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Abstract
Conceptual understanding and digital literacy are key competencies in 21st-century 
learning. However, observations at SMP Negeri 10 Semarang indicate that these 
two skills are still not being developed to their full potential in science lessons. Con-
sequently, there is a need for innovative teaching materials capable of  enhancing 
students’ conceptual understanding and digital literacy in an integrated manner. 
Cell-based material was selected because it is microscopic and complex, thus re-
quiring learning media capable of  visualising cell organelles to aid students’ con-
ceptual understanding. This study aims to analyse the effectiveness of  the media in 
improving conceptual understanding and digital literacy in cell-based material. The 
research method used was the ADDIE development model of  R&D with an experi-
mental design. The research sample comprised Class VIII A as the experimental 
class and Class VIII D as the control class. The results of  the study indicate that: 
1) The STEM-based 3D virtual learning media on cell material is sufficiently effec-
tive in improving conceptual understanding, as indicated by the experimental class 
achieving an N-Gain score of  0.63 (moderately effective), compared to the control 
class using video and worksheets, which only achieved an N-Gain score of  0.20 
(ineffective). 2) The results showed that the STEM-based 3D virtual learning media 
on cell material was sufficiently effective in improving digital literacy, as indicated 
by the experimental class achieving an N-Gain score of  0.70 (moderately effective), 
while the control class only achieved an N-Gain score of  0.18 (ineffective). This 
research contributes to the development of  science learning media through the inte-
gration of  STEM-based 3D virtual media that is able to visualize cell concepts in a 
more concrete, interactive, comprehensive, and accessible manner, thus supporting 
increased conceptual understanding and digital literacy according to the demands 
of  21st century competencies.
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in their own words and apply them in everyday 
life (Lathifa et al., 2025)

Observations at SMP N 10 Semarang in-
dicate that students conceptual understanding 
and digital literacy in science lessons are still not 
optimal. This is evident from the results of  the 
SAS test, where the average score was 51; many 
students have not yet achieved the required stan-
dard and are below the minimum passing mark. 
Preliminary pre-research data also revealed that 
the average scores for conceptual understanding 
were 36 and for digital literacy 64. Both results 
indicate that students’ conceptual understanding 
and digital literacy skills still need to be improved. 
Furthermore, the results of  interviews and teach-
er observations also indicate that students’ con-
ceptual understanding and digital literacy skills 
remain low and need to be improved. 

Therefore, there is a need for teaching 
materials that can develop students’ conceptual 
understanding and digital literacy in relation to 
cell biology. However, the teaching materials cur-
rently used in schools for cell biology do not suf-
ficiently support the development of  these skills. 
The teaching materials used in science lessons 
consist solely of  printed textbooks provided by 
the school. The cell biology content in these text-
books is presented only in two dimensions, and 
not every part of  the cell organelles is illustrat-
ed. The teaching of  cell-related material at SMP 
Negeri 10 Semarang also rarely utilises 3D vir-
tual website-based learning media, even though 
such media can support the skills required for the 
Fourth Industrial Revolution as preparation for 
21st-century skills.

 Therefore, the solution proposed by the 
author is to design STEM-based 3D virtual learn-
ing media for cell-related material to enhance 
conceptual understanding and digital literacy. Re-
search by Asrizal et al. (2025) shows that STEM 
integration in interactive multimedia can improve 
conceptual understanding, but is still limited to 
two-dimensional visualizations without complex 
biological models. Research by Hutabarat (2024) 
also proves the effectiveness of  STEM modules 
based on the 5E Learning Cycle, but does not yet 
provide an in-depth representation of  cell struc-
tures. Asrizal et al. (2025) focuses more on the 
context of  light waves and therefore does not ad-
dress the need for visualization of  microscopic 
objects in biological science. Hutabarat (2024) 
emphasizes that investigative science activities 
are not yet directed at strengthening digital liter-
acy through high-tech visualization. Meanwhile, 
Khusnah & Ulfa (2024) developed an interesting 
3D media based on physical materials, but the 

INTRODUCTION

The Fourth Industrial Revolution has ush-
ered in the era of  Society 5.0, making various 
aspects of  life easier and faster (Ziatdinov et al., 
2024). The era of  Society 5.0 is characterised by 
human driven technological innovations that fur-
ther advance the integration of  virtual and physi-
cal spaces (Lund et al., 2023). Consequently, in 
recent years, computing and technology have 
developed at an increasingly rapid pace, support-
ing the presence of  artificial intelligence (AI) in 
human life, including within the education sector 
(Tzirides et al., 2024); Zhu et al., 2023).

The rapid pace of  technological develop-
ment in the Society 5.0 era requires students to 
possess the ability to access data and analyse 
information in order to keep pace with the flow 
of  information and think critically about infor-
mation related issues; this ability is known as 
digital literacy (Getenet et al., 2024). In today’s 
information and technology era, digital literacy 
has become a crucial aspect of  education. Digi-
tal literacy is not merely about technical skills but 
also involves the understanding and ability to use 
information effectively within a digital environ-
ment (Teknowijoyo & Marpelina, 2022). Students 
are expected not only to be able to access digital 
information but also to understand, evaluate, and 
produce content critically. Therefore, science les-
sons can be integrated with the use of  technology 
to hone students’ higher order thinking skills as a 
means of  developing their digital literacy (Nurzh-
anova et al., 2024).

Digital literacy is an essential skill for stu-
dents, as it enables them to collaborate effectively 
and articulate their ideas. Digital literacy is par-
ticularly important in today’s world, as it fosters 
students’ ability to critically evaluate information, 
analyse it effectively, and select credible sources 
(Joseph et al., 2024; Wang et al., 2023). Digital 
literacy skills can lead to higher order learning 
outcomes that foster critical, collaborative, and 
communicative thinking (Khan et al., 2022).

In addition to digital literacy, conceptual 
understanding is also one of  the key competen-
cies underpinning the Fourth Industrial Revolu-
tion and 21st-century skills (Harnani et al., 2021). 
This conceptual understanding forms the founda-
tion for other skills. In other words, conceptual 
understanding is a key element in the learning 
process (Giawa et al., 2022). Conceptual under-
standing refers to an in depth process of  acquir-
ing knowledge about an object. A student is said 
to have good conceptual understanding if  they 
are able to rephrase the concepts they have learnt 
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model still lacks support for digital interactivity. 
Muslima (2025)  offers a VR-based 3D model of  
cell organelles, but access is limited because it re-
quires special devices such as a VR Box. Based 
on this gap, the research that has been conducted 
combines the STEM approach with digital 3D 
media so that cell visualization becomes more 
concrete, comprehensive, and easily accessible 
to improve conceptual understanding and digital 
literacy. 

Uno (2024) research shows that AR tech-
nology can improve understanding of  science 
concepts, but its implementation still requires spe-
cial devices that not all students have. Kurniasih 
et al., (2024) research, using authentic learning-
based e-modules, successfully strengthened digital 
literacy, but did not yet present 3D visualizations 
for microscopic cell concepts. Uno (2024) empha-
sized visual interactivity but did not integrate the 
STEM framework into the learning flow. Con-
versely, Kurniasih et al. (2024) focused on text 
and two-dimensional media, thus not providing 
an in-depth exploratory experience. Khusnah and 
Ulfa (2024) research produced physical 3D mod-
els but did not support digital interaction, while 
Muslima (2025) presented virtual 3D models but 
did not explicitly integrate the STEM approach. 
This condition indicates that previous research 
has not combined conceptual understanding, dig-
ital literacy, 3D media, and the STEM approach 
in one integrated learning design. Therefore, the 
research conducted offers the integration of  3D 
learning media for STEM-based cell materials to 
provide an interactive, accessible learning experi-
ence that meets the demands of  21st-century digi-
tal competencies.

Based on the background described above, 
the objectives of  this study are (1) to analyse the 
effectiveness of  3D virtual learning resources on 
cell-based STEM topics in enhancing conceptual 
understanding and (2) to analyse the effectiveness 
of  3D virtual learning resources on cell-based 
STEM topics in enhancing digital literacy.

METHOD

Participants
This study was conducted at SMP N 10 Se-

marang on the topic of  cell biology for the odd-
numbered semester. The population for this stu-
dy comprised all Year 8 students at SMP Negeri 
10 Semarang for the 2025/2026 academic year. 
From this population, two classes were selected 
for the study to test the effectiveness of  using 
3D-based virtual learning materials on cell bio-
logy with a STEM focus to improve conceptual 

understanding and digital literacy. The sampling 
technique used in this study was simple random 
sampling. The selection of  simple random samp-
ling in this study was possible provided that the 
students were homogeneous and that each class 
had an equal chance of  being selected as a rese-
arch sample. State Junior High School 10 Sema-
rang does not have any elite classes, so all classes 
are relatively similar, with no strata at each grade 
level. Therefore, every class at State Junior High 
School 10 Semarang is relatively homogeneous. 
After conducting a homogeneity test using SPSS, 
two homogeneous classes were selected, namely 
Class VIII A as the experimental class and Class 
VIII D as the control class.

Tabel 1.  Participants from 2 class

Experimental Class Control Class

Class VIII A
31 students

Class VIII D
31 students

Learning using 3D virtual learning resources 
on cell biology based on STEM to enhance 
conceptual understanding and digital literacy 

The STEM-based 3D Virtual Learning 
Resource on Cell Biology was developed using 
Spatial.io as the primary virtual platform, with 
three-dimensional objects created in SketchUp 
and interactive learning assets integrated using 
Assemblr EDU. The virtual learning environ-
ment is accessible through the Spatial application 
or a compatible web browser, enabling both stu-
dents and teachers to engage in immersive lear-
ning activities. To ensure smooth performance, 
the media is compatible with Android and iOS 
smartphones, tablets, and desktop or laptop com-
puters that meet Spatial.io’s minimum require-
ments, including a stable internet connection, at 
least 4 GB RAM, and an up-to-date web browser 
or the latest version of  the Spatial application. 
Users access the virtual environment by signing 
in with an active Google account and entering 
the learning space through a QR code or a shared 
access link. The learning resource incorporates 
several interactive features, including the Science 
Gallery, 3D Models, Cell Orchestra, Project As-
signments, Fill in the Blanks, and Development 
Team and References, which collectively support 
STEM-oriented learning of  cell biology.

Upon entering the virtual learning envi-
ronment, users first read the embedded usage 
instructions before navigating the learning space 
through intuitive touchscreen or mouse-and-key-
board controls. Directional arrows guide learners 
systematically through each learning area to en-
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sure that all instructional content is explored in 
sequence. Students can interact with multimedia 
resources, including science galleries, three-di-
mensional cell models, instructional videos, quiz-
zes, and project-based assignments designed to st-
rengthen conceptual understanding and scientific 
inquiry. The platform also enables learners to ex-
plore the environment through customizable ava-
tars, creating an engaging and immersive learning 
experience while maintaining straightforward na-
vigation across different devices. Through these 
technical and accessibility features, the 3D virtual 
learning resource provides an interactive, acces-
sible, and technology-enhanced learning environ-
ment that supports independent and collaborati-
ve STEM learning.

The 3D Virtual Learning Resource on Cell 
Biology based on STEM is a virtual learning 
resource designed using a STEM approach and 
featuring 3D content on cell biology. The media 
developed is easily accessible to both students and 
teachers with features such as: Science Gallery 
(containing introductions, cell materials and edu-
cational videos about cells), 3D Models (contai-
ning 3D visualisations of  animal and plant cells 
in form of  QR codes and direct 3D views), Cell 
Orchestra (containing songs about cells), Project 
Assignments (containing tasks to create cell mo-
dels), Fill in the Blanks (featuring a quiz to comp-
lete the names of  plant cell organelles), and Deve-
lopment Team and References (featuring the app 
developers and references used to create media). 

Figure 1. A display of  STEM-based 3D virtual 
learning resources

 	 This virtual website is designed to enab-
le students to use avatars to explore all the acti-
vities available in the 3D room by following the 
instructions and navigating the room as guided 
by the arrows. The platform also features STEM 
activities and includes a STEM project that gui-
des students to solve problems related to cell vi-
sualisation by creating models of  animal or plant 
cells. All learning activities on the virtual plat-
form are aligned with the Curriculum Standards 
(CP) and Learning Outcomes (ATP) for the cell 
module in Year 8, first semester. The design of  
the platform’s activities encourages collaborative 
problem-solving and critical thinking as students 
engage with the questions and activities. We re-
commend that teachers divide students into small 
groups (4-6 students per group) to complete tasks 
collaboratively in class.

Figure 2. Research Procedure Diagram
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Data Collection
The research conducted was a develop-

ment study, or R&D (Research and Develop-
ment). The development model used in this study 
was the ADDIE model, which consists of  five 
stages: analyse, design, develop, implement, and 
evaluate. Furthermore, the research design for 
testing the effectiveness of  this study employed 
a quasi-experimental design, specifically a None-
quivalent Control Group Design with a pre-test 
post-test format. The study first administered a 
pre-test to the pupils, after which the experimen-
tal class was treated using 3D learning media 
on cell-based STEM material, whilst the control 
class used the learning media typically employed 
by teachers at the school, namely educational vi-
deos and worksheets. Subsequently, at the end of  
the sessions, a post-test was conducted in both the 
control and experimental classes; the research de-
sign is presented in Table 2.

Table 2. Nonequivalent Control Group Research 
Design

Class Pretest Treatment Postest

E O
1

X O
2

K O
3

Y O
4

Description:

E = Experimental group

K = Control group

X = Treatment using 3D learning materi-
als on cells based on STEM

Y = Treatment using video learning mate-
rials and worksheets

O
1

= Pretest for the experimental group

O
2

= Posttest for the experimental group

O
3

= Pretest for the control group

O
4

= Posttest for the control group

Research Data
This study involved three participant 

groups. The first group included subject matter 
experts, media experts, and teachers who evalu-
ated the suitability of  the 3D STEM based lear-
ning media on cell content. The second group 
consisted of  teachers and students participating 
in the media usability test. The third group invol-
ved secondary school students for readability tes-
ting and for evaluating the media’s effectiveness 
in improving conceptual understanding and di-
gital literacy. Details of  the research subjects are 
presented in Table 3.

Table 3. Research Data

No Data Technical Instrument Subject

1 Digital 
Literacy

Question-
naire

Digital 
literacy ques-
tionnaire

Student

2 Con-
ceptual 
Under-
stand-
ing

Test Ques-
tion about 
conseptual 
understand-
ing

Student

Table 3 presents a breakdown of  the rese-
arch data, divided into the two tests of  the effecti-
veness of  the 3D learning media for STEM-based 
cell-related material: the digital literacy test and 
the conceptual understanding test.

 
Data Analysis
Normality Test

The normality test aims to determine 
whether data obtained in a study is normally 
distributed or not, prior to analysis. In this study, 
the Shapiro-Wilk test was used to assess normali-
ty, with the assistance of  SPSS software. The stu-
dy employed a significance level of  5%. If  the p-
value is greater than 0.05, the variable is deemed 
to have a normal distribution. However, if  the p-
value is less than 0.05, the variable is considered 
not to follow a normal distribution.
Homogenity Test

A homogeneity test is used to determine 
whether the characteristics of  the sample to be 
used for data collection in the study are homo-
geneous or not. The end-of-semester assessment 
data from the even semester will be used for ana-
lysis. In addition, a homogeneity test is applied 
to determine whether the pre-test and post-test 
data for both sample groups namely the control 
class and the experimental class have equivalent 
variances. Conducting this test is important to en-
sure the characteristics of  both groups are homo-
geneous before further statistical analysis is car-
ried out. The analysis procedure was performed 
using SPSS for Windows software via Test of  Ho-
mogeneity of  Variances using Levene’s statistic 
(Levene’s Test). Data is deemed homogeneous if  
significance value obtained is greater than 0.05.
t-Test

The use of  the t-test in this study aims to 
identify whether there are significant differences 
between the class that received instruction using 
3D virtual media based on STEM cell material 
and the class that learned through video and 
worksheets. Through this analysis, the researcher 
can assess the extent to which the developed 3D 
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STEM cell-based media is effective in improving 
students’ conceptual understanding and digital 
literacy. Thus, the t-test serves as the basis for de-
termining the effectiveness of  the learning media 
produced compared to the learning media com-
monly used.

The t-test used was the independent samp-
les t-test to analyse whether there was a signifi-
cant difference in the improvement of  conceptual 
understanding and digital literacy between the 
control and experimental groups. The data ana-
lysis was carried out using SPSS software. Prior 
to conducting the independent samples t-test, a 
check of  the prerequisites was required, particu-
larly regarding normality and homogeneity. If  the 
results of  the data normality test indicated that 
the data were normally distributed and the data 
groups from the two treatments were homoge-
neous, the independent samples t-test was then 
carried out. However, if  the results of  both pre-
requisite tests were not met, the Mann-Whitney 
(U-Test) was then carried out. The following is 
the basis for the decision-making process.
•	 If  the significance value (two-tailed) is less 

than 0.05, there is a significant difference in 
improvement between the experimental and 
control groups. 

•	 If  the significance value (two-tailed) is grea-
ter than 0.05, there is no significant differen-
ce in improvement between the experimental 
and control groups.

N-Gain Test
 	 The effectivenes off  the STEM-Based 

3D Virtual Learning Media on Cell Biology to 
Enhance Conceptual Understanding and Digital 
Literacy was also examined using the N-Gain 
test to measure immprovements in studennts’ 
conceptual understandunf  and digital literacy 
from pretest to posttest. The N-Gain score provi-
des a  standardized measure of  learning progress 
by  comparing the actual gain with the maximum 
possible gain. The normalized gain was calcula-
ted using the following formula:

According to Hake (1999), the N-gain as-
sessment categories categorized in Table 4.
Table 4. N-Gain Assessment Categories

Many factors <g> Assessment Categories

<g> ≥ 0.7 High

0.3 ≤ <g> <0.7 Medium

<g> <0.3 Low

Based on Table 4, the N-Gain Score cate-
gories are classified into three levels: low, medium 

and high. An N-Gain value is considered low if  it 
falls within the range 0.00 < g ≤ 0.30, whilst the 
range 0.30 < g ≤ 0.7 is categorised as moderate. 
If  the N-Gain value falls within the range > 0.7, 
the improvement in student learning outcomes is 
categorised as high. 

Having established the classification of  N-
Gain scores into low, medium and high catego-
ries, a further interpretation of  the level of  effec-
tiveness of  the improvement in learning materials 
is also required. Table 5 therefore presents an in-
terpretation of  N-Gain effectiveness, illustrating 
the extent to which such improvements can be 
considered effective in the context of  learning. 

Table 5. Interpretation of  N-Gain Effectiveness

Percentage (%) Interpretation

g < 40 Not Effective

40-55 Less Effective

56-75 Moderately effective

≥76 Effective

According to the table, the effectiveness 
of  the N-Gain Score is divided into four catego-
ries based on the percentage achieved. Learning 
is deemed not effective if  the N-Gain Score per-
centage is less than 40%. A percentage between 
40% until 55% indicates the less effective catego-
ry. Meanwhile, an N-Gain Score percentage in 
the range of  56% to 75% indicates that learning 
is moderately effective. A percentage of  76% or 
higher is categorised as effective.	
Conceptual Understanding Analysis

An analysis of  students conceptual under-
standing was conducted by examining their ans-
wers to the questions set. This study employed a 
quantitative descriptive analysis method, which 
was carried out after the students’ final marks 
had been calculated using the marking formula 
presented below:

Table 6. Conceptual Understanding Criteria

Value Interval Criteria

0≤x< 34 Very Low

35≤x<54 Low

55≤x<64 Moderate

65≤ x < 84 High

85≤ x< 100 Very High

Analysis of Digital Literacy Data
This analysis was used to assess pupils’ di-

gital literacy skills via a digital literacy question-
naire. The analysis employed was descriptive sta-
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tistical analysis, which serves to describe the data 
collected, making it easier to understand. The 
steps involved calculating the total scores achie-
ved by the pupils using formula (Sugiyono, 2016):

The criteria for digital literacy are set out in 
Table Tabel 7 (Dinata, 2021).
Table 7. Criteria for Digital Literacy

Value Interval Criteria

81-100 Very Good

61-80 Good

41-60 Fair

21-40 Poor

0-20 Very Poor

RESULT AND DISCUSSION

Results of the effectiveness of 3D learning me-
dia for STEM-based cell material to improve 
conceptual understanding

This study was conducted to examine 3D 
learning media for STEM-based cell material on 
improving conceptual understanding using N-
Gain. Based on the analysis, the experimental 
class experienced a significant improvement fol-
lowing the implementation of  teaching using 3D 
learning media based on STEM-based cell mate-
rial. When the two N-Gain scores are compared, 
the experimental class’s N-Gain score is higher 
than that of  the control class. This implies that 
the 3D learning media based on STEM cell ma-
terial is more effective in improving conceptual 
understanding compared to video-based learning 
media and worksheets.

Table 8. N-Gain test for each conceptual understanding indicator

Indicator Control Class Experimental Class

Average Value N-Gain 
Category

Average Value N-Gain
CategoryPretest Posttest N-Gain Pretest Posttest N-Gain

Interpreting 45 52 0.13 Low 31 81 0.72 High

Exemplifying 36 56 0.31 Moderate 27 73 0.63 Moderate

Inferring 44 58 0.25 Low 49 66 0.33 Moderate

Comparring 35 48 0.20 Low 23 77 0.70 Moderate

Classifying 35 50 0.17 Low 34 80 0.70 Moderate

Explainning 35 43 0.12 Low 32 81 0.72 High

Based on the results of  the independent t-
test on the post-test data, a significance value of  
0.000 was obtained, which is less than 0.05. This 
indicates that there is a significant difference bet-
ween the conceptual understanding of  students 
in the control class and the experimental class. 
Thus, it can be interpreted that the use of  3D lear-
ning media for STEM-based cell material in the 
experimental class has a more effective influence 
on improving conceptual understanding compa-
red to learning using video media and worksheets 
in the control class.

Table 9. Results of  the independent t-test of  con-
ceptual understanding data

Class Data 
Type

Sig Description

Control Posttest 0.000 There is a 
significant 
difference

Eksperiment

The interpreting skill in the 3D virtual 
learning environment for STEM-based cell stu-

dies is developed through the perception feature. 
The perception feature in the 3D virtual learning 
environment for cell studies is designed to deve-
lop interpreting skills, namely students’ ability to 
transform one form of  information into another 
specifically, interpreting the images in the percep-
tion feature into verbal explanations. In the ap-
perception feature, students are asked to observe 
an image of  a bowl of  Kudus soto; they are then 
asked to interpret the image by naming the com-
ponents of  the Kudus soto that resemble cell or-
ganelles. Through this activity, students not only 
memorise information about cell material but 
also understand the meaning and relationships 
between the concepts presented. This aligns with 
the research by Laubscher et al. (2024), which 
states that 3D-based learning experiences regar-
ding cellular structures significantly enhance the 
understanding of  the relationship between cell 
structure and function, as students are asked to 
observe 3D models and explain them in their 
own words. In addition to the perception feature, 
the media also includes a cell worksheet feature, 
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where the worksheet contains a section designed 
to practise the ‘interpreting’ indicator namely, 
interpreting images of  plant cell organelles and 
explaining their functions. The use of  3D models 
can enhance students’ ability to interpret comp-
lex biological structures and link them to their 
conceptual functions (Teplá et al., 2022).

The illustrative indicators in the learning 
resource are realised through interactive visual 
presentations that highlight the differences bet-
ween unicellular and multicellular cells. This 
resource displays the shape and structure of  each 
type of  cell, accompanied by examples such as 
Amoeba and Paramecium for unicellular cells, 
and plants and animals for multicellular cells. 
Through this display, students can observe and 
understand the characteristics that distinguish 
single celled and multicellular organisms, making 
the concepts being studied more concrete and 
easier to understand. Consequently, students’ 
ability to identify and provide examples in line 
with the concepts of  unicellular and multicellu-
lar organisms can develop in accordance with the 
objectives of  the exemplifying indicator, which 
focuses on the ability to provide accurate examp-
les. This aligns with the statement by Takda et 
al. (2025), who noted that the development of  
3D animation-based media for cell-related ma-
terial enables students to visualise complex cell 
structures dynamically and more concretely than 
through text or 2D images alone. Activities in-
volving the exploration of  3D models can also 
deepen students’ understanding of  the differen-
ces between unicellular and multicellular orga-
nisms. Furthermore, the exemplifying indicator 
is also practised through the worksheet features 
within the media, which include exercises where 
students can provide examples of  organisms clas-
sified as unicellular and multicellular.

The inferring indicator refers to students’ 
ability to draw conclusions based on the infor-
mation presented. 3D virtual learning resources 
on cell-based STEM topics can develop inferring 
skills, as students can view cell models in 3D and 
interact with them. Through these visualisations, 
students learn to interpret the information they 
see for themselves, such as linking organelles to 
their functions or understanding why a particu-
lar organelle is found only in certain cells. 3D vi-
sualisation can help students focus on key parts, 
making it easier for them to understand and com-
pare objects more accurately (Wang et al., 2024). 
As students explore 3D models and engage in 
STEM-based activities, they are encouraged to 
make predictions or draw conclusions based on 
their observations, rather than simply memori-

sing the teacher’s explanations. It is this process 
that helps students develop the ability to draw lo-
gical conclusions from the information obtained. 
Students become increasingly skilled at making 
inferences when participating in STEM activities 
that encourage them to deduce the reasons for 
the presence of  specific organelles in certain cell 
types. This aligns with the research by Yupani & 
Widana (2023), which explains that exploration-
based STEM activities can help build the ability 
to draw conclusions.

The comparing indicator in conceptual un-
derstanding refers to students’ ability to identify 
similarities and differences between two or more 
concepts or objects. This ability is important in 
helping students analyse the relationships bet-
ween concepts so that they can understand them 
more deeply. In the 3D learning media on cells, 
students are trained to compare the differences 
between animal and plant cells in terms of  sha-
pe, structure, and the functions of  their organel-
les. The available comparison table feature helps 
students review differences systematically, whilst 
the 3D view of  animal and plant cell organelles 
allows them to visually observe the similarities 
and differences between organelles. Furthermore, 
activities involving the exploration of  3D models 
of  animal and plant cell organelles also enable 
students to observe the differences between plant 
cell organelles and animal cell organelles in gre-
ater detail. This is in alignment with the study by 
(Teplá et al. (2022), which states that the use of  
3D models and animations significantly enhances 
students’ ability to visualise and compare biologi-
cal structures, thereby deepening their conceptual 
understanding. Furthermore, the comparing indi-
cator is also practised using the worksheet featu-
res included in the media, where students are pre-
sented with aspects of  comparison and are able to 
compare animal cells with plant cells; in addition, 
students are also asked to compare unicellular or-
ganisms with multicellular organisms. Thus, this 
media not only encourages students to memorise 
information but also fosters analytical thinking 
skills through activities involving the comparison 
of  concepts relating to an object.

Classification indicators in educational 
media are demonstrated through the systematic 
organisation of  content. In the media presentati-
on, cell organelles are grouped into those found 
only in animal cells, those found only in plant 
cells, and those found in both. Teplá et al. (2022) 
explain that the use of  3D models and anima-
tions in science learning can improve learning 
outcomes and students’ conceptual understan-
ding far more effectively than 2D images, parti-
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cularly in biology. Furthermore, the room struc-
ture within the media is organised into several 
categories, such as unicellular versus multicellu-
lar cells, and rooms for cell organelles and their 
functions. This categorisation aims to help stu-
dents understand concepts through guided visual 
classification activities, making it easier for them 
to recognise similarities and differences between 
cellular components. The classifying indicator is 
also practised through the worksheet feature in-
tegrated into the media, where students are as-
ked to group organelles based on their primary 
functions, such as synthesis, storage, transport, or 
defence. Therefore, the learning process not only 
trains the ability to recognise cell structures but 
also fosters logical and conceptual thinking skills 
in classifying biological information scientifical-
ly.. This is supported by the findings of  Arsyad & 
Syakhrani. (2024), who state that clearly structu-
red materials that provide classification exercises 
can help students learn complex concepts and st-
rengthen their understanding.

The explaining indicator refers to students’ 
ability to restate a concept in their own words 
in a logical manner and in accordance with the 
concept. The explaining indicator is practised 
through the media by ensuring that each science 
gallery contains an explanation related to the cell 
concept. Students can understand this informati-
on and explain it in their own words. The mate-
rial explanations in the media are also presented 
in the form of  educational videos that explain a 
concept within the cell topic. Students can grasp 
the information in the educational videos about 
the cell topic and express the concept in their own 
words in line with their understanding. This is in 
accordance with the statement by Tondeur et al. 
(2024), who argue that the integration of  digital 
tools into learning can create a more dynamic 
learning environment and support students’ ac-
tive engagement in constructing their own know-
ledge. The use of  digital learning spaces enables 
students to acquire information, process data, and 
communicate their understanding more indepen-
dently. This concept aligns with the STEM-based 
project approach, where the use of  digital devi-
ces helps students explore concepts, document 
learning activities, and communicate their work 
more effectively, thereby developing their ability 
to explain the material through the activity of  
creating learning content. Furthermore, through 
the integrated worksheet feature in the media, 
students are trained to explain the functions of  
the microscope parts shown. The explaining indi-
cator is also supported by a project feature within 
the platform where students explain plant or ani-

mal cells through digital content. In this project, 
they are trained not only to memorise informati-
on      but also to convey that knowledge in a way 
that demonstrates understanding using their own 
words.

During the learning process, students were 
very enthusiastic and engaged with the presen-
tation of  the 3D virtual learning media on cell-
based STEM material. Their interest stemmed 
not merely from the novelty of  the medium itself, 
but from the various features and content it con-
tained, and, most importantly, from the STEM 
activities integrated into the medium. The STEM 
activities within the science component helped 
students understand cell-related material through 
the science gallery; in this activity, students could 
access educational videos and practice questi-
ons available in the science gallery. The STEM 
activities in the technology component also help 
students understand cell material more deeply, 
as they can explore 3D cell organelles in greater 
detail, thereby facilitating an understanding of  
microscopic concepts. Students can rotate and 
view cell organelles from various angles and re-
late the structure of  cell organelles to their func-
tions. Furthermore, activities involving the ‘Cell 
Orchestra’ feature, supported by AI technology, 
help students to remember information about cell 
organelles and their functions through the ‘Cell 
Orchestra’ song. STEM activities in the engin-
eering component train students to explore cell-
related material in greater depth by designing 
animal or plant cell organelle products. STEM 
activities in the mathematics component can also 
deepen students’ understanding of  cell material, 
as they gain a deeper understanding of  the sub-
ject matter by practising calculating microscope 
magnification. Calculating microscope magnifi-
cation in the context of  cell material involves ad-
justing the microscope’s magnification to observe 
cell organelles.

In addition to the STEM activities explicit-
ly included in the media, the media also features 
project tasks that guide students to solve problems 
related to cell organelles, which are microscopic 
in nature and therefore difficult for students to 
observe and understand; consequently, a product 
is required that can visualise these cell organelles. 
In the project task, students are guided to create a 
model of  an animal cell or a plant cell, and then 
produce a short digital piece of  content to exp-
lain the function of  each organelle found in the 
animal or plant cell. Engaging in activities to cre-
ate these STEM-based products can deepen stu-
dents’ understanding of  cellular concepts. Thus, 
students do not merely understand or memorise 
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a concept, but can apply it practically by crea-
ting a product and explain it in their own words 
through the creation of  short digital content. This 
is in line with the research by Rasyid et al (2023), 
which states that the implementation of  STEM-
based project tasks can significantly improve stu-
dents’ conceptual understanding, as students are 
actively engaged in problem-solving activities and 
the creation of  real-world products relevant to the 
learning material. Furthermore, activities invol-
ving the creation of  products and digital content 
encourage students to apply concepts in a conc-
rete manner, thereby helping them to link theory 
with meaningful learning practices. Consequent-
ly, the integration of  STEM-based project tasks 
into learning materials helps students not only to 
memorise the material but also to understand and 
explain concepts in depth.

The results of  the n-gain analysis indicate 
that an n-gain value of  0.63 in the experimental 
class, which falls into the ‘moderately effective’ 
category, demonstrates that the 3D learning me-
dium for STEM-based cell material is capable of  
improving conceptual understanding more effec-
tively than the control class, which achieved an 
n-gain of  only 0.20 and was classified as ineffec-
tive. The fact that the outcomes did not reach the 
very high category for the developed medium was 
influenced by a one-week break in learning due to 
co-curricular activities, which led to a reduction 
in the continuity of  learning and concept reinfor-
cement. A sufficiently long break in learning can 
reduce knowledge retention, thereby impacting 
learning outcomes (Maceiras et al., 2025). Ne-
vertheless, STEM-based 3D learning materials 
continue to demonstrate greater effectiveness, as 
three-dimensional visualisations and the STEM 
approach help students to grasp microscopic cel-
lular concepts more quickly and thoroughly.

Another factor contributing to the subop-
timal effectiveness of  3D learning materials on 
cell-based STEM topics in enhancing conceptual 
understanding is that, when analysed based on 
students’ n-gain scores for conceptual understan-
ding, the lowest improvement was observed in 
the ‘inferring’ indicator. This is consistent with 
the weakness of  the media, where the section in-
tended to train the inferring indicator is still not 
optimal; the features in the media, particularly 
the inferring indicator section, are still not expli-
citly designed to train the inferring indicator. The-
refore, improvements were made to the media by 
adding features to train the inferring indicator, 
whereby the media was provided with a video-
triggering illustration about mitochondria, after 
which students were asked to answer questions 

in the concept reinforcement gallery by drawing 
conclusions related to the comparison table pre-
sented and answering questions in the concept 
reinforcement gallery. Further research can also 
be conducted by addressing the media’s weaknes-
ses in training the inferring indicator.

After analysing the factors contributing 
to the decline in effectiveness, the researchers 
found that the primary cause was the intermittent 
nature of  the research implementation, which 
reduced knowledge retention and consequently 
impacted learning outcomes. Furthermore, the 
extent to which students accessed various media 
outside of  the learning context also played a role. 
The researchers also assume that student charac-
teristics influence learning outcomes; therefore, 
further research is recommended on a larger scale 
to assess the effectiveness of  the learning media 
developed to enhance conceptual understanding.

The effectiveness of 3D learning media for 
STEM-based cell-related content in improving 
digital literacy

The results of  the Mann-Whitney test on 
the post-test digital literacy data showed an As-
ymp. Sig. (2-tailed) value of  0.000, suggesting 
that there is a significant difference between the 
experimental class and the control class. These 
results indicate that the use of  3D learning me-
dia for STEM-based cell-related material is more 
effective in improving students’ digital literacy 
compared to the use of  video media and work-
sheets in the control class. This means that lear-
ning using 3D media, which is visual in nature 
and allows for independent exploration, provides 
a stronger learning experience in developing digi-
tal literacy.

Table 10. Result Man Whitney U-test

Class Data 
Type

Asymp 
Sig.

Description

Control Posttest 0.000 There is a 
significant 
difference

Experiment

The N-Gain scores show that, in the analy-
sis of  digital literacy skills, the experimental class 
experienced a significant improvement following 
the implementation of  lessons using 3D learning 
materials on cells based on STEM. When the two 
N-Gain scores are compared, the experimental 
class’s N-Gain score is higher than that of  the 
control class. This implies that the 3D learning 
media based on STEM cell material is more effec-
tive in improving digital literacy skills compared 
to video media and worksheets.
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Table 11. N-Gain test for each digital literacy indicator 

Indicator Control Class Experimental Class

Average Value N-Gain 
Category

Average Value N-Gain
CategoryPretest Posttest N-Gain Pretest Posttest N-Gain

Operational 65 78 0.37 Moderate 76 90 0.58 Moderate

Thinking 65 69 0.11 Low 64 88 0.67 Moderate

Collaboration 54 60 0.13 Low 63 92 0.78 High

Awareness 67 70 0.09 Low 58 91 0.79 High

Operational indicators are assessed based 
on students’ ability to explore information via di-
gital media, their ability to use digital technology 
in learning, their ability to store information on 
digital media, and their ability to resolve digital 
technical issues. These operational indicators 
can be honed through the use of  3D cell learning 
media, where the media’s avatar feature can be 
used to explore information in the science gallery, 
whilst the media’s unique design can also train 
students to use digital technology in learning. 
The use of  digital media in learning demonstrates 
that well-designed resources can help students de-
velop technical skills and the ability to use vario-
us devices in learning (Chisunum & Nwadiokwu, 
2024). The project assignment feature, which di-
rects students to upload their work to Instagram, 
also helps them practise storing information on 
digital media. Thus, students are not only sharing 
information but also using technology as a means 
of  storing it. Furthermore, the ability to resolve 
technical issues is evident alongside the use of  
3D learning media for cell-related material. Stu-
dents do not immediately ask the teacher if  there 
is a technical error; they first attempt to resolve it 
themselves or consult their team. Only when they 
feel it is too difficult to resolve do they begin to 
ask the teacher. This aligns with Suganda (2022) 
research, which states that learning activities via 
digital media can enhance students’ ability to 
operate digital devices.

Indicators of  digital literacy thinking are 
assessed based on students’ ability to interpret 
information contained in digital media, their abi-
lity to develop digital content, and their ability to 
analyse  information contained in digital media. 
Juliana et al. (2024) state that the use of   digi-
tal learning environments can enhance students’ 
independence in seeking out and understanding 
visual information, thereby making them more 
active when exploring microscopic data. The me-
dia can be used to practise digital literacy thin-
king indicators through the appreciation features 
contained in the 3D digital media on cell mate-
rial. The 3D learning media on cell material also 

includes projects that can train students to crea-
te digital content. In addition, the digital media 
also features an instructional video on calculating 
microscope magnification; at this stage, students 
can practise analysing microscope magnification 
calculations.

The collaboration indicator in digital lite-
racy is assessed through the ability to work toget-
her in teams using digital technology, the ability 
to share information and materials via digital de-
vices, and the ability to communicate with one 
another with the aid of  digital technology. Digital 
literacy skills relating to collaboration can be sup-
ported by platforms where students can collabo-
rate in teams using digital technology; for examp-
le, platforms featuring worksheets where the links 
or worksheet features are integrated with Canva. 
This allows students to edit documents together. 
Bach & Thiel (2024) state that digital learning 
environments designed for collaboration improve 
the quality of  team interaction and task manage-
ment, thereby enabling students to work together 
more effectively online. The platform also featu-
res project assignments that encourage students 
to share information and materials via digital de-
vices, specifically by uploading them to the social 
media platform Instagram. This is in line with 
the statement by Annisa et al.(2025), who state 
that social media can support collaboration and 
information sharing among students. Further-
more, the platform also facilitates communicati-
on between students through audio and live chat 
features. The Cell Orchestra feature also supports 
students in terms of  collaboration, allowing them 
to sing songs together about cell organelles and 
their functions.

Indicators of  digital literacy awareness can 
be seen in students who demonstrate a balanced 
approach to the use of  technology, understand 
the role and benefits of  information, communica-
tion and technology, and recognise the importan-
ce of  safeguarding personal security in the digital 
world. These awareness indicators can be honed 
through the use of  3D cell-based learning mate-
rials, whereby the use of  technology for learning 
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helps students strike a better balance between 
using media for learning and for play. Following 
the introduction of  3D cell-based learning ma-
terials, students no longer use electronic devices 
such as mobile phones or laptops solely for play 
but also for learning. Consequently, learning with 
3D cell-based learning materials enables students 
to better understand the role and benefits of  infor-
mation, communication, and technology. Furt-
hermore, the ‘technology-savvy’ features within 
the media also encourage students to better un-
derstand the importance of  safeguarding perso-
nal security in the digital world. The ever-increa-
sing exposure of  personal data in the digital space 
demands the implementation of  stricter privacy 
protections to minimise the risks of  misuse and 
security threats (Herath et al., 2024).

Most students in the experimental class re-
ported that they had previously encountered va-
rious difficulties in using digital learning resour-
ces, particularly in terms of  their operation. The 
most common difficulties related to the operation 
of  digital resources, such as confusion over how 
to access certain features, technical issues when 
opening materials, and difficulties in saving or 
managing digital information. Furthermore, in 
terms of  thinking and collaboration, students ten-
ded to use digital media passively, limiting them-
selves to receiving information, and were not yet 
optimally processing information or utilising it as 
a means of  learning communication. Regarding 
awareness, the majority of  students also ackno-
wledged that they had not yet fully balanced the 
use of  technology between learning and enter-
tainment, and were still paying insufficient atten-
tion to the security of  personal data in the digital 
world.

Following the implementation of  3D vir-
tual learning media based on STEM cell material 
in the experimental class, it was found that the 
media was quite effective in improving all aspects 
of  students’ digital literacy, including operatio-
nal skills, collaboration, and awareness. Through 
the use of  3D virtual media based on STEM cell 
material, students became more proficient in ope-
rating learning technology and were able to exp-
lore cell structure and function in greater depth, 
thereby optimising the process of  analysis and 
conceptual understanding. Furthermore, STEM-
based learning activities encouraged communi-
cation and cooperation among students during 
discussions and problem-solving, which directly 
strengthened the aspect of  digital collaboration. 
Students also demonstrated increased awareness 
in using technology in a balanced and responsible 
manner, including in safeguarding personal data 

during digital learning. These findings align with 
study Govender (2025), which states that digital 
literacy is closely linked to the development of  
21st-century skills, such as critical thinking, col-
laboration, and the reflective use of  technology 
within a digital learning context.

The results of  the n-gain analysis indica-
te that the improvement in digital literacy in the 
experimental class reached 70%, falling into the 
‘moderately effective’ and ‘nearly high’ catego-
ries, whilst the control class achieved an impro-
vement of  only 18%, falling into the ineffective 
category. These results suggest that the use of  
3D virtual learning media for STEM-based cell-
related content is more effective in improving stu-
dents’ digital literacy. This is due to the inclusion 
of  digital media exploration activities and the 
creation of  short digital content in the learning 
process, which encourages students to actively 
utilise technology in accessing, processing, and 
presenting information (Thelma et al., 2024). 
Furthermore, the three-dimensional visualisation 
and interactivity of  the 3D learning media enhan-
ce student engagement in the learning process, 
thereby enabling digital literacy skills to develop 
more optimally.

This STEM-based 3D virtual learning 
resource on cell biology offers a number of  ad-
vantages that can enrich students’ learning expe-
rience. With its three-dimensional display, stu-
dents can explore the space more freely, thereby 
gaining a deeper understanding of  cell biology 
concepts. The 3D cell organelles in this resour-
ce are also available in two formats: via QR code 
scanning or in a version that can be viewed di-
rectly, allowing users to adapt their use to suit 
learning needs and conditions. Furthermore, the 
practical and portable nature of  the media allows 
students to access it at any time, providing flexi-
bility in learning across various situations. The 
engaging visualisations and interactive features 
provided help to stimulate students’ curiosity 
and motivation to study cell material. Students 
can also explore and perform various activities, 
such as rotating the 3D cell organelles, to obser-
ve them in greater detail. However, this medium 
does have a drawback, namely its reliance on an 
internet connection. In conditions where the sig-
nal is unstable, the loading process can be slow 
and hinder the smooth running of  the learning 
process. Thus, although 3D virtual media on 
cell material based on STEM offers a more en-
gaging learning experience, the availability of  an 
internet connection is a crucial factor that must 
be considered in its implementation. Alternati-
ve solutions proposed by researchers to address 
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the limitations of  digital learning media related 
to internet dependency include: (1) teachers can 
provide printed worksheets by downloading them 
via the ‘Worksheets’ feature on the platform; (2) 
rather than relying entirely on the school’s Wi-Fi, 
teachers can also provide a personal hotspot; (3) 
If  implemented in schools in remote areas where 
internet access is very limited or constrained, te-
achers can record media usage, which can then 
be saved as an offline record of  media browsing; 
thus, even without an internet connection, the 
media can still be used. Apart from the limita-
tion of  the media’s dependence on the internet, 
another limitation lies in the fact that the 3D 
representations of  cell organelles used do not yet 
reach the molecular level; however, this is not a 
significant issue as the nature of  cell-related ma-
terial at lower secondary school level is limited 
to understanding cell organelles and their func-
tions, without delving into the detailed molecu-
lar structure of  each organelle. Nevertheless, this 
could present an opportunity for further research 
to be refined, serving as inspiration for the de-
velopment of  learning materials on cell biology 
with more detailed depictions of  cell organelles 
down to the molecular level. If  implemented, this 
would enrich the learning resources for cell bio-
logy and represent an innovation in research and 
development of  cell biology materials.

CONCLUSION

3D virtual learning media for STEM-based 
cell material has a significant effect in improving 
conceptual understanding. This is indicated by 
the results of  the t-test and n-gain in the experi-
mental class, which experienced a more rapid in-
crease. Based on the results of  the n-gain interpre-
tation of  3D learning media for STEM-based cell 
material, it was stated that it was quite effective 
in improving conceptual understanding. In addi-
tion, 3D virtual learning media for STEM-based 
cell material has a significant effect in improving 
digital literacy skills. This is indicated by the re-
sults of  the man-whitney u-test and n-gain in the 
experimental class, which experienced a more ra-
pid increase. Based on the results of  the n-gain 
interpretation of  3D learning media for STEM-
based cell material, it was stated that it was quite 
effective in improving digital literacy. This study 
also has limitations where the 3D shape of  or-
ganelles does not reach the molecular level. For 
more detailed observation of  the shape of  cell 
organelles, further research can be conducted by 
developing 3D virtual learning media on cell ma-
terial with detailed depictions down to the mole-

cular level. In addition, to make the learning ex-
perience feel more real, further research can add a 
more comprehensive Virtual Reality (VR) feature 
using VR glasses so that 3D space exploration 
can be felt more realistically.
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