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Abstract: This study aims to investigate the impact of an educational game created using Arduino
on the learning of genetics by secondary school students. To assess the effectiveness of the game,
Solomon’s four-group design was employed. A total of 72 8th-grade students, comprising 30 boys
and 42 girls, were randomly selected and divided into different groups. The experimental groups
were taught using the educational game, while the control groups received conventional instruction.
The results of the comparison test indicated no statistically significant differences in the academic per-
formance of students between the experimental and control groups. However, the findings suggested
that the educational game had a positive impact on the students’ academic success to a considerable
extent and was as effective as traditional teaching methods. Moreover, the digital game had the
potential to increase student engagement by enhancing their motivation, interest, and participation
in science classes. This could contribute to promoting environmentally sustainable practices in
schools and ensuring that all students receive a high-quality education, thereby contributing to the
sustainability of the educational system.
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1. Introduction

Throughout history, human beings have always needed learning and education to
survive. For this reason, many definitions of education have been developed. Although the
concept of education is updated over time according to new development needs, education
in its most known form is the process of intellectual, physical, and emotional evolution of an
individual [1]. Science education, which is a process that triggers the desire of individuals
to research and examine by arousing a high level of curiosity in the individual, provides the
opportunity to recognize all the components in the near and far environment and, thereby,
to understand and protect the balance of nature [2]. With science education, students begin
to acquire habits related to understanding scientific developments and natural phenomena.
For this reason, science education has an important place in education.

Several tools, such as blackboards, chalk, pens, and books, have been used in edu-
cational environments in the past. Today, wearable devices, smart boards, tablets, and
smartphones, are often used in educational settings [3]. When this paradigm change in
educational materials is examined closely, the change in education–teaching processes is
also noticed. The change in understanding experienced in educational processes is also
emphasized in various scientific studies [4].

Since learning begins with student engagement, it has been increasingly prominent in
education as an indicator of student success [5]. Engaged and active learning activities that
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transform learners from passive knowledge recipients to active participants in discussing,
elaborating, questioning, sharing, and problem-solving increase learning and motivation [6].
Accordingly, this study aims to develop an educational game using Arduino and evaluate
the effectiveness of the game.

There are some studies investigating the effect of using materials in science courses on
students’ academic success [2,7]. However, in these studies the researchers used materials
that were not designed by them. In addition, no study was found that covered the genetic
crossover unit in the eighth-grade science course. To fill this gap, in this study the impact
of the electronic material developed by the researchers on the academic success of the
students was investigated. This study aims to investigate the effect of educational games
on the academic success of students. For this purpose, the educational game focused on
teaching genetic crossover to secondary school eighth-grade students in a science course.

2. Conceptual Framework

Science education has been defined as an educational process that enables the individ-
ual to recognize all the components of the world ecosystem, starting from his/her imme-
diate environment, and maintain the balance of nature [2]. Therefore, science education
provides an opportunity to understand and apply everything required for the protection of
the future. Societies attach importance to science education to achieve advancements in
the field of science and technology, facilitate human life, adapt to the developing world
conditions, and raise individuals who can use science in all areas of life [8].

Science education contributes to students’ understanding of events that occur in
nature [9]. It is possible to raise scientifically literate individuals who follow scientific
developments closely, adopt science and technology, and develop positive attitudes to-
wards science and nature thanks to science education [10]. Science education is a library of
knowledge that can make learning about science fun and offers an opportunity to compare
scientific knowledge in every aspect of life in a concrete way. Continuing science education
during academic and general life not only increases the scientific knowledge of individu-
als, but also contributes positively to the formation and development of their sensitivity
toward the environment, nature, and other living things [11]. To raise individuals who
are respectful of nature and the environment, science education should be included in
education programs [12].

Learning processes that appeal to more than one sense organ of individuals strengthen
learning [13]. The visual richness of education and training technologies contribute to the
realization of effective and permanent learning [14]. Teaching materials that can affect
learners with their features, such as color and shape, contribute to the achievement of the
level of attention and readiness needed in learning environments [2]. In this context, the
learning outcomes in the curriculum will be processed with materials prepared by making
use of educational technologies in a way that will attract the attention of the students,
activate their sensory organs, facilitate learning, and provide permanent learning. For this
reason, learning environments should be arranged in a way that allows students to learn by
experimenting and living. With the use of teaching materials developed using educational
technologies in learning environments, learning processes are supported in different ways,
students are provided with the opportunity to construct knowledge in their minds, and
students’ participation in the learning process is ensured [15].

Teachers play a key role in expanding the use of technology in education and ben-
efiting from the advantages of technology [16]. Teachers’ views on the contribution of
these technologies to learning processes are important as they need to have the neces-
sary qualifications to follow the developing technology, enrich the learning tools with
technology-supported materials, and integrate the technological equipment used in schools
into learning environments. With the use of developing sound, image, and animation tech-
nologies in learning environments, individually or together, the topics explained appeal to
more than one sense organ of the students [17]. In this way, it becomes easier to reach the
learning objectives in the curriculum.
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Educational games can be an effective tool for enhancing science education [18].
Games can engage students in a more active and immersive way than traditional classroom
methods, making learning fun and engaging [19]. Games can help reinforce key concepts
and ideas that students have already learned in the classroom [20]. Educational games can
encourage collaboration and teamwork among students, which is an essential skill in science
education [18]. Educational games can be highly motivating for students, making them
more likely to engage with the material and retain what they have learned [21]. Overall, the
use of educational games in science education can be an effective way to engage students,
reinforce key concepts, and encourage collaboration and experimentation [22].

Annetta et al. investigated the impact of video games on high school students’ learning
and engagement in genetics [23]. Their results revealed no significant differences in student
learning, while there was a statistically significant difference in the student’s engagement
level. In 2019, Chen conducted a study on science-based digital game-based learning
(DGBL) and investigated four-game settings: individual competition, peer competition,
the individual no competition, and peer no competition. The study showed that when
the competition was introduced, group collaboration improved and anxiety decreased.
However, when individuals played alone, competition caused a distraction from the
learning process by making winning and losing the main focus [24].

In a recent study, teachers and students in Spain and Sweden learned about genetics
using a game and their experiences and attitudes were compared [25]. The study involved
an intervention where students played the game, while questionnaires were used to mea-
sure its effectiveness. The questionnaires assessed the students’ genetics knowledge before
and after playing the game, their expectations and experiences, and their satisfaction with
it. The results showed that the game improved the genetics knowledge of both Spanish
and Swedish participants, who found it both educational and engaging. A different study
looked at how an augmented reality (AR) game affected elementary school students’ learn-
ing [26]. The study conducted a 2 × 2 experiment to determine how using AR and gaming
mechanisms impacted elementary school science learning. During a field trip, four groups
used different media and gaming mechanisms (AR or Non-AR and Game or Non-Game).
The results showed that there was no interaction between the game and AR approaches,
though both significantly increased the students’ learning motivation. In contrast, only
the game approach had a significant and positive effect on the student’s flow states and
learning achievements.

3. Materials and Methods
3.1. Research Design

This study aimed to measure the effect of the electronic teaching material known as
“Genetic Crossover Game” on the academic success of students. The electronic game was
developed by the researchers for the teaching of the subject of “Heredity” in the “DNA
and Genetic Code” unit of the eighth-grade science course. In this context, Solomon’s
four-group design, which is a useful quantitative research method, was applied in the
research. Quantitative research is the best approach to testing a theory or explanation.
It examines the relationships between variables measured numerically and deals with
quantity [27]. Solomon’s four-group design can be used in both experimental and quasi-
experimental studies. In this design, there were two experimental and control groups
formed by unbiased assignment. The electronic teaching material was only applied to the
experimental group. Although the pre-experimental measurements were performed only
for one of the experimental and control groups, the post-experimental measurements were
performed in all groups.

3.2. Participants

The participants were 72 students (30 boys, and 42 girls) studying in the eighth-grade
school located in Turkey. Participants selected for the study group in the study were
determined by randomly assigned random sampling method. There were 18 students
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in the First Experimental Group (a) in which pre- and post-tests were applied, and 18
students in the first Control Group (b) in which pre- and post-tests were applied. There
were 18 students each in the Second Experimental Group (c), to which the post-test was
applied, and the Second Control Group (d), to which the post-test was applied. Students
selected from 8A, 8B, 8C, and 8D branches were distributed to the experimental and control
groups as in Table 1.

Table 1. Demographic characteristics.

Group N
Female Male

Total%
F % F %

Experimental 1 18 12 66.6 6 33.4 25
Experimental 2 18 10 55.5 8 44.5 25
Control 1 18 11 61.1 7 38.9 25
Control 2 18 9 50 9 50 25
Total 72 42 30 100

3.3. Procedure

The data were obtained from the participants by using the genetic crossover game
achievement test during the 2021–22 academic year. By Solomon’s four-group design,
data were obtained from four groups formed by unbiased assignment. Four groups, two
experimental and two control groups, were formed from the four selected groups. The
achievement test, which was prepared before the start of the experimental process, was
applied to two groups (the first experimental group and the first control group) and the
final test was applied to all groups. After the pre-test was applied to the first experimental
and control groups, the topic was taught with the electronic teaching material (educational
game) prepared using the Arduino ecosystem for the acquisition of single-character crosses.
The intervention lasted for two weeks for the first and second experimental groups. After-
ward, the achievement test was applied to the first and second experimental groups and
the final test data for the experimental group were obtained. Post-test data were obtained
from the control groups by applying an achievement test to the first control group, which
did not undergo experimental procedures, and the second control group, which did not
undergo a pre-test. Quantitative data were collected as a result of the applications that
lasted for four weeks.

3.4. Data Collection

In this study, the genetic crossover game, which is an electronic teaching material
developed by the researchers, and the achievement tests were used as data collection tools.
While preparing the achievement test, the eighth-grade curriculum was examined and each
topic in the annual plan and the related learning outcomes, as well as the time allocated for
the teaching of these learning outcomes, were defined.

To measure student achievements, a 20-item achievement test was prepared regarding
the learning outcomes of the “DNA and Genetic Code” unit. An item pool of 40 questions
was created for the learning outcomes. The created question pool was applied to eighth-
grade students as a pilot study after an evaluation by four field experts. As a result of
the analysis made after the pilot study, 20 questions were removed from the test in line
with expert opinions and the final achievement test was obtained. Each multiple-choice
item in the test consisted of one item root, four options, and one correct answer. Sample
questions in the achievement test included: “Which of the following crosses can be made
so that all pea seeds produced by crossing peas have the same phenotype?”; “What is the
probability that a yellow-seeded pea will be produced by crossing a hybrid yellow-seed
pea with a hybrid yellow-seed pea?”; “As a result of crossing two heterozygous peas as
genotypes, 800 peas were formed. How many of these peas are expected to have recessive
characteristics?”; and “500 seeds are obtained by crossing yellow-seeded peas with green-
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seeded peas. Which of the following is the most likely number of green and yellow seeds?
(The yellow seed gene is dominant to the green seed gene).”

Kuder-Richardson (KR-20) coefficients were used to check the reliability of the test.
Cronbach’s alpha reliability coefficient of the 20 questions was found to be 0.761. Each
participant was given 30 mins to administer the achievement tests as a pre- and post-test.
During the evaluation process of the test, students were given one point for correct answers
and zero points for incorrect answers; the total number of correct questions was multiplied
by five and evaluated over 100 points.

3.5. Material Development

The teaching material consists of electronic and digital components. Arduino ecosys-
tem was used for electronic circuit installation in the material. Arduino is a development
board with a programmable microprocessor that appeals to many people of all ages and is
used to develop stand-alone objects by connecting various circuit elements.

RC522 RFID card reader was used in the material to read the cards with Arduino.
Three sample questions were determined to be solved by playing cards in the game. These
questions were as follows:

1. What is the probability that the children of a heterozygous dark-skinned person
and a homozygous light-skinned person will be light-skinned?

2. What is the probability that the first child of a blond mother and a blond father will
have black hair?

3. Calculate the probability that the children of a hybrid brown-eyed father and a
hybrid brown-eyed mother will have blue eyes.

In the solution of the questions, it was planned to determine the genotypes for the
two individuals given in the question first and then to find the result by crossing these
genotypes. The letters “A” and “a” for dominant and recessive genes, respectively, were
used in the solutions. For example, in the solution to the third question the genotype of the
crossbred brown father was determined as “Aa” and the genotype of the brown hybrid
mother was determined as “Aa”; crossover was then performed.

As a result of the crossing of “Aa” and “Aa” genotypes, the “aa” result came out as
one of four possibilities. According to this result, the probability of having blue eyes in
children born to a mixed brown-eyed father and a mixed-brown-eyed mother is 25%. In the
designed game, the student will select one of the three question cards and have it read by
the RFID reader. A question sentence will then be displayed on the screen and the student
will find the genotypes of the first and second characters in the question and have the
appropriate cards read. By crossing these genotypes, he/she will then read the appropriate
cards and solve the question. When the wrong card is swiped, the program will guide the
student until the correct card is swiped and make it easier to solve the question. Blue–green
papers in RFID card sizes were cut and pasted on the cards and “A” and “a” were written
on them. Eight blue RFID cards (four “A” and four “a” cards) were prepared to be used
in the teaching of character genotypes. A total of 16 green RFID cards, 8 for both “A” and
“a”, were prepared to be used in the crossover process. Question cards were prepared in
red color.

At this stage, research was conducted on which electronic components from the
Arduino ecosystem should be used so that the game could be played on a box. Arduino
Uno development board and RC522 RFID reader were used for the material. We also used
a 4 × 20 LCD screen for displaying questions, instructions, and solutions. We also decided
to use a buzzer for audible notifications and an RGB LED to inform the user by flashing
green on the correct cards and red on the wrong cards.

After the materials were completed, the design phase of the material box was started.
The box of the game was first drawn in three dimensions on the Tinkercad site in the
computer environment; 50 × 30 × 5 mm wood chipboard material in the same dimensions
was then provided and assembled and the box was prepared. Necessary gaps were left on
the top cover of the box for the screen, RFID reader, buzzer, RGB led, and on/off button on



Sustainability 2023, 15, 6942 6 of 11

the cover of the game box. In Figure 1, the 3D design of the genetic crossover game that
was drawn in Tinkercad is shown.
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Figure 1. A 3D design of genetic crossover game.

With the Tinkercad website, three-dimensional models can be constructed, real-time
Arduino circuits that can work with simulation can be established, and three-dimensional
models drawn with code blocks can be animated. In this study, the game box was drawn
in three dimensions and wooden pieces were cut according to the drawn dimensions. As
shown in Figure 2, the frames around the spaces left for the LCD screen, buzzer, RGB led,
and the card slots for RFID cards to be placed on the box were drawn via the Tinkercad
website and produced by 3D printing.
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After the game box was assembled, the assembly of electronic components was started.
Firstly, for the circuit setup of the electronic material a drawing was made in the computer
environment. Fritzing is an electronic circuit drawing program where the Arduino and its
components in the circuit to be established are added to the drawing board and the cable
connections are created by drawing lines. In this research, the circuit was drawn on the
Fritzing program and the necessary examinations were made for the stable operation of the
electronic circuit. The circuit diagram drawn with Fritzing is given in Figure 2.

After the assembly of the genetic crossing game box and the electronic circuit instal-
lation processes were completed, the code of the game was written. An algorithm was
designed for the code of the game as follows: (1) the user chooses one of three questions
in the first stage when the game starts; (2) they will read the correct genotype profits for
the first and second characters for the question they choose; and (3) they will solve the
question by reading the correct cards required for the crossover operation. The ID numbers
of the RFID cards used in the game will be introduced to the program in advance and the
program will compare the card with the card being read.

The working logic of the program was based on three separate functions. These
functions, which were activated when the user selected the question they wanted to solve,
worked until the solution to the question was completed. After the logical algorithm
design, to write the program with the Arduino IDE editor, the necessary libraries were
added for the program to run and the IDs of the question and solution cards were recorded
in the program.

After the coding phase of the game was completed, it was played by different students
many times with different questions. After we confirmed that the electronic circuit and
the written codes were working stably, battery connections were made to the box of the
material and its final shape was given. The produced 3D printed frames and RFID card slots
were fixed on the top cover of the box. Figure 3 shows the final version of the developed
teaching material.
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There were green and blue colored RFID cards and card slots on the upper cover of the
developed teaching material, an LCD screen on the upper middle part, and a RFID reader,
RGB LED, buzzer, and on/off button on the right. There were three places on the top cover
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of the box to place the question cards in the game and an external box was designed and
produced with three-dimensional printing for the answer cards.

4. Results

To test whether the data obtained in the research show a normal distribution, the
normality test was applied and the frequency and percentage distribution tables for the data
were created. The numerical data obtained from the achievement tests were transferred
to the computer environment and processed on the SPSS (26). Percentage, frequency,
arithmetic mean, and t-tests were performed on the data with the parametric distribution.
To perform parametric tests, the data should have a normal distribution; Kolmogorov–
Smirnov test results shown in Table 2 indicate that the data have a normal distribution.

Table 2. Kolmogorov–Smirnov test.

Statistic D.F. Significance (p)

Pre-test 0.142 36 0.063
Post-test 0.132 36 0.116

The t-test results shown in Table 3 show that there are no significant differences
between the pre-test scores of the Experimental 1 and Control 1 Groups (t (df = 34) = −0.137,
p = 0.892). Therefore, it can be said that the prior knowledge of the students in the Control
1 and 3xperimental 1 Groups was similar. Furthermore, a one-way ANOVA was conducted
to compare the four groups in terms of the pre-test scores. There were no statistically
significant differences in pre-test scores at the p < 0.05 level [F(1, 34) = 0.019, p = 0.892].

Table 3. Pre-test results.

Group N Mean S.D. S.E. t p Cohen’s
d

Effect-Size
r

Experimental 1 18 42.22 15.17 3.57
−0.137 0.892 0.046 0.023

Control 1 18 43.06 20.87 4.91

The t-test results shown in Table 4 indicate that there is a significant difference between
the pre-test and post-test scores of the Experimental 1 Group (t (df = 17) = 16.35, p = 0.00).
It was seen that the post-test averages of the Experimental 1 Group increased after the
intervention. Thereby, it can be concluded that the “Genetic Crossover Game” significantly
contributed to the success of the experimental 1 group.

Table 4. Pre-test and post-test results.

Group-Test N Mean S.D. S.E. t p Cohen’s
d

Effect-Size
r

Experimental 1-pre-test 18 42.22 15.17 3.58
16.35 0.000 1.047 0.464

Experimental 1-post-test 18 58.06 15.06 3.55

Control 1-pre-test 18 43.06 20.87 4.92
12.49 0.000 0.678 0.321

Control 1-post-test 18 56.67 19.25 4.54

Similarly, the t-test results for the Control 1 Group indicate that there is a statistically
significant difference in the control group’s pre- and post-test scores (t = 12.48, p = 0.00). We
observed that the post-test mean score (x = 56.66) of the Control Group was higher than the
pre-test mean score (x = 43.06). This indicates that there is a statistically significant difference
between the pre- and post-test scores for both the control and experimental groups.

As shown in Table 5, there was no significant difference between the post-test scores for
Control 1 and Experimental 1 (t (df = 34) = 0.241, p = 0.811) (prior knowledge was measured
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in both groups), Control 2 and Experimental 2 (prior knowledge was not measured in both
groups) (t (df = 34) = 0.636, p = 0.529), and Experimental 1 and Experimental 2 (t (df =
34) = −0.092, p = 0.927). This indicates that the intervention does not make a significant
difference in increasing the achievements compared to the classical method. Confirming
this, one-way ANOVA results indicate that there are no statistically significant differences
in the post-test scores at the p < 0.05 level [F(3, 68) = 0.181, p = 0.909].

Table 5. Post-test results.

Group N Mean S.D. S.E. t p Cohen’s
d

Effect-Size
r

Experimental 1 18 58.05 15.06 3.55
0.241 0.811 0.080 0.040

Control 1 18 56.66 19.25 4.53

Experimental 2 18 58.61 20.78 4.89
0.636 0.529 0.212 0.105

Control 2 18 54.44 18.46 4.35

Experimental 1 18 58.05 15.06 3.55 −0.092 0.927 0.031 0.015
Experimental 2 18 58.61 20.78 4.89

5. Discussion

This study developed an educational game using Arduino and investigated the im-
pact of the educational game on secondary school students learning about genetics. The
educational game named “Genetic Crossover Game” was developed for 8th-grade students.
This study used Solomon’s four-group design to assess the effectiveness of the educational
game. The findings revealed that the initial test scores of both Experimental 1 and Control
1 groups, which were assessed using pre-tests to measure their prior knowledge, were
similar. However, a notable discrepancy was observed in the pre-test and post-test scores
for the Experimental 1 and Control 1 groups. This means that teaching the course with
the developed teaching material significantly improved the students’ success and was as
effective as the traditional teaching method.

The books in the Ministry of Education curriculum increased the academic success of
the Control Group students; however, the educational material developed within the scope
of the study increased the academic success of the Experimental Group students at a similar
rate. Accordingly, it can be argued that the teaching material developed was sufficient for
delivering the targeted outcome and ensure the students’ active participation. Therefore,
the memorability of the learning outcomes is expected to be higher in the experimental
groups. However, this should be tested by conducting a longitudinal study.

In the literature, some studies did not find significant differences between experi-
mental and control groups as well. For example, a master thesis investigated the effect of
programming with Arduino on the achievement, attitudes, and self-efficacy of sixth-grade
students toward science [28]. The post-test success scores of both the experimental and
control groups were close to each other but significantly different to the pre-test scores.
Similarly, a master’s thesis was conducted by following Solomon’s four-group design
to test the impact of gamification on fifth-grade students’ achievement in a social stud-
ies course [29]. The results indicated no significant differences between the control and
experimental groups.

On the other hand, in some studies, significant differences between control and exper-
imental groups were reported. For example, in a master’s thesis, an experimental study
was conducted using Solomon’s four-group design to determine the effect of digital games
on earthquake subjects within a social studies course on academic success [30]. The results
indicated that teaching with the digital game has a positive contribution to the academic
success of the students. In another thesis study, the effects of robotic tools on students’
science processing skills and motivation were investigated [2]. The results indicated that
teaching science education lessons with robotic tools had a positive contribution to stu-
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dents’ scientific process skills. Lastly, a Ph.D. dissertation compared the effectiveness of
STEM applications made with simple and inexpensive materials in pre-school and STEM
applications supported by robotics [7]. The results indicated that STEM applications made
with both simple materials and robotics contributed to improving students’ academic
self-perceptions and problem-solving skills in science education. However, robotic-assisted
STEM applications were more effective in promoting students’ academic self-perceptions.

6. Conclusions

This study developed a digital educational game and assessed the effect of the de-
veloped teaching materials on students’ academic success in a science class. The digital
educational game improved students’ academic success. The educational game may also
improve their interest, motivation, and involvement in science learning, which in turn
promotes student engagement. Engaged students are more likely to achieve improved
academic results, which can improve the sustainability of the educational system. A com-
mitment to delivering a high-quality education that satisfies the requirements of both
present and future generations is necessary for educational sustainability. With the help of
this study, schools will be encouraged to adopt environmentally sustainable practices and
given the resources and support necessary to deliver high-quality education. Educators
can contribute to the development of a better future for all students and the sustainability
of education by encouraging student involvement.

There are some limitations to the study, which offer directions for further investigation.
Firstly, the scope of the research can be expanded by testing some other variables, such as
students’ attitudes toward science lessons, motivation, and computational thinking skills.
The electronic materials developed only related to DNA and Genetic Code units in a science
course. Electronic teaching materials can be developed for other units of science courses
and their effects on academic success can be further examined. Secondly, the target group
was secondary school students; future research should be conducted at the primary and
higher education levels. Finally, electronic and digital teaching materials can be developed
and other courses and their effects on students’ academic success can be examined.
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