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To better understand the latest developments in global science, technology, 

engineering, and mathematics (STEM) education research, this study collected 

STEM education research materials to sort out the development of STEM 

education as a whole, so as to get a clearer path and trend of STEM education 

development. This study conducted a visualization and quantitative analysis 

of the literature on STEM education research in Science Citation Index 

Extended (SCI-E) and Social Science Citation Index (SSCI) using the CiteSpace 

(5.8.R3) tool. First, the basic information of STEM education was analyzed 

in terms of annual publication volume, authors, countries, and research 

institutions. Secondly, the main fields, basic contents and research hotspots 

of this research were analyzed by keyword co-occurrence and keyword time 

zone mapping. Finally, the research frontiers and development trends are 

presented through co-citation clustering and high-frequency keyword bursts. 

The research hotspots are focused on engineering education, teachers’ 

professional development, and gender differences. The research frontiers 

are mainly related to teacher professional development, 21st century skills, 

early childhood creativity, and gender differences. This study systematically 

analyzes the latest developments in global STEM education research, which 

is beneficial for readers to understand the full picture of STEM education 

research so that researchers can conduct more in-depth studies and promote 

better development of STEM education. The number of analyzed literature 

is limited. We only analyzed articles from SSCI and SCI-E databases, and the 

articles were written in English. In addition, we only analyzed the literature and 

lacked empirical studies on the findings of the literature.
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1. Introduction

The impact of the fourth industrial revolution has led to 
significant changes in the way people learn. Traditional single-
field education and targeted education oriented to productive 
work can no longer meet social needs. The current education 
system is based on department instruction, which is not suitable 
for developing students’ creativity and ability to solve practical 
problems. Science, technology, engineering, and mathematics 
(STEM) education originated in the United States (US) and is 
short for the initials of four disciplines: Science, Technology, 
Engineering, and Mathematics (Marginson et al., 2013), focusing 
on the cross-fertilization of multiple disciplines, but not simply 
superimposing the four disciplines, but forming an organic whole. 
In the 21st century, where information technology is developing 
rapidly, people are increasingly concerned about the development 
of science and technology, and the STEM education concept is 
known as the theoretical basis and practical means of technological 
innovation. STEM education is an organic whole driven by the 
task of solving practical problems, enabling students to apply and 
acquire knowledge in practice and develop problem-solving skills 
and innovative thinking (Barrett et al., 2014). STEM education, as 
a comprehensive and innovative talent cultivation model, has 
received widespread attention from the international education 
community, has been widely implemented in the global education 
field, and has also achieved remarkable results. STEM education 
is also related to future talent development and national 
competitiveness. In response to the challenge of the lack of 
innovative talent, the United  States has pioneered STEM 
education. Since STEM education became a national development 
strategy in the United States, there has been a wave of reform in 
STEM education around the world. STEM education has become 
an important way for countries to develop science and technology 
innovation and talent training. As the country where STEM 
education originated, the National Science Board (NSB) adopted 
the Undergraduate Science Mathematics and Engineering 
Education, also known as the Neal panel’s report, in 1986 (Shapley, 
2000). This is the first policy document on STEM education in the 
US and became the beginning of the development of STEM 
education. Since then, in the development of STEM education, the 
United States government has enacted a series of laws and policies 
to ensure the implementation of STEM education. STEM 
education has also gained great attention in China as a new 
educational paradigm for a new era. At the beginning of the 21st 
century, theoretical research on STEM education began in China. 
Since 2015, STEM education in China has entered a phase of rapid 
development. China has not only proposed relevant policies to 
elevate STEM education to the level of national strategy, but also 
made rapid progress in terms of practice and theoretical research 
(Min et al., 2020). This is also the case in other developed countries 
such as the United Kingdom and Australia, which have made the 
development of STEM education and the cultivation of innovative 
talents a strategic national goal (Irwanto et al., 2022). At present, 
national researchers in STEM education are still exploring the 

development path of the concept integration of STEM education, 
further interpreting the connotation of STEM education, and 
pointing out the direction for the global cultivation of high-level 
talents in the new era (Bo, 2022).

In terms of education policies, countries around the world 
provide strong guarantees for the development of STEM 
education. The United States pioneered STEM education in the 
Neal panel’s report issued in 1986 in order to cultivate innovative 
talents and improve the country’s competitiveness. Since the 
introduction of STEM education in the United  States, STEM 
education has become the focus of education reform in various 
countries as a change in the way of education. As a leader in STEM 
education, the United States has enacted a series of policies on 
STEM education, providing institutional guidance and financial 
security for the development of STEM education. For example, to 
promote the development of STEM education, the United States 
Senate enacted the America Creating Opportunities to Meaningfully 
Promote Excellence in Technology, Education, and Science Act (also 
known as the America COMPETES Act) on August 2, 2007, which 
clearly stipulates STEM teacher training, financial security, and 
other issues, and has become the leading document to promote 
the rapid development of STEM education (Stine, 2009). After 
more than 30 years of practical exploration, to achieve high-
quality and more equitable development of STEM education, the 
National Science and Technology Council released Charting a 
Course for Success: America’s Strategy for STEM Education in 
December 2018, known as the “STEM-Education-Strategic-Plan” 
(Li and Schoenfeld, 2019). The plan lays out a vision for the 
development of STEM education in the United States over the 
next 5 years and a path to achieve it. Finland is an innovative 
country, and the LUMA (LUMA is the Finnish word for STEM) 
program was introduced in the 1990s with the goal of “STEM for 
all” to strengthen STEM education practices and enhance students’ 
interest in STEM education (Vihma and Aksela, 2014). The 
United  Kingdom formally included STEM education in 
government documents in 2002, and in January 2017 the 
government issued the Building Our Industrial Strategy: Green 
Paper, which identified technical education as central to the 
development of modern industry in the United Kingdom, as well 
as the need to address the shortage of STEM skills (Parsons, 2002; 
Allwood and Skelton, 2017). The Dresden Resolution of 2008, 
entitled “Progress through Education - The German Qualification 
Plan,” confirmed the importance of MINT (MINT is the German 
acronym for Mathematics, Information Technology, Natural 
Sciences, Technology.) education and made it an important goal 
for educational development (Blättel-Mink, 2009). Australia 
enacted the STEM in the National Interest Strategy in 2013, which 
for the first time proposed the development of STEM education at 
a national level and set targets for the development of STEM 
education in Australia from 2013 to 2025 (Corbett, 2014). China 
released the China STEM Education: White Paper on June 20, 
2017, proposing the “China STEM 2029 Plan” (Su, 2017). The 
White Paper summarizes the effectiveness and problems of STEM 
education implementation in China and sets out the goals to 

https://doi.org/10.3389/fpsyg.2022.1094959
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Yang et al. 10.3389/fpsyg.2022.1094959

Frontiers in Psychology 03 frontiersin.org

be achieved by 2029 for STEM education in China. The release of 
the white paper has pointed out the direction for the development 
of STEM education in China, and these documents have provided 
policy assurance for the development of STEM education.

With the advent of the information age and knowledge 
economy era, the ability to innovate in science and technology has 
increasingly become a key element of the core competitiveness of 
countries around the world. As an educational model for 
cultivating innovative talents, STEM education has received 
attention and importance worldwide, and more and more 
countries have invested in the reform of STEM education. The 
importance of STEM education is reflected in the fact that 
countries such as the United States, Australia, Germany, Finland, 
China, and United Kingdom have all introduced corresponding 
policies to support the development of STEM education. For 
example, on January 31, 2006, the United  States government 
released the America COMPETES Act, which sets out the 
ambitious goal of leading the world with innovation, aiming to 
enhance the United  States competitiveness and innovation 
capacity on a global scale by strengthening investment in the field 
of science and technology (Gonzalez, 2015). On October 30, 2007, 
when the Soviet Union was celebrating the 50th anniversary of the 
successful launch of the first artificial satellite, to reflect on the 
threat of 50 years ago, the National Science Board again issued the 
report National Action Plan: Emergency Notice to Address the 
United  States STEM Education System to warn that the 
United States must enhance the creativity of its citizens to make 
STEM education grow smoothly (Augustine, 2007). In order to 
promote sustainable and stable economic development and to 
cope with the shortage of highly skilled personnel, the German 
federal government, together with the United  States, has put 
forward initiatives to promote talent development in MINT 
education and to initiate MINT education programs at all levels 
of schooling and education through curriculum reform and new 
standards at the basic education level (Blättel-Mink, 2009). In 
November 2013, Finland established the LUMA National Center, 
which became an important symbol of the development of STEM 
education. The LUMA program is based on the principle of share 
and majors, it serves children and adolescents aged 3–19 years old 
by tailoring STEM learning and educational activities outside of 
school as a way to promote STEM education research and teacher 
development (Aksela, 2015). The Australian Federal and 
United States signed the National Strategy for STEM Schooling 
(2016–2026) with Territory Education Ministers at the Australian 
Education Commission meeting in December 2015, which aims 
to ensure that Australian students have the STEM-related 
knowledge and skills needed to succeed in a rapidly changing 
society of the future (Murphy et al., 2019). On June 7, 2016, China 
promoted the reform of educational modernization and 
informatization to advance comprehensive socio-economic 
development. The Ministry of Education has issued the 13th Five-
Year Plan for Education Informatization, which is another national 
policy document for the development of STEM education after the 
Ministry of Education’s Draft for Comments. The paper emphasizes 

interdisciplinary learning, especially to enhance students’ 
information literacy and innovation skills with the help of STEM 
education (Kennedy and Johnson, 2016). The United Kingdom 
believes that a major constraint on the country’s development at 
present is the lack of people with STEM skills and that the root 
cause is STEM education. Therefore, the United Kingdom has 
elevated STEM education to a strategic level for future national 
development (Smith, 2010). The above documents provide 
effective pathways and measures for the development of STEM 
education in a more systematic way.

STEM has not only attracted sufficient attention at theoretical 
and policy levels but also at practical level, where STEM 
education has been explored extensively. Developed countries 
such as the United States, Australia, Canada, and United Kingdom 
have emphasized the importance of having more people with 
high-level STEM skills (Aslam et  al., 2018; Sharma and 
Yarlagadda, 2018; Irwanto et al., 2022), and each country has 
taken measures to support the development of STEM education. 
For example, STEM education is delivered by the 
United  Kingdom public in the form of STEM activities in 
communities, museums, and informal science centers to 
encourage students to participate in STEM (Aslam et al., 2018). 
The America Creating Opportunities to Meaningfully Promote 
Excellence in Technology, Education, and Science Act, passed by 
the 110th Congress from January 2007 to January 2009, 
established several new programs. To enhance the teaching of the 
K-12, a Center of Excellence was established in each National 
Laboratory region. This center relies on the national labs and 
associated partner universities to promote summer institutes to 
improve teacher knowledge and proficiency. To foster interest in 
STEIM education, increase opportunities for young people to 
pursue STEIM careers, and give more students hands-on 
experience in STEM, the United States announced the start of 
“National Lab Week,” according to the United  States White 
official website on February 28, 2016. During the first National 
Lab Week, more than 50 world-class federal laboratories in more 
than 20 cities were open to students. At the same time, the 
government was encouraging schools, libraries, and other 
community groups to organize similar events to provide more 
opportunities for students to experience STEM practices. 
According to a September 11, 2016 report on the Washington 
Post website, computer chipmaker Qualcomm has partnered with 
Virginia Tech to invest in the creation of Thinkabit lab. Located 
at the Northern Virginia Campus in Falls Church, the lab focuses 
on STEM classes. In addition, Qualcomm started the first 
Thinkabit Lab in San Diego a year and a half ago, serving 800 
students from four other regions. Virginia Tech’s Thinkabit Lab 
was the first lab not located in California, and the lab was free 
and open to clubs (such as Girl Scouts) and all school districts in 
the Washington, DC area. The Helmholtz Association of German 
Research Centers is the largest scientific research group in 
Germany and has established 32 campus STEM labs for primary 
and secondary school students. Students can participate in 
campus labs in a variety of ways, from short theoretical sessions 
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and hands-on experiments to ongoing research on their own or 
in their research teams over a longer period (from 1 week to 
2 years). In China, many influential STEM education institutions 
and organizations have also emerged in society, such as Shanghai 
STEM Cloud Center, China STEM Education Collaborative 
Alliance (Su, 2017). Shanghai established the STEM Cloud Center 
in 2014 and then opened a STEM Science and Technology 
Museum in 2015 (Ruifang, 2017). In 2016, the China STEM 
Education Collaborative Alliance parsed STEM practice issues for 
participants from three dimensions: STEM curriculum design, 
STEM curriculum teaching implementation, and STEM teaching 
assessment (Ying, 2021). Jiangsu will pilot the first STEM 
education programs in 26 schools, and there will be more and 
more STEM programs on primary and secondary school 
campuses (Xiuling et  al., 2017). In 2018, the Shanxi STEM 
Education Collaborative Innovation Center was established in 
Xi’an, and five schools in the province, including Xi’an High-Tech 
International School, were awarded STEM education pilot 
schools. East China Normal University, as an important base for 
teacher training in China, actively introduces the concept of 
STEM education and builds STEM labs. Taking the solution of 
water quality judgment engineering project as the guide and 
virtual simulation experiment as the carrier, students are guided 
to use the interdisciplinary knowledge of geography, physics, 
mathematics, and computer to develop intensive water quality 
optical comprehensive measurement virtual simulation 
experiment. The China STEM Education Collaborative Alliance 
advocates “A-STEM,” i.e., “humanities-led interdisciplinary 
education.” Since its establishment, the Alliance has held the 
annual Science and Innovation Education Festival, public service 
academic seminars and science teacher training, etc. It has also 
established experimental schools, model schools, and base 
schools throughout China.

STEM has been developed for more than 20 years, and has 
made great strides in both policy and theory, as well as in 
technology and practice, and has also accumulated a wealth of 
experience, providing an effective way to cultivate innovative and 
complex talents, while also providing a new breakthrough to the 
traditional education model. There is a wealth of material available 
on the study of STEM education, covering all aspects of STEM 
education development. Although there are some studies on the 
overall discourse and comprehensive review of STEM education, 
we cannot yet clearly see the path and trend of STEM education 
development in these studies. Therefore, by collecting rich 
materials of STEM research, this study tries to sort out the 
development of STEM education as a whole and tries to get a 
clearer path and trend of STEM education development. 
Therefore, this study will focus on the following three 
research questions:

 1. What is the basic distribution of STEM education research, 
such as authors, countries, institutions, etc.?

 2. What are the hot directions of STEM education research?
 3. What are the trends in STEM education research?

2. Materials and methods

2.1. Data collection

Based on the WoS core collection platform, the SCI-E and SSCI 
databases were selected as data sources. The first article on STEM 
Education was recorded in April 2004. In order to minimize the 
omission of important basic research from earlier years, the data 
search was set to cover the period from April 2004 to April 17, 2022. 
A search on the topic of “STEM Education” or “STEAM Education” 
yielded a total of 1,420 relevant articles. This study extracts the year 
of publication, title, author’s country, author institution, abstract, 
keywords, citation frequency, and other information of each 
literature to analyze the research hotspots and development trends.

2.2. Analytical methods

2.2.1. CiteSpace and setting
The data statistics and analysis tools used in this paper are 

mainly CiteSpace (5.8.R3) application software, which is a 
multivariate, time-sharing, and dynamic information visualization 
software developed and designed by Professor Chen Chaomei of 
Drexel University in the United States (Chen, 2006). The software 
is mainly used to study the research hotspots and frontiers in a 
certain field through high-frequency keywords, emergent 
terminology, and co-occurrence analysis of keywords in the 
literature, which can be used to analyze and predict the hotspots, 
evolutionary development history, and research frontiers and 
trends in the discipline. The selected 1,420 documents were 
imported into the CiteSpace application, with Time Slicing set to 
“April 2004–May 2022,” Years Per Slice set to 1 year, and the rest of 
the options set by default in the software.

The graph is mainly presented in the form of nodes and lines, 
with N denoting the number of network nodes and E denoting the 
number of network lines. The size of the nodes reflects the 
frequency of relevant data references or occurrences, the lines 
indicate the relationships between the nodes, and the thickness of 
the lines between the nodes reflects the strength of the connections 
between the data, which are not fully presented in the figure due 
to clarity and visualization (Wu et al., 2019). Aggregation effects 
are measured in terms of modularity and silhouettes. The value of 
Q represents the degree of modularity, and the value range of Q is 
generally [0,1], the larger the value, the better the clustering effect, 
if Q > 0.3, it indicates that the delineated clustering structure is 
significant. The network homogeneity evaluation index Silhouette 
(S), S ≥ 0.5 means that the result of clustering is reasonable, and as 
the value of S is closer to 1, it reflects the higher homogeneity of 
the network. Density indicates the network density (Liu 
et al., 2018).

2.2.2. Paths of analysis
In order to comprehensively analyze the status and 

development trend of STEM education research, and based on the 
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characteristics of CiteSpace, this study mainly analyzes its path 
from the following three aspects:

 1. Basic information analysis of STEM education. This allows 
us to get an overview of STEM education in general, 
including the number of publications, authors, countries, 
institutions, etc.

 2. Analysis of research hotspots in STEM education. The 
co-occurrence mapping of keywords and the time zone 
map are analyzed, which let us understand the main areas, 
basic contents, and research hotspots of STEM education 
research since 2004.

 3. Analysis of research frontiers and trends in STEM 
education. A research frontier consists of a set of co-cited 
core papers and a group of current source papers that cite 
one or more of these core papers (Upham and Small, 2010). 
The co-cited references were clustered and analyzed, and 
the references that were cited more frequently were selected 
based on these clusters, and these articles were read closely 
to understand the current research frontiers in STEM 
education. Burst-detection algorithms are used to identify 
burst keywords regardless of the frequency with which 
their host articles are cited (Chen et al., 2012). Burstness 
refers to the intensity of the sudden appearance or 
disappearance of research subject keywords in a certain 
research field within a certain period, and some extent 
represents the direction of transformation of a certain 
research trend (Zhang et al., 2020). Based on the observed 
sudden changes of keywords in different periods, the 
trending research themes in different periods can 
be inferred.

3. Results analytical

3.1. Analysis of basic information on 
science, technology, engineering, and 
mathematics education

3.1.1. Annual distribution of publications
Counting the number of academic papers or academic 

journals in a field and analyzing them provides insight into the 
development of the field. The trends in the volume of literature 
show the changing trends in academic attention to research topics 
within a certain time frame (Zhang et al., 2020). According to the 
search results, 1,420 papers on STEM education were published 
from April 2004 to April 17, 2022, and the annual changes are 
shown in Figure 1.

According to the changes in the number of papers published, 
they can be divided into three stages of development, namely the 
budding stage, the slow development stage, and the rapid 
development stage. In the first stage (2004–2010), the budding 
stage, STEM education research was just starting, and the number 

of published papers were relatively small, averaging 2 papers per 
year. In the second phase (2011–2018), STEM education research 
developed slowly, with an incremental trend in the number of 
publications per year, and several research results emerged during 
this phase, with an average of 53 publications per year. The third 
phase (April 17, 2019–2022) is the rapid development phase, 
STEM education research is developing rapidly, the number of 
literatures increased by 69  in 2019, many research results are 
emerging in this phase, and the research results are more 
abundant. During the 3 years 2019–2021, the average number of 
publications per year is 217. Based on the fitting of Figure 1 for the 
period 2004–2022, it can be predicted that the number of articles 
will reach about 350 in 2022. This increasing trend year by year 
means that STEM education is attracting the attention of more 
and more scholars.

3.1.2. Authors collaboration network map 
analysis

The authors’ collaborative knowledge map reveals the main 
research forces in a given field (Gazni et al., 2012). Figure 2 shows 
the academic collaborations among authors engaged in STEM 
education research. As can be  seen from the figure, there is a 
tendency for small author collaborations, with authors forming 
several academic research teams. There are 400 nodes and 243 lines 
connecting the nodes in the graph, indicating that between 2004 and 
April 17, 2022, there are more authors studying STEM education, but 
less collaboration between authors. Four research teams are working 
closely together on STEM education, among which two teams, 
CHING SING CHAI and WANLI XING, have published an equal 
number of articles and the most. The second-highest number of 
publications is by a research team with MARY BESTERFIELDSACRE 
as the core research team, and the third-ranked research team is 
centered on CHARLES HENDERSON. The field of STEM education 
research is characterized by low collaboration among authors 
(Density = 0.003) and few core authors in the field, with only eight 
authors have published more than two articles. Among them, 
FENGKUANG CHIANG is the most published person with six 
articles indexed in SCI-E and SSCI databases.

3.1.3. The country of origin of the article
To understand the distribution of countries of origin of articles 

on STEM education, we obtained a network mapping based on 
author countries/regions through CiteSpace (Figure 3). The mapping 
shows 77 nodes and 153 lines connecting the nodes. A node 
represents a country/region, and the size of the node indicates the 
number of articles issued in that country/region. A line is created 
when two countries/regions have a cooperative relationship, and the 
thickness of the line reflects the closeness of the cooperation between 
the countries/regions (Tang et al., 2018). The number of nodes and 
lines in the graph reveals a relatively strong academic collaboration 
link between countries/regions of STEM education research 
(Density = 0.05). Table 1 shows the top 17 countries with the most 
published papers. In terms of the number of published papers, the 
main academic contributions come mainly from the United States, 
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China, Australia, Taiwan, and Spain. In terms of the distribution of 
publications in the top 5 most productive countries, 632 came from 
the United States, followed by 70 from mainland China, 60 from 
Australia, 46 from Taiwan, China, and 45 from Spain. From the 
above data, it can be seen that American scholars have published the 
most articles, nine times more than second-ranked China. The 
United  States alliances and organizations in STEM education 
research, as well as the formulation and promulgation of some 
policies, are of great significance to the research and development of 
STEM education and have been widely borrowed by other countries.

3.1.4. Research institutions
The number of papers published by a research institution 

reflects the research capability of the institution to a certain extent, 
and the statistical analysis of the number of papers published by 
research institutions can better reflect the development history and 
research results of each research institution (Danni et al., 2018). 
Figure 4 shows that there are 238 nodes and 287 lines of institutions 
conducting research, reflecting the academic collaborations 
between institutions engaged in STEM education research. Table 2 
shows the research institutions with more than or equal to 10 

2 1 1 1 5 6 12 18 28 43 58 69
89

109

178
214

260

80

0

50

100

150

200

250

300

350

400

2000 2005 2010 2015 2020 2025
Year

Qu
an

�t
y

FIGURE 1

Annual distribution of the number of articles issued.
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Authors’ collaboration network map.
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publications. In terms of a number of publications, Texas A&M 
University, Michigan State University, National Taiwan Normal 
University, and University Wisconsin have made major academic 
contributions. Among them, Texas A&M University and Michigan 
State University published the highest number of papers, with 20 
papers in SCI-E and Social SSCI databases. This was followed by 
National Taiwan Normal University with 19 publications and 

University Wisconsin with 18 publications. The importance and 
influence of the two research institutions, University Wisconsin and 
Chinese University Hong Kong, in the field can be reflected by their 
betweenness centrality. In terms of the top 16 research institutions, 
all of them are universities, signifying that higher education 
institutions are an important pillar of STEM education research.

Of the top 16 research institutions, 12 are in the United States 
and four are in China. In the United States, Texas A&M University 
and Michigan State University are tied for first place with the same 
number of publications. In China, National Taiwan Normal 
University is ranked first. A direct correlation between the number 
of papers published by researchers at research institutions and the 
number of papers in the countries where these institutions are 
located was derived from a comparative analysis (Wu et al., 2019). 
For example, researchers at Texas A&M University, Michigan State 
University, and University Wisconsin have published many articles 
on STEM education, which is one of the reasons for the high number 
of publications in the United  States In addition, the scientific 
research ability of the United States is far superior to that of other 
countries because of the outstanding research capacity of the 
universities, the adequate funding, and state support for research, 
which are policies that are worthy of reference by all countries.

3.2. Analysis of research hotspots in 
science, technology, engineering, and 
mathematics education

The keyword co-occurrence network reflects the hot and core 
research content of a field (Li et  al., 2016). Figure  5 shows a 
keyword co-occurrence network with 463 nodes and 1,589 lines, 

FIGURE 3

The country of origin of the article.

TABLE 1 Top 17 countries in terms of number of articles issued.

Number Count Year Countries

1 632 2004 UNITED STATES

2 70 2014 CHINA

3 60 2011 AUSTRALIA

4 46 2013 TAIWAN

5 45 2015 SPAIN

6 41 2010 ENGLAND

7 38 2014 CANADA

8 33 2014 TURKEY

9 23 2011 GERMANY

10 22 2015 SOUTH KOREA

11 20 2014 MALAYSIA

12 15 2016 NETHERLANDS

13 13 2016 GREECE

14 13 2017 IRELAND

15 12 2015 MEXICO

16 11 2013 SWEDEN

17 10 2016 ITALY
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TABLE 2 Research institutions with ≥10 publications.

Number Count Centrality Year Institution Countries

1 20 0.09 2014 Texas A&M University UNITED STATES

2 20 0.09 2012 Michigan State University UNITED STATES

3 19 0.07 2013 National Taiwan Normal University CHINA

4 18 0.1 2015 University Wisconsin UNITED STATES

5 17 0.04 2004 Penn State University UNITED STATES

6 16 0.05 2010 Northwestern University CHINA

7 16 0.07 2012 University Georgia UNITED STATES

8 15 0.14 2019 Chinese University Hong Kong CHINA

9 13 0.06 2016 Beijing Normal University CHINA

10 12 0.03 2012 Arizona State University UNITED STATES

11 12 0.04 2011 Purdue University UNITED STATES

12 12 0.01 2015 University Colorado UNITED STATES

13 10 0.03 2006 Georgia Institute of Technology UNITED STATES

14 10 0.02 2018 Florida International University UNITED STATES

15 10 0.05 2012 Colorado State University UNITED STATES

16 10 0.01 2015 University Illinois UNITED STATES

where the nodes represent keywords. It can be seen that the font 
size of keywords is directly proportional to the co-occurrence 
frequency of keywords (Schneider, 2004). According to the results 
of keyword co-occurrence analysis, the four keywords with high 
frequency (frequency over 100) are “stem education,” “science,” 
“education,” and “student,” which appear 387, 273, 134, and 131 

times, respectively (Table 3), so they can be considered as the main 
areas and basic contents of STEM education. According to the 
keyword time zone map (Figure 6), STEM Education started to 
appear in 2004, which may be due to the fact that articles from the 
earlier literature were not included in the SCI-E and SSCI 
databases. Among the top  20 high-frequency keywords, after 

FIGURE 4

Major research institutions.
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excluding the search term STEM Education, the four high-
frequency keywords of student, gender, science, and education 
have relatively high betweenness centrality, and they play the role 
of “bridge” in STEM education research. In addition, the 28th 
ranked keyword “engineering education” has the highest 
betweenness centrality score with the high-frequency keyword 
“student,” which reflects the importance of engineering education 
in STEM education research. In each topic area, the articles were 
ranked from highest to lowest citation frequency, and the 
representative articles that were more closely related to the topic 
were selected for analysis of their research content (Wu et al., 2019).

Based on the number of occurrences and betweenness 
centrality scores of the top 20 high-frequency keywords, it can 

be seen that science, engineering education, student, and gender 
are the research hotspots in STEM education. These 20 high-
frequency keywords were divided into four categories: STEM 
education components, STEM education teacher professional 
development, STEM education gender differences, and the impact 
of STEM education on students’ affective experiences (attitudes, 
self-efficacy, learning motivation, etc). Among the STEM 
education studies, there are more studies about the four areas of 
Science, Mathematics, Technology and Engineering Education. A 
complete engineering design is an emergent, highly iterative 
process that promotes meaningful learning (Roehrig et al., 2012; 
English, 2016b). It provides a framework that allows for a closer 
connection between the various disciplines of STEM education 

FIGURE 5

Keyword co-occurrence analysis.

TABLE 3 Top 20 high-frequency keywords.

Number Count Centrality Keywords Number Count Centrality Keywords

1 387 0.11 Stem education 11 60 0.06 Science education

2 273 0.08 Science 12 56 0.02 Model

3 134 0.08 Education 13 52 0.07 Women

4 131 0.12 Student 14 49 0.03 Teacher

5 95 0.03 Mathematics 15 48 0.05 Impact

6 90 0.06 Performance 16 47 0.07 Design

7 71 0.04 Achievement 17 47 0.03 Professional development

8 71 0.06 Knowledge 18 45 0.06 School

9 65 0.02 Technology 19 44 0.04 Attitude

10 62 0.09 Gender 20 42 0.01 Motivation
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(Fan and Yu, 2017). Shahali et al. (2016) proposed that engineering 
design includes processes such as questioning, imagining, 
creating, testing, and improving, but is not limited to these 
processes. The implementation of engineering design requires 
scientific and mathematical concepts, so it can be used as a basis 
for establishing the connection between concept and practice in 
STEM education (Sanders, 2008; Donna, 2012). Among the 
studies on STEM education, there are more studies about students’ 
emotional experiences. According to Hwang et  al. (2016), 
AR-based game teaching methods can improve students’ learning 
attitudes and learning outcomes. Su and Cheng (2013) found 
through the implementation of their experiment that the 3D GBL 
systems and software engineering course resulted in better student 
performance and motivation compared to traditional instruction. 
In addition, the professional development of STEM education 
teachers and gender differences in STEM education have been hot 
topics of interest to scholars.

The keyword time zone mapping (Figure 6) can reflect the 
research hotspots and their evolution trends in the STEM research 
field between 2004 and April 17, 2022. Since 2004, the evolution 
of research hotspots in STEM has been divided into three main 
phases: From 2004-to 2009, the field of STEM education focused 
on its component parts, with research on science and mathematics 
emerging one after another. From 2009-to 2015, the field of STEM 
education focused on student performance, self-efficacy, 
motivation, and gender differences (Wang and Degol, 2013; 
Freeman et al., 2014). During the period from 2015 to the present 

(April 17, 2022), research in the STEM field has focused on 
teacher professional development and the implementation of 
STEM education (Chai, 2019). We can predict that the hot topics 
of STEM education research in the coming year are still closely 
related to gender discrimination, teacher professional 
development, and sustainability of STEM education development.

3.3. Analysis of the research frontiers of 
science, technology, engineering, and 
mathematics education

The co-citation clustering view of STEM education is 
generated using the cited references as nodes (Klavans and 
Boyack, 2017). In Figure 7, the Q value is 0.8661 and the S value 
is 0.9117, reflecting a good clustering effect. To maintain the 
clarity of the clusters, only the 15 clusters with a high number of 
citations and high homogeneity are shown in the figure, then 4 
clusters are selected from them, and the highly correlated terms 
derived from these 4 clusters are summarized (Table 4). References 
frequently cited in the clusters were carefully studied to extract 
information on the frontiers of research. Then, the research 
frontiers of STEM education were derived by interpreting the 
research on the foundational topics of STEM education during the 
period 2004 to April 17, 2022, based on the time zone map of 
keyword co-occurrence. We summarize and extract them into the 
following four areas.

FIGURE 6

Keyword time zone graph (shows the keyword distribution from 2004 to April 17, 2022, with the time slice set to every year. Each circle in the 
graph represents a keyword that first appears in the analyzed dataset and is fixed in the first year. If the keyword appears in subsequent years, it will 
be superimposed on the first occurrence).
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3.3.1. Research on the professional 
development of science, technology, 
engineering, and mathematics teachers

STEM, as a diversified educational model, plays an important 
role in the professional development of teachers. In the report of 
the 2030 Agenda for Sustainable Development, teachers are 
emphasized as the cornerstone of improving education (Khuyen 
et al., 2020). Teachers are a key factor in determining the success 
or failure of STEM education implementation (Wang et al., 2011). 
Therefore, with the development of STEM education, the 
professional development of STEM education teachers has been of 
great interest to researchers. Researchers have argued that STEM 
education teaching practices are strongly influenced by STEM 
teachers’ perceptions (Wang et al., 2011; Park et al., 2016; Thibaut 
et  al., 2018). Teachers with positive attitudes toward STEM 
education can drive STEM education implementation. Park et al. 
(2016) noted that experienced teachers have more positive attitudes 
than novice teachers in STEM education, but mathematics teachers 
are under-motivated in STEM teaching (Thibaut et  al., 2018). 

Mathematics teachers find it more challenging to help students 
solve authentic problems in STEM instruction compared to science 
teachers (Wang et al., 2011). STEM teaching can be challenging for 
teachers, leading some colleges and universities to set out to 
develop professionals adapted to STEM education. Under the 
influence of the STEM education model, teachers are gradually 
moving toward interdisciplinary and diversified paths in their 
professional development.

3.3.2. Research on science, technology, 
engineering, and mathematics education to 
develop students’ 21st-century skills

With the rise of STEM education, many researchers have also 
started to focus on how to develop 21st-century skills in STEM 
education. STEM education, as a curricular movement in 
American schools, is particularly focused on developing students’ 
21st-century skills (Oretta, 2012). Common to STEM education 
and 21st-century skills is the ability to think critically, analyze 
problems, and solve them (Rifandi and Rahmi, 2019), each of 

FIGURE 7

Clustering of co-cited references.

TABLE 4 High-frequency co-words for co-citation clustering.

Cluster ID Size Silhouette Mean Core noun terms

0 67 0.881 2018 Teacher professional development; science teachers; teachers; 

attitudes; and teacher leadership

1 63 0.906 2013 Twenty-first century skills; mathematical modelling; numeracy; k-12 

education; and stem integration

2 55 0.924 2016 Creativity; integrated steam education; early childhood education; 

nature of stem; and steam education

4 48 0.971 2011 Gender differences; stem reform; stem persistence; transcript 

analysis; and upward transfer
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which can be  enhanced by using mathematics as a “booster” 
(Bergsten and Frejd, 2019). In the discussion on how mathematics 
education should prepare students for the future society, 
Gravemeijer et al. (2017) argued that 21st-century skills should 
be the goal of mathematics education (Capraro et al., 2013). Kertil 
and Gurel (2016) pointed out that mathematical modeling is a 
bridge to STEM education (Sayary and Adel, 2014). English 
(2016a) pointed out that modeling is a powerful tool for 
introducing features of 21st-century problems into the 
mathematics classroom. Mathematical modeling also developed 
students’ 21st-century skills (English, 2016b; Ärlebäck and Doerr, 
2018). In addition, some researchers believed that the goal of 
STEM education is to develop 21st-century skills and that project-
based learning approaches were more likely to 
develop  21st-century skills in the process of STEM education 
(Gravemeijer et al., 2017; Maass et al., 2019). While Sayary and 
Adel (2014) argued that problem-based learning strategies were 
more effective than project-based learning strategies and that 
problem-based learning approaches were the best way to enhance 
students’ 21st-century skills in STEM education (Kertil and 
Gurel, 2016).

3.3.3. Research on science, technology, 
engineering, and mathematics education to 
foster creativity in early childhood

Creativity is one of the components of 21st-century skills and 
is emphasized in science education curricula in Turkey as well as 
in other countries (Altan and Tan, 2021). In terms of creativity, 
early childhood is a prime time to develop one’s creativity 
(Alfonso-Benlliure et  al., 2013). Exposing children to STEM 
education at an early age can stimulate their curiosity and interest 
in STEM careers and foster their creativity (Kim et al., 2014). 
Alfuhaigi (2014) stated that a rich school environment has a 
positive impact on children’s developing creativity. Based on the 
fact that STEM education provides a rich educational environment 
for children (Corlu et al., 2014). Üret and Ceylan (2021) concluded 
that the impact of STEM education on the creativity of 5-year-old 
kindergarteners was positive and that this impact was permanent 
in exploring the impact of STEM education on the creativity of 
5-year-old children attending kindergarten. Other researchers in 
similar studies have also concluded that STEM education has a 
positive effect on developing students’ creativity (Mayasari et al., 
2016; Aguilera and Ortiz-Revilla, 2021). In addition, Shen et al. 
(2021) suggested that teachers providing feedback suggestions to 
students during STEM education is one of the key conditions for 
developing students’ creativity. Keana and Keana (2016) suggest 
design-based learning in STEM education as a way to develop 
creativity. Siew (2017) pointed out that the design process 
approach of STEM-Engineering can be used as a means to develop 
creativity, problem-solving skills, and thinking skills in rural 
secondary school students. Other researchers have suggested that 
the use of arts and crafts as an adjunct to STEM education can 
foster creativity in talented students (Root-Bernstein, 2015). 
STEM education takes a systematic approach to problem-solving 

with the help of science, technology, engineering, mathematics, 
and creativity (Stone-MacDonald et al., 2015). Thus, creativity and 
STEM education influence each other. Creativity participates in 
STEM education, and STEM education promotes the development 
of students’ creativity.

3.3.4. Research on gender differences in 
science, technology, engineering, and 
mathematics education

Gender differences are one of the hot spots and focuses of 
research in the field of STEM education. Over the past 40 years, 
many countries have made significant progress and improvements 
in gender equality in science. A growing number of women are 
now earning STEM credentials and pursuing STEM careers, 
making outstanding contributions to enriching STEM knowledge 
and research (Dasgupta and Stout, 2014). However, while the 
gender gap in education has narrowed, there are still significant 
gender disparities in STEM education. Factors that may contribute 
to the problem are the environment, the school, and the students 
(Eddy and Brownell, 2016). Most students develop an interest in 
STEM careers during their secondary school years, with teachers 
and parents being the two most influential roles for students at an 
early age (Tey et  al., 2020). However, there are differences in 
teachers’ attitudes toward male and female students in the STEM 
education process. Although teachers’ gender bias manifests itself 
more subtly when dealing with students, girls’ long-term exposure 
to the implication of teachers’ gender differences inevitably affects 
their self-confidence and has a negative impact on their 
development (Lindberg et al., 2010). Reinking and Martin (2018) 
argue that even though the number of women currently earning 
bachelor’s, master’s, or doctoral degrees in STEM fields in the 
United States is increasing each year, and women are performing 
as well or better than their male counterparts in STEM-related 
fields, women are losing interest in STEM and experiencing “leaky 
pipeline,” a steady loss of women from academic careers because 
men have better employment opportunities than women 
(Lindberg et al., 2010). Drury et al. (2011) argued that setting 
female role models in STEM is one of the most effective ways to 
prevent women from losing interest in STEM subjects. Much 
effort is needed to achieve gender equality and change the status 
of women in STEM fields, of which the provision of equitable 
resources and opportunities is crucial (van den Hurk et al., 2019). 
Improving a country’s competitiveness and achieving sustainable 
development requires harnessing the capabilities of all people, 
regardless of their gender.

3.4. Trends in science, technology, 
engineering, and mathematics education 
research topics in the last 18 years

Trends in STEM education research were analyzed by the 
burst keyword analysis method [indicating the tendency of 
keywords to change rapidly or increase sharply in number within 
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a certain period, emphasizing the intensity of sudden keyword 
changes (Wei et al., 2020)]. The analysis of keywords that suddenly 
increase at a certain time point allows for the general identification 
of research trends on the timeline (Ordun et al., 2020). The top 25 
burst keywords in STEM education research are listed in Figure 8. 
It can be seen that they all have an intensity of 2.0 or higher, with 
the highest reaching 4.01.

From 2004 to April 17, 2022, STEM education has been 
particularly popular in educational research. In terms of research 
content, studies prior to 2014 focused on gender differences and 
engineering education. Talent skill development in the 21st 
century and related issues have become one of the main areas of 
STEM education research, especially STEM education research in 
economically well-off regions and the development of STEM 

education in general cities has a greater impact on the development 
of students’ STEM literacy (Xie et al., 2015). STEM education 
influenced by big data and information technology is a trending 
research topic in recent years. With the increased demands of key 
technologies in STEM education, students’ problem-solving skills, 
creativity, and teachers’ professional development, literacy 
enhancement, and other literacies related to STEM education have 
become a new research focus (Chen et al., 2012).

From 2004 to 2016, gender difference and the demand for 
social jobs have attracted lots of attention from scholars on 
keywords such as “gender difference,” “skill” and “ability.” From 
2016 to 2018, the strongest mutation is “policy,” which 
corresponds to the development path of STEM education, i.e., 
the development of STEM education is facilitated by the policies 

FIGURE 8

Mutability analysis of the first 25 high-frequency keywords.
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issued by governments about STEM education. After 2018, 
STEM education has ushered in new opportunities with the 
continuous development and improvement of big data 
technology and artificial intelligence technology. During this 
period, the strongest mutations were in “learning analytics” and 
“literacy.” Scholars have explored artificial intelligence-based 
learning analytics and STEM literacy as key research 
components in STEM education.

4. Discussion

In this paper, we use CiteSpace (5.8.R3) to visually analyze 
1,420 papers related to STEM education, which helps us to 
systematically understand the status of the STEM education 
research field. This method can, to a certain extent, better 
overcome the limitations of literature analysis and reduce the 
subjectivity and difficulty of manual screening. In this study, 
we  perform a visual analysis of the number of publications, 
authors, countries, research institutions, and keywords. The results 
showed that there has been a significant increase since 2010 in 
terms of the number of publications, and this result is similar to 
other STEM education trend studies (Ha et al., 2020; Li et al., 
2020; Takeuchi et al., 2020). For example, Gil-Doménech et al. 
(2018) analyzed 747 papers obtained from the Web of Science 
database between 1991 and 2016. Their study showed that most 
papers on STEM education were published after 2010 and that the 
number of publications has increased significantly in recent years. 
This may be  due to the growing interest in STEM education 
among researchers worldwide (Gil-Doménech et  al., 2018; Li 
et al., 2019).

In terms of the distribution of countries and research 
institutions, the United States was the country with the highest 
number of publications between 2004 and April 17, 2022, among 
the 77 countries involved in the literature, and the United States 
accounted for the majority of institutions concerned with STEM 
education research. This is consistent with the findings of other 
studies (Gil-Doménech et al., 2018; Li et al., 2019; Özkaya, 2019). 
Özkaya (2019) analyzed 2,313 papers extracted from the Web of 
Science database between 1992 and 2017 and concluded that the 
United States contributed the most to STEM education research, 
followed by the United Kingdom and Australia. Gil-Doménech 
et al. (2018) studied that the 15 institutions with a high number of 
publications in STEM education all originated from the 
United  States These results are inextricably linked to a large 
number of state and government policies enacted to support the 
development of STEM education in the United States since its 
inception. However, compared to the United States, China has 
only one-ninth the number of publications and few research 
institutions. This is also related to the lack of national top-level 
design; therefore, China needs to learn from international STEM 
education development strategies to promote the development of 
STEM education in China. In addition, STEM education research 
is fragmented. A reading and analysis of the literature reveal that 

most domestic and international research on STEM education has 
been conducted in colleges and universities, with teachers and 
students as groups forming relatively independent research groups 
and a lack of cooperation among research institutions, experts, 
and scholars (Min et al., 2020).

Based on the high-frequency keywords, it is seen that the 
research hotspots in STEM education mainly focus on the 
professional development of STEM education teachers, gender 
differences in STEM education, and the effects of STEM 
education on students’ affective experiences (attitudes, self-
efficacy, and learning motivation, etc). A strong faculty is a 
guarantee for the successful implementation of STEM 
education; therefore, the professional development of STEM 
education teachers has received extensive attention from 
researchers and has become a hot spot in the field of STEM 
research (Chai, 2019; Chiu et al., 2021; Lo, 2021). The goal of 
STEM education is to develop 21st-century human resources 
with creativity, critical thinking, and problem-solving skills. 
For STEM education to be implemented more effectively, good 
emotional experiences for students during STEM teaching and 
learning are crucial. STEM education has a significant impact 
on students’ attitudes and learning outcomes compared to 
traditional courses (Huang, 2020). In addition, if students’ 
interest in STEM careers is fostered from childhood, it 
facilitates students’ later development in STEM courses and 
plays an important role in the emotional experience of female 
students especially in terms of self-efficacy and motivation to 
learn (Tzu-Ling, 2019; Kryshko et al., 2022).

Although this study systematically analyzed the latest 
developments in STEM education research, it still had some 
limitations. For example, the number of documents analyzed 
was limited. We  only analyzed articles in SSCI and SCI-E 
databases and all of them were written in English, which 
neglected articles written in other languages and included in 
other databases, and the depth and comprehensiveness of the 
analysis were not sufficient. In addition, we only analyzed the 
literature and lacked some empirical studies of the literature 
findings. When applying the CiteSpace tool for co-citation 
clustering, there were 15 cluster samples, but we only analyzed 
the study paths for four clusters with high citation counts and 
high homogeneity, and the analysis was somewhat subjective. 
Understanding more and more specific research paths require 
more intensive reading of the literature and more in-depth 
research and analysis based on this foundation.

5. Conclusion

STEM education has received extensive attention from 
international scholars in the field of education. In this study, it is 
concluded that in terms of the distribution of countries and 
research institutions, the United States is the country with the 
largest number of publications, and the United States accounts for 
the majority of institutions related to STEM education research. 
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The research hotspots of STEM education mainly focused on 
engineering education, teacher professional development, gender 
differences, etc. Research on the professional development of 
STEM teachers, the cultivation of 21st-century skills in STEM 
education, the cultivation of early childhood creativity in STEM 
education, and the gender differences in STEM education are the 
research frontiers and trends in recent years. After 2018, with the 
continuous development of big data technology and artificial 
intelligence technology, learning analysis and STEM literacy have 
also become the main research contents of STEM education in 
recent years. This research systematically analyzes the latest 
development of global STEM education research, which is 
beneficial for readers to understand the whole picture of STEM 
education research, and provides references for researchers to 
conduct further and targeted research.
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