisted of additional information on the number of students on each path and the path
involved.

A total of three students had a very good level of visualisation, one student had a
good level for the first path, six students for the second path, one student for the third path
and two students with a good level of visualisation for the fourth path. Last but not least,
three students had a weak level of visualisation. The students with weak visualisation level
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may improve to good or very good visualisation levels. There is one path for the students
to improve to a very good visualisation level and four paths for the students to improve to
a good visualisation level. In order for the students to improve from weak to very good
visualisation level, the students have to score at least 34 marks or higher for evaluating
questions, at least or greater than 73.5 marks for applying questions and at least or greater

than 52.5 marks for creating questions.

Table 11

Details of the path for each visualisation level

Level of

Number

Number of

visualisation  of paths students Path The decision tree prediction
The decision tree predicts that the learning pathway for students with very good
Evaluating > visualisation level is as:
Very good 1 3 (5828 ST, Applying > ¢  Students that score equal to or more than 34 marks for evaluating level.
) Creating e  Students that score equal to or more than 73.5 marks for applying level.
e  Students that score equal or more than 52.5 marks for creating level.
The decision tree predicts that the learning pathway for students with good
1 1 (s12) Evaluating >  Visualisation level is as:
Applying e Students that score less than 34 marks for evaluating level.
e Students that score equal or more 82.5 marks for applying level.
The decision tree predicts that the learning pathway for students with good
6(S3, S5, Evaluating >  Visualisation level is as:
2 881618811% Evaluating > e  Students that score equal to or more than 34 marks for evaluating level.
e  Students that score equal to or more than 49.5 marks for evaluating level.
The decision tree predicts that the learning pathway for students with good
Good Evaluating > visualisation level is as:
3 1(S4) Evaluating > e  Students that score equal to or more than 34 marks for evaluating level.
Applying e  Students that score less than 49.5 marks for evaluating level.
e Students that score less than 73.5 marks for applying level.
The decision tree predicts that the learning pathway for students with good
Evaluating > visualisation level is as:
4 2 (9, 515) Evaluating> ®  Students that score equal to or more than 34 marks for evaluating level.
' Applying > e  Students that score less than 49.5 marks for evaluating level.
Creating e  Students that score less than equal or more than 73.5 marks for applying level.
e  Students that score less than equal or more than 52.5 marks for creating level.
The decision tree predicts that the learning pathway for students with weak
3(S1,S13,  Evaluating >  Visualisation level is as:
Weak ! S16) Applying e  Students that score less than 34 marks for evaluating level.

e Students that score less than 82.5 marks for applying level.

Four paths can be used as guidelines for teachers to improve from weak to good

visualisation level. The first path was if the students’ score was below 34 marks in the
evaluating level; thus, the applying level of the students must be at least or greater than
82.5 marks for students to shift from weak to good visualisation level. The second path that
can be followed for the students to improve to a good visualisation level is that the students
have to score at least 49.5 marks or higher for the evaluating level. For the third path, if the
students score at least 34 marks or higher but lower than 49.5 marks for evaluating the type
of questions, the students can achieve a good visualisation level but if the students’
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applying level is below 73.5 marks, students may only progress to the good visualisation
level. If the students can score at least 73.5 marks or higher in the applying level, the
students may improve to a very good visualisation level if the students score at least 52.5
marks or higher in the creating level but if the students score below, the students will only
improve to the good visualisation level.

For students with a good visualisation level and want to improve to a very good
level of visualisation, there is one path to be followed whereby the students have to score
at least 34 marks or higher for evaluating level type of questions, at least 73.5 marks or
higher for applying level type of questions and at least 52.5 marks or higher for the creating
level type of questions. The decision tree also shows that the evaluating level is on the top
of the tree structure which indicates that the evaluating level has a strong relationship with
visualisation skills. Besides, it also shows that the creating level is the critical thinking
level that will determine the students to possess either good or very good visualisation level.

In conclusion, the evaluating level is the level that exerted the most significant
influence on students’ visualisation skills. In addition, for students to achieve a very good
visualisation level, they should score well in the highest level of skills in Bloom’s
taxonomy which is the creating level. Fig. 11 was drawn to illustrate the predicted paths
for students to improve visualisation skills and critical thinking levels. Several paths can
be used as guidelines for students with weak or good visualisation skills to improve the
students’ visualisation skills and critical thinking level.
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>
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Good Second Path
evaLvaTiG EEEp  EvALUA

Third Path

EVALUATING ‘ EVALUATING ‘ AFFLYING

Fourth Path

EVALUATING - EVALUATHG - APPLYIN - CREATHG

Good > Very EVALUATING - APPLYING - CREATING
Fig. 11. Predicted paths for students to improve visualisation skills and critical thinking
level

The model obtained a few paths to achieve very good, good, and weak levels of
visualisation. A total of 11 nodes (rectangle and oval shapes) from the model and 3-leaf
nodes (rectangle) were good, weak, very good), indicating the students’ levels of
visualisation. In the parentheses next to (X, X), the level of visualisation is the number of
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students classified in the level followed by how many students are incorrectly classified.
The findings show that there were no students were incorrectly classified. The total number
of the learning paths derived from the predictive model showed three visualisation levels:
very good, good and weak. There was one learning path for very good, four learning paths
for good and 1 learning path for weak. There were three students (S2, S7 and S8) who had
very good visualisation levels with one prediction path. 14 students had good visualisation
levels with four different paths. The first path consisted of only one student (S12), the
second path consisted of six students (S3, S5, S6, S10, S11 and S14), the third path
consisted of one student (S4), and the fourth path consisted of two students (S9 and S15).
Only one path was derived for this category with three students (S1, S13, and S16) for
weak visualisation levels. All six predictive paths in Table 9 showed that the students could
improve the visualisation level to very good.

For students who intend to improve from weak to very good visualisation level, the
students had to score at least 34 marks or higher at the evaluating level, at least 73.5 marks
or higher at the applying level and at least 52.5 marks or higher at the creating level. For
students to improve from weak to good visualisation levels, four paths need to be followed.
The first path was that the students needed to score below 34 marks at the evaluating level,
causing the applying level to be at least 82.5 or higher marks. The second path that the
students can follow to improve their visualisation level to good is that they have to score
at least 49.5 marks or higher at the evaluating level.

Next, if the students’ applying level score was below 73.5 marks, the students can
only improve to good visualisation. If the students can score at least or greater than 73.5
marks at the applying level, and at least and greater than 52.5 marks at the creating level,
the students tend to improve to a very good visualisation level. If the students scored lower
than 52.5 marks at the creating level, the students would only improve to the good
visualisation level. Apart from that, the students with good visualisation level can improve
to a very good visualisation level if they follow one path that they need to score at least 34
marks or higher at the evaluating level, at least 73.5 marks or higher at the applying level,
at least 52.5 marks or higher at creating level. For the students with a good visualisation
level who intend to improve to a very good visualisation level, there is one path to be
followed. The students have to score at least 34 marks or higher at the evaluating level, at
least 73.5 marks or higher at the applying level and at least 52.5 marks or higher at the
creating level.

The findings showed that students had different learning methods and preferences
depending on their abilities (Strijbos et al., 2004). The findings on the prediction path for
students with weak, good, and very good visualisation levels can be improved together
with their critical thinking skills. These prediction paths could be one of the references to
improve students’ visualisation and critical thinking skills when using CBOND or
specifically AR technology to learn chemical bonds or other subjects requiring
visualisation. Although AR has proven to have a positive effect on students’ learning
(Akgayir & Akgayir, 2017; Aziz et al., 2012; Chen et al., 2017), the framework or
references should still be referred to because learning with AR without any guidance will
not exert much impact to students’ learning.

CBOND or any AR cannot improve visualisation and critical thinking alone. Proper
development and principles must be applied to ensure that the AR environment can create
meaningful learning (Saidin et al., 2019). Besides that, these prediction paths and findings
can help other researchers or teachers when using AR as a tool to improve the students’
learning, critical thinking, and visualisation skills. In addition, the decision tree (Fig. 11)
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also revealed that the evaluating level is the top of the tree structure. This indicates that
evaluating is the critical thinking level strongly related to visualisation skills. This also
shows that creating is the critical thinking level that will determine whether students have
good or very good visualisation.

In short, the evaluating level is the critical thinking level that influences the students’
visualisation skills the most. In order for students to achieve a very good visualisation level,
they should score well at the creating level as it is at the highest level in the revised Bloom’s
Taxonomy (Anderson & Krathwohl, 2001). The predicted paths are beneficial for students
or teachers to understand what kind of critical thinking skills need to be improved to
enhance visualisation skills. This will then improve students’ understanding of the topic of
chemical bonds or other topics or subjects that require students to have good visualisation
skills. For better illustration, Fig. 11 simplified the predicted paths for students to improve
visualisation skills and critical thinking proficiency.

5. Conclusion

In conclusion, CBOND which implements AR technology was developed to investigate its
effects on students’ visualisation skills and critical thinking levels. Prediction paths for
students to improve visualisation skills and critical thinking levels were also identified. The
paths were found to help improve students’ visualisation and critical thinking skills
depending on their visualisation skills differences.

The developed CBOND showed a positive impact on students’ visualisation skills.
This was because most students’ visualisation levels improved towards the end of the
treatment. Other than that, for the weekly task on critical thinking, the students were found
to score higher than the mean score for at least two out of four tasks given. The students
were found to have difficulties in scoring the questions involving experimental questions.
However, if looking at details about the students’ critical thinking development, the
students were found to have difficulties scoring the questions at the evaluating level, but
the students could score well at the creating level. This showed how useful CBOND is in
helping to improve the student’s critical thinking skills. The predicted path was developed
to help learners improve their visualisation skills. Learners could follow the appropriate
path that fits their context to obtain a high visualisation level.

This study gave implications in educational practices to teachers or trainers. The
positive findings showed teachers the AR potential in their teaching. Teachers can simplify
their teaching techniques by applying more fun technology and practising active
participation. Besides, the framework to improve students’ visualisation and critical
thinking skills also could be a guideline to teachers, trainers, or researchers when they want
to improve visualisation and critical thinking skills. They can follow the path in the
framework depending on the student’s level of visualisation skills. The collaborative
learning strategies (adapted from Lee et al. 2004) can be referred to make the collaboration
of students during the learning more efficient. Besides, the use of AR technology will help
students to understand and teach in conveying the lessons. Instead of teaching using static
visuals, a teacher now can try using AR technology that is more fun in class. Other than
that, this research also identified the relationship amongst the variables in the research,
which shows the important variables to improve other variables. This can also be the
teacher’s guideline if they want to teach chemical bond topics using AR in class. Besides,
using the critical thinking task that referred to the level of Bloom’s Taxonomy enhances
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the student’s critical thinking and gives the teachers many benefits when they want to teach
chemical bonds.
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