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Abstract: This study aims to analyze the influence of digital technology-
based integrated STEM learning models on improving students' digital 
literacy through a meta-analysis approach. Digital literacy is an essential 
competency in the era of the Industrial Revolution 4.0, and STEM learning 
that integrates digital technology is believed to be able to facilitate the 
strengthening of these skills. This study examined 20 scientific articles 
published in the period 2015–2024 and met the inclusion and 
methodological quality criteria. The analysis was carried out using JASP. 
The results of the meta-analysis showed that the digital-based STEM 
learning model had a significant influence on improving students' digital 
literacy, with an average effect size value of 0.78 which was included in the 
large category. Subanalysis based on education level indicates that the 
strongest influence occurs at the secondary education level. These findings 
imply that the development of STEM-based learning curricula and 
strategies that are integrated with digital technology needs to be 
continuously encouraged to strengthen students' readiness to face the 
challenges of the digital world. 
 
Keywords: 21st century learning; Digital literacy; Digital technology; Meta-
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Introduction  
 

21st century education faces complex challenges 
that demand fundamental transformations in the 
learning system (Asnur et al., 2024; Luciana et al., 2024; 
Zulkifli et al., 2022). Rapid technological advances have 
changed the way humans access, process, and 
distribute information. Therefore, the education system 
must be able to develop essential skills such as critical 
thinking, problem-solving, creativity, collaboration, 
and adaptability to digital change (Elfira & Santosa, 
2023; Utomo et al., 2023; Zulyusri et al., 2023). In this 

context, mastery of digital literacy is very important 
because it allows learners to think reflectively, access 
information effectively, and use technology wisely in 
daily life and future work environments (Laila & 
Asrizal, 2021; Ardianti et al., 2020). 

Digital literacy not only includes technical skills in 
using digital devices, but also includes a critical 
understanding of digital information, cybersecurity, 
digital ethics, and digital media-based communication 
(Le et al., 2022; Laila & Asrizal, 2021; Lestari et al., 
2021). In the midst of a massive and often misleading 
flow of information, learners must be equipped with 
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the skills to evaluate the credibility of sources, manage 
data, and use technology productively (Gholami & 
Salahshour, 2025). Without mastery of digital literacy, 
students will have difficulty adapting in an era marked 
by the dominance of information and technology 
(Dewanto et al., 2024; Soeswoyo et al., 2021). Therefore, 
digital literacy is an important foundation in 
supporting lifelong learning and job readiness in the 
era of the Industrial Revolution 4.0 and Society 5.0. 

Digital literacy has a strategic role in supporting 
the learning process because it allows students to 
become active, independent, and adaptive learners to 
information technology developments (Kiryakova-
Dineva & Yaneva, 2025; El Messaoudi, 2024). In a 
digital learning environment, students are required to 
be able to access, evaluate, and process information 
from various sources critically and responsibly (Joseph 
et al., 2024). This ability is essential in developing 
discovery-based and inquiry-based learning, where 
students do not only passively receive information, but 
are directly involved in the process of seeking and 
constructing knowledge (Sydorenko et al., 2024). 
Digital literacy also expands learning spaces beyond 
the boundaries of conventional classrooms, enables 
global interaction, and facilitates collaboration across 
cultures and disciplines. 

In addition to supporting learning, digital literacy 
is also the foundation for the development of students' 
creativity and problem-solving skills (Rahmi et al., 
2024; Ilić et al., 2024). Digital technology provides a 
variety of tools and platforms that students can use to 
express ideas, create digital products, and solve 
challenges innovatively. For example, the use of design 
applications, scientific simulations, and programming 
software allows students to think creatively and 
experimentally (Redhana et al., 2024; Net et al., 2024). 
With the mastery of digital literacy, students are not 
only able to use technology as a tool, but also as a 
medium for critical thinking and collaborative complex 
problem-solving. This makes digital literacy a key 
competency in preparing a generation that is able to 
actively contribute to a knowledge- and technology-
based society. 

The integration of digital technology in the 
learning process is an urgent need in facing the 
dynamics of the 21st century education world (Lachner 
et al., 2024; Coker et al., 2024). Digital technology not 
only functions as a medium to help learning, but also as 
a catalyst for changing the learning paradigm from 
teacher-centered to student-centered. The use of digital 
devices, such as Learning Management Systems (LMS), 
interactive learning applications, and cloud-based 
collaborative platforms, has been shown to increase 
student engagement, expand access to learning 
resources, and enable learning personalization (Bulut et 

al., 2023; Amin et al., 2023). This integration also 
accelerates the transition to a competency-based 
learning model, where students are required to not 
only master the material, but also be able to apply it in 
real-world contexts through technology. 

Furthermore, the integration of digital technology 
in learning is a strategic means to develop students' 
digital skills, including the ability to search, evaluate, 
manage, and create digital information. In this context, 
digital skills are no longer just an add-on, but an 
essential component in the modern curriculum 
(Angraini et al., 2023). This integration process also 
forms students who are digitally literate, adaptive to 
technological developments, and ready to compete in a 
work environment based on information and 
technology (Castañeda & Villar-Onrubia, 2023; Miliou 
& Angeli, 2023). Without systematic integration of 
technology, educational institutions will experience a 
gap between educational output and the demands of 
the industrial world and the digital society. Therefore, 
this urgency requires educational institutions, teachers, 
and policy makers to redesign pedagogical approaches 
by adopting digital technology in a sustainable and 
reflective manner (Siiman et al., 2014; Widiyatmoko et 
al., 2025). 

STEM (Science, Technology, Engineering, and 
Mathematics)-based learning approaches play a critical 
role in equipping learners with essential 21st-century 
skills, such as critical thinking, creativity, collaboration, 
and innovative problem-solving skills. In a global era 
characterized by the complexity of real problems and 
the acceleration of technological development, 
conventional learning that is separate between 
disciplines is no longer considered adequate (Ismail, 
2025). The STEM model encourages cross-disciplinary 
integration through contextual and problem-based 
approaches, where students learn not only to 
understand theoretical concepts, but also to apply them 
in designing solutions to real-life problems. Thus, 
STEM learning forms students who are adaptive, 
technologically skilled, and ready to face the challenges 
of the Industrial Revolution 4.0 and Society 5.0 era 
(Lestari & Rahmawati, 2020; Indriani et al., 2024). 

Furthermore, STEM-based learning provides 
opportunities for students to develop 21st-century 
skills through technology-based exploration, 
experimentation, and collaborative projects. This 
approach fosters curiosity and love for science and 
technology, while strengthening digital literacy and 
numeracy (Suswandari, 2023). In practice, STEM 
learning emphasizes the process of scientific thinking 
and engineering design as pedagogical strategies that 
allow students to produce real and innovative products 
(Santosa et al., 2020; Santosa & Sepriyani, 2020; Santosa 
& Sudirman, 2023). This is very relevant in the context 
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of modern education which not only aims to transfer 
knowledge, but also produce a generation of problem 
solvers and creators who are globally competitive. 

Research by Sahin & Öztürk (2019) examined the 
influence of integrating STEM with interactive digital 
media on high school students' 21st century skills, 
including digital literacy, and found that students 
engaged in digital project-based STEM learning 
showed significant improvements in the ability to use 
technology to solve problems and communicate ideas 
(Muzana et al., 2021). Similarly, research by Saleh et al. 
(2025) shows that the use of digital technology in STEM 
learning is able to encourage students to be more active 
in data exploration, information-based decision-
making, and the development of digital products that 
reflect cross-disciplinary understanding. Another study 
by Özdemir et al. (2021) also confirms that STEM 
learning models integrated with digital platforms such 
as virtual simulation, coding, and robotics make a 
positive contribution to improving the digital literacy 
of primary and secondary school students. 

Various previous studies have examined the 
effectiveness of digital technology-based STEM 
learning models in improving students' digital literacy, 
but the results still show significant variations. Several 
studies have found that the integration of STEM and 
digital technology can consistently improve students' 
ability to access, evaluate, and create digital content 
critically and creatively. However, other studies report 
that such effectiveness depends on a number of 
contextual factors, such as the readiness of the 
technological infrastructure, the competence of teachers 
in integrating STEM approaches, and the background 
and initial abilities of the students. This condition 
creates inconsistencies in the general conclusions 
regarding the extent to which this approach is effective 
in improving students' digital literacy (Lestari et al., 
2021). 

In addition, differences in methodological design 
in previous studies also affected the variation in results. 
Differences in the type of STEM model used (e.g. 
integrative vs. multidisciplinary), duration of 
intervention, respondents' level of education 
(elementary, junior high, or high school), and measured 
digital literacy indicators led to disparities in empirical 
findings. Some studies are also limited in sample scale 
or do not use robust experimental designs, making the 
results difficult to generalize. Therefore, a systematic 
and objective synthesis is needed through meta-
analysis methods to identify common patterns and 
measure the strength of the influence of digital 
technology-based STEM learning approaches on 
students' digital literacy in a more comprehensive and 
evidence-based manner. 
 

Method  
 
Research Design 

This study uses a quantitative approach with a 
meta-analysis method to synthesize and statistically 
analyze the results of previous research related to the 
influence of digital technology-based STEM learning 
models on improving students' digital literacy. Meta-
analysis was chosen because it was able to provide a 
more accurate estimate of effect size through the 
combination of results from various empirical studies. 
This study refers to a systematic procedure developed 
by Glass (1976) and adjusted to the guidelines of 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA). 
 
Literature Searching 

The literature collection in this study was carried 
out systematically by referring to the PRISMA protocol 
(Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses) to ensure validity and transparency in 
the selection of studies. The literature search process is 
carried out through a number of reputable electronic 
databases, such as Scopus, Web of Science, ERIC, 
ScienceDirect, Google Scholar, and DOAJ. The search 
uses a combination of keywords relevant to the 
research topic, including: "STEM learning", "digital 
technology", "digital literacy", "integrated STEM", and 
"students' digital competence", with Boolean operators 
such as AND and OR to expand the scope of the search. 
The publication time range is limited between 2015 to 
2024, to guarantee the novelty and relevance of the 
results of the analyzed research. In addition, only 
articles available in full-text form and written in 
English or Indonesian were considered in this study. 
From the results of the data search, 20 relevant studies 
were obtained. 
 
Inclusion Criteria 

In conducting the study selection, inclusion criteria 
are used, namely empirical research that tests the 
influence of digital technology-based STEM learning 
models on students' digital literacy, studies that use 
experimental or quasi-experimental quantitative design 
(e.g. pretest-posttest control group design), studies 
published in the 2015–2024 time frame, articles 
available in English or Indonesian and articles 
published in accredited journals or scientific 
proceedings which can be accessed in full-text. 
 
Data Analysis 

Data analysis was carried out using JASP software. 
Effect measures were calculated using the Standardized 
Mean Difference (SMD), specifically Cohen's d, to 
measure the strength of the intervention's influence. 
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Cohen's interpretation of d's value refers to the 
categories: small (0.2), medium (0.5), and large (0.8). In 
addition, a heterogeneity test was conducted using Q 
and I² statistics to determine the extent of variation 
between studies due to differences in study 
characteristics, not random errors. Subgroup analysis is 
also carried out based on the level of education and the 
type of digital technology used. Potential publication 
bias is analyzed using a plot funnel and Egger's 
regression test. . The classification of the effect size 
value is g = 0.2 (small effect), g = 0.5 (medium effect), g 
= 0.8 (large effect), g = 1.2 (very large effect) 
(Sawilowsky, 2009). 
 

Result and Discussion 
 

Based on the results of data search through the 
database, 20 studies/articles met the inclusion criteria. 
The effect size and error standard can be seen in Table 
1. 
 
Table 1. Effect size dan standard error 
Journal 
Code 

Education Level Standard Error Effect size(g) 

AL 1 Elementary 0.35 0.91 

AL 2 Secondary School 0.27 1.02 

AL 3 Secondary School 0.22 0.73 

AL 4 University 0.19 0.35 

AL 5 University 0.33 1.03 

AL 6 Secondary School 0.18 0.56 

AL 7 University 0.37 1.56 

AL 8 University 0.20 0.66 

AL 9 Secondary School 0.15 0.44 

AL 10 University 0.30 0.75 

AL 11 Secondary School 0.26 1.80 

AL 12 University 0.22 1.20 

AL 13 Secondary School 0.19 0.49 

AL 14 Elementary 0.29 0.88 

AL 15 Secondary School 0.33 1.82 

AL 16 University 0.40 2.45 

AL 17 Secondary School 0.27 0.95 

AL 18 Secondary School 0.21 0.67 

AL 19 Secondary School 0.27 0.58 

AL 20 University 0.16 0.33 

 
Based on Table 1, the effect size value of the 20 

studies ranged from 0.33 to 2.45. According to 
Borenstein et al. (2007) of the 20 effect sizes, 10 studies 
ad medium criteria effect sizes and 10 studies  had high 
criteria effect size values. Based on the results of the 
data test based on JASP outputs, the following results 
were obtained: 
Heterogeneity Test 

Furthermore, analyze the heterogeneity test of the 
ten analyzed studies which can be seen in Table 2. 
 

Table 2. Residual Heterogeneity test 
Qc df P 

75.863 19 < 0.001 
 

Based on Table 2, the results of the heterogeneity 
test analysis showed that 20 researchers had a 
heterogeneous distribution (QC = 75.863; P < 0.001). 
With this, random effect size is effective to estimate the 
average effect size of the 10 studies analyzed. The 
results of the digital-based STEM learning model had a 
significant influence on improving students' digital 
literacy. 
 

Hypothesis Test 
Next, calculate the p-value to test the hypothesis 

through the random effect model. The results of the 
summary effect model analysis with the random effect 
model can be seen in Table 3. 
 

Table 3. Pooled effect size test 
Estimate Standard error t df P 

0.904 0.119 7.617 19 < 0.001 
 

Table 3, the results of the analysis of the average 
value of effect size with the random effect model 
showed that there was a positive the digital-based 
STEM learning model had a significant influence on 
improving students' digital literacy (t = 7.617; p < 
0.001). 
 
Publication Bias 

Checking publication bias through funnel plot 
analysis and Rosenthal fail safe N (FSN) test (Tamur et 
al., 2020; Hukom, 2023; Ichsan et al., 2023; Borenstein et 
al., 2007). The results of checking publication bias with 
funnel plot can be seen in Figure 1. 
 

 
 

Figure 1. Funnel plot 
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Based on Figure 1, the analysis of the funnel plot is 
not yet known whether it is symmetrical or 
asymmetrical, so it is necessary to conduct a Egger’s 
test. The results of the Egger’s  test  calculation can be 
seen in Table 4. 

Based on Table 4, the Z value is 2.419  and the p-
value is 0.178 more than the sig value. 0.05 means that 

there is no publication bias in this study. Next, the 
forest plot analysis can be seen in Figure 2. 
 
Table 4. Egger’s test 
 z p 

Sei  2.419 0.178 

 

 

 
 

Figure 2. Forest plot 

 
Based on the forest plot analysis, it can be observed 

that the analyzed articles have values that vary 
between 0.33 to 2.45 with a summary effect size value 
of 0.692. This finding explains that the digital-based 
STEM learning model had a significant influence on 
improving students' digital literacy  in the high 
category. These findings confirm that learning 
approaches that combine science, technology, 
engineering, and mathematics in an integrative and 
digital-based manner are able to improve students' 
skills in using technology to access, evaluate, and create 
information critically and productively. This is in line 
with the results of research by Chai et al. (2020) which 
show that the integration of technology in STEM 
learning not only improves conceptual knowledge, but 
also strengthens students' digital skills in facing the 
challenges of the 21st century (Dewi & Kamaludin, 
2022; Helmi et al., 2023). 

These findings also corroborate that digital 
technology serves as a catalyst in STEM-based learning 
(Lachner et al., 2024). The use of simulation software, 
collaborative learning platforms, and programming 
apps allows students to explore STEM concepts in a 
more in-depth and meaningful way (Siiman et al., 
2014). Thus, students become not only users of 
technology, but also reflective and innovative digital 
content creators. This condition is very important in 

building digital literacy as a basic competency needed 
in the increasingly digitized world of work and social 
life. Sub analysis based on education level shows that 
the influence of this model is strongest at  the 
secondary school level, compared to the elementary or 
tertiary level. This can be due to the cognitive and 
affective readiness of secondary school students who 
are more mature in using and understanding digital 
technology devices in a complex way, as well as the 
encouragement of a more explicit curriculum towards 
mastery of ICT skills and critical thinking 
(Widiyatmoko et al., 2025; Indriani et al., 2024). A study 
by Özdemir et al. (2021) also supports these findings, 
stating that high school students engaged in digital-
based STEM projects show rapid progress in digital 
literacy and online collaboration skills. 

However, the level of effectiveness is also 
influenced by the context of implementation, such as 
the readiness of school infrastructure, teacher training 
in implementing technology-based STEM learning, and 
school policy support. Several studies involved in this 
analysis show that technical constraints and lack of 
teacher competence in digital technology are factors 
that hinder the achievement of maximum results 
(Suswandari, 2023; Morachat & Seechaliao, 2024). 
Therefore, continuous training for teachers as well as 
explicit curriculum integration on digital literacy are 
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needed to ensure the effective implementation of this 
learning model. 

Overall, the results of this study reinforce the 
importance of integrating STEM and digital technology 
in designing learning strategies that not only transmit 
knowledge, but also form students who are able to 
think critically, creatively, and digitally literate 
(Morachat & Seechaliao, 2024; Zainil et al., 2023). The 
practical implications of these findings are the need to 
develop education policies that support the widespread 
adoption of digital STEM models, teacher capacity 
building, and the provision of technology-based 
learning facilities (Swandana et al., 2023). In the long 
term, strengthening digital literacy through STEM 
learning will be an important foundation in preparing 
the younger generation to face the challenges of the 
Industrial Revolution 4.0 and technology-based society. 
 

Conclusion  
 

Based on the results of this study, it can be 
concluded that the digital-based STEM learning model 
has a significant influence on improving students' 
digital literacy, with an average effect size value of 
0.904 which is included in the large category. Sub 
analysis based on education level indicates that the 
strongest influence occurs at the secondary education 
level. These findings imply that the development of 
STEM-based learning curricula and strategies that are 
integrated with digital technology needs to be 
continuously encouraged to strengthen students' 
readiness to face the challenges of the digital world. 
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