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Abstract—Technology has proven effective in enhancing teaching methods.
Gesture-based applications have a high potential for use in the development of
teaching methods in schools. Simulation and 3D visualization, in particular, are
some of the most important technologies that positively affected education. The
implementation of these technologies in the education sector can determine stu-
dents’ potential and enhance their interest in learning in scientific fields. This
study explored the use of a chemistry education system that integrates virtual
simulation and molecular visualization and uses a Leap Motion controller to
teach chemistry in secondary schools. The sample comprised 113 students en-
rolled in four different classes in a public secondary school in Saudi Arabia.
The data were analyzed using an ANOVA test to compare the results. The re-
sults indicate that the students who used the proposed educational system
achieved better learning results than the students who participated in theoretical
classroom learning only. Moreover, students who used the proposed educational
system learned microscopic-level concepts better than those who used a real
chemistry laboratory. Finally, combining simulation and molecular visualiza-
tion and using gesture-based technology has a significant and positive effect on
the students’ learning experience, as demonstrated by the results of this study
which contributes to the development of education through the utilization of
modern technology.

Keywords—chemistry, simulation, e-learning, gesture-based technology, virtu-
al labs, 3D visualization

1 Introduction

Technology improves all aspects of daily life, bringing various benefits in different
fields including education. Recently, a significant amount of research has been focus-
ing on integrating the latest technological advances into the teaching and learning
practices in order to improve the process. This scientific study aims to develop and
implement visualization technologies in the education process to support and
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strengthen the curriculum delivery and solve discrepancies and limitations in existing
methods. This leads to the advancement of leadership abilities that improve the learn-
er's talents and expertise by using modern instructional methods that incorporate tech-
nology [1], [2], [3].

Teaching a subject is heavily dependent on the specifics of the area. While some
subjects, such as mathematics or literature, may require very little hands-on, physical
interaction, some others, such as physics, rely on experimentation and physical inter-
action to complete the understanding of a subject and some, such as chemistry, re-
quire a complex mix of theoretical, experimental, and physical observation of phe-
nomena for a full learning experience. Moreover, chemistry is a complex subject to
teach from both a teaching and a learning aspect. Students may struggle to grasp sci-
entific and practical aspects, while instructors may find it difficult to clarify topics
such as chemical reactions, bonding, chemical equilibrium, the orbital principle, and
atomic structures [4], [5]. For several years, many studies have attempted to identify
the origins and causes of difficulties in comprehending chemistry principles [6], [7]. It
was concluded that the abstract essence of the material is the key factor in the com-
plexity of studying chemistry [5]. Conventional teaching approaches in chemistry
laboratories are inefficient in promoting students' comprehension of scientific princi-
ples without allowing for any interaction with real-world results [5]. Furthermore, it
has many obstacles, such as a shortage of funding and supplies and safety concerns
[8]. Accordingly, technologies play a significant role in chemistry education and in
overcoming its difficulties. Chemistry concepts can be addressed using advanced
chemistry education systems, such as virtual lab systems and molecular visualizations
[9] — [12]. Virtual reality is a technology that simulates real-world environments and
improves user interaction experience through different features and reactions. Virtual
reality can be used in education and training to allow students to use the virtual labor-
atory without time and cost constraints, apply practical skills correctly, and provide
many other advantages [13].

Over the years, the advancement of gesture-based technology has introduced major
developments and innovations to education that have been adopted in courses and
educational systems. This technology allows for the integration of actual concepts
with theoretical concepts and increases student engagement [14], [15]. The use of
gesture-based technology in education have shown exceptional results in learning in
various fields [16] — [19]. One of the most notable gesture-based devices for human-
computer interaction (HCI) is the Leap Motion controller. This device has many fea-
tures that allow it to recognize different hand gestures and enable interaction with
high accuracy [20], [21]. The proposed chemistry education system uses the Leap
Motion controller and integrates both the macroscopic and microscopic levels of
chemistry.

This research aims to examine a virtual gesture-based educational system designed
for secondary school students that combines chemistry simulations and molecular
visualizations to enhance the teaching process and improve the students’ learning
achievements and understanding of chemistry concepts on different levels. It allows
students to interact with virtual lab tools through hand gestures to increase student’s
engagement and interest in chemistry. In addition, it utilizes molecular visualization
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techniques in chemistry teaching to overcome difficulties in understanding and visual-
izing complex and abstract concepts. The effectiveness of the learning system in a
real school setting is evaluated and compared with results obtained through traditional
non-technology teaching methods. The results demonstrate the ability of the system to
overcome difficulties faced by both students and teachers. The results also suggest
that students’ learning achievements can be significantly improved using the proposed
educational system. The system provides an alternative teaching tool for teachers
where students can conduct experiments anytime and anywhere, helping them com-
prehend chemistry concepts.

This paper is organized as follows. Section 2 introduces related work on the use of
virtual chemistry labs and gesture-based interaction in education. Section 3 outlines
the proposed educational system, then Section 4 presents the system testing results,
including system usability testing and an interview study. The experimental method-
ology and procedures are presented in Section 5. In Section 6, the experimental results
are discussed. Section 7 presents a conclusion and avenues for future work.

2 Related work

A virtual chemistry lab is a set of computer programs that allow students to exper-
iment with chemistry protocols in a virtual environment. This set of computer pro-
grams usually includes online software or applications with predefined scenarios in
which students perform experiments with their own computers [13], [22].

There are numerous benefits to using virtual chemistry labs. The most significant
benefit is a safer environment for students to carry out chemistry experiments [23].
Other benefits include time flexibility and not requiring high budgets. Additional
benefits in science subjects were discussed in [11], [24], [25].

Researchers have been keen to investigate students’ perspectives and responses to
the implementation of virtual reality-based labs and simulation in chemistry [25],
[26]. For example, Pyatt and Sims [24] conducted research on the effectiveness of a
simulated chemistry experiment in teaching chemistry. They found that the students
showed positive attitudes toward virtual experiences and that the simulated experi-
ence provided more opportunities to manipulate and explore experimental variables
than a physical experience.

Gesture-based interfaces are a natural and intuitive approach to HCI based on the
recognition of hand gestures [27]. Many applications and devices are using gesture-
based technology to replace traditional input devices, such as a keyboard and mouse,
in various fields, such as entertainment, healthcare, training, and education [28] —
[32].

Many studies have investigated the impact of using gesture-based technology in
education [17], [18], [19]. Sheu and Chen [33] reviewed the applications of gesture-
based computing in the field of education. The authors claimed that the traditional
model of education could be revolutionized with the implementation of gesture-based
computing and simulation programs. In another study, Ferreira et al. [18] explored the
use of a 3D printed hysteroscopy model and the Leap Motion controller to monitor
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hand movements during a simulated hysteroscopy. Talib et al. [34] examined how to
teach an organic chemistry course using an educational application relying on mole-
cule animation and electron-moving techniques. The students obtained a greater un-
derstanding of the structure of organic reactions by using the electron-moving meth-
odology than by using the traditional teaching approach. J. Lee et al. [35] proposed a
gesture-based method for immersive 3D material manipulation to explore and inter-
pret DNA structures and protein molecules, which provided benefits to students and
teachers. Various systems were developed to increase the efficiency of molecular
visualization such as the PyMOL mControl visualization system [36] and Eukaryo
[37].

3 A Gesture-based educational system for teaching chemistry

Scientists have examined various methods for presenting teaching materials that
incorporate recent technological advances [3]. The aim of this study was to design
and implement an educational system for chemistry experiments that simulated real-
life experiments enhanced with molecular visualization. This work used the Leap
Motion controller (Figure 1) in education and simulation fields to facilitate the learn-
ing process [21]. The Leap Motion controller is capable of recognizing hand gestures
and has great potential, as it provides new intuitive methods of interaction that feel
natural. The Leap Motion controller can identify and track the rotations and positions
of both of the user’s hands simultaneously, along with their fingers [20], [21]. The
Leap Motion controller has applications in many diverse fields due to its high resolu-
tion and accuracy [38], [39], [40].

Fig. 1. The Leap Motion controller [21]

The system features a number of chemistry experiments from the secondary school
chemistry curriculum in Saudi Arabia. These experiments allow students to experi-
ence a real chemistry lab by completing experimental steps in a virtual lab at the mac-
roscopic level. The system simulates all the experimental procedures and results as in
a real laboratory. Users can interact directly with glassware and chemical substances
using physical movements at the macroscopic level. The experiment steps can be
completed with either the Leap Motion controller or the mouse, as an alternative de-
vice. It features the microscopic view where students can view and interact with the
molecules and chemical bonds. Users can move and rotate the atoms, molecules, and
bonds using hand gestures and observe the chemical interactions between the mole-
cules, how bonds break, and how new bonds are constructed. The proposed educa-
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tional system was developed using the Unity3D engine and C# scripting language
(see Figure 2) [41].

(b)

Fig. 2. A user uses the proposed system at (a) the macroscopic level, (b) the microscopic level

4 Previous studies on the proposed system

To test the proposed chemistry education system and examine its strengths and de-
ficiencies before applying it in a school setting, two research methods were applied.
First, five teachers who had experience teaching chemistry to secondary school stu-
dents tested the proposed system. They were then interviewed to verify the effective-
ness of the proposed system. Second, usability testing was conducted to evaluate the
proposed system’s usability and design. The interview study and system usability
testing procedures and results were published in [42]. This section summarizes the
findings of the interview study and the usability testing study.

4.1  System usability testing

The objective of a usability test is to evaluate the usability of the design, the inter-
face, and the learning effectiveness of a system. Usability testing of the proposed
system was organized at the College of Computer and Information Sciences at Prin-
cess Nourah bint Abdulrahman University (PNU) in Riyadh, Saudi Arabia. Forty-five
participants were selected to assure reliable results. Participants were asked to com-
plete a short background questionnaire that was used to evaluate the system. Then,
they completed a survey on their opinions about the system after using it with the
Leap Motion controller. Participants gave their responses on 13 subjective measures
using a 5-point Likert scale.

The results showed that most users could use the Leap Motion controller regardless
of whether they have used it before. It increases user engagement and students better
comprehend the experiments. These results indicate the potential of the proposed
chemistry education system to provide more comprehensible information and increase
student engagement through a realistic simulation.
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4.2 Interview study

In-depth impressions about the proposed system were gathered by interviewing
five chemistry teachers. A qualitative content analysis method was chosen to analyze
and evaluate the participants’ responses in the interviews. Details about the interview
results can be found in [42].

In summary, the interviewees gave positive feedback regarding the integration of
gesture-based devices with the macroscopic and microscopic levels of experiments.
All participants found the system simple and easy to use and concluded that tasks
could be completed easily without additional help. The interview findings show that
several related issues might be significantly reduced through the use of the proposed
system; these issues included shortage of materials, a high number of students per
class, re-creation of experiments, and the formulation of exams.

5 Designing the experiment

This section describes the experiment, which was performed in a real school set-
ting to assess the effectiveness of the proposed system in chemistry learning. The
proposed educational system was used to teach chemistry in a secondary school, and
students’ performance on chemistry knowledge was examined. The results are also
investigated to understand the specific characteristics of the system from a learning
perspective. We hypothesized that using simulation and molecular visualization with
gesture-based technology in chemistry education would improve the acquisition of
chemistry knowledge and teaching methods.

5.1  Experiment methodology

The study used a pre-test and post-test design methodology in which three classes
were administered pre-tests. After, students attended two lessons and two chemistry
experiments. Finally, post-tests were administered. The tests were developed to meas-
ure chemistry knowledge and understanding of chemical processes. Experimental
conditions changed for the three classes between the first and second lessons and
experiments. We refer to these conditions as Lesson_1 and Lesson_2 in the following.

In Lesson_1, after the administration of the same multiple-choice test top all three
classes, all students attended a theoretical lesson about why oil and water do not mix,
taught by the usual chemistry teachers (different for each class). After the lesson,
some students applied their knowledge in a real chemistry lab, while others used the
educational system proposed in this study. Some students received only the theoreti-
cal lesson and did not participate in the lab or virtual work.

In Lesson_2, the three classes repeated the procedures on a different subject, name-
ly salt hydrolysis, to study the change of three different types of salts when added to
water, as each produces a different reaction. This time, the classes were arranged
differently to cross-check the effects of different methods on the same subjects and to
avoid situations in which students could attend the same experimental condition
twice.
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The two multiple-choice tests used as pre- and post-tests in the two experimental
conditions were paper-based exams prepared by a secondary school chemistry teach-
er, which reflected the usual method used to evaluate students’ learning in schools.
The pre-tests were used to assess prior student knowledge about the lesson subject,
while the post-tests investigated student acquisition of conceptual knowledge and
experimental skills after the chemistry lessons.

In Lesson_1, the test consisted of five multiple-choice questions designed to de-
termine students’ understanding of both the macroscopic and microscopic levels of
the first chemistry experiment (mixing oil and water). Three questions concerned
experimental procedures at the macroscopic level. Two questions were used to assess
the students’ understanding of the chemistry concepts at the microscopic level of the
experiment.

Similarly, in Lesson_2, the test consisted of 14 multiple-choice questions designed
to determine students’ understanding of both the macroscopic and microscopic levels
of the second chemistry experiment (salt hydrolysis). The first four questions were
designed to assess the students’ understanding of the experimental procedures at the
macroscopic level of the experiment. The remaining questions were used to assess the
participants’ understanding of the chemistry concepts at the microscopic level of the
experiment.

5.2  Participants

A total of 113 secondary school students participated in this study. Of these, 83
students participated in Lesson_1, and 85 students participated in Lesson_2. All par-
ticipants were female, and their average age was 17. All participants were in second-
ary school in Saudi Arabia and had a basic knowledge of chemistry.

5.3  Experiment procedure

The entire experiment lasted two weeks. The experiment used four classes and al-
ternated between classes in each case to guarantee that no students used the same
system twice.

Lesson_1 was conducted in week 1. The participants were divided into three
groups based on their classes: Classl (n = 26), Class2 (n = 28), and Class3 (n = 29).
In the first stage, the students took the pre-test to assess their prior knowledge about
the Lesson_1 subject before the lesson. In the second stage, after the theoretical les-
son, the three classes were assigned three different experimental conditions: Classl
underwent the theoretical lesson only without applying the theoretical concepts.
Class2 applied the theory in a chemistry experiment conducted in a real lab. Class3
applied the theory using the proposed educational simulation system and interacted
with the system using the Leap Motion controller. In the third stage, all three classes
took the post-test to evaluate what they had learned.

Lesson_2 was conducted in week 2. The participants were grouped as follows:
Classl (n = 26) and Class3 (n = 29), the same as above, and Class4 (n = 30). In the
first stage, the students took the pre-test to assess their prior knowledge about the
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Lesson_2 subject before the lesson. In the second stage, after the theoretical lesson,
the students in Classl used the proposed educational system to explore the learned
theory, interacting with the system using the Leap Motion controller. The students in
Class3 applied the learned theory in the real chemistry lab. The students in Class4
only underwent the theoretical lesson without practical experience. In the third stage,
all three classes completed the post-test to measure their retention. The procedures for
each case in this experiment, the three stages of each case, and the class arrangements
are shown in Figure 3.

Lesson_1 Lesson_2
Stage 1 Pre-test Stage 1 Pre-test
Class! Class2 Class3 Class] Class3 Class4
v v
Stage 2 Theoretical Lesson Stage 2 Theoretical Lesson

l i l l

Educational system Educational system
Real Labratory with the Leap with the Leap Real Labratory
Motion controller Motion controller
,] X L v k.
Stage 3 Post-test Stage 3 Post-test

Fig. 3. Experimental procedure

5.4  Experimental analyses

The data analysis was conducted in two sections for each lesson to test two specific
hypotheses using a one-way ANOVA test. In the first experimental analysis, the
teaching method was the independent variable. This was either a) use of the proposed
educational system with the theoretical lesson, b) use of the real lab with the theoreti-
cal lesson, or ¢) use of the theoretical lesson only (the control group). Learning
achievement was the dependent variable. Our first hypothesis was that experiential
learning would produce better test scores with respect to the control group, thus
demonstrating that the proposed system and the real lab are comparable from a learn-
ing achievement point of view.

A second analysis compared the change in learning achievement among specific
questions on the tests: those related to knowledge of the macroscopic level of the
chemistry lessons and those related to knowledge of the microscopic level of the
chemistry lessons. The second hypothesis was that students who used the proposed
system would understand the microscopic-level concepts better than the control group
or the students who used the real lab because the proposed system would allow stu-
dents to visualize the molecular processes involved in the chemical reactions at hand.
Post-hoc comparisons with the Bonferroni correction were used to test the statistical
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hypothesis and identify the significant differences between the classes. The signifi-
cance level was set at (p < .05).

6 Results and discussion

In this section, the results for each lesson are reported, and pedagogical indications
are derived. The score for each student was the sum of the answers to the multiple-
choice questions on the exam tests. Correct answers were counted as one, and wrong
answers were counted as zero. No penalty was given for wrong answers. “I don’t
know” answers were counted as wrong answers.

6.1  Lesson_1 results

The mean scores for the pre-test out of 5 were 0.58, 0.43, and 0.79 for Class1,
Class2, and Class3, respectively. The standard deviations (SDs) were 0.703, 0.79, and
0.907 for Classl, Class2, and Class3, respectively. Table 1 illustrates the results of
the three conditions. There were no significant differences between the three classes
in the pre-test (p = .717) according to the independent ANOVA test results (see Table
2). Therefore, the prior knowledge of students in all three classes before the start of
the first case study was similar.

While the pre-test results confirmed that there were no prior knowledge differences
among the three classes, the post-test learning achievements of the classes were stud-
ied to identify the effects of the proposed educational system. The mean scores for the
post-test out of 5 were 3.31, 3.71, and 4.10 for Class1, Class2, and Class3, respective-
ly. The SDs were 1.12, 1.084, and 0.817 for Classl, Class2, and Class3, respectively
(see Table 1). The one-way ANOVA identified significant differences among the
three conditions in the post-test [F (2, 80) = 4.239, p =.018].

Table 2 shows the effects and multiple comparisons of the three static conditions.
Post-hoc comparisons using the Bonferroni correction indicated significant differ-
ences between the learning achievements of Classl and Class3 (p = .014); however,
there were no significant differences between the conditions of Classl and Class2 (p
=.432) or Class2 and Class3 (p = .452).

Learning Achievement at the Macroscopic Level. In the first lesson test, three
questions targeted the participants’ understanding of the experimental concepts and
information about the macroscopic level of the lesson, as established by the chemistry
teachers. The post-test answers to these questions were examined to analyze the stu-
dents’ learning achievements in terms of their knowledge of the macroscopic level of
the chemistry lesson. The mean scores for the macroscopic level of the post-test out of
3 were 2.42, 2.54, and 2.38 for Classl, Class2, and Class3, respectively. The SDs
were 0.703, 0.576, and 0.622 for Classl, Class2, and Class3, respectively (see Table
1). Results indicated no significant differences between the classes [F (2, 80) = 0.458,
p =.634].
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Table 1. Learning achievements of all three classes after the first lesson and chemistry

experiment
Study Case Static Condition N Mean | Std. Deviation | Std. Error
Class1 26 0.580 0.703 0.138
Pre-test Class2 28 0.430 0.790 0.149
Class3 29 0.590 0.907 0.168
Class1 26 3.310 1.123 0.220
Post-test Class2 28 3.710 1.084 0.205
Class3 29 4.100 0.817 0.152
Classl 26 2.420 0.703 0.138
Macroscopic view of the post-test Class2 28 2.540 0.576 0.109
Class3 29 2.380 0.622 0.115
Classl 26 0.880 0.766 0.150
Microscopic view of the post-test Class2 28 1.180 0.772 0.146
Class3 29 1.720 0.528 0.098

Table 2. ANOVA and post-hoc results of the learning achievements of all three classes after
the first lesson and chemistry experiment

Study case Effects Df F Sig.
Condition 2,80 0.335 0.717
Classl v Class2
Pre-test
Classl v Class3
Class2 v Class3
Condition 2,80 4.239 0.018"
Classl v Class2 0.432
Post-test —
Classl v Class3 0.014
Class2 v Class3 0.452
Condition 2,80 0.458 0.634

Classl v Class2
Classl v Class3
Class2 v Class3

Macroscopic view of the post-test

Condition 2,80 10.450 0.000"

. L Classl v Class2 0.372

Microscopic view of the post-test —
Classl v Class3 .000

Class2 v Class3 0.012"

Learning Achievement at the Microscopic Level. The learning achievements
among participants regarding their knowledge of the microscopic level of the chemis-
try lesson were examined by analyzing their answers to the two related questions in
the post-test. According to the chemistry teachers of the classes, these questions tar-
geted students’ understanding of the experimental concepts and information about the
microscopic level of the lesson. The means and SDs for each class’s learning
achievement regarding the microscopic level of the post-test with maximum scores of
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2 are shown in Table 1. The one-way ANOVA identified significant differences [F (2,
80) = 10.45, p = .000]. Post-hoc comparisons using the Bonferroni correction indicat-
ed significant differences in the exam scores between Classl and Class3 (p = .000)
and between Class2 and Class3 (p = .012). There were no significant differences
between Classl and Class2 (p = .372).

6.2  Lesson_2 results

Table 3 illustrates the results of the three conditions in the pre-test of the second
lesson. The mean scores for the pre-test out of 14 were 1.46, 1.24, and 1.73 for
Classl, Class3, and Class4, respectively. The SDs were 1.272, 1.154, and 1.311 for
Classl, Class3, and Class4, respectively. According to the independent ANOVA test
results, there were no significant differences between these three classes on the pre-
test (p = .321; see Table 4). The pre-test results also confirmed that there were no
prior knowledge differences between the three classes. Therefore, the prior
knowledge of the students in these three classes before the start of the first case of the
study was similar. Learning achievement was studied in the post-test stage to identify
the effect of the proposed educational system and the lab as learning tools.

Table 3 displays the post-test results with maximum scores of 14 of the three con-
ditions after the second lesson. The one-way ANOVA identified significant differ-
ences between the three conditions in the post-test [F (2, 82) = 11.723, p = .000].
Table 4 shows the effects and multiple comparisons of the three static conditions.
Post-hoc comparisons using the Bonferroni correction indicated that there were sig-
nificant differences in learning achievements between Classl and Class4 (p = .000)
and between Class3 and Class4 (p = .013). In contrast, there were no significant dif-
ferences between Classl and Class3 (p =.171).

Learning Achievement at the Macroscopic Level. Responses to the four post-
test questions related to knowledge of the macroscopic level of the chemistry lesson
were examined to determine learning achievement. The chemistry teachers stated that
these questions targeted students’ understanding of the experimental concepts and
information about the macroscopic level of the lesson. The means and SDs for the
learning achievement at the macroscopic level of the post-test with maximum scores
of 4 are displayed in Table 3. Results indicated no significant differences between
conditions [F (2, 82) = 2.407, p = .096].

Learning Achievement at the Microscopic Level. Responses to the 10 post-test
questions related to students’ understanding of the macroscopic concepts and models
of the chemistry lesson, according to the chemistry teachers, were also studied to
determine learning achievement. The means and SDs for the learning achievement at
the microscopic level of the lesson out of 10 are displayed in Table 3. The one-way
ANOVA identified significant differences [F (2, 82) = 13.723, p = .000]. Post-hoc
comparisons using the Bonferroni correction indicated significant differences in exam
scores between Classl and Class3 (p = .010) and between Classl and Class4 (p =
.000). There were no significant differences between Class3 and Class4 (p = .081; see
Table 4).
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Table 3. Learning achievements of all three classes after the second lesson and chemistry

experiment
Study Case Static Condition | N | Mean | Std. Deviation | Std. Error
Classl 26 1.46 1.272 0.249
Pre-test Class3 29 1.24 1.154 0.214
Class4 30 1.73 1.311 0.239
Classl 26 | 11.23 2.103 0.413
Post-test Class3 29 9.93 2.534 0.471
Class4 30 8.03 2.748 0.502
Classl 26 | 2.96 1.216 0.238
The macroscopic view of the post-test Class3 29 | 345 .827 0.154
Class4 30 | 2.83 1.289 0.235
Classl 26 | 8.27 1.458 0.286
The microscopic view of the post-test Class3 29 | 6.48 2.370 0.440
Class4 30 | 5.20 2511 0.458

Table 4. ANOVA and post-hoc results of the learning achievements of all three classes after
the second lesson and chemistry experiment

Study case Effects Df F Sig.
Condition 2,82 1.152 0.321
Classl v Class3
Pre-test
Classl v Class4
Class3 v Class4
Condition 2,82 11.723 0.000"
Classl v Class3 0.171
Post-test "
Classl v Class4 0.000
Class3 v Class4 0.013"
Condition 2,82 2.407 0.096

Class1 v Class3
Classl v Class4
Class3 v Class4

Macroscopic view of the post-test

Condition 2,82 13.723 0.000"

. L Classl v Class3 0.010"

Microscopic view of the post-test —
Classl v Class4 0.000

Class3 v Class4 0.081

" Denotes statistical significance.

6.3 Discussion

The results support the first hypothesis and indicate that students would better un-
derstand a chemistry lesson using the proposed system than students who were just
given the theoretical lesson without physically performing the experiment. In addi-
tion, the students who applied the lesson using the proposed system would have the
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same learning achievements as the students who applied the lesson in a real lab.
Therefore, we conclude that the proposed system can be a valid alternative replace-
ment for real-world experiments in chemistry labs.

We are aware of a number of limitations of the presented study that might affect
this result, which are as follows:

e |t was observed that each class had a different teacher. Therefore, the theoretical
lessons were given by different teachers in each class, which could have influenced
the learning achievement.

e To assess learning achievement, this study used an exam prepared by a chemistry
teacher, which could be inappropriate. It was observed by the researcher that the
exam was slightly unbalanced in covering macroscopic- and microscopic-level in-
formation. Particularly, most of the questions covered the microscopic level of the
lessons, while few covered the macroscopic level, especially in the second lesson.
In addition, a number of questions focused on similar concepts, while others were
neglected. Thus, the current results might change if researchers prepare the evalua-
tion exam differently.

e The students were familiar with the real lab and had used it many times before for
different lessons during their school lives. In contrast, the students were using the
proposed educational system and the Leap Motion controller for the first time. This
could distract students’ attention and reduce focus on the lesson, and thus would
certainly affect the achievement of the study. This is important to the present study
in that several researchers have noted that the use of digital devices in class can
distract students during lectures [43]. In addition, some researchers have found that
students do not always believe that virtual labs are realistic, which could have an
effect on the results [44].

The results also support the second hypothesis and show that the students who used
the proposed system with the Leap Motion controller had better learning achievement
related to their understanding of the microscopic level of the lesson than the students
who used the real lab or had the theoretical lesson only. These results support the
main purpose of the proposed educational system, which is to combine practical
knowledge with molecular representation to understand chemistry theories and mod-
els and to assist users in understanding molecular structures and chemical bonds.

Overall, these results support the main research hypothesis that using simulation
and molecular visualization with gesture-based technology in chemistry education
favors the acquisition of chemistry knowledge and enhances the teaching method. The
main finding of this study is that the proposed system’s integration of gesture-based
technology and molecular visualization allows students to interact with and visualize
abstract chemistry concepts. Accordingly, this system enhances the understanding of
complex and abstract concepts and helps in overcoming chemistry learning difficul-
ties. It increases students’ interactions and provides a more realistic simulation by
integrating gesture-based technology and simulation.

Also, this study further confirms that active learning in many forms has a clear ad-
vantage over passive learning procedures. Moreover, with respect to the peculiarity of
the proposed system, the interchangeability between a real and virtual lab has clear
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advantages in terms of fruition. For example, students can complete the experiments
at any time, any place. This would solve the problem of how to have students com-
plete experiments when they miss class or the problem of increasing class sizes, ac-
cording to the interviewed teachers. The proposed system can also be used to help
students prepare for exams by reviewing their information and identifying their weak-
nesses. Furthermore, the proposed system avoids issues of lab availability, missing
necessary materials, and hazardous materials. Finally, the system can help in distance
learning delivery in e-learning courses or massive open online courses.

In general, the results of this study show that by combining chemistry simulation
with molecular visualization concepts, students can understand the objective of the
chemistry experiments just as well when using the proposed system as in the real lab.
The findings show that the system can help students develop a better understanding of
the microscopic explanations and concepts of chemistry experiments than in the real
lab. Thus, we conclude that the proposed educational system increases the opportunity
for students to apply and understand experimental concepts and solves many issues
faced by teachers in teaching chemistry.

7 Conclusion

This work presented a 3D chemistry education system based on gesture-based
technology using the Leap Motion controller that can be used to augment the learning
process for secondary school and undergraduate students. It allows students to display
and interact with macroscopic and microscopic levels through simulated learning and
molecular modeling learning approaches using the same system. We believe that this
system has an advantage over available systems in chemistry that do not combine
these different levels.

Based on the findings, we recommend the combined use of the proposed system
and real-life laboratories whenever possible, as the real lab favors the acquisition of
practical skills. Nevertheless, this study also proves that it is sufficient to use the pro-
posed educational system to improve chemistry learning when a real lab is not availa-
ble, such as in the case of distance learning during the COVID-19 pandemic, absence
from class, and the unavailability or risk of chemicals. The practical implementation
of such a technology can also enable teachers to visualize concepts in chemistry that
were previously unexplainable in traditional educational systems.

In conclusion, integrating gesture-based technology with simulation and molecular
visualization improves students’ acquisition of knowledge and enhances teaching
methods. Gesture-based technologies can further improve the learning experience of
students and can be used by any user with sufficient knowledge of handling such
tools. It enables students to actively learn with increased interest. In future work, the
proposed concept should be examined with different school subjects. In addition,
more work is required to improve the developed system using a virtual reality headset
and to evaluate the system in schools.
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