
education 
sciences

Article

Analysing Students’ Spatial Abilities in Chemistry Learning
Using 3D Virtual Representation

Yuli Rahmawati * , Hanhan Dianhar and Fadhillah Arifin

����������
�������

Citation: Rahmawati, Y.; Dianhar, H.;

Arifin, F. Analysing Students’ Spatial

Abilities in Chemistry Learning Using

3D Virtual Representation. Educ. Sci.

2021, 11, 185. https://doi.org/

10.3390/educsci11040185

Academic Editor:

Dimitrios Ververidis

Received: 6 January 2021

Accepted: 8 April 2021

Published: 17 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Chemistry Education Department, Universitas Negeri Jakarta, Jakarta 13220, Indonesia; hanhan@unj.ac.id (H.D.);
fadhillaharifin_3315160803@mhs.unj.ac.id (F.A.)
* Correspondence: yrahmawati@unj.ac.id

Abstract: Students often have difficulty understanding abstract concepts in chemistry and a low
spatial ability, especially in visualizing intermolecular interactions at the submicroscopic level.
Therefore, this study aims to analyze the spatial ability of students by using a 3D virtual representation
as they study the curriculum topic of molecular geometry. The research was conducted with 13 male
and 23 female year 10 secondary students in Jakarta, Indonesia. A qualitative methodology was
employed to analyze students’ spatial abilities while they undertook learning activities using 3D
virtual representation. Data collection included a spatial assessment, a quiz about prior knowledge,
student worksheets, interviews, observation sheets, reflective journals, and a molecular geometry test.
Learning was carried out in three stages; engage, explore, and explain. The results of the research
show that students’ ability in spatial orientation is low whereas their ability in spatial relationships
that involve using mental manipulation and rotation of 2D or 3D objects is more developed. Students
employ this approach to develop their understanding of molecular geometry.

Keywords: spatial ability; 3D virtual representation; molecular geometry

1. Introduction

Atoms and molecules are basic entities that must be understood by chemistry students.
In addition, the characteristic of chemistry learning is meaningful if it is associated with
understanding at the macroscopic, microscopic, and symbolic levels [1–3]. However,
research shows that many, students experience difficulties with chemistry because they are
unable to visualize the structure and process at the submicroscopic level and connect it with
the other levels of chemical representation [4]. Basic entities cannot be sensed so spatial
visualization is necessary [5]. Spatial ability is required to produce, maintain, and properly
manipulate abstract visual images [6]. The National Research Council stated that spatial
ability plays an important role in problem-solving and reasoning in science [7]. Margulieux
also expressed a similar view that spatial abilities need to be mastered to ensure success in
the STEM fields, especially in chemistry [8]. Students must be able to understand, interpret,
and translate submicroscopic representations at the level of particles such as atoms and
molecules. However, visualization of microstructures is difficult for learners, especially
those without sufficient knowledge of chemical content and/or who lack spatial skills [6].
Al-Balushi et al., revealed that low spatial abilities hinder a student’s ability to visualize
phenomena at the molecular level [5].

Students may also have difficulty linking observable phenomena with molecular
interactions [9]. According to [10], studies in organic chemistry show skills in spatial
abilities are (1) visualization, (2) sketching/representation, and (3) translation between
2D sketches and 3D models of molecules and their interactions. Students who have high
spatial abilities can rotate and interpret molecular representations in 2D and 3D forms [11].
Spatial transformations such as these are believed to improve students’ skills in solving
problems [12]. In other words, spatial abilities play an important role for students studying
chemistry [6,13]. However, teachers often do not teach spatial abilities explicitly, which can
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lead to misconceptions or incomplete understanding of chemistry concepts [12]. Teachers
often simplify spatial information contained in abstract and complex material because of
limited instruction time [14].

Furthermore, debate about the improvement of spatial ability has become an issue,
which is related to innate ability and trainable skills. Spatial ability can be developed over
a person’s lifetime and with interventions through training [6,15,16]. Both quantitative and
qualitative studies explore different perspectives of spatial abilities in relation to strategies
and training. Kyllonen, Lohman, and Snow revealed that high spatial ability subjects
benefited from practicing and receiving feedback; meanwhile low spatial ability persons
benefited from training with visualization strategies. Therefore, this study focused on
training with 3D virtual representation [17].

A variation of 3D virtual representations uses augmented reality technology [18] to
virtually represent the 3D objects, allowing users to interact directly with virtual objects in
real environments [19]. This method does not require students to translate 2D objects into
3D models [20]. However, much technical preparation is required for students to be able
to practice spatial skills using augmented reality. Diaz, Hincapié, and Moreno suggested
several toolkits that can be used to fast-track capability, including Vuforia, Unity 3D, and
Blender [21]. Vuforia is a framework that provides functionality for developing augmented
reality applications on mobile phones using targets or patterns, images, or objects. Vuforia
tracks the image that will be used as a marker. It aims to make nodes in the image so that
3D objects can appear after being detected by a scanner, such as through a camera device,
by recognizing the position and orientation of the marker [22]. Unity 3D is a set of tools that
can be used to create games or mobile applications with various technologies including
graphics, audio, physics, and networking technologies. Unity 3D can be used to create
animation controllers on 3D model objects that have been made or markers that have been
tracked using Vuforia imported to Unity 3D to position the animation to be displayed [23].
Blender is free, open-source software that is used to create multimedia content, especially
3D objects [24]. Users design the visualization of molecular shapes that will be used in
training spatial abilities so that teachers can make planned instructions.

Several previous studies reported that augmented reality as a learning medium in
chemistry has already been developed and implemented [25,26]. Areas of implementa-
tion include hybridizations [26], molecular geometry [27], chemical bonds [28], redox and
electrochemistry [29], introductions of chemical laboratory equipment [30], and elemental
chemistry [31]. These applications demonstrate that the development of virtual representa-
tion in 3D using augmented reality technology and its implications for chemistry learning
is growing rapidly in Indonesia. However, studies on students’ ability to translate and
analyze 2D and 3D representations of molecular shapes are limited.

This research was conducted with 36 students from one high school class in Jakarta,
Indonesia, where the molecular geometry topic is studied at a year 10 level. The topic is
challenging for students and teachers because chemistry is not introduced as a subject until
year 10. Interviews conducted with chemistry teachers in the participating school revealed
that only 50% of students achieve the required standard, which indicates that existing
teaching approaches result in a poor understanding of molecular geometry. Strategies used
in chemistry classrooms tend to be oriented towards mastering theory and memorization,
which limits the development of student efficacy in their learning. Molecular geometry
addresses abstract materials in chemistry [32] and requires students to visualize a molecular
shape. 3D molecular shape modeling that is presented virtually, through a display, can be
an effective alternative for teachers to develop students’ spatial abilities [33,34]. Students
learn to predict and describe molecular shapes with different thought patterns from one
student to another; spatial ability is the key to understanding those shapes [35]. Therefore,
this study focused on the molecular geometry topic in the chemistry curriculum.

Augmented reality as a learning medium in chemistry has already been used in In-
donesia, including in hybridization [26], molecular geometry [27], chemical bonding [28],
redox and electrochemistry [29], introduction to chemistry laboratory equipment [30], and
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chemical elements [31]. At the tertiary level, there have been many studies on spatial
abilities in the field of chemistry [36,37]. However, the impact on the spatial abilities and
processes of high school students solving chemical problems using their spatial skills has
not been carried out in previous studies [38]. Studies about spatial ability and under-
standing chemistry prior to the college level have been conducted [39–41] that show that
computerized molecular modeling in learning can improve spatial abilities so that students
achieve better learning outcomes in tests about structures and bonds. Students also gain
a better insight into the concept of models and can explain more phenomena with the
help of various models. In addition to the impact on students’ spatial abilities, the process
of solving chemical problems using spatial planning has not been addressed in previous
studies. Therefore, the research question of this study is, what aspects of spatial abilities do
students have in learning chemistry using 3D virtual representation?

2. Literature Review
2.1. Spatial Ability

Spatial ability is defined as the ability to produce, maintain, and properly manipulate
abstract visual images [6]. Spatial ability is related to an individual’s ability to search for
visual fields, understand the shape and position of objects visually, and mentally manipu-
late representations [14]. According to Lohman, spatial abilities are divided into spatial
visualization, spatial orientation, and spatial relation [42]. The aspects of these spatial abili-
ties help to understand molecular geometry in chemistry learning. In addition, [7] stated
that spatial abilities play an important role in problem-solving and reasoning in science.
Aligned with that view, [8] considered that spatial skills need to be mastered for success
in STEM fields. For example, chemistry students must learn about the three-dimensional
structure of molecules, and students who study geology must understand the underlying
structures of geomorphologic features of the earth, visualize the internal structures of the
Earth, understand the chemical composition of rocks and minerals, interpret the spatial
arrangement of topical features, and understand the geometries of buried tectonic plates
and faults.

Spatial skills in science refer to imaginative reasoning that includes spatial orientation
and spatial visualization. Spatial ability is also closely related to academic achievement,
especially in chemistry [11,37,43]. Students with high spatial abilities successfully visualize
organic molecules in a 3D mental form and estimate bond angles [11]. Spatial abilities
play an important role in learning chemistry because students are required to visualize mi-
crostructures such as atoms and molecules. However, the visualization of microstructures
is a difficult task for learners. Even at the university level, many students have difficulty
with spatial thinking [44]. This difficulty is caused by low spatial abilities (most students
need training to acquire these skills) and misconceptions that are held by students. In
practice, students should be able to imagine how a structure would appear from different
perspectives, mentally manipulate objects, and visualize the effects of operations such as
rotation and reflection. This is greatly influenced by the students’ own cognitive ability.
Students who are considered to have low spatial skills can be disadvantaged and have
the potential to lose motivation to study atomic structures. Therefore, teachers need to
design the best way to support students’ use of various modalities and related reasoning
strategies in chemistry classrooms [45].

According to [6], the debate over spatial ability improvement originated from the quan-
titative methodologies researchers historically used. Researchers assumed and measured
that participants used the same strategies to solve spatial ability tasks. Then qualitative
researchers began to explore strategies and their effects on spatial ability, with partici-
pants using different strategies on a specific test item [6]. Several researchers employed
an information-processing perspective to understand the development and use of spatial
cognition [46]. In addition, [15] portrayed the improvement of spatial abilities through
training with persistent rotation tasks. Therefore, the study analyzed spatial abilities by
exploring students’ strategies to solve tasks related to spatial abilities.
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Work on spatial ability test has been developed since 1930, and this study employed
the Purdue Spatial Visualization Test (PSVT). According to [6], in chemistry work by Bod-
ner and Guay (1997), the Purdue Visualization of Rotation Test (PVROT) is frequently used.
Even though the work is critical because subjects could solve them by simply rotating the
object, Guay (1997) addressed this issue in the PSVT, which consisted of development (vi-
sualization), rotation, and view (orientation) sections that required participants to imagine
viewing an object from a different perspective. In addition, spatial visualization tests are
more complex than rotation or orientation tasks and related to the use of 3D objects [6]. A
study by Myers [47] found that participants used imagery techniques to solve easy tasks
and analytical techniques to face complex tasks. Visuospatial skills as a component of
cognitive functions play a role in chemistry learning to interpret visual information for
molecular models within different visuospatial features [12,14,48].

Common misconceptions relevant to the high school chemistry curriculum in In-
donesia include learning the shape of molecules, hydrocarbons, isomers, and reaction
mechanisms. Students’ understanding of chemical concepts is essential at both the macro-
scopic level and the molecular level. For example, the shape of a molecule is an important
concept for students to master before studying other chemical materials such as hydrocar-
bons. Students will not understand hydrocarbons unless they first understand chemical
bonds, the Lewis structure, and molecular shape. All of these are interconnected, thus
enriching students’ understanding as well as concretizing abstract forms of chemistry
lessons in their minds. Although understanding chemistry concepts is important, the
question is, how can students understand chemical materials if they have difficulty con-
necting observable phenomena (macroscopic representations) with molecular interactions
(submicroscopic representations) [9]? The answer lies in developing students’ visual power
and imagination (spatial ability) to help them understand the shape of a molecule [33,34].

Previous studies have shown that students’ spatial and understanding skills, especially
in chemistry learning, are key to acquiring the necessary cognitive skills when identifying
the best strategies for solving spatial problems while studying chemistry. Based on re-
search conducted by Sorby [16], learning aimed at developing spatial abilities in first-year
engineering students has a positive impact on students’ academic achievement. These
results indicate that spatial abilities can be improved through practice and can result in
better academic achievement.

According to [14], teaching and learning chemistry requires spatial abilities in molecu-
lar representations, reactions, and theoretical concepts. Therefore, chemistry students must
be able to visualize 3D molecules from 2D visualization from the chemical formulas [14]. In
addition to chemistry, students are required to mentally manipulate 3D molecular shapes
to consider bond angles between atoms, molecular structures, and molecular interactions
within molecules, which are related to spatial relation factors [14].

2.2. 3D Virtual Representation

A 3D virtual representation is an object displayed with the help of a computer. In
order to get a clear orientation of an object a user must interact with the 3D virtual rep-
resentation. 3D virtual representation software that involves chemical visualization such
as ChemDraw, Chime, and Jmol is an effective method of training spatial abilities [49,50].
However, the current 3D virtual representation software is felt to be less flexible in giving
users freedom of view because they use a pointer such as a mouse, or a keyboard. Var-
ious technological innovations are used to overcome these limitations, one of which is
augmented reality technology.

Augmented reality (AR) is defined as a technology that integrates two-dimensional
and three-dimensional virtual objects into the real world interactively in real time [25].
Based on this definition, AR can be considered a form developed or a derivative of vir-
tual reality (VR) [51]. AR technology is also more effective than VR in terms of price,
realism, and interactivity [52]. The advantage of AR technology is that users can interact
simultaneously with virtual objects in a real environment and students are encouraged to
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actively participate in shaping their knowledge [19]. AR technology can deliver full 3D
holograms that do not require users to translate 2D objects into 3D models [20]. Several
previous studies showed that augmented reality technology has been developed and used
as a medium in developing spatial abilities [18,20], to overcome misconceptions [53] and to
improve student motivation [54]. AR technology is divided into two types: marker-based
and markerless. Whereas marker-based AR uses the marker function as a medium to
display virtual objects on it [55], markerless technology does not place virtual objects
on markers, so it is commonly called AR without markers [56]. The advantage of using
marker-based AR is that data processing can be done offline; it does not require an internet
connection. A marker is read by a scanner through a camera device by recognizing the
position and orientation of the marker. The objects to be displayed are easier for scanners
to read and the process is less time-consuming than markerless technology [57]. Figure 1
shows a virtual representation of the 3D media-based augmented reality used in this study.

Figure 1. 3D media-based virtual representation.

Marker-based cards of seven different forms of molecules were used in the study.
These included chloroform (CHCl3), boron trifluoride (BF3), phosphorus pentachloride
(PCl5), methane (CH4), ammonia (NH3), water (H2O), and lactic acid (C3H6O3). Fea-
tures contained in the 3D virtual representation media were electron geometry, features
of molecular geometry, and features of dipole moments. Regardless of the utility of the
media, it is still difficult to convince students to use 3D molecular models to learn concepts
unless the model is provided by the teacher and directions given for its use in the les-
son [58]. Therefore, 3D media can be a way to bridge this gap. Based on research conducted
by Martín-Gutierrez et al., [18], the development of spatial abilities can be done using
augmented reality in the learning process. Besides [59,60] concluded that AR is consid-
ered helpful for developing students’ spatial abilities because it helps them to visualize
molecules, thereby providing a deeper understanding of chemistry.

The realistic view of the 3D molecular shape better describes the imaginary object
and reduces the student’s cognitive load in integrating information from the macroscopic,
microscopic, and symbolic chemical domains.

3. Methodology
3.1. Research Design

The study was conducted with a group of 36 students made up of 13 male and
23 female year 10 chemistry students learning molecular geometry. The participants were
selected based on the year level and their willingness to participate in the research. We
announced the study through email to our school partners. The molecular geometry
curriculum aims to develop students’ understanding of molecule models, which requires
them to have sound spatial abilities. Multiple data collection strategies were employed to
explore students’ spatial ability in relation to chemistry learning, including a spatial ability
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assessment, a quiz to assess prior knowledge, student worksheets, interviews, observation
sheets, reflective journals, and a molecular geometry test. An ethics clearance was obtained
that included a participant consent form, sought permission to undertake the research, and
provided details as to how the privacy of the participants would be maintained.

The research was conducted in three stages: a preliminary stage, a research implemen-
tation stage, and a final stage. The research flow is shown in Figure 2.

Figure 2. Learning activities and data collection.

At the preliminary stage, researchers developed a chemistry lesson plan designed to
train students’ spatial abilities using a 3D virtual representation of molecular geometry.
At this stage, two assessments were conducted to explore the characteristics of students’
spatial ability and their prior knowledge of chemistry concepts that relate to molecular
geometry concepts. An assessment of students’ spatial abilities was carried out using
a validated PSVT: the R diagnostic assessment tool from Bodner and Guay (1997). The
assessment quiz to explore students’ prior knowledge required them to determine the
shape of the molecular geometry from a predetermined position.

During the lesson, activities from the engage, explore, and explain learning phases
were implemented and classroom observations were conducted. In the engage phase,
students were engaged in challenging tasks through questions and activities in a student
worksheet. In the explore phase, students explored spatial information presented by the 3D
virtual representation, and then in the explain phase, students were asked to explain and
present the results from a problem-solving activity. During the lesson, a worksheet was
given to the students to help their understanding of the molecular geometry concepts and
to develop their spatial abilities. The worksheet required students to determine a molec-
ular shape based on the VSEPR theory, determine bond angles in a molecule, determine
molecular polarity based on bond moments, and interpret spatial information on the 2D
and 3D molecular shapes topic. Observations were recorded in a central data-gathering
tool used in this study; therefore, all forms of activity where students were engaged in
learning using 3D virtual representation were observed using an observation sheet.

In the final stage of the lesson, students were given a spatial test of molecular geometry
to assess their understanding and spatial ability. The spatial ability test was related to
curricular chemistry concepts and was validated by four chemistry lecturers. The criteria
for the spatial test of molecular geometry were based on the spatial abilities referred to
by Lohman (1979), who identified spatial visualization, spatial orientation, and spatial
relation [42]. Other data were gathered from student interviews and reflective journals.
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3.2. Data Collection

The data in this study were obtained using a spatial ability assessment, a quiz to assess
prior knowledge, student worksheets, interviews, observation sheets, reflective journals,
and a molecular geometry test.

3.2.1. The Purdue Spatial Visualization Test: Rotations

The diagnostic assessment set at the beginning of the research project used PSVT: R
to determine the students’ general spatial skills and knowledge. The PSVT: R used was
the original version consisting of 20 questions designed to measure the visualization of
3D object rotation [61]. The test instructions require students to learn how the object on
the top row of the question was rotated; to consider an image, such as whether the object
displayed in the middle row of the question looked as if it were correctly rotated the same
way; and to select one of the five pictures given in the bottom line of a question about
whether it looked like the object had been rotated in the correct position. An example of
the types of questions in this test are shown in Figure 3.

Figure 3. Examples of types of questions in PSVT: R.

The students’ spatial ability scoring guidelines were adapted from scoring proposed
by Bodner and Guay (1997) [61], where students were given one point for each question
they answered correctly. As a result of the spatial test, students were divided into 3 groups
representing low, medium, or high spatial abilities, as presented in Table 1 [61].

Table 1. Guidelines for students’ spatial ability scores.

No Score Guidelines Category

1. X + s
2 High spatial ability

2. X − s
2 < X < X + s

2 Medium spatial ability

3. X − s
2 Low spatial ability

3.2.2. Quiz

A common molecular shape introduced to high school chemistry students is the
valence shell electron pair resistance theory. The VSEPR model can predict the molecular



Educ. Sci. 2021, 11, 185 8 of 22

structure and 3D shape of many chemical compounds. Students learn to predict and
describe molecular shapes with different thought patterns from one student to another;
spatial ability is the key to understanding it. A quiz can help find an outline of the three-
dimensional spatial concept of molecular shapes in students’ cognition. Students complete
the quiz by interpreting the shape of the molecule as it is observed from a predetermined
position. An example of the questions in the quiz is shown in Figure 4.

Figure 4. Examples of the type of questions on the quiz.

3.2.3. Interview

A semi-structured interview was used in this study to elicit students’ ideas and views.
Interviews were conducted for 15 min with a total of 9 students who were chosen based
on data from the spatial ability test, worksheet, observations, reflective journal analysis,
the molecular geometry test, and their level of engagement. All interviews were recorded
and fully transcribed by the researcher with a focus on learning activities and the student’s
spatial ability. Semi-structured interview questions were aimed at the effectiveness of
3D virtual representations for the students’ learning and perspectives as they reasoned
with spatial information and performed tasks requiring spatial knowledge. Students were
asked to identify the benefits of using 3D virtual representations in chemistry lessons and
whether it improved their ability to see molecular shapes and reflect and rotate objects.

During the interview process, students were asked to visually describe the reflection,
rotation, and determination of the molecular shape observed at various positions by using
writing–drawing techniques. The writing–drawing techniques were used to obtain visual
data on a student’s ability to reflect, rotate, and determine the shape of molecules in various
positions. The following is an example of a question posed in the interview: “What would
the molecule PCl5 look like if it were reflected on the XY plane, YZ plane, and XZ plane?”

3.2.4. Observation

Observations are useful for understanding the conditions of learning in class and the
development of students’ spatial abilities. Observations were made during the learning
process by using two observers who analyzed the characteristics of students’ spatial
abilities when learning using 3D virtual representations. The observation sheet focused on
the implementation of 3D virtual representations, students’ spatial ability, and students’
understanding and engagement in learning activities.

3.2.5. Student Worksheet

The student worksheet was completed during each of the learning stages. It consisted
of activities and questions to help students develop their spatial ability and to understand
the concepts. The worksheet consisted of activities relevant to aspects of spatial ability and
molecular geometry concepts. The following is an example of the observation sheet used
in this study (Figure 5).
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Figure 5. Example of a student worksheet.

3.2.6. Reflective Journal

A reflective journal, completed during the learning process and at each meeting,
captured student reflections on the challenges they faced and their level of engagement
during the learning process. One example of a question in a reflective journal was, “Write
down your reflections of today’s class in order to develop your spatial visualization skills.”

3.2.7. Molecular Geometry Test

At the end of the study a spatial test integrated with molecular geometry content was
used to assess students’ learning of molecular geometry while using 3D virtual representa-
tion. Spatial abilities were divided into three aspects, as shown in Table 2 [42].

Table 2. Aspects of spatial abilities.

Aspect of Spatial Abilities Description

Visualization
Ability to perform multiple spatial transformations such as
manipulating, rotating, and reflecting objects that are more

complex than spatial relationships or spatial orientation.

Spatial orientation Ability to observe objects from different perspectives.

Spatial relation Ability to rotate 2D or 3D objects through cognitive operations.

An example of the questions in the molecular geometry test is shown in Figure 6.
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Figure 6. Examples of a question in the molecular geometry test.

3.3. Data Analysis

A qualitative data analysis technique using data reduction, data display, and con-
clusion drawing/verification was used in this study [62]. Data analysis was divided into
two stages. PSVT: R was used at the beginning of the research project to identify the
students’ levels of spatial ability rated as high spatial ability, medium spatial ability, and
low spatial ability. A quiz was then used to test students’ prior knowledge in concepts
relevant to molecular geometry. The test was analyzed based on curricula content and
learning outcomes.

The data from student worksheets, interviews, observation sheets, reflective journals,
and molecular geometry were analyzed based on spatial ability aspects of visualization, spa-
tial orientation, and spatial relationships. Student engagement during the implementation
of the project was also analyzed.

At the data display stage, the researchers explained the findings based on the re-
search question, drew conclusions, and verified them using credibility techniques such
as prolonged engagement, persistent observation, progressive subjectivity, and member
checking [63] to check the validity and trustworthiness of the data [63]. Prolonged en-
gagement from November 2019 to May 2020 was used to understand the research context,
engage the participants, and implement the project over a 5-week period. Persistent ob-
servation required the researcher to make continuous observations of the participants by
being involving directly in the learning. Progressive subjectivity was used to monitor
research results and researchers’ observation notes based on the characteristics of students’
spatial abilities. Member checking analyzed the characteristics of students’ spatial abilities
and intentions. Two observers were used during the learning process to obtain primary
data directly from research participants. The data was obtained in original hard paper
copies and interview transcripts were stored on a private computer to maintain participant
privacy and confidentiality.

4. Results and Discussion

Before the learning activities were introduced, the students completed a quiz aimed
at finding their general spatial abilities. Students were asked to describe the shape of a
molecule to a predetermined position. At the end of the lesson, students were given the
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Purdue Spatial Visualization Test: Rotation to provide more details about the characteristics
of their spatial abilities.

4.1. Prior Knowledge and Spatial Ability Test

Prior knowledge was assessed through a quiz and spatial ability through a diagnostic
assessment by using the PSVT: R. The test identified spatial abilities in three categories
from high to low, as shown in Figure 7.

Figure 7. Graph of the identification results of spatial ability in three categories from high to low.

The results revealed that 16.67%, around 6 students, scored in the high spatial ability
category; 47.22%, around 17 students, scored in the moderate spatial ability category; and
36.11%, around 13 students, scored in the low spatial ability category. This indicates that
most of the students had a moderate spatial ability. For the prior knowledge activity,
students were asked to predict the shape of water, ammonia, and methane molecules. The
results, as shown in Figure 8, indicate that most students (33 out of 36) correctly predicted
the shape of the molecules.

Figure 8. Spatial interpretation of the geometry of water and ammonia molecules by student 24.



Educ. Sci. 2021, 11, 185 12 of 22

Figure 8 shows that some of the students’ answers were correct and some errors were
evident. In this context, students already had some spatial abilities, however, they were
not well honed. Margulieux reasoned that this gap in understanding is reduced when the
spatial abilities of students are the result of a long learning and training process [8]. If
viewed from the perspective of educational psychology, as explained by Jamaris [64], the
cognitive development phase for high school students is included in the formal operations
phase. This phase describes the ability of students to carry out various thought processes
maturely and rationally when solving problems scientifically. In this case, students can
perform mental operations without having to have a concrete form. Some students showed
the spatial orientation arrangement of water, methane, and ammonia molecules in the
image they made, as shown in Figure 9.

Figure 9. (a) geometric models of water molecules, (b) geometric models of methane molecules,
and (c) geometric models of ammonia molecules. The three molecules are the result of the spatial
interpretation of molecular geometry that is observed at the top and bottom positions of the observer
by students 19.

Figure 9 also shows that these students demonstrated sound spatial and drawing
skills. According to [65], these two learning attributes demand the same brain function for
information processing, where drawing is the output of visual perception that allows for
the conversion of abstract visualizations into concrete products. In other words, the better
a person’s drawing skills, the better their power of imagination and visualization of an
object will be.

4.2. Implementation of Learning Using 3D Virtual Representation
4.2.1. Engage Phase

Students were given worksheets that contained a problem to determine a molecular
shape based on the VSEPR approach for determining bond angles in a molecule, determin-
ing molecular polarity based on bond moments, and interpreting spatial information on
2D and 3D molecular shapes.

The worksheets were aimed at training and developing students’ spatial abilities
by providing a stimulus in the form of a 3D molecular shape displayed by 3D virtual
representation media. This approach is supported by Carlisle et al., [14], who stated that
the development of spatial capabilities can be done using 3D virtual representations based
on augmented reality. Learning activities carried out at the engage stage are identified in
Figure 10 below.
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Figure 10. Learning activities at the engage stage.

Learning was carried out in groups that were each given marker-based cards that
functioned as a medium for displaying virtual objects. Students used a cellphone camera
as a scanner to recognize the position and orientation of the markers.

4.2.2. Explore Phase

Students had to rely on their understanding of molecular geometry concepts as well
as their ability to explore spatial information presented by the 3D virtual representation
media. Because augmented reality-based 3D virtual representation media can present a full
3D hologram of molecular shapes, students were not required to translate 2D molecular
images into 3D models [20], as demonstrated in the following student interview:

“ . . . we visualize the shape of the molecule visually in the brain, it’s quite difficult.
However, learning to use 3D virtual representation, the shape of the molecule can be
rotated with your fingers and looks like a three-dimensional model.” (Interview 1, student
15, 3 February 2020)

Interview 1 shows the student’s learning was enhanced by the use of 3D virtual
representation media. Students not only memorized the shape of a molecule, but they
could also visualize and observe the 3D shape orientation of the molecule. During the
explore activities, researchers could not assume that students would extract the necessary
spatial information until visual images were displayed as 3D virtual representations in the
learning phase that followed [66]. Therefore, an emphasis on training that helps students
use, create, and interpret molecular representations in two- and three-dimensional forms
needs to be an important aspect of the learning cycle, as per the statements below:

“The overall learning conditions are very conducive and students are enthusiastic about
the use of AR-based 3D virtual representation media . . . ” (Observation sheet 1, observer
1, 17 January 2020)

“It’s fun and I get a lot of new information.” (Reflective journal 1, students 19, 24
January 2020)

The observation and reflective journal excerpts from student 19 show that by providing
alternative information in an innovative way, 3D virtual representations can be an effective
way to learn molecular geometry. In addition to creating a conducive learning environment,
the approach encourages multi-directional interactions between teachers and students.
In addition to the learning resources provided by the teacher, students actively share
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their knowledge with other students during the learning process. The selection and
use of appropriate media are also an important part of enhancing learning activities. [19]
considered that the application of augmented reality-based 3D virtual representation media
in learning encourages students to actively participate in shaping their own knowledge,
especially in molecular geometry lessons.

4.2.3. Explain Phase

During this phase, students were asked to explain and present the results from a
problem-solving activity that was carried out at the previous stage, as shown in Figure 11.

Figure 11. Worksheet of student 36.

Figure 11 shows that this student was able to associate spatial information, arranged
in its cognitive structure, with the concept of molecular geometry. In this activity, students
were directed to carry out rational and empirical thinking processes to solve problems
scientifically. The implication at the explain phase is that learning becomes meaningful
and memorable for students since they were asked to explain the concept of molecular
geometry after using 3D representations. Students benefited from learning via 3D virtual
representations, as indicated by student 10:

“In my opinion, the benefits of these three-dimensional virtual representations in chem-
istry learning are very beneficial. In my own opinion, when the benefits were presented, I
felt that about 80% was very useful because, for students and students, including myself,
chemistry is a subject that is very difficult to imagine. But with this application, learning
chemistry is very easy to imagine. For example, in the description of molecules, atomic
positions, atom positions, atomic degrees, results when rotated, results, when reflected,
are very helpful for us to see . . . “ (Interview 2, student 10, 28 January 2020)

Students recognized the importance of having sound spatial abilities when learning
chemistry concepts such as molecular geometry, an abstract topic [11].

4.3. Analysis of the Students’ Spatial Ability Aspects

The students’ spatial ability was analyzed from a molecular geometry test at the end
of the lessons and by other data. The test consisted of 15 multiple-choice, open-ended
questions divided into three aspects: spatial visualization, spatial orientation, and spatial
relationships [67]. Researchers were able to observe the success or failure of students’
spatial abilities in molecular geometry from the spatial test. The level of the students’
achievement, based on an analysis of the molecular geometry spatial test, is presented in
Figure 12.
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Figure 12. Levels of attainment of students’ spatial abilities based on molecular geometry spatial tests.

The results presented in Figure 12 indicate that spatial orientation ranked the lowest
of the three spatial abilities measured, with a percentage of 53.50%. Conversely, the
aspect of spatial relationships ranked highest, with a percentage of 77.94%. These results
demonstrate that the average level of spatial ability involves mental manipulation and
rotation of 2D or 3D objects. This is reinforced by the observation data and reflective
journals of student 12:

“Students do not experience difficulties when rotating the form of methane molecules
found on student worksheets. Student 19 said that, “It’s easy, I just need to rotate this
object . . . ” (Observation 1, 10 January 2020)

“It’s fun even though it’s sometimes confusing and slow in understanding it (molecular
geometry) because I’m weak at chemistry, but using applications (3D virtual representa-
tion media) . . . ” (Reflective journal 2, student 12, 31 January 2020)

Therefore, success in the spatial relations aspect shows that students are able to imag-
ine the rotation of 2D and 3D objects on the rotation axis through their cognitive structures.

4.3.1. Spatial Visualization

Spatial visualization measures the ability of students to carry out several spatial
transformations such as manipulating, rotating, and reflecting objects that are more complex
than spatial relationships or spatial orientation [6,34]. Students at the year 10 level are
expected to be mentally able to manipulate and reflect molecular geometry in 2D and 3D.
The results show that students were able to carry out spatial transformations on 2D and 3D
molecules, as shown in Figure 13.

Figure 13 shows that student 10 could transform the 3D model of the molecule.
Overall, students showed a strong preference for using analytical strategies when solving
rotation and reflection problems. They were observed trying to imagine and analyze each
atom contained in a molecule before carrying out the reflection process, an indication
that the students developed their spatial visualization skills as a result of interpreting
representations of molecular shapes. This is in accordance with research by [45,68], which
explained that the analytic strategy focuses on details, where the object being manipulated
is seen part by part, so it takes more time to complete. Analytical strategies have also
been thought to help reduce students’ cognitive load through the application of rules
and heuristics to spatial tasks [69]. Cognitive load theory is a theory used to study the
limitations of working memory in receiving new information that is obtained. According
to this theory, the amount of information that humans can process simultaneously is
limited [70].
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Figure 13. Worksheet of student 10.

Previously, students had described the representation of the molecular shape as the
Lewis structure. Through the study, students were trained in visualization skills as well as
how to interpret molecular shapes. Using the knowledge gained throughout the learning
process, students improved their spatial visualization skills to the point where they did not
need to remember the structure of each molecule but could determine molecular geometry
and draw conclusions about its chemical properties, as shown in Figure 14.

Figure 14. Worksheet of student 9.

Figure 14 shows that student 9 could determine the polar properties of the molecule
based on the geometry of the molecule and the electronegative constituent elements. Based
on research conducted by Özmen, common misconceptions held by students regarding
polar molecules consider that nonpolar molecules are formed when a constituent in the
molecule has the same electronegativity [71]. Student 9 solved the problem correctly by
determining that the polarity of the BF3 molecule was nonpolar, a result in accordance with
the literature, which explains that the B-F bond is polar, but the molecule is nonpolar; the
three terminal F atoms are identical and distributed symmetrically around the central atom
of B, so that the bond moments of each B-F bond are canceled by the bond moments of the
other two B-F bonds [72]. The results obtained were also confirmed by observation sheet 2
and reflective journal 3:

“Students are able to show the direction of the vector (dipole moment) to determine
molecular polarity.” (Observation sheet 2, observer 2, 24 January 2020)
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“It is very fun and easy to understand the material with the application (3D virtual
representation media), for example, I can more easily understand and master the dipole
moment material using the given application . . . ” (Reflective journal 3, student 33, 24
January 2020)

4.3.2. Spatial Orientation

Spatial orientation measures a student’s ability to observe objects from different
perspectives [6]. Students are expected to be able to visualize the place of the object to be
manipulated to determine the position of the object or the result of the transformation on
the object.

Figure 15a shows that students were able to interpret their perspective of three-
dimensional objects, namely, the geometry of the NH2Cl molecule, which was projected
onto a paper plane. The students’ statements above show that they were familiar with
the notation of a 3D molecular structure represented in two-dimensional form. According
to [67], this egocentric representation involves placing an object using a person’s body as a
reference. By taking a spatial perspective, students imagine the rotation of objects against
their viewpoints, not on objects that they manipulate mentally. This was identified by
observation sheet 3 and researcher’s note 2.

Figure 15. (a) Spatial interpretation of the two-dimensional molecular structure of NH2Cl by student 3. (b) Spatial
interpretation of the two-dimensional molecular structure of PF3Cl2 by student 27.

“ . . . students can observe objects from different perspectives and are able to master the
visualization of molecular shapes in the paper plane using straight line notation, broken
wedge and solid wedge.” (Observation sheet 3, observer 1, 31 January 2020)

“The majority of students are able to visualize molecular shapes in 3D. Previously,
they still drew molecular shapes like the Lewis structure.“ (Researcher’s note 2, 17
January 2020)

Student 3’s statement is supported by Cracolive and Peters [73] that the straight-line
notation states the bonds in the plane of the paper, the hatched wedge notation states the
bonds pointing to the back of the paper, and the solid wedge notation states the bonds
pointing out of the paper towards the observer. Students need this spatial orientation
ability so that they can respond appropriately to spatial information when interpreting 3D
representations of molecular shapes that are often used in chemistry. According to [72],
since the shape of a molecule is three-dimensional, it is often difficult to describe it on
paper. Therefore, chemists agreed to follow the notation of three-dimensional structures on
two-dimensional paper such as straight line, hatched wedge, and solid wedge. Figure 15b
demonstrates that students understood the three-dimensional representation of molecules
presented on a paper plane. However, students did not precisely imagine and interpret
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the spatial information contained in the molecules, so it appears that the cognitive load as
working memory used for mental rotation is influenced more by the angle of orientation
rather than by the complexity of the object [67].

4.3.3. Spatial Relation

Spatial relationships measure a student’s ability to rotate 2D and 3D objects [2]. Stu-
dents are expected to be able to imagine the rotation of 2D and 3D objects on the rotation
axis through their cognitive structure. The results indicate that students were able to rotate
2D and 3D objects through their cognitive structures, as shown in Figure 16.

Figure 16. (a) Spatial interpretation of the 3D molecular structure of acetic acid by student 10. (b) Worksheet of student 9.

Figure 16a shows two student responses to the activity that required them to rotate
the three-dimensional structure of acetic acid 180◦ clockwise on the y-axis. The process of
imagining the rotation of this 3D object into a different spatial orientation required cognitive
manipulation and a spatial transformation of the object [74]. According to [68], there are
two kinds of strategies that can be used in imagining object rotation: a holistic strategy and
an analytic strategy. Figure 16a reveals that in the process of rotating objects, these students
used a holistic strategy that views an object as a unit. This means that students did not see
the arrangement of atomic spaces in the molecule one by one when rotating the object. By
contrast, Figure 16b shows that the students used analytical strategies in imagining object
rotation. This strategy focuses on details, where objects that are manipulated are seen part
by part, taking more time to complete [68]. Students who had high spatial abilities tended
to complete spatial information processing quickly. When the stimulus was given, the
students immediately visually imagined using their cognitive structures. This means that
students with high spatial abilities could process spatial information more efficiently than
students with low spatial abilities [75]. This was reinforced by observation sheet 4 and
researcher’s note 3:

“ . . . has the ability to understand molecular theories and shapes faster than his peers
. . . ”(Observation sheet 4, observer 1, 18 January 2020)

“ . . . It’s easy, I just need to rotate this object. It means that the shape of the object is the
opposite of its initial form.“(Researcher’s note 3, 10 January 2020)

5. Conclusions and Implications

The development of various aspects of students’ spatial abilities appeared in the results
of the molecular geometry spatial test. In the aspect of spatial visualization, students were
able to reflect on and mentally manipulate molecular geometry in 2D and 3D forms with
a success rate of 63.26%. In the aspect of spatial relationships, 77.94% of students were
able to imagine the rotation of 2D and 3D objects on various rotating axes. Students
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used either holistic strategies or analytical strategies when doing mental rotations. In
the aspect of spatial orientation, students were able to transform egocentric perspectives
on 2D and 3D molecules with a 53.50% success rate. These results indicate that the
average spatial ability of the students is at a level that involves the process of manipulating
and imagining the rotation of objects against 2D or 3D objects. The results also show
that the use of 3D virtual representations in learning can reduce the cognitive load of
students in understanding, interpreting, and translating chemical representations at the
submicroscopic level, such as atoms and molecules. Students who have high spatial abilities
can store more spatial information in working memory, or process it more efficiently,
resulting in better performance than students with low spatial abilities.

The use of 3D virtual representation media based on augmented reality is limited to the
Android operating system, raising issues for its broader implementation as a learning tool.
The adjustment of learning strategies to the characteristics of the material in developing
the spatial abilities of students was another challenge faced by the researchers. In addition
to the development of students’ spatial abilities, the research project created a conducive
learning environment, learning was meaningful and memorable for students, and students’
enthusiasm for the lesson increased. It can, therefore, be concluded that the spatial abilities
of students can be successfully developed using 3D virtual representation in molecular
geometry. The skills that make up the spatial abilities of students are the result of a long
learning and training process, meaning that the spatial abilities of students can change
from time to time. Therefore, there is a need for spatial abilities to be taught explicitly to
chemistry students.

The results of this research imply that if a student’s spatial abilities are developed
their understanding of chemistry, at an advanced level, will improve, especially for topics
relevant to the high school chemistry curriculum in Indonesia, such as learning isomerism.
Teachers can incorporate the following suggestions into their teaching to improve their
students’ special abilities:

(1) Teachers can use 3D virtual representation as an alternative learning media that can
develop students’ spatial abilities;

(2) Teachers can use the learning strategies that were applied in this study to improve
the spatial abilities of students, including the engage stage, explore stage, and ex-
plain stage;

(3) Instructions for the use of 3D virtual representations can be created so that students
can use them independently; and

(4) Further research is needed to develop the spatial abilities of students on other chem-
istry learning topics.
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