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Abstract

This study aimed to analyze articles published in the Web of Science database from 2012 to 2021 to examine the edu-
cational goals and instructional designs for STEM education. We selected articles based on the following criteria: (a)
empirical research; (b) incorporating instructional design and strategies into STEM teaching; (c) including interven-
tion; (d) focusing on K-12 education and on assessment of learning outcomes; and (e) excluding higher education
and STEAM education. Based on the criteria, 229 articles were selected for coding educational goals and instructional
designs for STEM education. The aspects of STEM educational goals were coded including engagement and career
choice, STEM literacy, and twenty-first century competencies. The categories of instructional designs for STEM educa-
tion were examined including design-based learning, inquiry-based learning, project-based learning, and problem-
based learning. The results showed that engagement and career choices and STEM literacy were mainly emphasized

in STEM education. Design-based learning was adopted more than inquiry-based, project-based, or problem-
based learning, and this instructional design was mainly used to achieve STEM literacy. It is suggested that studies
on twenty-first century competencies may require more research efforts in future STEM education research.

Keywords STEM education, Engagement and career choice, STEM literacy

Introduction

Emphasizing STEM (science, technology, engineer-
ing, and mathematics) has been the main focus of pol-
icy makers in many countries (English, 2016; National
Academy of Engineering & National Research Council,
2014; National Research Council, 2012, 2013) to meet
economic challenges (Kelley & Knowles, 2016). Edu-
cational systems are accordingly prioritizing STEM to
prepare students’ capability for the workplace to face the
sophisticated technologies and competitive economy
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(Kayan-Fadlelmula et al., 2022). Hence, students are
expected to be interested in STEM so that they will
engage in and pursue careers in STEM-related fields (Lie
et al., 2019; Struyf et al., 2019). Besides, we need a new
generation that has the abilities to develop proficient
knowledge, to apply such knowledge to solve problems,
and to face existing and upcoming issues of the twenty-
first century (Bybee, 2010).

Although STEM education has been proved to ben-
efit students, there is a lack of understanding of instruc-
tional design for STEM education, despite the fact that
such understanding is critical to research and to class-
room practices. Limited understanding of relevant
instructional design may lead to problems in implement-
ing STEM education in the classroom. There is hence a
need to examine educational goals, specific designs, and
features of the instructional designs consistently and
specifically documented in the STEM education litera-
ture. Therefore, this current study conducted systematic
analysis of the literature to understand the educational
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goals and instructional designs for STEM education.
Based on the analysis, we present a thorough picture of
how researchers have developed instructional designs for
STEM education.

Despite the fact that many researchers have promoted
STEM education, the definition of STEM education has
not reached a consensus in the literature, and there is a
certain degree of disagreement in the scientific commu-
nity. Lamb et al. (2015) defined STEM as a broad area
encompassing many disciplines and epistemological
practices. Other researchers, such as Breiner et al. (2012),
defined STEM as applying transdisciplinary knowledge
and skills in solving real-world problems. A similar def-
inition established by Shaughnessy (2013) regarding
STEM education is problem solving based on science
and mathematics concepts that incorporate engineering
strategies and technology. Another study defined STEM
education as teaching approaches based on technol-
ogy and engineering design that integrate the concepts
and practices of science and mathematics (Sanders &
Wells, 2006). In this study, we clarify STEM education
as an approach that utilizes integrations of knowledge
and skills from science, technology, engineering, and/or
mathematics to solve real-world problems that help stu-
dents to succeed in school learning, future careers, and/
or society.

The definition of STEM as an integrated approach
involving science, technology, engineering, and math-
ematics raises several pertinent questions about its
composition and expectations. First, the requirement
for all four disciplines to be present in order to qualify
an educational program or project as “STEM” is debat-
able. Conceptually, integrating any two or more fields
helps foster the interdisciplinary learning that is the
hallmark of STEM education. This flexibility allows edu-
cators to tailor their programs to match the available
resources and specific learning outcomes without neces-
sarily incorporating all four disciplines in every instance.
Regarding the classification of “science” within STEM,
it is more a conglomerate of disciplines—such as biol-
ogy, chemistry, physics, and earth sciences—than a single
field. This diversity within science enriches STEM educa-
tion, providing a broader knowledge base and problem-
solving skills. Each scientific discipline brings a unique
perspective and set of tools to the interdisciplinary mix,
enhancing the complexity and richness of STEM learning
experiences.

Furthermore, previous studies have identified several
challenges to the implementation of STEM education
in the classroom including poor motivation of students,
weak connection with individual learners, little support
from the school system, poor content without integra-
tion across disciplines, lack of quality assessments, poor
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facilities, and lack of hands-on experience (Ejiwale, 2013;
Hsu & Fang, 2019; Margot & Kettler, 2019). To help
teachers face challenges in the advancement of STEM
education, Hsu and Fang (2019) proposed a 5-step STEM
curriculum designs framework and provided examples of
how to apply it to a lesson plan to help teachers design
their instruction. This previous study also suggested
that researchers conduct more investigations related
to instructional design to enrich our understanding of
various aspects of STEM education. Teachers of STEM
require more opportunities to construct their perspec-
tive and a vision of STEM education as well as to conduct
appropriate instructional designs. Moreover, from review
articles published from 2000 to 2016, Margot and Kettler
(2019) found that in multiple studies concerning similar
challenges and supports, teachers believed that the avail-
ability of a quality curriculum would enhance the success
of STEM education. Teachers need to provide and use
an appropriate instructional design for STEM education
and understand the educational goals. Therefore, we see
the need to conduct research related to STEM education,
especially exploring the instructional design because
identifying and using a quality instructional design could
increase the effectivess of STEM education.

According to the previous literature review, educational
goals for instructional design were highlighted in STEM
education. First, engagement and career choice need to
be emphasized in STEM learning to improve students’
interest and self-efficacy (Vongkulluksn et al., 2018). Stu-
dents need to engage in STEM education to raise their
interest and engagement in STEM and to increase and
develop a STEM-capable workforce (Honey et al., 2014;
Hsu & Fang, 2019; Schiitte & Koller, 2015). Engaging stu-
dents in STEM education could improve their attitudes
(Vossen et al,, 2018) and their interest in STEM fields,
and encourage them to pursue STEM careers (Means
etal.,, 2017).

Second, STEM literacy needs to be promoted in K-12
schools (Falloon et al.,, 2020; Jackson et al.,, 2021) to
develop students’ ability to encounter global challenges
(Bybee, 2010). Students need to have the ability to apply
concepts from science, technology, engineering, and
mathematics, and skills to solve problems related to
social, personal, and global issues in society (Bybee, 2010;
Jackson et al.,, 2021). Besides, improving students’ STEM
literacy is needed for their decision-making, participation
in civic and cultural affairs, and economic productivity
(National Academy of Engineering & National Research
Council, 2014; National Research Council, 2011).

Last, regarding the twenty-first century competencies,
students are anticipated to have abilities of creativity
and innovation, problem solving, critical thinking, col-
laboration and communication (Boon, 2019) as citizens,
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workers, and leaders in the twenty-first century (Bryan
et al., 2015; National Academy of Engineering & National
Research Council, 2014; Stehle & Peters-Burton, 2019).
These abilities are critical for students to adapt and thrive
in a changing world (National Research Council, 2013).
Also, students need to have the abilities to adapt to the
twenty-first century in order to succeed in the new work-
force (Bybee, 2013).

Considering the achievement of students’ engage-
ment, motivation, STEM literacy, as well as twenty-first
century competencies, many countries have significantly
enlarged the funding for research and education rele-
vant to STEM (Sanders, 2009). One of the strands of the
existing research is to help teachers know how to imple-
ment STEM education in schools (Aranda, 2020; Barak
& Assal, 2018; English, 2017). Researchers have pro-
posed instructional designs for STEM education includ-
ing design-based learning (Kelley & Knowles, 2016; Yata
et al.,, 2020), inquiry-based learning (Bybee, 2010), pro-
ject-based learning (Capraro et al., 2013), and problem-
based learning (Carpraro & Slough, 2013).

Design-based learning focuses on technological and
engineering design. This instructional design engages
students in learning about engineering design practices
(Fan et al,, 2021; Guzey et al., 2016; Hernandez et al,,
2014) through the steps of designing, building, and test-
ing (Yata et al., 2020). Design-based learning promotes
problem solving, design, building, testing, and communi-
cation skills (Johnson et al., 2015) and improves students’
interest in STEM activities (Vongkulluksn et al., 2018).
Also, design-based learning improves students’ engi-
neering abilities and twenty-first century competencies
(Wu et al,, 2019) and attitudes (Vossen et al., 2018), and
engages them in understanding core disciplinary ideas
(Guzey et al., 2016).

Inquiry-based learning focuses on engaging students
in hands-on activities to investigate scientific phenom-
ena (Lederman & Lederman, 2012) and to construct
their new knowledge (Bybee, 2010; Halawa et al., 2020).
Students are encouraged to plan and design their experi-
ments, analyze and interpret data, argue, and com-
municate their findings (Halawa et al., 2023; National
Research Council, 2012, 2013). Inquiry-based learning
is also deemed to improve students’ knowledge, interest,
engagement (Sinatra et al, 2017) and creativity (Smyr-
naiou et al., 2020). Besides, researchers have noticed
the importance of inquiry-based learning for improving
students’ attitudes toward science-related careers (Kim,
2016). Although inquiry-based learning mainly focuses
on science education to engage students in authentic
learning (Halawa et al., 2024), it has been known to share
common goals and characteristics with mathematics,
technology, and engineering (Grangeat et al., 2021; Lin
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et al., 2020). Common elements in STEM education are
engaging students in asking questions and testing their
ideas in a systematic and interactive way (Grangeat et al.,
2021).

Project-based learning and problem-based learning,
both instructional designs, engage students in expe-
riential and authentic learning with open-ended and
real-world problems (English, 2017). Yet, project-based
learning tends to be of longer duration and occurs over an
extended period of time (Wilson, 2021), while problem-
based learning is usually embedded in multiple problems
(Carpraro & Slough, 2013). STEM project-based learning
focuses on engaging students in an ill-defined task within
a well-defined outcome situated with a contextually rich
task, requiring them to solve certain problems (Capraro
et al., 2013). Project-based learning and problem-based
learning are both used to develop students’ problem solv-
ing, creativity, collaboration skills (Barak & Assal, 2018),
and attitude (Preininger, 2017).

According to previous studies, researchers have
adopted STEM instructional designs to achieve certain
educational goals. For instance, in the aspects of engage-
ment and career choice, Sullivan and Bers (2019) used
design-based learning to improve students’ interest in
engineering and students’ performance in elementary
school. Kang et al. (2021) adopted inquiry-based learn-
ing for secondary school by embedding careers educa-
tion to foster the students’ interest in science. Vallera and
Bodzin (2020) adopted project-based learning at primary
school in the northeastern United States to improve stu-
dents’ STEM literacy and attitude. Preininger (2017) used
problem-based learning to influence students’ attitudes
toward mathematics and careers involving mathematics.
In the aspect of STEM literacy, King and English (2016)
adopted design-based learning to enable students to
apply STEM concepts to the model of the construction
of an optical instrument. Han et al. (2015) adopted STEM
project-based learning to improve the performance of
low-performing students in mathematics. Lastly, regard-
ing the twenty-first century competencies, English et al.
(2017) adopted design-based learning to improve stu-
dents’ capabilities of handling the complexity of the task
(English et al., 2017).

In conclusion, studies have grown to explore educa-
tional goals related to instructional designs for STEM
education. However, consistent and systematic reviews
related to instructional designs in K-12 STEM educa-
tion are comparatively scarce. Although there are some
reviews of the STEM education literature (Andrews et al.,
2022; Gladstone & Cimpian, 2021; Kaya-Fadlelmula et al.,
2022; Loépez et al., 2022; Margot & Kettler, 2019; Mar-
tin-Pdez et al.,, 2019; Nguyen et al,, 2021), it is notewor-
thy that previous studies only explored undergraduate
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instruction in STEM education (Andrews et al., 2022;
Henderson et al,, 2011; Nguyen et al., 2021). Therefore,
to fill the research gap, this current study conducted a
systematic analysis of literature to understand the edu-
cational goals and instructional designs for K-12 STEM
education from articles published between 2012 and
2021. The research questions of this study were formu-
lated as follows:

1. What STEM education goals were more focused on
in the reviewed articles? What was the trend of edu-
cational goals in the reviewed articles?

2. What instructional designs were more focused on
in the reviewed articles? What was the trend of the
instructional design in the review articles?

3. What instructional designs were more focused on
to achieve certain educational goals in the reviewed
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4. What features of instructional designs were more
focused on in the reviewed articles?

Methods

Data collection

To identify the target literature for further analysis, this
study conducted several rounds of searching the Web of
Science (WOS) database for articles (Gough et al., 2012;
Moller & Myles, 2016). A systematic literature review
using the PRISMA guidelines was used for article selec-
tion (Moller & Myles, 2016). First, we searched for articles
using the keyword “STEM Education” along with “learn-
ing”, “teaching’, “curriculum’, and “professional develop-
ment’, to refine the search results. The search identified
a total of 1,531 articles published in the Web of Science
from 2012 to 2021 (Fig. 1). We initially excluded dupli-
cated articles; the search retrieved a total of 1,513 arti-
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of the articles based on the following criteria: (a) empiri-
cal research; (b) incorporating instructional design and
strategies into STEM teaching; (c) including interven-
tion; (d) focusing on K-12 education and on assessment
of learning outcomes; and (e) excluding higher education
and STEAM education. During this screening, we dis-
cussed which articles met the criteria through round-
table discussions, and determined the preliminary target
candidates composed of 394 articles. A full-text examina-
tion was then conducted. In this round of examination,
we removed the articles without clear information about
the educational goals and instructional designs related to
STEM education. Finally, a corpus of literature compris-
ing 229 articles was formed for further analysis.

Data analysis

According to the research questions, for this study,
we developed a coding framework to conduct content
analysis and to categorize the target literature. We first
selected paradigmatic references of STEM education
and instructional design from high quality publications.
These articles provided sets of core concepts and terms
to shape the provisional coding categories. We then con-
stantly reviewed the paradigmatic references and dis-
cussed them to improve the coding scheme. The final
analytic framework with coding categories was devel-
oped as follows. The first category, STEM educational
goals, includes engagement and career choice (Honey
et al., 2014; Hsu & Fang, 2019), STEM literacy (Falloon
et al., 2020; Jackson et al., 2021), and twenty-first cen-
tury competencies (Boon, 2019) (see Appendix 1). The
second category, instructional design, includes design-
based learning (Yata et al., 2020), inquiry-based learn-
ing (Bybee, 2010; Halawa et al., 2020), project-based
learning (Capraro & Slough, 2013), and problem-based
learning (Priemer et al,, 2020). From the review arti-
cles, we found that 6E-oriented STEM (engage, explore,
explain, engineer, enrich, and evaluate) and game-based
learning were used for STEM education. These two
instructional designs were added to our coding scheme.
Articles that did not specify the instructional design were
coded as “others” We then analyzed the outcomes to
see whether instructional design successfully improved
STEM educational goals. We analyzed design-based,
inquiry-based, and project-based learning to achieve
engagement and career choice, STEM literacy, and a
combination of engagement and career choice and STEM
literacy because the selected articles mainly concentrated
on them. We categorized the outcomes as positively
improved, partially improved, and none (Amador et al.,
2021). Instructional design that successfully increased
STEM educational goals was categorized as positively
improved. Instructional design that only increased a part
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of STEM educational goals was categorized as partially
improved. If the instructional design did not increase
STEM educational goals, we categorized it as none.

We then extended our coding scheme to identify the
features of design-based, inquiry-based, and project-
based learning. We focused on these three instructional
designs because the selected articles mainly adopted
them. Yata et al. (2020) proposed designing, building, and
testing as the features of design-based learning. Other
features of instructional designs including questioning or
identifying problems, experimenting, analyzing, explain-
ing, collaborating, communicating, and reflecting were
proposed as features of inquiry-based learning (Bybee,
2010; Halawa et al., 2020) and project-based learning
(Capraro et al., 2013). From the review articles, we found
that redesigning was one of the features of instructional
design and so added it to the coding scheme. These fea-
tures of instructional designs were adopted for our
coding scheme including questioning or identifying
problems, designing, building, testing, experimenting,
analyzing, collaborating, reflecting, communicating, and
redesigning (Appendix 2). We then calculated the num-
ber of articles that adopted these features of instructional
designs. We further summarized the features of instruc-
tional designs that were frequently used in the selected
articles.

In order to make sure the coding process was reli-
able, we conducted a trial coding by randomly selecting
40 articles and individually categorizing the articles into
the aforementioned categories: (a) STEM education goal,
and (b) instructional design. Interrater reliability was cal-
culated using a percent agreement metric reaching an
acceptable level of 0.85 (McHugh, 2012). The discrepan-
cies between authors were negotiated and solved through
discussions. The NVivo 11 software was utilized to com-
plete coding works on the remaining articles. We then
calculated and reported descriptive statistics of the coded
data as the analytic results.

Results

Engagement and career choice as the main focused STEM
educational goals

Table 1 shows that more articles focused on engage-
ment and career choice (64 articles) and STEM literacy
(61 articles) than twenty-first century competencies (16
articles). The articles also mainly focused on a combina-
tion of engagement and career choice and STEM literacy
(47 articles) and a combination of engagement and career
choice and twenty-first century competencies (18 arti-
cles). Nine articles were found that focused on the three
learning goals of engagement and career choice, STEM
literacy, and twenty-first century competencies.
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Table 1 Frequency of the reviewed articles focused on STEM educational goals

Educational goals 2012-2013 2014-2015 2016-2017 2018-2019 2020-2021 Total
Engagement and career choice (EC) 1 (0.4%) 2 (0.9%) 9 (3.9%) 12 (5.2%) 40 (17.5%) 64 (27.9%)
STEM literacy (SL) 2 (0.9%) 2 (0.9%) 10 (4.4%) 11 (4.8%) 36 (15.7%) 61 (26.6%)
EC&SL 4(1.7%) 8(3.5%) 4(1.7%) 11 (4.8%) 20 (8.7%) 47 (20.5%)
EC&21stC 2 (0.9%) 2 (0.9%) 4(1.7%) 10 (4.4%) 8 (7.9%)
21st"century competencies (21°'C) 1(0.4%) 1 (0.4%) 14 (6.1%) 16 (7.0%)
SL&21stC 1 (0.4%) 1 (0.4%) 1 (0.4%) 7 (3.1%) 0 (4.4%)
EC, SL&21st C 4 (1.7%) 1(0.4%) 4(1.7%) 9 (3.9%)
NGSS 3(1.3%) 3(1.3%)
EC & NGSS 1 (0.4%) 1(0.4%)
Total 8 (3.5%) 4 (6.1%) 31 (13.5%) 42 (18.3%) 134 (58.5%) 229 (100%)

STEM educational goals

EC: engagement and career choice; SL: STEM literacy; 21st C: Twenty-first century competencies; NGSS: next generation science standard

Table 1 shows the numbers of articles regarding edu-
cational goals for STEM education for each 2 years in
the review papers. The number of articles per 2 years
increased from 2012 to 2021. The trend analysis indi-
cated that engagement and career choice and STEM lit-
eracy increased greatly from 2014 to 2021. The numbers
of articles focused on the combination of two educational
goals (STEM literacy and twenty-first competencies)
and three learning goals (engagement and career choice,
STEM literacy, and twenty-first competencies) from 2016
to 2021 are also presented.

Design-based and inquiry-based learning as the main
instructional designs for STEM

Table 2 reveals the numbers of articles that used instruc-
tional design for STEM education. The instructional
designs of design-based, inquiry-based, project-based,
and problem-based learning were mainly used and
continued to be used over the study period. The trend

analysis indicated a big jump in design-based, inquiry-
based, and project-based learning from 2018 to 2021.

Table 2 also shows the instructional designs and edu-
cational goals for STEM from review papers. Most arti-
cles adopted design-based (80 articles), inquiry-based (46
articles), project-based (42 articles), and problem-based
(27 articles) learning.

Design-based learning mainly used to achieve STEM
literacy

The findings shown in Table 3 identified that STEM
instructional designs were used differently to achieve
engagement and career choice, STEM literacy, and
the combination of engagement and career choice and
STEM literacy. We found that design-based learning
was mainly adopted to achieve STEM literacy (28 arti-
cles), while inquiry-based learning was mainly used to
achieve engagement and career choice (14 articles) and
the combination of engagement and career choice and

Table 2 Frequency of the reviewed articles focused on STEM instructional designs

Instructional design 2012-2013 2014-2015 2016-2017 2018-2019 2020-2021 Total
Design-based 1 (0.4%) 4(1.7%) 9 (3.9%) 16 (7.0%) 50 (21.8%) 80 (34.9%)
Inquiry-based 2 (0.9%) 4 (1.7%) 6 (2.6%) 6 (2.6%) 28 (12.2%) 46 (20.1%)
Project-based 4(1.7%) 4(1.7%) 7(3.1%) 7(3.1%) 20 (8.7%) 42 (18.3%)
Problem-based 1 (0.4%) 1(0.4%) 5(2.2%) 10 (4.4%) 0 (4.4%) 27 (11.8%)
Game-based 1(0.4%) 1(0.4%) 3(1.3%) 5(2.2%)
6E-oriented STEM 2(0.9%) 2 (0.9%)
Inquiry and design-based 1 (0.4%) 1 (0.4%)
Inquiry and problem-based 1 (0.4%) 1(0.4%)
Design and problem-based 1 (0.4%) 1 (0.4%)
Problem and 6E-oriented-based 1 (0.4%) 1 (0.4%)
Others 1(0.4%) 3(1.3%) 2 (0.9%) 17 (7.4%) 23 (10.0%)
Total 8 (3.5%) 4(6.1%) 31 (13.5%) 42 (18.3%) 34 (58.5%) 229 (100%)
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STEM literacy (14 articles). Also, more articles (15 arti-
cles) adopted project-based learning to achieve engage-
ment and career choice. Furthermore, more design-based
learning (7 articles) and problem-based learning (4 arti-
cles) than inquiry-based learning (2 articles) and pro-
ject-based learning (1) articles were adopted to achieve
twenty-first century competencies.

As we identified that a major portion of the articles
adopted design-based learning, inquiry-based learn-
ing, and project-based learning focused on engagement
and career choice, STEM literacy, and a combination of
engagement and career choice and STEM literacy (see
Table 3), we focused further analysis on the outcomes of
STEM educational goals in the articles. The total number
of selected articles was 124, of which 54 adopted design-
based learning, 37 adopted inquiry-based learning, and
33 adopted project-based learning (Table 4).

We categorized the outcomes of STEM education
goals into three categories (positively improved, par-
tially improved, and none) (Amador et al., 2021). Table 4
shows that the majority of selected articles adopted
design-based, inquiry-based, and project-based learn-
ing, improving STEM educational goals positively. Most
selected articles found that design-based learning posi-
tively improved engagement and career choice (10 arti-
cles), STEM literacy (26 articles), and a combination of
engagement and career choice and STEM literacy (15
articles). Also, most of the selected articles indicated that
inquiry learning has a positive impact on engagement
and career choice (14 articles), STEM literacy (7 articles),
and a combination of engagement and career choice and
STEM literacy (13 articles). Project-based learning has

Table 4 Frequency of the reviewed articles adopted
instructional design to achieve STEM educational goals

STEM educational goals  Instructional designs Sum
Design- Inquiry- Project-
based based based (33)
(54) (37)
Engagement and career choice (EC)
Positively improved 10 14 12 36
Partially improved - - 2 2
None 1 - 1 2
STEM literacy (SL)
Positively improved 26 7 9 42
Partially improved 2 1 - 3
None - 1 - 1
EC&SL
Positively improved 15 13 6 34
Partially improved - 1 3 4
None - - - -
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demonstrated a beneficial impact on various outcomes,
as reported across the selected literature. Specifically, 12
articles documented the enhancement of engagement
and career decisions, nine indicated the advancement of
STEM literacy, and six discussed a combined effect on
engagement, career choice, and STEM literacy.

Frequently used features of STEM instructional designs

To identify the frequently used features of STEM instruc-
tional design, we further explored the activities in the
selected articles. As previous results show that the
major part of articles adopted design-based learning,
inquiry-based learning, and project-based learning, we
further analyzed the frequently used features of these
STEM instructional designs that focused on engagement
and career choice, STEM literacy, and combination of
engagement and career choice and STEM literacy (see
Table 3). We selected 54 articles that adopted design-
based learning, 37 adopted inquiry-based learning, and
33 adopted project-based learning (Table 5).

Frequently used features of design-based learning

Based on the findings, a large portion of the selected arti-
cles adopted design-based learning for STEM education
(54 articles). Table 5 shows the features that were adopted
to implement instructional design for design-based
learning. More than half of the selected articles adopted
designing, building, testing, collaborating, experiment-
ing, and reflecting. Building (88.9%), designing (87.0%),
and testing (70.4%) were used to engage students in engi-
neering (Yata et al., 2020). Besides, engaging students in
these activities required students to use their knowledge
and skills (Kelley & Knowles, 2016). For example, Aranda
et al. (2020) and Lie et al. (2019) implemented design-
based learning by asking students to design a process to

Table 5 Frequency of the reviewed articles focused on features
of each instructional design

Features Design-based Inquiry-based Project-
learning (54) learning (37) based
learning (33)

Building 48 (88.9%) 9 (24.3%) 10 (30.3%)
Designing 47 (87.0%) 8 (21.6%) 9(27.3%)
Testing 38 (70.4%) 5(13.5%) 13 (39.4%)
Collaborating 35 (64.8%) 31 (83.8%) 16 (48.5%)
Experimenting 29 (53.7%) 34 (91.9%) 16 (48.5%)
Reflecting 28 (51.9%) 23 (62.2%) 17 (51.5%)
Redesigning 27 (50.0%) - -
Analyzing 19 (35.2%) 16 (43.2%) 11 (33.3%)
Communicating 19 (35.2%) 19 (51.4%) -
Identifying problem 18 (33.3%) 1(2.7%) 16 (48.5%)
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both prevent and test for cross-pollination of non-GMO
from GMO fields. In these selected articles, the curricu-
lums were focused on helping students with designing,
building, and testing.

Collaborating, which engages students in working with
their classmates in the process of design-based learn-
ing, was also mainly emphasized in the selected articles
(64.8%). For instance, English and King (2019) asked stu-
dents to work with their groups to discuss the possible
design of the bridge. Researchers also emphasized experi-
menting (53.7%) to engage students in design-based
learning. English (2019) engaged students in investigat-
ing their feet and shoes. Students collected, represented,
analyzed data, and drew conclusions from their findings.
Lie et al. (2019) helped students conduct an investigation
to prevent cross-contamination of non-GMO from GMO
corn fields. The last critical feature of design-based learn-
ing is reflecting (51.9%). In this activity, students engaged
in assessing their solutions against a set of criteria and
constraints, generating, and evaluating solutions (Cun-
ningham et al,, 2019). By engaging students in reflecting,
students have an opportunity to improve their design and
choose their best strategy (Aranda et al., 2020; Lie et al.,
2019).

Frequently used features of inquiry-based learning

As shown in Table 5, the inquiry-based learning approach
was frequently adopted by researchers for STEM educa-
tion. The features of this approach applied to achieve
specific STEM education goals (e.g., engagement and
career choice, and STEM literacy) included experiment-
ing (91.9%), collaborating (83.8%), reflecting (62.2%),
and communicating (51.4%) (see Table 5). This finding
indicated that the top three frequently used features of
inquiry-based learning in STEM were experimenting,
collaborating, and reflecting, which play an essential
role when learners try out their ideas about a real-world
problem related to STEM. For example, a four-phase
inquiry (clarifying the situation, hands-on experiments,
representing, analyzing the produced data, and report-
ing/whole-class discussions) for authentic modeling
tasks guided students to develop their credibility of the
tasks and to acquire STEM knowledge (Carreira & Baioa,
2018).

Frequently used features of project-based learning

As previously mentioned, project-based learning is one
of the major approaches to support instructional design
in the reviewed STEM education studies. The results
shown in Table 5 further indicate the features that
researchers tended to integrate into instructional design
for project-based learning. More than half (51.5%) of the
selected articles reported “reflecting” as a pivotal part of
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teaching that triggered students’ project-based learning.
Reflecting is deemed to depict learners’ active percep-
tions and deliberation of what they encounter and what
they are doing. This may contribute to their competence
to retrieve appropriate information, to provide feedback,
and to revise the project underlying their learning. For
example, in Dasgupta et al’s (2019) study, a design jour-
nal was utilized to help students’ reflection on what they
knew, what is necessary to know, as well as their learn-
ing outcomes. Vallera and Bodzin (2020) also addressed
the critical design features of their curriculum to help
students achieve information obtaining, evaluating, and
communicating in the learning project based on real-
world contexts.

Besides, researchers focused on project-based learn-
ing regarding STEM have a tendency to foster students’
learning via “identifying problems” (48.5%). These stud-
ies can be differentiated into two types based on whether
the researchers provided a driving question for the learn-
ing project. In Vallera and Bodzins (2020) study, the
instructional design arranged a clear-cut driving ques-
tion to guide students’ thinking about helping farmers to
prepare products for sale in a farmers’ market. This led
students to extend their thinking and identify further
problems while solving the driving question. As for Barak
and Assal’s (2018) study, their instructional design pro-
vided open-ended tasks and ill-defined problems. Such
arrangements were deemed to afford students’ learning
through problem defining and learning objective setting.

It is also noteworthy to mention that the percentages of
“experimenting” and “collaborating” in studies involved
with project-based learning design were lower than those
of studies with design-based learning or inquiry-based
learning. However, researchers who were interested in
STEM project-based learning would still to some extent
agree with instructional design that may provide oppor-
tunities to students to access authentic scientific activi-
ties and social communications.

Discussion

This study focused on analyzing the STEM educational
goals and instructional designs adopted in the 2012-2021
articles. The findings of this study present knowledge
and understanding of the educational goals that need to
be considered in STEM education, and how these goals
could be achieved by adopting various STEM instruc-
tional designs.

Educational goals for STEM education

The majority of reviewed articles adopted instructional
designs to achieve the goals of engagement, career choice
and STEM literacy. In contrast, few articles focused on
twenty-first century competencies. It is not surprising
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because many recent studies in nature emphasized eco-
nomic viewpoints and workplace-readiness outcomes in
the STEM education field (Cheng et al., 2021; Kelley &
Knowles, 2016). The aspects of engagement and career
choice were frequently considered in many previous
studies on STEM education (Struyf et al., 2019; Vongkul-
luksn et al., 2018; Vossen et al., 2018). It indicated that
engagement and career choice are important goals for
STEM education (Honey et al,, 2014; Hsu & Fang, 2019;
Kelley & Knowles, 2016). Engaging and motivating stu-
dents in STEM education are necessary to enhance their
understanding of their future careers (Fleer, 2021) and to
cultivate them to continue STEM learning (Maltese et al.,
2014). Students who were motivated and interested in
STEM education would pursue STEM careers (Maltese
& Tai, 2011). Furthermore, the aspects of STEM literacy
are also addressed in the reviewed articles. The aspects
of STEM literacy (e.g., knowledge and capabilities) are
deemed important for students’ productive engagement
with STEM studies, issues, and practices (Falloon et al.,
2020). The focus of STEM literacy encourages students to
apply their knowledge to life situations and solve prob-
lems (Bybee, 2010). The importance of STEM literacy
has been highlighted in several national documents (e.g.,
Committee on STEM Education of the National Science
& Technology Council, 2018; National Research Council,
2011; U.S. Department of Education, 2016). These find-
ings provide insights into what teaching goals have been
focused on in STEM education. For instance, engagement
and career choice have been mainly focused on in STEM
education because the STEM teaching was designed to
connect to the students’ real-world experiences or future
professional situations (Strobel et al., 2013). The authen-
tic and meaningful experience could engage and motivate
students in the activity, and later they should pursue their
future careers related to what they have learned.

However, there are few selected articles focused on
twenty-first century competencies, although many pre-
vious studies considered the twenty-first century com-
petencies as important goals for students. Some studies
have advocated that students should be engaged in inter-
disciplinary sets of complex problems and encourage
them to use critical thinking and develop their creativity
and innovation as well as collaboration (Finegold & Nota-
bartolo, 2010; Jang, 2016). Engaging students in STEM
education focused on twenty-first century competen-
cies could prepare them for the workplace and help them
become successful in STEM-related fields (Jang, 2016).
Future researchers should consider integrating twenty-
first century competencies into STEM education to com-
plement the existing focus on engagement, career choice,
and STEM literacy, preparing students for a broader
range of skills necessary for the modern workforce.
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Instructional design for STEM education

Although the reviewed articles adopted various instruc-
tional designs for STEM education, the articles mostly
adopted design-based rather than inquiry-based, pro-
ject-based, or problem-based learning. The findings
are in accordance with the existing literature on STEM
education. Notably, these results corroborate the con-
clusions drawn from a comprehensive systematic review
conducted by Mclure et al. (2022). Design-based learn-
ing was adopted to achieve the goals of STEM literacy,
engagement and career choice, and this instructional
design tended to be used more often according to the
trend analysis. This indicated that design-based learning
was considered as a main instructional design for STEM
education. This instructional design has become an
essential approach to engaging K-12 students in STEM
education (Bybee, 2013; National Academy of Engi-
neering & National Research Council, 2014; National
Research Council, 2013). Some researchers claimed that
students who participate in design-based learning could
make meaningful connections between knowledge and
skills by solving problems (English & King, 2019; Kelley
et al.,, 2010). Design-based learning engages students in
authentic problems and challenges that increase their
level of engagement (Sadler et al., 2000), help students
learn fundamental scientific principles (Mehalik et al.,
2008), and build students’ natural and intuitive experi-
ence (Fortus et al.,, 2004). In the process of design, stu-
dents learn the concepts of science, technology, and
mathematics in the process of designing, building, or
testing products (Yata et al., 2020). For instance, stu-
dents have to learn the concept of energy to design a
house that produces more renewable energy than it con-
sumes over a period of 1 year (Zheng et al., 2020). It was
also found that the majority of selected articles which
adopted design-based learning successfully improved
learners’ engagement, career choice, and STEM literacy
(Table 4). The results align with the findings of a previ-
ous meta-analysis focusing on STEM education at the
middle school level (Thomas & Larwin, 2023). K-12 stu-
dents’ STEM learning successfully improved because
the selected articles reported studies conducting design-
based learning in K-12 education. For example, Cunning-
ham et al. (2019) successfully implemented design-based
learning to improve elementary students’ learning out-
comes, while Fan et al. (2018) found that design-based
learning positively improved secondary students’ concep-
tual knowledge and attitude.

However, the selected articles have not equally used
the features of design-based learning such as collabo-
rating, reflecting, and redesigning. We identified that
the selected articles mainly used designing, building,
and testing to engage students in engineering activities.
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One of the explanations for this finding is that research-
ers may face challenges in implementing a full cycle
of design-based learning because of the time limit of
instruction, so they only focus on the process of design-
ing, building, and testing. Collaborating, reflecting, and
redesigning should be emphasized while adopting effec-
tive design-based learning because students could solve
complex problems by collaborating with others. With
collaboration, the students can learn/solve problems
through discussion within the group. This activity allows
students to share new ideas and debate with others to
generate solutions. Reflecting on the data and experience
allows students to make improvements to their model
and leads them to redesign it to produce a better model.
This process could also grow students’ science knowledge
(Fortus et al., 2004). This finding hence suggests future
studies, and educators emphasize more collaborating,
reflecting, and redesigning for design-based learning for
STEM instruction.

Moreover, inquiry-based learning, project-based learn-
ing, and problem-based learning were adopted in some
selected articles. Inquiry-based learning was considered
to enable and to promote connections within and across
curriculum disciplines and improve students’ engage-
ment in STEM education (Attard et al.,, 2021). Project-
based and problem-based learning can be used to engage
students in authentic problems (Blumenfeld et al., 1991)
and to improve their engagement in STEM education
(Beckett et al.,, 2016). Furthermore, we identified that
inquiry-based learning mainly engages students in exper-
imenting, collaborating, and reflecting (Kim, 2016), and
project-based learning (Han et al., 2015) mainly engages
students in identifying problems and reflecting. This
finding reveals the frequently used features of inquiry-
based learning and project-based learning. Teachers
could use these components of instructional design for
preparing their instruction for teaching STEM. Given
these findings, it is advisable to explore the integration
of inquiry-based, project-based, and problem-based
learning alongside design-based learning in STEM edu-
cation. Such an approach may enhance the effectiveness
of STEM education by providing a more comprehensive
strategy to improve STEM literacy, engagement, and
career choice among K-12 students.

However, we identified that some essentials of these
instructional designs have not been included in selected
articles. For instance, studies adopting inquiry-based
learning rarely asked students to propose their ques-
tions, although questioning is one of the frequently used
features of inquiry (National Research Council, 2012,
2013). One of the possible explanations for this finding is
that students may have a lack of experience with inquiry
learning and not know how to formulate meaningful
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questions, and they may tend to propose low-level fac-
tual questions related to their personal interests (Kra-
jeik et al, 1998). Besides, STEM education requires
students to engage in complex real-world problems,
which requires sufficient ability to propose meaningful
questions. Yet, we expect that future studies and teachers
should encourage students to propose their own ques-
tions because questioning improves students’ creativity,
critical thinking, and problem solving skills (Hofstein
et al., 2005). Teachers could start asking students to pro-
pose their own questions once they have experience and
ability to propose good questions. Krajcik et al. (1998)
suggested providing situations in which students can
receive informative and critical feedback from teachers,
classmates, and others so as to propose their own signifi-
cant questions.

Conclusions

From an instructional design perspective, this study
provides crucial insights into practical STEM education
approaches. The findings underscore the importance
of aligning instructional designs with specific STEM
educational goals. The trend analysis revealed a sig-
nificant increase in focus on engagement, career choice,
and STEM literacy from 2014 to 2021, with a particu-
larly sharp rise observed between 2018 and 2021. Each
instructional design approach demonstrated unique
strengths: design-based learning fosters STEM literacy.
In contrast, inquiry-based and project-based learning
effectively enhanced engagement and career choice. The
study delineates specific features of these instructional
designs that contribute to their success, such as building
and testing in design-based learning, experimenting and
collaborating in inquiry-based learning, and reflecting
and problem identification in project-based learning.

Furthermore, this study advocates for a deliberate and
systematic application of inquiry-based and project-
based learning alongside design-based learning. Such
integration is likely to cultivate a more dynamic and
interactive learning environment that encourages critical
thinking, problem-solving, and collaborative skills among
students. The integration of twenty-first century compe-
tencies in the instructional design of STEM, though less
presented, suggests a potential research space for further
exploration of STEM teaching. This study recommends
an expanded focus on incorporating these competencies
to ensure a holistic educational approach that addresses
immediate educational goals and equips students with
essential skills for future challenges.

Teachers’ limited understanding of STEM instructional
design also presents a significant challenge, necessitat-
ing targeted professional development initiatives. Educa-
tors must comprehend and implement a comprehensive
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approach that aligns educational goals with appropriate
instructional designs to optimize STEM learning out-
comes. This approach involves clearly defining learn-
ing objectives, such as STEM literacy, selecting suitable
instructional designs, and effectively guiding students
through the chosen learning process.

The findings in this study furnish instructional design-
ers and educators with a clear framework for developing
targeted STEM curricula. The research accentuates the
importance of aligning instructional design features with
specific educational goals, suggesting that a nuanced,
goal-oriented approach to STEM instruction can sig-
nificantly enhance student outcomes in literacy, engage-
ment, and career readiness. These insights offer a robust
foundation for refining and optimizing instructional
design strategies in STEM education.

Appendix 1
Description of STEM education goals

STEM education Brief description Representational
goals articles
Engagement The goals of instruc- ~ Fanetal. (2018)

tion focus on stu-
dents’emotional
responses to learn-
ing STEM subjects
and pursuing

a professional degree
in one of the STEM
fields

The goals of instruc-
tion focus on stu-
dents’ability to apply
concepts from sci-
ence, technol-

ogy, engineering,

and mathematics

to solve problems
that cannot be solved
with a single subject

and career choice

Vallera and Bodzin
(2020)

STEM literacy

21st-century compe- Chenand Lin (2019)

tencies

The goals of instruc-
tion focus on stu-
dents'abilities

of critical thinking,
creativity, innovation,
leadership, and adapt-
ability which can

be used to adapt

in the twenty-first
century
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Appendix 2
Description of the elements of instructional design for
STEM education

Features Brief description Representational

articles

Vallera and Bodzin
(2020)

Questioning or identi-
fying problems

Students propose
questions or identify
problems in the STEM
activity

Designing Students design their  Aranda et al. (2020)

model

Building Students build a pro-
totype based on their

model

English (2019)

Students test their
design and prototype

Testing Zheng et al,, 2020

Redesigning Students redesign Lie et al. (2019)
their model after they

test it

Experimenting Students engage Kim, 2016
in hands-on activities
in the STEM educa-
tion

Students use Berland et al. (2014)
mathematics

to analyze the data

from the STEM activity

Students interact
or collaborate

with other students
to solve problems
in the STEM activity

Students evaluate/
assess their experi-
ence in the STEM
activity

Analyzing

Collaborating English and King (2019)

Reflecting Dasgupta et al. (2019)

Communicating Students present/ Chen and Lin (2019)
share their work to/

with the whole class
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