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Editorial on the Research Topic

Innovations and technologies in science/STEM education:

opportunities, challenges and sustainable practices

1 Introduction

We are witnessing an unprecedented paradigm shift in the contemporary education

system entering a new era of digitalization and artificial intelligence (Dai et al., 2023; Jong,

2023). Recently, the COVID-19 pandemic has further institutionalized the applications of

emerging technologies and heightened their roles, accenting the new normal of embracing

innovations and harnessing technologies in education (Huang et al., 2022a). The overall

picture has revealed novel opportunities for teaching and learning which were not

previously evident. This is particularly true in the contexts of science/STEM education

where laboratory activities, as well as graphical representations and visualizations of

scientific theories, are fundamental and detrimental to the facilitation of teaching and

learning (Chiu, 2021; Thees et al., 2021; Wong et al., 2021).

Despite the remarkable advancement of technologies and their emerging applications

in teaching and learning, the accelerating tendency of technologization has presented

challenges in education (Zhai et al., 2021; Lau and Jong, 2023). For example, effective

use of innovative tools and technologies would require educators to genuinely understand

the significance of human connection and interaction in classroom teaching. Pedagogic

design also demands teachers’ professional development of competency and capability to

integrate knowledge of different STEM disciplines (Jong et al., 2021; Huang et al., 2022b).

Meanwhile, further work is also needed to address various issues, such as promotion of

inclusion and equity, development of teaching resources for sustainability, and redefining

the roles of teachers and students in science/STEM education supported by emerging

technologies. All these opportunities and challenges prompt us to initiate the present

collection of Research Topic.
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2 Emerging themes of the Research
Topic collection

This Research Topic was established to collect quality studies

related to applications of emerging technologies in science/STEM

education, as well as innovations in the teaching and learning

of various STEM subjects. Overall, 12 articles contributed by

scholars across various countries have been published; the studies

involve research review, empirical research, as well as curricular,

instructional and/or pedagogical design and implementation. Two

prominent themes permeating the included articles are identified:

(1) impact of innovations and technologies on students’ learning;

and (2) teacher competencies and student skills for sustainable

development. The sub-sections below present an overview of the

included articles.

2.1 Impact of innovations and
technologies on students’ learning

Wick et al. present the use of a binary classification model

as a strategy to identify and help under-prepared engineering

students in early foundation STEM courses. Student performance

data were used to design the model and the interventions

were found to achieve an overall improvement for the high-risk

engineering students in terms of success and retention rates. Firetto

et al. provide another example of innovations and explore the

implementation of an online module regarding effective study

strategies and its association with better exam performance in

an introductory anatomy and physiology subject class. Besides

student success, the impact of technologies on students’ interest

and learning experience in science/STEM education is another

high-priority topic in the research agenda in the field. Tablatin

et al. investigate the use of Minecraft to cultivate Filipino students’

STEM interest and the effects of deploying game-based activities on

students’ learning experience. Gopabala Krishnan et al. highlight

the potential of a graphical user interface tool in simplifying the

learning process for students in STEM disciplines. Oss Boll et al.

report on the design and development of synthetic biological

circuits by 3D printing. The novel STEM educational resources

demonstrate its usefulness as a teaching tool to facilitate students’

learning and understanding of synthetic biology, a relatively

new discipline in science. The work of Doore et al. provides

another example of harnessing emerging technologies for graphical

representations in STEM education. They report on the design

and evaluation of a universally accessible multimodal system

for both students with and without visual impairment, in the

communication and interpretation of graphical representations.

2.2 Teacher competencies and student
skills for sustainable development

Teachers’ professional development and competencies, as

well as students’ essential skills such as digital literacy and

self-organization of knowledge, have influential contributions to

the sustainable development of education in this digital and

intelligence era. Thyssen and Meier report on a comprehensive

analysis of teachers’ perceptions toward the use of 3D printing

technology in classroom teaching in Germany, with regards to

skill development and didactic integration of the technology

in subject lessons. Li presents the pedagogical frameworks,

development and implementation of open education resources

to address the issues of inadequate sense of STEM identity

among students when teaching foundation computational social

science incorporated with data science methodologies and social

science theories. Halonen et al. describe the use of AI-

directed speech recognition technology in a science education

context and analyze its role in the co-construction process

in terms of self-organization of knowledge. The work of Liu

et al. underscores the need for cross-cultural collaboration

and the prominence of innovation mindset for students to

address global issues in the future. Their study examines maker

education through thematic analysis and identifies key educational

themes such as transdisciplinary creativity and skills in relation

to sustainability.

In view of the evolving landscape of education with the

emergence of new technologies and innovations, periodic review

and analysis are necessary and serve as important resources to

identify emerging trends and research directions. Muilwijk and

Lazonder report on the systematic review of studies comparing

virtual and physical investigations, and the relevant findings from

the meta-analysis regarding the implications on STEM teachers

in the option for virtual or physical investigations. Chakraborty

et al. present a bibliometric analysis of prior research attempts in

the contexts of key components such as learning methodologies

and competencies for the mapping between Industry 4.0 and

Education 4.0.

3 Conclusion

This Research Topic collection underscores the roles

of technologies and innovations in shaping the future of

science/STEM education. The diversified perspectives presented

in the included studies highlight the importance of continuous

efforts and more research investigations to harness innovations

and emerging technologies within the contexts of science/STEM

education. We hope this Research Topic collection will provide

a pathway for ongoing dialogue and further insights regarding

the opportunities and challenges of sustainable development

in education in this new era, and provoke thoughts leading

to future studies of education supported by the emerging

technologies and innovations for our next generations to address

the global challenges.
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Introduction: Student success in Science, Technology, Engineering, and

Mathematics (STEM) is a national concern. To increase engineering retention

and graduation rates at a small private institution, a university council

developed a binary classifier to identify high-risk students and proposed

interventions that included decoupling first-year Physics and Calculus courses,

support in introductory Calculus, and Spatial Visualization (SV) training. This

paper aims to validate the binary classifier used to identify the under-prepared

students entering their first year and assess the impact of the interventions.

We provide a comparative analysis of student success metrics for high-risk

engineering students across a decade of cohorts, including 5 years before

(2006–2010) and 5 years after (2011–2015) implementation of intentional

strategies.

Methods: We validated the binary classifier using an accuracy measure and

MatthewsCorrelationCoe�cient (MCC).We used the 2-population proportion

test to compare STEM retention and 4- and 6-year graduation rates of High-

Risk engineering students before and after interventions and compare student

performance in early foundation STEM courses across the same time frame.

Results: The binary classification model identified High-Risk students with an

accuracy of 63–70% and an MCC of +0.28 to +0.30. In addition, we found

statistically significant improvement (p < 0.001) in the STEM retention rates,

6-year graduation rates, and first part of Physics, Calculus, and Chemistry

sequences after the interventions.

Discussion: The methodology and strategies presented may provide e�ective

guidance for institutions seeking to improve the overall performance of

undergraduate students who otherwise might struggle in their first-year

engineering curriculum.

KEYWORDS

STEM, engineering curriculum, first year, persistence, retention, spatial visualization
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1. Introduction

Recognition of the importance of Science, Technology,

Engineering, andMathematics (STEM) as a national concern has

been the subject of multiple reports over many years (Zumeta

and Raveling, 2001; National Science Board, 2007; National

Academy of Sciences, 2010; National Science Foundation,

2010a,b; Provasnik et al., 2012; National Research Council,

2013). At the highest level, the President’s Council of Advisors on

Science and Technology called for higher education institutions

to produce more STEM graduates in order for the United

States to remain competitive in the global economy (Olson

and Riordan, 2012). Considering that approximately half of

bachelor’s degree-seeking students who enter STEMfields switch

out of or fail to complete a STEM degree, increasing the

retention of students who have already entered the STEM

education pipeline is paramount to achieving this goal (Chen,

2013).

The reasons for students departing from STEM majors are

varied, and intersecting factors make analyses as complex as

the process of designing effective interventions. For example,

STEM attrition rates are greater for women, historically

underrepresented students of color, and first-generation

students (Anderson and Kim, 2006; Griffith, 2010; Hill et al.,

2010; Shaw and Barbuti, 2010). Non-cognitive factors such

as motivation and self-efficacy also impact student success

in STEM (Burtner, 2005; Al-Sheeb et al., 2019). Additionally,

students who are less prepared academically for the challenge of

a STEM curriculum have higher attrition rates (Astin and Astin,

1992; Shaw and Barbuti, 2010; Whalen and Shelley, 2010).

In this paper, we describe a methodology to identify and

help under-prepared students entering undergraduate majors in

STEM at a small technologically-oriented research university.

In Section 2.1, we describe a binary classifier developed using

student performance data over 5 years (2006 to 2010) to identify

students who may be at a higher risk of failing in one or more

early foundation STEM courses. We then used the classifier

to advise interventions for engineering students categorized

as “high risk” from 2011 to 2015. The primary intervention

directed these students along an alternative curriculum pathway,

intentionally decoupling the timing of first-year Calculus and

Physics courses, traditionally taken simultaneously during the

first semester. Additional interventions included mandatory

enrollment of students in a Co-Calculus support course taken

in tandem with Calculus and an optional training course offered

to students identified with low spatial visualization skills. We

investigate the following questions in this paper:

1. Is the binary classification methodology valid in identifying

high-risk students?

2. Did the interventions have a positive impact on the

graduation rates and STEM retention rates for high-risk

engineering students?

3. Did the interventions have a positive impact on student

success in the early foundation STEM courses?

1.1. First-year curriculum

The university uses a “Common-Core Curriculum” of first-

year courses that provides engineering students with relatively

flexible options for exploring and changing majors within

the engineering disciplines. This work only considers first-

year students without advanced placement credits for Calculus,

Physics, or Chemistry. For such students, the traditional

pathway through any discipline in engineering includes the

following early foundation STEM courses taken during the first

year: two sequential semesters each of Calculus (Calculus I and

II), Calculus-based Physics (Physics I and II), and Chemistry

(Chemistry I and II). Calculus is a co-requisite for Physics,

meaning students need to take it with or prior to taking Physics.

Physics and Chemistry have laboratory components and are,

consequently, 4-credit courses. Calculus is a 3-credit course;

however, Calculus I includes a complementary 2-credit Co-

Calculus support course.

1.2. Challenges faced by under-prepared
students in the first year

The rigid sequencing of required STEM courses in

engineering can present challenges for students trying to

navigate myriad pre and co-requisites successfully. The

‘common curriculum’ provides exploratory opportunities

across engineering disciplines for most students who complete

the core courses successfully and sequentially. However, the

standard sequence can present obstacles that inhibit on-time

progression for a portion of students who struggle during the

first semester. For example, students who fail Physics I in the

first semester typically retake it in the second semester, and if

successful during their second attempt, still find themselves one

course behind in their program. Such students have to face an

overloaded subsequent semester or take a summer make-up

course to avoid extending their time to degree completion. Even

more detrimental is the case for students who fail Calculus I in

the first semester. Even if they pass their Calculus-based Physics

I course, they must retake Calculus I in the second semester and

are prohibited from progressing to Physics II, which requires

Calculus II as a co-requisite. Such students find themselves

even further behind after just starting their engineering major.

Furthermore, students who pass but score below a C grade are

strongly encouraged by the engineering departments to retake

Calculus and Physics as these courses are prerequisites for future

courses in engineering and set the foundation for success in

those courses. For reference, from 2006 to 2010, the percentage
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of all STEM students failing to achieve a C grade or better in

their first semester of Physics and Calculus was approximately

25 and 33%, respectively (Jaspersohn, 2017).

1.3. Interventions recommended by the
first-year council

In 2010, the university formed a First-Year Council

to implement and coordinate strategies to improve student

performance and retention in STEM majors. The council

initiated a plan to identify each incoming student’s preparedness

for the first-year STEM experience by formalizing the collection

of the following pre-college or pre-entry survey data. We list

these instruments with generic labels for consistency in this

article, with their formal titles and references in parentheses.

1. Math Diagnostic Survey (Clarkson University Math Skills

Assessment) (Turner, 2008),

2. Physics Diagnostic Survey (FCI-Force Concepts Inventory)

(Hestenes et al., 1992), and

3. Spatial Visualization Survey (Rotations component of

the Purdue Spatial Visualization assessment) (Guay and

McDaniel, 1977).

The Physics Diagnostic Survey provides a measure of

conceptual understanding of Newtonian Physics without

mathematical calculations, while the Math Diagnostic Survey

assesses basic Mathematics skills relevant to beginning STEM

majors. Combined, they provide predictive evidence of student

performance in the early foundation STEM courses. The

council identified the most under-prepared or “high-risk”

students by comparing incoming student data (beginning in

2011) with historical data collected previously (2006–2010,

pre-intervention years) and leveraging existing analyses. It

used this information to inform the development of strategies

going forward. Pre-enrollment measures capable of identifying

each student’s risk level allowed for targeted placement

recommendations based on individual needs (2011–present,

intervention years). The council enacted the following strategies

in an attempt to improve student achievement in introductory

STEM courses and increase retention and graduation rates in

STEMmajors:

1. Alternative pathway: The council provided engineering

students identified in the high-risk category from Fall 2011

onward with an alternate schedule (strategic placement

recommendation). In this schedule, the council moved

Physics I to the second semester (and this consequently

moved Physics II to the third semester) and replaced it

with a required engineering course titled Engineering and

Society (Moosbrugger et al., 2012; Chapman et al., 2015).

The rationale was that by decoupling Physics I and Calculus

I from the same semester, the least prepared engineering

students would have a better chance of improving their

mathematics skills before taking Calculus-based Physics.

Essentially, this change delayed Physics by design for the

students in the high-risk category instead of necessity

(through failure, as was the case historically for many

of these students) without sacrificing time for degree

completion. Note that this change required some engineering

departments to consider additional or customized extensions

of the alternative pathway for their second-year courses that

require Physics II as a pre/co-requisite. However, with the

encouragement of the First Year Council, departments saw

value in accommodating students preemptively by design

as a proactive measure that reinforced the university’s

commitment to student success.

2. Co-calculus for all: Before 2011, the university automatically

scheduled only students who scored low on the pre-entry

Math Diagnostic Survey for the Co-Calculus support course,

a low-credit mathematics skills course that complements

Calculus. Since only low-scoring students were enrolled, a

negative stigma was associated with this approach. On the

council’s recommendations, beginning in 2011, the university

placed all Calculus students in Co-Calculus, regardless of

their pre-entry score. Students were given the choice of

remaining throughout the semester (to receive credit) or

testing out once they achieved a normalized score of 0.90

or higher on a subsequent competency test (given nearly

weekly), essentially shifting the course perception from a “fail

in” model to a more positive “pass out” model. From 2011 to

2015, approximately 19% of the 3961 students enrolled in the

first semester of Co-Calculus opted to forego credit and exit

the course after achieving successful scores, including 24% of

the 827 engineering students categorized as high-risk.

3. Optional spatial visualization (sv) training: Students whose

normalized score fell below a selected cut-off (typically

between 0.60 and 0.70) on the Rotations component of

the Purdue Spatial Visualization assessment prior to entry

were automatically scheduled for a one-semester SV training

course (meeting once per week) from Fall 2012 onward.

On the first training day, the students were encouraged

to participate but were not required to remain. Each

year, the cut-off varied to accommodate the reality of

scheduling constraints (section capacity). From 2012 to 2015,

approximately 13.6% of 1,851 incoming engineering students

participated in Spatial Visualization training, including 19%

of the 650 engineering students categorized as high-risk.

2. Materials and methods

2.1. Binary classification of student risk
levels

Building upon historical data collected over multiple

years (Turner, 2008), the First-Year Council initiated a

comprehensive assessment of first-year performance in the
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FIGURE 1

Sunflower plot of initial state data (Mathematics and Physics

diagnostic scores) from 2006 to 2010 with group labels, counts,

and percent of the total number of students. There were N =
1,982 total students considered during this period who took the

Mathematics and Physics diagnostic tests. The number n

(lowercase) in each subgroup (M+P+, M−P+, M−P−+, M−P−,

and M+P−) indicates the number of students in that subgroup.

We also indicate the percentage of these numbers out of the

total number N. Whenever data points with “S” and “U” grades

overlapped, we added a slight o�set for clarity.

introductory Calculus and Physics courses, supported by a

2009 grant from Procter & Gamble (P&G) (Schalk et al.,

2009, 2011). The results of a Principal Component Analysis

(PCA) of historical pre-entry or initial state data identified

the Mathematics and Physics Diagnostic scores as relatively

independent measures capable of explaining a significant

amount of variance in the data (Schalk et al., 2009). To

illustrate this, we created a sunflower plot (Figure 1) of historical

initial state data (Fall 2006–2010 cohorts) of paired normalized

Mathematics and Physics Diagnostic scores (N =1,982) for

incoming students co-enrolled in both Calculus I and Physics

I during their first semester. A solitary dot in the sunflower

plot represents a single data point, whereas multiple petals

represent multiple points at the same coordinate location.

The blue and red colors, respectively, distinguish between

students who were ultimately successful and those who were

unsuccessful in their first semester Physics I course (as defined

in Section 2.2).

The scatter in the data highlights the diversity of incoming

student preparation levels. The sunflower plot divides the

data into four quadrants based on students’ performance on

the Mathematics and Physics Diagnostic Surveys. We defined

“success” on the Physics Diagnostic Survey as scoring 50%

or more and “success” on the Mathematics Diagnostic Survey

as 65% or more. We detail the rationale for these cutoffs in

Section 3.2. Thus, the sunflower plot provides four general

groups or quadrants indicating relative preparedness levels in

Mathematics and Physics.

Each group, labeled with an “MP” for Math/Physics and “+”

or “−” designation denoting a relative strength or weakness,

respectively, represents a preparedness level. Thus, we have four

risk categories: M+P+, M+P−, M−P+, and M−P−. Students

considered to be well-prepared in bothMathematics and Physics

are categorized as Low-Risk (M+P+), while students who are

ill-prepared for both are considered High-Risk (M−P−). We

categorized the students who are well-prepared in one but ill-

prepared in the other as Medium-Risk (M+P− and M−P+).

As a logistical control mechanism for maximizing enrollment

in the Engineering and Society course during the intervention

years, a small number of M− students who were just above

the Physics cutoff were included in the Alternative Pathway

recommendation for the Fall 2012 cohort and beyond. This

additional group represents the highest risk students in the

M−P+ Medium-Risk category and is labeled as M−P−+,

shown as a wedge in Figure 1. Students in this subgroup

were relabeled as high-risk, thus expanding the total count

of students in the High-Risk category. Since the classification

aims to identify high-risk students, we combine the low

and medium-risk students into a single category, leading to

binary classification.

2.2. Evaluation criteria for the
classification model

Before using the classification model described in Section

2.1 in practice, we needed to validate the model’s predictive

capability. To this effect, we considered the final grades in the

first-year foundational STEM courses relative to the identified

risk categories for Fall 2006–2010 cohorts. We used the Receiver

Operating Characteristics (ROC) curve to display the paired

False Positive and True Positive Rates for students in Physics

I, obtained by varying each cutoff or threshold between 0

and 1 by increments of 0.01. We label students earning

a course grade of “C” or better in their first attempt as

successful (S), while students earning below a “C” (including

withdrawals, late withdrawals, and incompletes) in their first

attempt as unsuccessful (U). In Figure 1, successful students

appear blue, while unsuccessful students appear red. Since we

are interested in identifying the High-Risk students with the

classifier, the “Positive” instance is associated with identifying

an unsuccessful student. Consequently, classifying a student

into Low or Medium-Risk is labeled as a “Negative” instance.

In the context of this binary classification, we define the True

Positives (TP), False Positives (FP), True Negatives (TN), and

False Negatives (FN) as follows:
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True Positives (TP) = Students classified as

high-risk who received “U” grade

False Positives (FP) = Students classified as

high-risk who received “S” grade

True Negatives (TN) = Students classified as

low and medium risk who received “S” grade

False Negatives (FN) = Students classified as low and

medium risk who received “U” grade.

Consequently, we present the student counts as a set of 2×2
confusion matrices, where a “positive” instance is associated
with identifying an unsuccessful student. Each confusion matrix
includes the following model evaluation metrics (Swets, 1988;
Fawcett, 2006) defined below:

True Positive Rate (TPR) =
Number of True Positives (#TP)

Number of students with “U” grade

True Negative Rate (TNR) =
Number of True Negatives (#TN)

Number of students with “S” grade

False Positive Rate (FPR) =
Number of False Positives (#FP)

Number of students with “S” grade

False Negative Rate (FNR) =
Number of False Negatives (#FN)

Number of students with “U” grade

Positive Predictive Value (PPV)

=
Number of True Positives (#TP)

Number of students classified as high-risk students

Negative Predictive Value (NPV)

=
Number of True Negatives (#TN)

Number of students classified as low and medium risk

Accuracy (ACC) =

Number of True Positives (#TP)+Number of True Negatives (#TN)

Total number of students

Matthews Correlation Coefficient (MCC)

=
(#TP)·(#TN)− (#FP)·(#FN)

√
(#TP + #FP)·(#TP + #FN)+(#TN + #FP)·(#TN + #FN)

.

Accuracy (ACC) measures how well the classifier correctly

identifies the categories. Accuracy varies from 0 to 1, with 1

indicating exact classification. Since we typically have fewer

students in the High-Risk category than in the Low and

Medium-Risk categories combined, we also calculated the

Matthews Correlation Coefficient (MCC) (Matthews, 1975). The

MCC, on a scale of −1 to 1, provides a measure of the overall

quality of a binary prediction classifier. Positive values of the

MCC indicate better prediction quality.

2.3. Comparability of high-risk students
before and after intervention

Once the classificationmethodology was verified, as outlined

in Section 2.2, the First-Year Council applied it to subsequent

cohorts to make targeted placement recommendations. In

Sections 2.4 and 2.5, we quantify the impact of the intervention

on high-risk students from cohorts Fall 2011–2015 compared

to the high-risk students from cohorts Fall 2006–2010. Since

these cohorts are from different years, we needed to ensure

they are indeed comparable. For a fair comparison, we needed

the two groups to be similar with respect to their academic

performance at the beginning of the first year at the university.

We chose to use the SAT scores as a measure of the

similarity between the two groups. We analyzed the descriptive

statistics for math and verbal SAT scores of the two groups.

Furthermore, we used the two-tailed t-test (Neter et al., 1996)

on the SAT math and verbal scores of the two groups to

compare them.

2.4. Analysis of the retention and
graduation rates of engineering students

In this section, we narrow our analysis to just

the High-Risk engineering-major students since the

Alternative Pathway intervention was designed specifically

for these students. We evaluated the long-term impact

of the methodology and interventions implemented

for engineering students identified as high-risk for Fall

2011–2015 cohorts.

2.4.1. Control and treatment groups for
retention and graduation rates

For the analyses of the retention and graduation rates, we

define the “control group” and “treatment group” as follows:

The control group is the group of engineering students

identified as High-Risk students by the classifier described in

Section 2.1, from Fall cohorts 2006 to 2010.

The treatment group is the group of engineering students

identified as High-Risk students by the classifier described in

Section 2.1 from Fall cohorts 2011 to 2015 who have received

the treatment. To ensure that these students are only those

who received the “treatment,” we considered only the students

enrolled in Physics I in the second semester of their cohort year

and registered for the Engineering and Society course in the first

semester of their cohort year.

We define first-year STEM retention as the percentage

of first-year STEM major students enrolled in STEM majors

at the beginning of their second year. We define second-

year STEM retention similarly, as the percentage of first-

year STEM major students enrolled in STEM majors at the

beginning of their third year. We compared the first and second-

year retention rates and the 4- and 6-year graduation rates

before and after the interventions. All engineering programs

at the university are 4-year programs. We also note that

the 4-year graduation rate indicates an important “on-time”

Frontiers in Education 05 frontiersin.org

12

https://doi.org/10.3389/feduc.2022.1087064
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Wick et al. 10.3389/feduc.2022.1087064

graduation rate metric, while the 6-year rate accounts for

graduation within 150% of a student’s program length. We

used the two-population proportion test (Neter et al., 1996)

to find the statistical significance of the difference between the

two groups.

2.5. Measuring the impact of the
interventions on early STEM courses

We wanted to quantify the effect of the interventions on

success rates in the early STEM foundation courses taken

by engineering students. Recall that we defined “success” as

achieving a “C” grade or better on the first attempt. We

compared the early STEM course performance of the students

from the control group to the course performance of the

students in the treatment group. We used the two-population

proportion test to determine the statistical significance of the

difference between the two groups.

2.5.1. Control and treatment groups for early
STEM course success

For the control group in Physics I, Calculus I, and

Chemistry I, we considered High-Risk engineering students in

the cohort years 2006–2010 who took the corresponding courses

in the first semester of their cohort years. Whereas, for the

subsequent courses, Physics II, Calculus II, and Chemistry II,

the ‘control group’ included High-Risk engineering students

in the cohort years 2006–2010, who registered for these

courses after passing the first part of the corresponding

course. We only considered their Success or Failure in their

“first” attempt at these courses for this study. The treatment

group in Physics I, Calculus I, and Chemistry I consists of

High-Risk engineering students in the cohort years 2011–

2015 who registered for the Engineering and Society course

in the first semester and Physics I course in the second

semester of their cohort year. An additional requirement for

students in treatment groups for Calculus I and Chemistry I

is that the students in these groups need to have registered

for these courses in the first semester of their cohort year.

Whereas, for the subsequent courses, Physics II, Calculus

II, and Chemistry II, the “treatment group” included High-

Risk engineering students in the cohort years 2011–2015 who

registered for these courses after passing the first part of the

corresponding course.

2.6. Coding language and libraries used

We used Version 4.0.0 of R programming language for

the coding with the following R libraries: readxl, dplyr, tidyr,

ggplot2, and ggpubr.

FIGURE 2

Receiver operating characteristics (ROC) curve for Satisfactory

(S)/Unsatisfactory (U) grades in Physics I by predicted risk

categories for Fall 2006–2010 cohorts.

3. Results

3.1. The binary classification model

In Figure 1 we depict the sunflower plot for all students

from the Fall cohorts from 2006 to 2010. This figure is for the

Mathematics Diagnostic survey cut-off of 0.65 and the Physics

Diagnostic survey cut-off of 0.5. The binary classification system

identified 745 students as high-risk students out of 1982. These

745 students include 585 students from the M−P− category

and 160 students from the M−P−+ category as explained in

Section 2.1.

3.2. Evaluation of the classification model

We depict the ROC curve for Physics I in Figure 2. Each

dot in this figure plots the False Positive Rate (FPR) and

True Positive Rate (TPR), corresponding to a pair of potential

cutoff values in the Mathematics and Physics diagnostic surveys.

This methodology implies that cutoffs may need to be decided

for every course and for every cohort group. However, the

primary intervention for engineering students involved shifting

the timing of the first physics course by one semester. Hence,

for practical and logistical reasons, the final cutoffs of 0.65 for

the Mathematics and 0.50 for the Physics Diagnostic surveys

were based on the ROC curve associated with Physics I, the

impact of the expanded high-risk category (M−P−+), and

guided by recommendations from the Mathematics and Physics

Departments. The red dot in Figure 2 shows the corresponding
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TABLE 1 Confusion matrices with student-counts demonstrating early STEM foundation course performance measured as Satisfactory

(S)/Unsatisfactory (U) grade, by predicted risk categories for Fall 2006–2010 cohorts for the Math Diagnostic cut-o� of 0.65 and Physics Diagnostic

cut-o� of 0.5.

STEM performance by risk categories

Predicted risk level Model evaluation metrics

Actual grades High Medium + Low TPR TNR FPR FNR PPV NPV ACC MCC

Physics I Grade U 285 (106 + 25)= 131 0.685 0.706 0.294 0.315 0.383 0.894 0.702 +0.329

S 460 (506 + 600) = 1106

Calculus I Grade U 340 (126 + 29)= 155 0.689 0.638 0.362 0.313 0.427 0.838 0.625 +0.294

S 456 (436 + 368) = 804

Chemistry I Grade U 283 (102 + 38)= 140 0.669 0.659 0.341 0.331 0.361 0.874 0.661 +0.277

S 501 (482 + 486) = 968

Success in coursework was defined as a letter grade of C (grade point 2.0) and above on the first attempt.

pair of FPR and TPR for these values and its proximity

between the coordinate location (0,1), representing a perfect

classifier, and the diagonal line representing a completely

random classifier.

Table 1 summarizes the confusion matrices for the courses

Physics I, Calculus I, and Chemistry I based on the final cutoff

values. The proportion of students receiving a U grade correctly

categorized as High-Risk (True Positive Rates) ranges from 0.67

to 0.69 for all three early STEM foundation courses, with False

Positive Rates ranging from 0.29 to 0.36. The proportion of

students receiving an S grade correctly categorized asMedium or

Low-Risk (True Negative Rates) ranges from 0.64 to 0.71, with

False Negative Rates ranging from 0.31 to 0.33. The proportion

of students categorized as High-Risk who received a U grade

ranges from 0.36 to 0.43, while the proportion of students

categorized as Medium or Low Risk who received an S grade

ranges from 0.84 to 0.89. The proportion of total students

correctly categorized (Accuracy) ranges from 0.63 to 0.70. Since

fewer students are typically in the high-risk category than in

the low-medium risk category, we computed the Matthews

correlation coefficient (MCC). We found that the MCC was

positive and ranged from +0.28 to +0.33.

3.3. Results of the comparability of the
high-risk students before and after
intervention

We used SAT scores to verify the comparability of the high-

risk students before and after the intervention. The mean SAT

math scores of high-risk students from Fall 2006 to 2010 was

559, as opposed to 546 for the high-risk students from Fall 2011

to 2015. The first quartile, median, and third quartiles for SAT

math scores were 550, 590, and 630, respectively, for the high-

risk students from Fall 2006 to 2010, whereas these statistics

were 540, 580, and 620, respectively, for the high-risk students

FIGURE 3

The comparison of the (A) SAT math scores, and (B) SAT verbal

scores of the high-risk students from Fall 2006–2010 and the

high-risk students from Fall 2010–2015. The t-tests yielded

p-value > 0.05 in both cases, indicating no statistically

significant di�erence between the two groups.

from Fall 2011 to 2015. The t-test showed that the SAT math

scores of the two groups were statistically similar (p = 0.126).

The mean SAT verbal score of high-risk students from Fall 2006

to 2010 was 506, compared to 503 for the high-risk students

from Fall to 2015. The first quartile, median, and third quartiles

for SAT verbal scores were 480, 530, and 570, respectively, for

the high-risk students from Fall 2006 to 2010, whereas these

statistics were 480, 530, and 580, respectively, for the high-risk

students from Fall 2011 to 2015. We summarize the descriptive

statistics in Figure 3. Furthermore, the t-test revealed that the

SAT verbal scores of the two groups were statistically similar

Frontiers in Education 07 frontiersin.org

14

https://doi.org/10.3389/feduc.2022.1087064
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Wick et al. 10.3389/feduc.2022.1087064

FIGURE 4

The first row shows the High-Risk engineering students’ first and second-year retention rates in the STEM major for the cohort years Fall

2006–2015. The second row depicts the 4- and 6-year graduation rates. The percentage values for each year are indicated at the top of each

bar in the bar charts. The results from the pre-intervention years (Fall 2006–2010) are shown in blue, whereas those from post-intervention

years (Fall 2011–2015) are shown in green. The significance levels (p-values) indicating the di�erences in the pre-intervention and

post-intervention years are shown in the individual graphs. ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05.

(p = 0.706). Since, in both cases, the p> 0.05, we could compare

the performance of these two groups.

3.4. Retention and graduation rate
comparison

Figure 4 shows the first and second-year retention and the 4-

and 6-year graduation rates for engineering students identified

as High-Risk for each Fall entry cohort from 2006 to 2015.

We can see that the High-Risk students’ overall retention and

graduation rates are better during the intervention years than

before the interventions. The plots also show the p-values for

the two-population proportion tests comparing the control and

treatment groups. We see that the treatment group performed

significantly better than the control group in the first and

second-year retention rates with p < 0.001. The 4- and 6-year

graduation rates in the treatment group were also significantly

better than the control group with p < 0.05 and p < 0.001,
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respectively. Table 2 shows the details of these tests, including

the overall percentage of students in each group.

3.5. Comparison of success rates in early
STEM courses

Figure 5 depicts the success rates in early STEM courses

for engineering students identified as High-Risk for each Fall

cohort from 2006 to 2015. From the bar chart for Physics I,

we can readily recognize that the treatment group performed

better than the control group. In fact, the minimum success rate

in the post-intervention years (71.8%) is significantly greater

than the maximum success rate in the pre-intervention years

(66.3%). However, we can not reach the same conclusion for

other courses without further investigation. Thus, we performed

the two-population proportion test to compare the two groups’

performances for each early STEM foundation course. We

display the p-values for the two-population proportion tests to

compare the control and treatment groups in Figure 5. Table 3

shows the details of these tests, including the overall percentages

and number of students in each group. Note that we used

the number of students attempting the courses for the first

time in these tests. The treatment group performed significantly

better (p < 0.001) in Physics I, Calculus I, and Chemistry I

than the control group. For Calculus II, we found a marginal

improvement (p < 0.05) in the success rate of the treatment

group over the control group. However, we found no statistically

significant difference between the two groups’ performance in

Physics II and Chemistry II.

4. Discussion

We used the historical data from the Fall cohorts from 2006

to 2010 to develop and refine a model classifier to identify

students at high risk of underperforming in the early STEM

courses. While the classification method has limitations and

room for improvement (see Section 4.1), as a low-dimensional

model based on only two relatively independent measures

easily captured at the pre-entry point of enrollment, the

results are promising. The relatively high accuracy for correct

categorization seems in contrast to the somewhat low Matthews

Correlation Coefficient for overall model quality. However, we

find much value in using this approach for identifying the

majority of genuinely high-risk students. The high Negative

Predictive Values suggest that in using this methodology as

a predictive tool, we should have high confidence that most

students we categorize as Medium/Low-Risk will likely do well

in the early foundation STEM courses. Furthermore, while

the Positive Predictive Values are much lower due to the

misclassification of a fair number of successful students as

TABLE 2 Success rates for the control group and the treatment group

along with the p-values for the two proportion tests.

Control group Treatment group p-

(N1 = 605) (N2 = 672) values

First-year STEM retention 86.1% 93.6% <0.001***

Second year STEM retention 76.4% 85.4% <0.001***

4-year graduation rate 50.9% 57.4% 0.011*

6-year graduation rate 68.8% 78.7% <0.001***

There were N1 = 605 students in the control group. Moreover, there were N2 = 672

students in the treatment group. See Section 2.4.1 for the definitions of the control and

treatment groups. ∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05.

High-Risk, the model correctly classifies more than 2/3 of the

unsuccessful students (in Physics I, Calculus I, and Chemistry

I) as High-Risk. From an intervention design perspective, this

aligns with a conservative approach in which we may offer more

students additional assistance or recommendations to enhance

their success than may be necessary.

After verification, we used the classifier to identify High-

Risk engineering students in the Fall cohorts of 2011 onward.

These students were then prescribed an alternative pathway,

decoupling the concurrent timing of the Calculus I and Physics

I courses. Additionally, all students were enrolled in a Co-

Calculus support course, and some were provided with an

optional SV training course. We found that these combined

interventions had a statistically significant (p < 0.01) positive

impact on the 4- and 6-year graduation rates and the first and

second-year STEM retention rates of the High-Risk students.

The interventions also improved the performance of the High-

Risk students (p < 0.001) in the courses Physics I, Calculus I,

and Chemistry I. The improvement in the Physics I success rate

could be attributed to these students completing the Calculus

I course before attempting Physics I. This finding contrasts

with the pre-intervention years when all students took Calculus

I and Physics I concurrently. We note that improvements in

the success rate in Calculus II were marginally significant and

not significant for Physics II and Chemistry II. However, this

observation may reflect the impact of increased retention of

more High-Risk students in the post-intervention years.

4.1. Limitations and future work

The approach presented is understandably limited in

that it does not directly account for non-cognitive factors

and demographic variables linked to overall student success.

However, it uses relatively easy-to-capture diagnostic data at

the pre-entry point of student enrollment. The resulting binary

classifier is admittedly “static” in that the cut-offs for the

Mathematics/Physics Diagnostic surveys are predetermined by

Frontiers in Education 09 frontiersin.org

16

https://doi.org/10.3389/feduc.2022.1087064
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Wick et al. 10.3389/feduc.2022.1087064

FIGURE 5

The success rates of High-Risk engineering students in the early STEM courses from the cohort years Fall 2006–2015. The success rates in the

pre-intervention years (Fall 2006–2010) are shown in blue, whereas the post-intervention years (Fall 2011–2015) are in green. The significance

levels and the p-values indicating the di�erences in the pre-intervention and intervention years are shown in the individual graphs. ∗∗∗p < 0.001,
∗∗p < 0.01, and ∗p < 0.05.
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TABLE 3 Success rates for the control group and the treatment group

(as a percentage and raw numbers) along with the p-values for the two

proportion tests.

Control group Treatment group p-values

Success in Physics I 62.5% (378) 80.4% (540) <0.001***

Success in Calculus I 56.4% (332) 71.7% (466) <0.001***

Success in Chemistry I 62.9% (378) 75.3% (495) <0.001***

Success in Physics II 77.3% (371) 79.3% (456) 0.237

Success in Calculus II 64.0% (310) 69.2% (430) 0.039*

Success in Chemistry II 71.5% (352) 69.2% (413) 0.783

Success in coursework was defined as a letter grade of C (grade point 2.0) and above on

the first attempt. See Section 2.5.1 for the definitions of the control and treatment groups.
∗∗∗p < 0.001, ∗∗p < 0.01, and ∗p < 0.05.

the data from 2006 to 2010. In the short term, i.e., for the

period 2011 to 2015 considered in the paper, this model worked

reasonably accurately and as expected. However, in the future,

we will need to reexamine the long-term validity of the model

and make adjustments accordingly.

Moreover, students whose scores are near the intersection

of the Mathematics and Physics Diagnostic cut-offs shown

in the sunflower plot are similar in preparedness but could

essentially belong in any of the four categories. A revised

set of cut-offs with diagonal (negative slope) or curved

diagonal bands that broaden the Medium-Risk categories

into a single zone while simultaneously separating the

High and Low-Risk zones might improve the predictive

capability and enhance targeted recommendations for further

improving retention and graduation rates. Additionally, a

future study incorporating modeling techniques will examine

the extent to which each intervention strategy contributed to

student success.

5. Conclusion

In this paper, we designed a binary classifier to identify

students at higher risk of underperforming in early foundation

STEM courses. We used student performance data from 2006

to 2010 to design the classification model and validated it

using a classifier accuracy measure and Matthews Correlation

Coefficient. After the validation, we used this model to

identify the most underprepared engineering students from

subsequent incoming cohorts. Once identified, these students

were prescribed interventions (alternative pathways, a Co-

Calculus support course, and an optional SV training course)

to help them succeed in their engineering programs. We

observed that these collective interventions significantly

and positively impacted the STEM retention rates of these

students in the first 2 years of their academic careers and

improved their 4- and 6-year graduation rates. Moreover,

the performance of the High-Risk engineering students also

improved in the early foundation STEM courses, translating to

increased retention.

These findings provide an effective methodology for

identifying and supporting engineering students likely to

struggle in their undergraduate education. Institutional

profiles and student preparedness levels can vary significantly

from one university to another. Hence the methodology

and suggested interventions may not translate directly

with the same level of effectiveness for other institutions.

However, the overall improvement in the graduation,

retention, and success rates achieved in the early STEM

courses suggests that customized analysis and targeted

interventions can elevate student success. The strategies

presented in this article may provide effective guidance for

institutions seeking to improve the overall performance of

undergraduate students who otherwise might struggle in their

engineering curriculum.
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Using Minecraft to cultivate 
student interest in STEM
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Due to the popularity and flexibility of Minecraft, educators have used this game 
to develop instructional materials and activities to cultivate student interests in 
science, technology, engineering and mathematics (STEM). One example of such 
an initiative is the What-If Hypothetical Implementations in Minecraft (WHIMC) 
project of the University of Illinois Urbana Champaign. The study reported in 
this paper describes a WHIMC deployment in the Philippines and the effects 
this deployment had on student STEM interest. The study used quantitative and 
qualitative methods to determine the effect of WHIMC on the STEM interest 
of Filipino students. We  performed quantitative analysis of the pre- and post-
STEM Interest Questionnaire (SIQ) ratings and Game Experience Questionnaire 
(GEQ) ratings of the high- and low-performers to determine the effect of using 
WHIMC in the students’ STEM interest and the difference between the game 
experience of high- and low-performers, respectively. Qualitative analysis of the 
answers to the open-ended questions about the attributes of the module was 
also conducted to determine the relationship between the module attributes 
and student performance. The analysis of the aggregated SIQ ratings before 
and after using the WHIMC-based modules revealed only a minimal effect on 
the STEM interests of the students. However, there was a significant effect in the 
Choice Actions construct, which implies that students recognize the importance 
of studying hard if they want to pursue STEM-related careers. Further, the 
analysis of the overall GEQ of high-performers and low-performers also revealed 
no significant difference. Although no significant difference was observed in 
the overall GEQ, high-performers had significantly higher GEQ ratings in the 
Immersion dimension. This result suggested that high-performers had a more 
positive, engaging, and enjoyable learning experience. Moreover, the findings 
on the favorite module attributes suggested that students perform better in the 
out-of-game assessments when they like all the module attributes. This implies 
that students must be engaged in the game and learning task aside from being 
interested in the learning topic to have better assessment scores. The study also 
showed that open-ended learning environments coupled with tasks that demand 
exploration, observation, and higher-ordered thinking are demanding even on 
high-performers.
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Minecraft, WHIMC world, STEM interest, digital game-based learning, educational 
games
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1. Introduction

Learners often find STEM difficult because it requires complex 
thinking, repeated practice, and self-discipline (Bertozzi, 2014). 
According to the PISA National Report on the Philippines, compared 
to the OECD average of 489 in Math and 489 in Science, Filipino 
students scored a low 353 and 357, respectively. Only 1 out of 5 
attained the minimum proficiency level in math (Education GPS, 
OECD, February 2023). These results are corroborated by students’ 
performance in the National Achievement Test, where only 25% 
demonstrated mastery levels in math and only 5% of test takers 
demonstrated mastery levels in science. Thus, addressing STEM 
interest and achievement in the Philippines is an acute need. 
Improving students’ self-efficacy through learning experiences is 
essential to cultivating students’ interest and enthusiasm in STEM 
careers (Mohtar et al., 2019). One of the innovative ways to provide an 
engaging learning environment that keeps students interested and 
enthusiastic about STEM subjects is the use of games in learning.

Digital game-based learning (DGBL) has become a growing 
educational trend in the classroom as an engaging teaching approach 
for improving student motivation and learning (Ennis, 2018; Leong 
et al., 2018; Hussein et al., 2019; Shang et al., 2019). Games provide 
more amusement, enjoyment, and aesthetic appeal (Alawajee, 2021). 
They can also encourage the player to learn, offer multisensory 
environments, and improve the capacity of a player to think and create 
meaning (Iliya and Jabbar, 2015). The use of digital games can help 
students gain a more concrete understanding of abstract, theoretical 
topics while interacting with the learning material (Nkadimeng and 
Ankiewicz, 2022). Games have been advantageous for learning in 
different domains, including more authentic learning and increased 
student engagement because of their degree of interactivity and 
immersion (Alonso-Fernandez et al., 2019). Since STEM subjects are 
complex and challenging to learn, games can be  a great way to 
introduce learners to scientific concepts. Several studies have 
demonstrated the beneficial impacts of games on science education. 
A study on DGBL for elementary science education revealed increased 
student engagement, domain knowledge, and problem-solving skills 
(Lester et al., 2014). Students who played the personalized DGBL 
application about plants gained a significant increase in learning 
achievements and motivation (Hwang et  al., 2012). In addition, 
students who learned about migratory bird identification with the 
DGBL environment have significantly outperformed their peers in the 
acquisition of learning and motivation (Chu and Chang, 2014). The 
game Sorceress of Seasons was utilized to teach fundamental 
programming concepts. This resulted in increased positive attitudes 
toward programming, with female students reporting larger increases 
in computer science interest than males. The study suggests that games 
may be  successful in increasing interest in STEM (Bonner and 
Dorneich, 2016). Further, the simultaneous presence of learning 
experiences and player self-determination while playing a STEM 
digital game might foster STEM interest (Ishak et  al., 2022). The 
positive effects of digital games on student achievement, skills 
acquisition, motivation, and engagement have influenced educators, 
game developers, funding organizations, and researchers to use games 
across many platforms to teach STEM subjects (Bertozzi, 2014).

Minecraft is one of the game platforms used to teach and 
encourage interest in STEM. Minecraft is a sandbox-style video game 
released in 2009 by Mojang and the most widely played game in the 

world, with more than 180 million copies sold to date (Bitner, 2021). 
Due to its popularity and flexibility, educators utilize this game 
platform to develop instructional materials and activities to cultivate 
student interest in STEM. Pusey and Pusey (2015) used MinecraftEdu 
as an instructional tool to teach Earth Science topics to Grade 8 
students in 2 schools in Australia. Along with the traditional teaching 
methods such as worksheets, slideshows, videos, and hands-on 
activities, the MinecraftEdu lessons were utilized once a week 
throughout the 5 to 6-week Earth Science program. Students who 
participated in the program expressed increased enthusiasm about 
attending science class because they liked the interactive learning, 
teamwork, and enjoyable coursework. This result showed that after the 
use of MinecraftEdu lessons, student interest in science has increased. 
Nkadimeng and Ankiewicz (2022) also reported a similar finding 
about using MinecraftEdu for a series of five 1 h lessons in atomic 
structure in a South-African junior high school. Further, learning with 
MinecraftEdu makes abstract concepts easier to understand, promotes 
critical thinking, and is conducive to collaboration and motivation. 
Another study prepared four different STEM activities and asked 
6th-grade science classes to use Minecraft Educational Edition for 
4 hours per week. The researchers collected data on STEM interests 
using the STEM Career Interest Survey and Scientific Creativity Scale. 
Both scientific creativity and STEM interest levels statistically 
increased (Saricam and Yildirim, 2021). These results imply that 
MinecraftEdu might be suitable as a learning tool for Science and 
Chemistry subjects. Furthermore, there is evidence from prior studies 
that games have a positive effect on STEM interests. However, there is 
a lack of longitudinal studies. Indeed, papers such as those of Gao et al. 
(2020) call for longitudinal studies to determine game-based learning’s 
far-reaching effects.

What-If Hypothetical Implementations in Minecraft (WHIMC; 
https://whimcproject.web.illinois.edu/) also aims to engage, excite, 
and generate interest in learning science. WHIMC is a set of Minecraft 
worlds teachers can utilize as supplementary activities in teaching 
STEM. It includes a Rocket Launch Facility, the Lunar Base LeGuin, 
and a Space Station as shown in Figure 1. It also includes exoplanets 
and different versions of Earths, e.g., Earth with no moon, Earth with 
a colder sun. WHIMC immerses learners in simulated environments 
wherein they can move around these different worlds and make 
observations while exploring them (Yi and Lane, 2019; Manahan and 
Rodrigo, 2022; What-If Hypothetical Implementations in Minecraft 
(WHIMC), n.d.).

WHIMC has been the platform for several studies. One such 
study conducted during a summer camp examined campers’ 
actions by giving them a quick 10 min presentation on 
hypothetical earth scenarios before allowing them to explore 
worlds in Minecraft. It revealed that sandbox games can spark 
interest in STEM subjects among underrepresented adolescents 
and that engagements with natural phenomena are possible in an 
open digital environment (Yi et  al., 2020). Another study (Yi 
et  al., 2021) examined interest triggers within Minecraft and 
found that personal relevance relates to a desire to reengage in 
camp content and with the design and structure of the 
intervention. Further study on STEM interest triggers within 
Minecraft in a hybrid summer camp found that various in-game 
and contextual aspects of the learning experiences, such as 
instructional conversation, novelty, ownership, and challenge, 
triggered the learners’ STEM interests (Lane et  al., 2022). 
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Gadbury and Lane (2022) encouraged teenagers to participate in 
five after-school sessions over the course of 5 weeks, during 
which they used Minecraft to explore several versions of Earth. 
The research investigates how different levels of STEM interest 
affect in-game science tool usage and observations across the 
hypothetical versions of Earth. The result revealed that 
participants with moderate STEM interests had the highest 
science tool usage, indicating high engagement and desire to 
learn. In terms of observations, participants with high STEM 
interests recorded high observations, suggesting confidence or 
high prior knowledge. Studies on the use of WHIMC were also 
conducted in the Philippines. The analysis of learner traversals 
of Minecraft worlds conducted in a grade school found a negative 
correlation between learner performance and overall distance 
traveled. This finding implied that low performers wander early 
in gameplay while high performers use a depth-first search 
strategy when exploring an area and are goal-oriented (Esclamado 
and Rodrigo, 2022a). The study of Casano and Rodrigo (2022a) 
performed a comparative assessment of American and Filipino 
learner traversals and in-game observations within Minecraft 
against canonical answers from experts. The finding suggested 
that high performers make more observations aligned with 
canonical answers from experts than low performers. They also 
found a difference in the in-game behavior of low performers. 
Filipino students tend not to make in-game observations, while 
American students actively make in-game observations. Another 
study looked at the achievement, behaviors, and STEM interests 

of frustrated and bored learners using WHIMC and found that 
frustrated learners tend to disengage from the game and bored 
learners tended to perform poorly on post-game assessments 
(Esclamado and Rodrigo, 2022b). Further, the analysis of game 
experience and STEM interest of primary school learners in the 
Philippines reported that high and low performers had the same 
level of game experience and that they like the game and learning-
related WHIMC features. However, the learning task integrated 
into the WHIMC-based modules made learning difficult for the 
high performers, and technical bugs made learning difficult for 
the low performers. The finding on the STEM interest showed 
that high performers had a higher degree of agreement with the 
Stem Interest Questionnaire (SIQ) compared to the low 
performers (Casano and Rodrigo, 2022b). This study aims to 
continue the Philippine studies by promoting the use of WHIMC 
as a learning tool in a Philippine middle school to cultivate 
student STEM interests. Specifically, we  seek answers to the 
following research questions:

RQ1: What is the effect of using WHIMC on the STEM interests 
of students?

RQ2: What is the difference between the game experience of high- 
and low-performers?

RQ3: What is the relationship between the module attributes and 
student performance?

A B

C

FIGURE 1

WHIMC worlds.
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2. Materials and methods

The study used quantitative and qualitative methods to determine 
the effect of WHIMC on the STEM interests of Filipino students. 
We used an embedded design wherein we collected quantitative data 
from the SIQ and Game Experience Questionnaire (GEQ) survey 
questionnaires and qualitative data from the open-ended questions 
included in the GEQ questionnaire. Insights drawn from analyzing the 
answers to the open-ended questions about the module attributes 
might support the observations from the quantitative analysis of the 
SIQ and GEQ ratings. Therefore, we  first performed quantitative 
analysis of the pre-SIQ and post- SIQ ratings and GEQ ratings of the 
high- and low-performers to determine the effect of using WHIMC 
in the students’ STEM interests and the difference between the game 
experience of high- and low-performers, respectively. We  then 
performed a qualitative analysis of the answers to the open-ended 
questions on the attributes of the module to determine the relationship 
between the module attributes and STEM interests. The research 
protocol was reviewed and approved by the University Research Ethics 
Committee of the Ateneo de Manila University.

2.1. Teacher-created learning modules

The research team established a formal partnership with the 
University of Illinois Urbana-Champaign (UIUC) team to gain access 
to WHIMC’s content, code, and configuration details. A parallel 
server was then set up in the Philippines to run the experiments and 
manage the tasks without constantly coordinating with the UIUC 
team. After that, the research team established institutional 
partnerships with elementary and middle schools in the Philippines. 
Partner teachers were recruited, informed about the project goals, and 
requested to design WHIMC-based learning modules and out-of-
game assessments. The research team gave the partner teachers 30 days 
to explore the WHIMC worlds to familiarize themselves with the 
game. The partner teachers then chose specific topics within their 
respective academic curriculum levels where they thought a particular 
WHIMC world would fit. The partner teachers and the research team 
reviewed the learning modules for quality, viability, and curriculum 
alignment before using these modules in class. The research team then 
provided documentation to assist the partner teachers in preparing for 
the WHIMC module implementation. The project manager also gave 
the partner teachers Minecraft account credentials to be used by the 
participating students in their class before the module implementation. 
Only the partner teacher engaged with the students during the module 
implementation in the class sessions. However, members of the 
research team were available inside the Minecraft server to assist in 
resolving potential student problems. The research of Manahan and 
Rodrigo (2022) provides a more thorough explanation of the 
preparation and support given to partner teachers and their classes in 
integrating and implementing WHIMC in their curriculum.

In this study, the partner teachers from a middle school in the 
Philippines developed two (2) learning modules for their Grade 8 
science curriculum. Since Minecraft uses a biome system and 
adopts representation of real-world animals (Ekaputra et al., 2013), 
the partner teachers utilized WHIMC to teach topics on ecology. 
The partner teachers chose ecosystem as the topic for Module 1 
and biodiversity and evolution for Module 2. The developed 

modules employed asynchronous and synchronous teaching 
modalities. The learning modules implemented a self-discovery 
teaching strategy where students are provided access to the 
WHIMC worlds before the 1 h synchronous sessions to give 
students ample time to explore, provide observations, and infer an 
understanding of the worlds. The Minecraft game-play was 
integrated into the modules as a pre-lecture and motivation 
activity. Wang et  al. (2022) found that students at different 
educational levels respond differently to games. Primary school 
students are at a developmental stage where they are unable to 
master the rules of the games quickly and are therefore attracted 
by the freshness and novelty of games. However, secondary and 
higher education students master the game rules quickly, resulting 
in decreased interest. Thus, the Minecraft game-play integrated 
into the module has no specific time limit to allow students to 
explore the worlds at their own pace. However, each Minecraft 
session must be  completed before the synchronous session. 
Students need to complete 2 Minecraft game-play sessions. The 
learning tasks integrated into the WHIMC-based modules were 
designed to apply a number of higher-order thinking skills 
represented in Bloom’s taxonomy. The game attribute of the 
modules consists of the exploration of the simulated environment 
of the WHIMC worlds. Students underwent training and 
orientation in Module 1, wherein they explored the space station 
and experienced the hub that supports life. They explored the 
built-in ecosystem of the Lunar Base LeGuin to identify the biotic 
and abiotic components and observe the systemic relationships of 
the staff in the area. In Module 2, students explored the What-If 
worlds, wherein they experienced the life of an astronaut. They also 
experienced different What-If scenarios of the planet Earth (Tilted 
Earth, No Moon, Colder Sun) that showed them opportunities to 
observe the planet under altered conditions. The observation of the 
students must revolve around the environmental change of the 
different versions of Earth compared to normal Earth, the 
appearance of trees, plants, and topography, the existence and 
behavior of animals, and compare the pressure, temperature, 
oxygen, radiation, atmosphere, altitude, and wind for each world.

Each module began with an asynchronous session in which 
students explored the WHIMC worlds and recorded their observations 
as indicated in the module. After the asynchronous session, students 
turn in their answers for the formative assessments and activity 
worksheets. The 1 h synchronous session focused on the discussion of 
the lesson using simulations and inquiry-based learning to encourage 
student active participation, followed by a knowledge assessment 
related to the topic. See Figures 2, 3 for the excerpt of the developed 
WHIMC-based modules.

2.2. Participants

The entire Grade 8 school population consisting of 8 class 
sections were recruited for the study. However, out of the 212 
prospective participants, 31 opt not to participate and 64 did not 
complete the survey questionnaires they were asked to answer. Thus, 
the total participants in this study were 117 middle school students 
(53 male and 64 female) aged 13–14 years old. The collection of data 
from the participants was approved by the University Research Ethics 
Office (UREO). The students submit the signed consent forms 
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indicating their participation in the experiment prior to data 
collection. The data used in the analysis come from the Stem Interest 
Questionnaire (SIQ) ratings, Game Experience Questionnaire (GEQ) 
ratings, and answers to the open-ended questions about the module 
attributes, alongside the performance ratings (high or low) of 
the participants.

2.3. Pre-test and post-test

Before using WHIMC, the students complete the pre-SIQ to 
determine their baseline interest in these domains. The students took 
knowledge assessments, the GEQ, and the post-SIQ as post-test after 
using WHIMC. The SIQ was given as a pre-test and post-test to 
determine whether using the WHIMC-based modules made an 
impact on the STEM interests of students.

2.4. Knowledge assessment

Students took knowledge assessments after the asynchronous and 
synchronous sessions of each module. The out-of-game assessments 
consisted of formative evaluations, asynchronous worksheets, and 
long tests. The observations made by the students while using 
WHIMC served as formative evaluations. After the asynchronous 
session, students must complete the asynchronous worksheets 
associated with each module topic. Further, long tests consisting of 
identification and essay questions related to the module topics were 
administered after the synchronous sessions. High-performers and 
low-performers were identified based on their out-of-game assessment 
scores. High-performers (HP) are those students with total assessment 
scores exceeding the mean score (HP = s > x̄). Conversely, 
low-performers (LP) are those students with total assessment scores 
below or equal to the mean score (LP = s ≤ x̄).

FIGURE 2

Lesson excerpt of module 1.
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2.5. Stem interest questionnaire

The pre-SIQ determined their interests prior to using 
WHIMC. After answering the SIQ, students were given access to the 
WHIMC worlds and instructed to follow the guidelines described in 
the teacher-created learning modules. Students then answered the 
post-SIQ and the Game Experience Questionnaire (GEQ) after using 
WHIMC. The out-of-game assessment questions that are part of the 
teacher-created learning modules were then given to the students to 
complete the data collection process.

The SIQ used in this study is an abridged version of an original 
Student Interest and Choice in STEM (SIC-STEM) questionnaire 

developed by Roller et al. (2018), which was based on the Social 
Cognitive Career Theory (SCCT) questionnaire of Lent and 
Brown (2008). This instrument is employed to characterize and 
assess the propensity of students to pursue STEM careers. In this 
framework, five dimensions (SCCT constructs) are identified to 
describe STEM interests: Self-efficacy: the judgment of one’s 
perceived ability; Outcome Expectations: the perceived 
consequences of one’s decisions and; Interests: the affinities of a 
person; Choice Goals: the perception that the choice to acquire 
STEM-related knowledge is important in the future; and Choice 
Actions: the perception that STEM-related actions today will 
provide support in a future career.

FIGURE 3

Lesson excerpt of module 2.

25

https://doi.org/10.3389/feduc.2023.1127984
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Tablatin et al. 10.3389/feduc.2023.1127984

Frontiers in Education 07 frontiersin.org

The SIQ used in this study consisted of 10 items from the 
SIC-STEM questionnaire based on their relevance to WHIMC and the 
teacher-created learning modules. The respondents rate their level of 
agreement using a 5-point Likert scale format (1 – strongly disagree, 2 
– disagree, 3 – neutral, 4 – agree, 5 – strongly agree). Table 1 presents 
the mapping of the SIQ items to the SIC-STEM constructs.

2.6. Game experience questionnaire

The GEQ used in this study is also an abridged version of the 
instrument developed by IJsselsteijn et  al. (2013) to measure the 
factors in a game that contribute to an engaging gameful experience 
described across seven (7) dimensions of the player experience 
namely, Immersion: how strongly the players felt connected to the 
game; Flow: how much the player lost track of their own effort or time 
while playing the game; Competence: the player’s judgment of their 
own performance against the game’s goals; Positive Affect and 
Negative Affect: reports of positive and negative emotional 
experiences while playing the game; Tension: reports relating to 
frustration and annoyance; and Challenge: an indication of how 
difficult the players found the game to be. Johnson et  al. (2018) 
validated the GEQ used in this study and the findings suggest a 
revised structure that reduces the seven dimensions to five factors. 
Flow, immersion, competence, and positive affect dimensions have 
some empirical support. However, it was noted that items in the 
negative affect, tension, and challenge dimensions overlap and should 
not be evaluated independently. It would be more acceptable to see 
these aspects as being merged into a single negative factor. Since 
we wanted a fine-grained analysis of the negative gaming experience 
of the students while using WHIMC, we treated the negative affect, 
tension, and challenge dimensions separately.

The questionnaire used in this study was adopted from Casano 
and Rodrigo (2022b). The instrument only included 23 items that 
seemed relevant to the context of WHIMC and the teacher-created 
learning modules out of the 33 core module items of the original 
GEQ. The respondents rate their level of agreement with the items 
using a 5-point Likert scale format (not at all  - 1, slightly  - 2, 

moderately - 3, fairly - 4, extremely - 5). Table 2 presents a mapping of 
the GEQ items to the player experience components.

Four (4) open-ended questions were appended to the GEQ. These 
questions were: What was your favorite part of the module and why?; 
What was your least favorite part of the module and why?; What about 
WHIMC made the topic fun, interesting, or easy to learn?; and What 
about WHIMC made the topic boring and/or difficult to learn?.

2.7. Data analysis

To answer the research questions of this study, we  conducted 
statistical analyses of the pre-SIQ and post-SIQ, GEQ, and answers to 
the open-ended questions on the module attributes. Paired samples 
t-test was used to analyze the pre-SIQ and post-SIQ ratings of the 
students to determine the effect of using WHIMC on the STEM 
interests of students. Independent samples t-test was used to compare 
the game experience between the high-performers and low-performers 
using their GEQ ratings. A point-biserial correlation was used to 
determine the strength and direction of association of each favorite 
module attribute between the high-performers and low-performers.

For the qualitative analysis, the text data (responses to the favorite 
and least favorite open-ended questions on module attributes) were 
analyzed using thematic analysis. The text data were assessed and 
tagged by coders as being related to the learning topic, learning task, 
or game attribute of the teacher-created learning module.

The resulting dataset was then subjected to the bag-of-words 
approach for text analytics. In particular, pre-processing was conducted 
to transform the text data into a quantifiable form. The text data was 
converted into lowercase form, removal of punctuations, special symbols, 
numbers, and extra whitespaces, stopwords (pronouns and other 
common yet irrelevant words), stemming (transformation to base form), 
and stem completion (transformation to sensible form). Finally, the text 
data were tokenized and transformed into a document-term matrix.

The transformed text data was then merged with the performance 
and thematic tagging data, and were then subjected to statistical 
treatments. Descriptive visualizations were employed to characterize 
the responses of the students. Word clouds were used to show the 
relative frequencies of dominant words for each module and each type 
of response (favorite or least favorite attribute).

3. Results

3.1. Analysis of SIQ ratings

The students answered the SIQ twice: before and after playing 
WHIMC. A paired-samples t-test was conducted to compare the SIQ 
ratings of the students before and after using WHIMC as a learning 
tool. The analysis of the SIQ ratings revealed that there was no 
significant difference in the overall pre-SIQ ratings (M = 3.60, 
SD = 0.27) and post-SIQ ratings (M = 3.65, SD = 0.29) using WHIMC; 
t(116) = −1.78, p = 0.077. There is only a slight increase in the overall 
SIQ ratings after using WHIMC. This result suggests that using 
WHIMC as a learning tool only has a minimal effect on the STEM 
interests of the students.

To conduct further analysis on the SIQ ratings, paired samples 
t-tests were conducted to compare the SIQ ratings of the students 

TABLE 1 Mapping of SIQ items to the SCCT constructs.

SIC-STEM 
constructs

Items

(SE) Self-Efficacy 1 I know I can do well in science.

4 I think Science is challenging to learn.

(OE) Outcome 

Expectations

9 After I finish high school, I will use Science often.

10 I believe that I can use Math and Science to solve 

problems in the future.

(I) Interests 2 I enjoy Science activities.

3 I enjoy solving Science and Math problems.

(CG) Choice 

Goals

5 Leaning Science will help me get a good job.

6 Knowing how to use Math and Science together will help 

me to invent useful things.

7 Understanding engineering is not important for my career.

(CA) Choice 

Actions

8 I try to get a good grade in science because I have an 

interest in science jobs.
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before and after using WHIMC on the different SIC-STEM constructs. 
The result of the statistical analysis revealed that only the Choice 
Actions construct of the 5 SIC-STEM constructs showed a statistically 
significant difference. The pre-SIQ rating of the Choice Actions 
construct (M = 3.34, SD = 1.13) significantly increased after using 
WHIMC (M = 3.50, SD = 1.00); t(116) = −2.263, p = 0.025. This result 
indicates that the students understood the importance of studying 
hard and earning high marks in class if they are interested in STEM-
related careers. Figure 4 presents the bar chart showing the aggregated 
pre-SIQ and post-SIQ ratings on each SIC-STEM construct.

Figure  5A shows the bar charts of the pre-SIQ and post-SIQ 
ratings on each SIC-STEM construct of the low-performers. Paired-
samples t-tests were conducted on each construct and results show 
that the pre-SIQ rating for the Self-efficacy construct (M = 3.49, 
SD = 0.59) significantly increased after using WHIMC (M = 3.63, 
SD = 0.67); t(53) = −2.127, p = 0.038. This finding might indicate that 
the low-performers gained some confidence in their ability to 
understand science concepts.

Figure 5B shows the bar charts of the pre-SIQ and post-SIQ ratings 
on each SIC-STEM construct of the high-performers. Paired-samples 
t-tests were conducted on each construct and results revealed that the 
pre-SIQ rating for the Interest construct (M = 3.60, SD = 0.77) significantly 
increased after using WHIMC (M = 3.74, SD = 0.80); t(62) = −2.092, 
p = 0.041. High-performers’ increased level of agreement in the Interests 
construct may be related to how much they enjoyed and persisted in 
completing the assigned tasks from the WHIMC-based modules.

The observations on the analysis of each SIC-STEM construct 
provided some evidence that the teacher-created learning modules 
using WHIMC increased some aspects of STEM interest 
among students.

3.2. Analysis of the GEQ answers

The GEQ was administered to measure the factors in a game that 
contribute to an engaging gameful experience described across 7 

dimensions of the player experience: Positive Affect (PA), Negative 
Affect (NA), Immersion (I), Flow (F), Competence (C), Challenge 
(Ch), and Tension (T). Independent samples t-test was used to 
determine if there is a significant difference in the overall GEQ 
ratings between the high- and low-performers. The statistical test 
result revealed no statistically significant difference in the overall 
GEQ ratings between the high-performers (M = 2.48, SD = 0.13) and 
low-performers (M = 2.38, SD = 0.19); t(103) = −1.311, p = 0.193. This 
result revealed that both groups had the same level of engagement in 
using WHIMC as a learning tool. Independent samples t-tests were 
used on each dimension to check for differences between high- and 
low-performers. The tests revealed that only the Immersion 
dimension had a significant difference between the groups. High-
performers have significantly higher GEQ ratings (M = 3.34, 
SD = 0.56) compared to the low-performers (M = 3.04, SD = 0.68) after 
using WHIMC; t(106) = −2.584, p = 0.011. This finding suggested that 
high-performers connected more deeply with the game and may 
therefore have had a more engaging learning experience than 
low-performers. Figure 6 shows the GEQ ratings of the high- and 
low-performers on each GEQ dimension.

3.3. Analysis of the open-ended answers

Insights drawn from analyzing the answers to the open-ended 
questions about the module attributes might complement the 
observations from the analysis of the SIQ and GEQ ratings discussed 
in the previous sections. We conducted qualitative analysis of the 
responses to the open-ended questions to determine the relationship 
between the module attributes and student performance.

The individual answers of the students about their favorite and 
least favorite attributes of the module were assessed and tagged as 
feedback about the learning topic, learning task, or game module 
attribute. Three coders categorized 468 rows of open-ended answers 
using the criteria described in Table 3. The coders coded independently 
using a spreadsheet containing the class numbers with the 

TABLE 2 Mapping of GEQ items to the player experience components.

GEQ component Items GEQ component Items

(I) Immersion 2 I was interested in the game’s story (P) Positive Affect 1 I felt content.

9 It was esthetically pleasing. 3 I thought it was fun.

14 I felt imaginative. 5 I felt happy.

15 I felt that I could explore things. 10 It felt good.

19 I found it impressive.

22 It felt like a rich experience.

(F) Flow 4 I was fully occupied with the game. (N) Negative Affect 6 It gave me a bad mood.

20 I was deeply concentrated on the game. 7 I found it tiresome.

12 I felt bored.

(C) Competence 8 I felt competent. (T) ension 17 I felt annoyed

11 I was good at it. 21 I felt frustrated

13 I felt successful.

16 I was fast at reaching the game’s targets.

(CH) Challenge 18 I felt challenged

23 I felt time pressured
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corresponding open-ended answers and three (3) columns with 
headings indicating the three module attributes. Each coder tagged 
the open-ended answer by filling in the columns with either 1 or 0 
indicating the presence or absence of the module attribute in the 
feedback. The coders unanimously coded 995 (70.87%) module 
attributes, two (2) coders were in agreement for the 383 (27.28%) 
module attributes, and 26 (1.85%) module attributes were coded 
differently by each coder. The coders then convened to reach a 
consensus on the differences in the coding.

3.3.1. Analysis of the answers to the favorite part 
of the module

The 234 rows of labeled data containing the values of favorite 
module attributes were analyzed using frequency count to determine 
the favorite module attributes and the number of favorite attributes. 
A point-biserial correlation was also performed to determine the 
strength and direction of association of each favorite module attribute 
between the high-performers and low-performers. This statistical 
analysis was utilized since the nature of the data is dichotomous.

The bag-of-words text analytics approach was then applied to the 
text data. The transformed text data was then merged with the 
performance for quantitative text analytics. This analysis was performed 
to characterize the text data and identify the underlying themes.

Figure 7A shows that the favorite module attribute of both groups 
is the learning topic of the modules. This result implies that high-
performers and low-performers enjoyed the lessons integrated into 
the WHIMC-based learning modules. High-performers liked all the 
module attributes except the learning task attribute of Module 2. On 
the other hand, low-performers prefer the learning topic module 
attribute over the learning task and game module attributes.

The percentage of respondents on the number of favorite 
attributes (Figure  7B) revealed that most of the low performers 
mentioned 2 module attributes whereas high performers mentioned 

3 module attributes in their responses about their favorite attributes 
in Module 1. However, for Module 2, both groups identified only one 
(1) module attribute as their favorite. Based on the data presented in 
Figure 7A, low-performers chose the learning topic and tasks as their 
favorite module attributes of Module 1. Further, both groups liked 
the learning topic more than the learning task and game module 
attributes of Module 2.

Table  4 presents the point-biserial correlation result of the 
favorite module attributes. The table shows a significant positive 
correlation between the game module attribute and performance 
(rpb = 0.203, n = 117, p = 0.029). This implied that students who 
liked the game attribute of Module 1 performed better in the 
out-of-game assessments. For Module 2, the performance has 
significant positive correlation with the learning task (rpb = 0.270, 
n = 117, p = 0.003) and game (rpb = 0.307, n = 117, p = 0.001) module 
attributes while a significant negative correlation was observed for 
the learning topic (rpb = −0.237, n = 117, p = 0.010). This finding 
could mean that students who chose the learning topic module 
attribute as their favorite did not perform well in the assessment. In 
contrast, students who performed better in the assessment chose 
the game or learning task module attribute as their favorite part of 
the module. We  also found a significant positive correlation 
between the number of favorite attributes of Module 1 (rpb = 0.208, 
n = 117, p = 0.024) and Module 2 (rpb = 0.212, n = 117, p = 0.022) 
with the performance.

These findings corroborate the result of the analysis of the GEQ 
ratings that high performers had a better quality of game experience 
compared to low performers. Students who liked the game and 
learning task module attributes are likely to perform better in the 
out-of-game assessments. We note that 2 out of the 3 out-of-game 
assessments are conducted after exploring the WHIMC worlds 
assigned in the modules. Thus, students must be engaged in the game 
and learning tasks to have better assessment scores.

FIGURE 4

Aggregated pre- and post-SIQ ratings on each SIC-STEM construct.

28

https://doi.org/10.3389/feduc.2023.1127984
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Tablatin et al. 10.3389/feduc.2023.1127984

Frontiers in Education 10 frontiersin.org

To characterize the responses of the high- and low-performers 
to the open-ended questions, word clouds were generated. As can 
be seen in Figure 8A, the most dominant word about the favorite 
attribute of Module 1 is learn. This finding suggests that both high 
performers and low performers mentioned learning in their 
responses. The other dominant words such as Minecraft and fun 
refer to the simulated environment using WHIMC, which is related 
to the game attribute of the module. The words ecosystem, biotic, 
and abiotic are related to the topic or lessons in Module 1. The 
word explore might be related to the learning task module attribute 
since students were asked to explore the WHIMC world Lunar 
Base LeGuin to identify the biotic and abiotic components and 
make observations about the systemic relationships of the people. 
This finding is aligned with the results of the quantitative analysis 

of the tagged text data since the dominant words relate to all the 
module attributes.

Similar to the findings in the responses about the favorite 
attributes of Module 1, learn is also the top word in the responses 
about the favorite attribute of Module 2 (Figure  8B). The words 
different, worlds, explore, and fun might refer to the ability of the 
students to explore the different worlds and the fun experience they 
had using WHIMC. These words are related to the game attribute of 
the module. The words that relate to the learning topic attribute are 
animals, things, interesting, and adapt. Students did not mention much 
in their responses about quests and observations, which are words 
related to the learning task attribute. This result indicates that while 
the students enjoyed the learning topic and game component of 
Module 2, they were less enthusiastic about the learning tasks.

A

B

FIGURE 5

Pre- and post-SIQ ratings on each SIC-STEM construct, (A) Low-performers. (B) High-performers.

29

https://doi.org/10.3389/feduc.2023.1127984
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Tablatin et al. 10.3389/feduc.2023.1127984

Frontiers in Education 11 frontiersin.org

3.3.2. Analysis of the answers to the least favorite 
part of the module

The same analysis discussed in the analysis of the answers to the 
favorite part of the module was also utilized to draw insights about the 
least favorite part of the module.

Based on Figure  9A, the game and learning task attributes of 
Module 1 are the least favorite. This result might be because students 
encountered technical difficulties while playing and experienced a 
hard time completing the quests or tasks assigned in the module. For 
Module 2, most of the comments come from the high-performers and 
they identified the learning task module attribute as their least favorite. 
This might be because of the many tasks assigned in this module and 
the need to go through 3 What-If worlds, which require more time to 
complete and more observations to be  recorded while playing 
the game.

Figure 9B presents the number of least favorite attributes of the 
high- and low-performers. We can observe that at least 1 module 
attribute has been mentioned by both groups. The game attribute of 
Module 1 as shown in Figure 9A was identified to be the least favorite 
of both groups. However, for Module 2, most of the low-performers 
did not have a least favorite whereas high-performers mentioned at 
least one least favorite module attribute. The high-performers are less 
enthusiastic about the learning task module attribute.

The result of the point-biserial correlation shows that the 
attributes of Module 1 and the number of least favorite attributes have 
no significant correlation with student performance as shown in 

Table 5. This result could mean that although students mentioned 
attributes of the module that they do not like, it does not influence 
their performance. In terms of Module 2, the Task module attribute 
has a significant positive correlation with student performance 
(rpb = 0.327, n = 117, p = <0.001) and the number of favorite attributes 
(rpb = 0.202, n = 117, p = 0.029). The result implies that students who 
mentioned the Task module attribute as their least favorite perform 
better than those who did not. When high-performers comment 
about the learning task module attribute, this might be because they 
experienced a hard time doing the assigned tasks but are still 
motivated to complete them.

To characterize the responses of the high- and low-performers to 
the open-ended questions on the least favorite module attributes, 
word clouds were generated. The top five dominant words for the 
responses on the least favorite attributes of Module 1 (Figure 10A) are 
time, Minecraft, hard, going, and confusing. These words describe the 
experience that the students had while playing WHIMC. Students 
mentioned in their comments that they had a hard time connecting 
to Minecraft, going to different worlds or portals, and sometimes 
being confused about what to do next. This finding implies that most 
of the comments are related to the game attribute of the module.

The top five dominant words for the responses on the least favorite 
attributes of Module 2 (Figure  10B) are time, quests, Minecraft, 
confused, and find. These words relate to the experience that the 
students had while doing the tasks integrated into the module using 
WHIMC. Students commented about experiencing a hard time 

FIGURE 6

Game experience dimensions between the high- and low-performers.

TABLE 3 Attributes of the teacher-created learning modules.

Module attribute Criteria

Game If the answer mentions elements of the WHIMC map or interactions within the game world including references to in-game mechanics, the 

answer is categorized as Game.

Learning Topic If the answer mentions being able to acquire information in some way, or learning facts while interacting with the WHIMC worlds, the answer 

is categorized as Learning Topic.

Learning Task If the answer makes a reference to the tasks or mentions an in-game behavior as indicated in the teacher-created learning module, tag the 

answer with Learning Task.
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completing the quests, finding the NPCs, and being confused about 
where to go next to complete the quests. These comments relate to the 
task and game attributes of the module.

Why did student preferences differ from Module 1 to Module 2? 
We offer some speculation: The learning objectives of Module 1 were 
simple (see Figure 2), and students only had to explore the biodome 

A

B

FIGURE 7

Responses on favorite module attributes, (A) Module attributes, (B) Number of module attributes.

TABLE 4 Point-biserial correlation result of the favorite module attributes.

Variables Statistics Topic Task Game No. of favorite 
attributes

Topic Task Game No. of favorite 
attributes

Module 1 Module 2

Performance
Point Biserial 0.003 0.129 0.203* 0.208* −0.237** 0.270** 0.307** 0.212*

Sig. (2-tailed) 0.974 0.165 0.029 0.024 0.010 0.003 0.001 0.022
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to perform the learning tasks and get the answers to the out-of-game 
assessments. This means that Module 1 tended to be easy, which may 
account for why high-performers liked all the module attributes and 
low-performers liked the topic and task attributes. Low-performers 
did not express liking the game attribute, a sentiment echoed by their 
GEQ responses, in which they had slightly higher ratings for Negative 
Affect and Tension dimensions compared to high-performers. 
Low-performers might have found the open-ended learning 
environment confusing. They might not have had a high-level 
understanding of their location, leading them to wander without 
purpose (Esclamado and Rodrigo, 2022a).

For Module 2, students had to explore three WHIMC worlds 
(Tilted Earth, No Moon, Colder Sun). They had to make observations 
to infer the possible adaptations of organisms and explain how these 
adaptations could lead to species diversity and survival. Module 2 was 
harder and more open-ended than Module 1. This might explain why 
many high performers expressed not liking the task module attribute.

4. Discussion

Learners often find STEM difficult because it requires complex 
thinking, repeated practice, and self-discipline. Hence, educators are 
thinking of innovative ways to provide an engaging learning 
environment that keeps students interested and enthusiastic about 
STEM subjects. Minecraft is one of the innovative approaches that has 
been adopted in science education (Pusey and Pusey, 2015; 
Nkadimeng and Ankiewicz, 2022). Thus, the purpose of this study is 
to continue to promote the use of WHIMC-based modules as a 
learning tool to cultivate the STEM interests of Filipino middle 
school students.

Our first research question is to determine the effect of using 
WHIMC on the STEM interests of students. The result of the analysis 
of the aggregated SIQ ratings before and after using the WHIMC-
based modules revealed only a minimal effect on the STEM interests 

of the students. This implies that the implementation of the WHIMC-
based modules in a Philippine middle school did not reveal a 
significant impact on the students’ STEM interests based on their SIQ 
ratings. This finding supports the result of the analysis of the STEM 
interest of primary school learners in the Philippines (Casano and 
Rodrigo, 2022b). But the result of this study is promising since there 
is still an increase in the SIQ ratings of students after learning two 
ecology topics with WHIMC. Further, there is a significant increase 
in the Choice Actions construct, which suggests that the students 
appreciate the importance of motivation to study hard and get good 
grades if they want to pursue STEM-related careers. Moreover, the 
significant increase in the Self-efficacy ratings of low-performers 
might suggest that they gained some confidence in their ability to 
understand science concepts after using WHIMC. This result is 
aligned with Nkadimeng and Ankiewicz (2022) that using 
MinecraftEdu helped students gain a more concrete understanding of 
abstract topics. High-performers’ increased level of agreement in the 
Interests construct may be related to how much they enjoyed and 
persisted in completing the assigned tasks from the WHIMC-based 
modules. This result corroborates the findings that using a digital 
game in teaching may be  successful in fostering STEM interest 
(Bonner and Dorneich, 2016; Saricam and Yildirim, 2021; Ishak et al., 
2022). Development of additional WHIMC-based modules focused 
on ecology topics might be needed to conduct a further evaluation to 
confirm or contrast the result of this study. This endeavor will 
be challenging since successful module design and implementation is 
time-consuming and requires technical, pedagogical, and 
content knowledge.

We also wanted to find out if there is a difference in the game 
experience between the high-performers and low-performers. The 
analysis of the overall GEQ ratings revealed no statistically significant 
difference between the game experience of high- and low-performers. 
We can infer that the overall game experience with WHIMC was the 
same for high and low performers, which confirms the finding of 
Casano and Rodrigo (2022b). Statistical tests were also conducted for 

A B

FIGURE 8

Frequencies of dominant words on the favorite attributes. (A) Module 1, (B) Module 2.
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each GEQ dimension to check if there were dimensions that would 
reveal statistical significance between the high- and low-performers. 
Among the 7 GEQ dimensions, only the Immersion dimension 
showed a statistically significant difference between the groups. 
Although they have the same level of agreement for Negative and 
Positive Affect, Challenge, Competence, Flow, and Tension, high-
performers have significantly higher GEQ ratings on the Immersion 
dimension. With this finding, we can infer that high-performers had 
a more positive, engaging, and enjoyable learning experience with 
WHIMC than the low-performers. These results support the findings 

of other studies that game-based learning could increase learning 
achievement (Hwang et al., 2012; Chu and Chang, 2014), engagement 
(Lester et al., 2014; Alonso-Fernandez et al., 2019; Gadbury and Lane, 
2022), desire to learn (Gadbury & Lane), and enjoyment 
(Alawajee, 2021).

Lastly, we  wanted to determine the relationship between the 
module attributes and student performance. The results of the thematic 
analysis of the open-ended questions revealed that the WHIMC-based 
module attributes could affect the student performance and interests 
of students in learning science concepts. The findings on the favorite 

A

B

FIGURE 9

Responses on Least Favorite Module Attributes. (A) Module Attributes, (B) Number of Module Attributes.

TABLE 5 Point biserial correlation result of the least favorite module attributes.

Variables Statistics Topic Task Game No. of favorite 
attributes

Topic Task Game No. of favorite 
attributes

Module 1 Module 2

Performance
Point Biserial 0.003 0.085 0.097 0.0.121 −0.0.024 0.327** 0.037 0.202*

Sig. (2-tailed) 0.972 0.362 0.297 0.194 0.794 0.000 0.691 0.029
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module attributes suggest that students perform better in the out-of-
game assessments when they like all the module attributes. This implies 
that students must be engaged in the game and learning task aside 
from being interested in the learning topic to have better assessment 
scores. This finding corroborates the result of the analysis of GEQ 
ratings, where high-performers have higher ratings for immersion and 
flow dimensions after using WHIMC. The dominant words and 
themes of responses relate to the integration of WHIMC into the 
modules that allow students to learn and have a fun and enjoyable 
learning experience. The comments about the students’ ability to 
understand the topics and the fun experience they had with the 
WHIMC-based modules could inform us about the suitability of using 
WHIMC as a learning tool in science education.

The findings on the thematic analysis of the least favorite module 
attribute revealed that the game and learning task attributes are the 
least favorite for Module 1. This result might be because students 
encountered technical difficulties while playing and experienced a 
hard time completing the quests or tasks assigned in the module. This 
result is aligned with the findings of Casano and Rodrigo (2022b) that 
low performers experienced difficulty in learning because of technical 
bugs and the learning tasks made it difficult for high performers to 
learn. For Module 2, most comments come from the high-performers 
who identified the learning task module attribute as their least favorite. 
This finding might be  because of the many tasks assigned in this 
module, which require more time to complete and more observations 
to be  recorded while playing the game. High-performers 
acknowledged the difficulty of the learning task but were still 
motivated to complete them. Students who did not cite any least 
favorite module attribute emphasized how fun learning was and how 
well they understood the lessons. The negative comments about the 
game and task attributes should be  addressed in the future 
development of WHIMC-based modules to enhance the student 
learning experience and interests in STEM. Future module 
developments should consider the appropriate task completion 

duration since students can complete the tasks at different times. To 
alleviate the technical difficulties encountered while using WHIMC, 
partner teachers should organize more time for students to develop 
familiarity with the software so that they will be able to use the game’s 
function effectively and efficiently.

The results of the thematic analyses on the favorite and least 
favorite module attribute are consistent with the findings about game-
based learning. Researchers found that it improves student motivation 
(Hwang et al., 2012; Chu and Chang, 2014; Ennis, 2018; Leong et al., 
2018; Hussein et al., 2019; Shang et al., 2019), encourages the player 
to learn (Iliya and Jabbar, 2015; Gadbury and Lane, 2022), helps in 
easy understanding of topics (Nkadimeng and Ankiewicz, 2022), and 
provides enjoyable coursework (Pusey and Pusey, 2015; Alawajee, 
2021). With these findings, this research could contribute to the 
evidences of the impact of using game-based learning in teaching 
science concepts.

This research contributes to the literature in a number of ways. It 
suggests that an open-ended environment can be used to foster STEM 
interest, which corroborates previous findings on the use of Minecraft 
during summer camps (Yi et al., 2020, 2021; Lane et al., 2022). It 
collects and analyzes game-based data from the Philippines, a 
population that is underrepresented in the literature. It also contributes 
to the conversation about how and when games should be used with 
instruction. The study shows that Minecraft can be fun and engaging 
but just because it is fun and engaging does not guarantee that it will 
lead to increased interest in larger domains such as STEM. The study 
also shows that open-ended learning environments coupled with tasks 
that demand exploration, observation, and higher-ordered thinking 
are demanding even on high-performers. Low-performing students 
may require more scaffolding and guidance. Finally, the integration of 
educational games like Minecraft in classes requires lengthy lesson 
planning and technical preparation. Educators therefore have to 
curate the games well and monitor their outcomes in order to ascertain 
whether their use is truly worth the investment.

A B

FIGURE 10

Frequencies of Dominant Words on the Least Favorite Attributes. (A) Module 1, (B) Module 2.
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5. Limitations to the study

The work presented in this paper has some limitations. First, the 
analysis is only limited to the 2 WHIMC-based modules developed by 
partner teachers in a Philippine middle school. Thus, the findings 
from this initial study cannot be generalized because of the small 
number of topics used to determine the effect of using the modules on 
the STEM interests of students and game experience. We plan to have 
more partner teachers that will develop additional WHIMC-based 
modules and deploy these to other middle schools in the Philippines 
to see whether we can replicate the findings of this initial study.

During the module implementation, in-game data were also 
collected along with the SIQ, GEQ, and open-ended questions. So far, 
we  have not yet analyzed the in-game data consisting of students’ 
observations, use of science tools, and map explorations. In future 
work, we plan to analyze these in-game data to understand the in-game 
behaviors of students while interacting with the WHIMC worlds and 
their relationship to student performance and STEM interests.
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Synthetic biology is a new area of science that operates at the intersection of 
engineering and biology and aims to design and synthesize living organisms and 
systems to perform new or improved functions. Despite the important role it plays in 
resolving global issues, instructing synthetic biology can be challenged by a limited 
availability of specific educational materials and techniques for explaining complex 
molecular mechanisms. On the other hand, digital fabrication tools, which allow the 
creation of 3D objects, are increasingly used for educational purposes, and several 
computational structures of molecular components commonly used in synthetic 
biology processes are deposited in open databases. Therefore, we hypothesized that 
the use of computer-assisted design (CAD) and 3D printing to create biomolecular 
structural models through hands-on interaction, followed by reflective observation, 
critical and analytical thinking, could enhance students’ learning in synthetic biology. In 
this sense, the present work describes the design, 3D printing process, and evaluation 
in classrooms of the molecular models of the first synthetic biological circuit, the 
genetic toggle switch. The 3D printed molecular structures can be freely downloaded 
and used by teachers to facilitate the training of STEM students in synthetic biology. 
Most importantly, the results demonstrated that our resource showed a significant 
positive impact (p < 0.05) on students’ learning process, indicating that the proposed 
method helped them better understand the genetic toggle switch.

KEYWORDS

synthetic biology (synbio), genetic toggle switch, 3D printing, stem education, 
educational resource

Introduction: Background and rationale for the 
educational activity innovation

An overview on synthetic biology and the first synthetic 
genetic circuit

Synthetic biology comprises a series of disruptive technologies capable of providing new 
solutions to global challenges in health, agriculture, industry, and the environment (Cameron et al., 
2014; Flores Bueso and Tangney, 2017; French, 2019). In its top-down approaches, such an area 
uses molecular biology tools and techniques coupled with standardized engineering principles to 
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design and characterize biological parts, synthetic biological circuits, 
and systems. Thus, synthetic biology can assign new functions to 
organisms and redesign pre-existing biological systems to improve 
features of interest (Fu, 2006; Huang et al., 2010; Lv et al., 2022).

Jacob and Monod described, in the 1960s, the first genetic circuit, 
as they observed that inducible systems, such as the lactose operon 
from Escherichia coli, and repressible systems, like the tryptophan 
operon or lysogenic systems, respond to similar controlling elements, 
organized in different genetic circuits (Jacob and Monod, 1961). For 
example, in the lactose operon, the authors observed that the lactose 
catabolism was triggered only by a specific inducer molecule, 
structurally similar to lactose, which stimulated the coordinated 
synthesis of enzymes that allow lactose processing. On the other 
hand, when lactose is absent and glucose is present in the medium, 
the last sugar is preferred, due to easier processing, and the lac operon 
is silenced by the association of a repressor protein with the operator 
region of the lac promoter. The description of inducer and repressor 
components that could genetically control cellular machineries 
subsequently enabled, decades later, the development of synthetic 
biological circuits.

The progress made in the field of genetic engineering was also 
instrumental for the development of synthetic biology. In the 
1970s, the discovery of restriction enzymes and the development 
of recombinant DNA technology allowed for the controlled 
manipulation and expression of DNA fragments in living 
organisms (Luria, 1970; Smith and Wilcox, 1970). This equipped 
researchers with the means to better regulate gene expression, 
leading to a deeper understanding of gene function. The 
foundations of synthetic biology are therefore closely intertwined 
with genetic engineering, as the latter has provided the 
fundamental molecular principles and DNA manipulation 
techniques needed to implement the former. The capability of 
synthetic biology to modify numerous nucleotides or gene loci 
across the genome sets it apart from conventional genetic 
engineering, which is limited to altering a limited number of 
nucleotides or genes typically using recombinant DNA technology 
(König et al., 2013). In the early 2000s, initial attempts were made 
to expand the frontiers of genetic engineering and create synthetic 
genetic circuits.

The first synthetic genetic switch assembled was based on two 
genes that repressed each other (Gardner et  al., 2000). The 
application of a specific stimulus induced the expression of one of 
the genes, and its genetic product inhibited the expression of the 
other, and vice versa. One of the genes was placed in tandem with 
a reporter sequence encoding the green fluorescent protein (GFP), 
and thus the two possible states of the system were the presence or 
absence of green fluorescence. Due to its similarity to an electronic 
toggle switch, which also has two possible states—“ON” (light) or 
“OFF” (no light)—their system is recognized as the genetic toggle 
switch. Shortly after, Elowitz and Leibler developed the genetic 
oscillator, a circuit characterized by the interactions among three 
different genetic repressors, one of which also regulated GFP 
expression (Elowitz and Leibler, 2000). At a cellular level, the 
circuit caused periodic oscillations in the detection of green 
fluorescence, similar to what happens in electronic oscillators. 
Both studies strengthened the foundations of synthetic biology and 
demonstrated that it is possible to apply engineering principles to 
create synthetic biological circuits in living organisms.

Current challenges in synthetic biology 
education

Teaching synthetic biology presents unique challenges compared 
to other engineering fields. Electrical engineering students, for 
example, can easily obtain parts of electrical circuits, such as conductor 
wires, electronic switches, and LEDs, to learn in practice the concepts 
studied during theoretical classes—such as building a simple 
electronic toggle switch to turn on a light bulb. In contrast, synthetic 
biology focuses on designing and building biological circuits, which 
operate at the molecular scale. Consequently, it is harder for students 
to connect the concepts learned in class with both the actual 
dimension of subcellular processes and the relations between 
biological genetic processes and engineering. One of the main reasons 
for that is the scarcity of specific pedagogical methods for teaching 
synthetic biology (Diep et al., 2021).

To date, efforts have been made to incorporate novel resources 
into synthetic biology education, such as software for molecular 
structure simulation and visualization, virtual labs, and virtual gaming 
environments (Muth et al., 2021). For example, the Pymol software 
helps in understanding protein shapes and their relation to specific 
functions, and is used by molecular science instructors for 
visualization and computation of structures (Lineback and Jansma, 
2019). Virtual labs, such as Serial Cloner, provide a whole DNA 
assembly virtual environment, while GelBox offers an interactive 
simulation tool for gel electrophoresis, both of which are essential 
techniques in genetic engineering and synthetic biology (Basics, 2009; 
Gingold and Douglas, 2018). Virtual gaming environments, such as 
Hero.coli, which reproduces a bacteria incorporating genetic elements 
to gain new properties, and Nanocrafter, which simulates the assembly 
of DNA fragments to create new genetic devices, help students learn 
basic concepts of genetic transformations in a fun manner (Barone 
et al., 2015; Goujet, 2018). Interactive experimental methods, like 
BioBits, which allows students hands-on exposure to synthetic biology 
experiments involving fluorescence, fragrances, and hydrogels, have 
also been proposed for synthetic biology education (Huang et al., 
2018, 2022).

Despite these efforts, the teaching of synthetic biology still faces 
challenges similar to those faced in the teaching of genetic engineering 
and molecular sciences. One of the main difficulties lies in transforming 
static, two-dimensional illustrations present in scientific articles and 
textbooks into dynamic, three-dimensional models that truly bring the 
subject to life (Wu et  al., 2001). Unfortunately, the fact that many 
students have difficulty with three-dimensional mental visualizations is 
often overlooked and can result in a disadvantage in their careers in 
STEM fields (Pittalis and Christou, 2010). In this sense, the previously 
mentioned educational resources still have limitations in fully 
demonstrating molecular processes in three dimensions, which is 
crucial for students’ understanding of synthetic biology.

An overview of 3D printed molecules and 
their potential in education

In the early 1950s, Linus Pauling, Robert Corey, and Herman 
Branson, pioneers in studies of protein structures, developed the first 
representation of macromolecules in terms of complex space-filling 
models (Pauling et al., 1951; Pauling and Corey, 1951). Their system 
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represented atoms of different chemical elements as spheres of 
different colors, whose diameter was proportional to their atomic 
radius (Koltun, 1965; Olson, 2018). In 1958, researchers reported the 
first experimental structure of a macromolecule, and for 20 years 
physical models were the principal tool for representing the structures 
of biological macromolecules (Kendrew et al., 1958; Olson, 2018).

Physical models fell into disuse in the 1980s, when visualization 
of biomolecular structures by molecular computer graphics softwares 
became popular. Fortunately, in recent years, several independent 
efforts have created physical models of proteins using new rapid 
prototyping technologies based on 3D printing. 3D printers enable the 
manufacture of macromolecule structures using digital atomic 
coordinates, encoded in .pdb files and available for download from the 
Protein Data Bank (PDB), with low waste and high accuracy and 
efficiency, simplifying the process of making molecular models.

Recently, about 47 peer-reviewed articles were systematically 
reviewed to identify different justifications for incorporating 3D 
printing into higher education chemistry (Pernaa and Wiedmer, 
2019). These justifications include addressing challenges in chemistry 
learning and teaching, overcoming the high cost and lack of suitable 
molecular models, and the limitations of current molecular models. 
The majority of the articles (about 37) focused on specific chemistry 
concepts or laboratory instruments that could benefit from 3D 
printing, as well as the development of printing methodologies, safety 
considerations, and pedagogical models to evaluate the impact of 
physical models on student learning and perception.

In addition, tactile feedback has already been found to be more 
valuable than 3D representations alone for students struggling to 
understand molecular biological concepts (Salzman et al., 1999). 3D 
printing has been explored in recent reviews for its potential in science 
education, with studies reporting increased biological and chemical 
conceptual gains for students using 3D printed models (Pinger et al., 
2019; Hansen et al., 2020). The use of three-dimensional educational 
materials is particularly important for visually impaired students who 
face substantial barriers in the classroom due to a lack of tactile 
methods, which are fundamental for better understanding biological 
concepts (Stone et al., 2020).

Study hypothesis

We hypothesize that the use of 3D printed biological structures that 
comprise the genetic toggle switch can enhance students’ learning of 
synthetic biology. By allowing them to manipulate and understand 
theoretical concepts in a practical way, the 3D printed parts can provide 
a comprehensive educational experience that captures student interest 
and clarifies complex molecular concepts. By using this open resource, 
professors would be able to show biological parts on an adequate scale, 
helping students better understand macromolecule spatial relationships 
and genetic mechanisms and their relations to electrical engineering in 
a way that illustrations and computational models alone cannot.

Development of the 3D printed 
educational resource

To construct our educational resource, we selected the first genetic 
toggle switch, which was designed, synthesized, and successfully 

tested by Gardner et  al. (2000). First, we  identified the molecular 
elements that compose the switch: two molecular inducers, 
anhydrotetracycline (aTc) and isopropyl β-D-1-thiogalactopyranoside 
(IPTG); two repressor gene products, the lactose operon repressor 
(LacI) and the Tet repressor protein (TetR); and a reporter gene 
product, the green fluorescent protein (GFP). As the system depends 
on gene expression, we also included an RNA polymerase, to allow the 
understanding of the control of transcriptional activity, and two 
generic DNA strands, each to represent the two mutually repressive 
genetic cassettes.

Figure 1 shows a schematic representation of the steps to follow 
to obtain the 3D printed molecules of the genetic toggle switch. The 
.stl files encoding the 3D digital atomic coordinates of the proteins 
were downloaded from the Protein Data Bank (PDB; http://www.pdb.
org/pdb/). For the smaller molecules, the. Mol files were downloaded 
from the Molview database. Structures were prepared in the PyMol 
and ChimeraX v1.3 (https://pymol.org/2/; https://www.rbvi.ucsf.edu/
chimerax) software by extracting the asymmetric units from the 
unitary cells, removing waters and ligands, and calculating the 
molecular surfaces. Afterwards, the molecular surface structures were 
exported as .stl files using ChimeraX, or as VRML 2 files from PyMol 
for repair, and hollowed out with Autodesk Meshmixer v.3.5.474 or 
Blender software. In Blender, each element was imported individually 
as X3D Extensible 3D files. The skeleton of each piece was deleted, 
preserving only the empty surface shells. In Meshmixer, the .stl files of 
the molecular surfaces were hollowed out and repaired to generate the 
final .stl files, for use in the UltimakerCura slicer.

For slicing in the UltimakerCura software, we  scaled the .stl 
molecular files into two size scales. The inducers were printed at 100% 
of their initial size, and the other components at 70% of scale. These 
scales were chosen to facilitate manipulation of the biological 
structures by students while maintaining approximate natural 
proportions. The 3D prints were made on a fused deposition (FDM) 
3D printer with a 0.4 mm diameter extrusion nozzle using 1.75 mm 
polylactic acid plastic (PLA) filaments. In the slicing software, we set 
the following parameters: (1) the extrusion width was set according to 
the extrusion nozzle diameter; (2) the printing temperatures ranged 
from 200 to 215°C, (3) the printing speed ranged from 20 to 60 mm/s, 
and the temperature and speed parameters varied according to the 
individual size of each printed part. 200 g of PLA filaments were used 
in yellow (LacI), white (IPTG), blue (TetR), light blue (aTc), gray 
(DNA), green (GFP), and pink (RNA polymerase). After printing, 
printing supports were removed from the models by hand, and small 
5 × 5 mm neodymium magnets were added approximately at the real 
sites of the biological interactions to allow reversible binding between 
the pieces representing the genetic toggle switch molecules and better 
represent the activation and repression behaviors of transcription.

Pedagogical framework, learning 
environment, objectives, and core 
competencies development

Pedagogical background

The pedagogical concept of this study is based on Kolb’s 
Experiential Learning Theory (ELT), which has been discussed as 
being built upon the works of Dewey, Lewin, and Piaget (Kolb, 1984). 
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The ELT combines four learning styles into a four-stage learning cycle 
comprising (1) concrete learning, where students encounter a new 
experience; (2) reflective observation, where students reflect on the 
new experience while considering their existing knowledge; (3) 
abstract conceptualization, where students give rise to new ideas based 
on the previous considerations; and (4) active experimentation, where 
students experiment and apply the newly created knowledge in real 
situations. It is argued that students can achieve a better understanding 
of concepts through the challenge present in problem solving, 
reinforcing and enhancing learning and critical thinking; therefore, it 
underpins the chosen teaching method described here (Kolb, 1984; 
Kolb et al., 2001).

The approach proposed here has already been tested by other 
authors in the broader field of STEM education, in which synthetic 
biology is included. A number of significant findings highlight that 
active engagement learning strategies have already been shown to 
reduce the percentage of failure rates compared to regular lectures in 
undergraduate courses in STEM subjects, and are also associated with 
a statistically significant improvement in individual learning 
performance and an increase in average assessment scores in 

molecular science (Newman et al., 2018). Specifically in the context of 
molecular biology, the use of tactile models has been shown to 
increase learning gains related to the central dogma of molecular 
biology, DNA replication and transcription, and protein folding, for 
example (Beltramini et  al., 2006; Davenport et  al., 2017; Gordy 
et al., 2020).

Participants and learning environment

Our approach focused on assessing whether 3D printed molecules 
could enhance students’ understanding of synthetic biology, 
specifically around the first synthetic biological circuit, the genetic 
toggle switch. Thus, the learning environment was the classrooms of 
the University of Brasília, and our participants were undergraduate 
students majoring in Biotechnology and Biological Sciences. More 
specifically, the participants were students who were already at least 
halfway through their respective courses and who were enrolled in 
one of the Genetic Engineering, Genetics or one of the two Molecular 
Biology classes (A and B) offered that semester. Besides that, the only 

FIGURE 1

Schematic representation of the pipeline used for production of the genetic toggle switch as a system of 3D printed pieces.
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prerequisite for participation was that the students had to have 
attended a class in which they studied the lactose operon, since the 
genetic regulation of this operon was the foundation for the 
development of the first synthetic genetic circuit. The number of 
students in each of the four classes evaluated was 21, 23, 8, and 33 
respectively, resulting in a total of 85 students.

Figure 2 describes a pipeline of the learning environment, the 
steps involving the application of the Pretests and Posttests, and the 
relations of the educational resource proposed in this study to the ELT, 
which underlies the chosen teaching method.

Examination procedure

Our main objective was to develop a new educational resource for 
synthetic biology that would improve student learning. To accomplish 
this goal, the coordinating professors of the study, with the assistance 
of undergraduate and graduate students serving as teaching assistants, 
consistently implemented the same teaching strategy and procedures 
across all tested classes. All classes lasted for 2 h. During the first 

45 min, the professors in charge explained that the study was being 
conducted according to the ethical standards set by the University of 
Brasília, and they were assured that their participation would 
be private, confidential, and voluntary. They were also informed that 
their identity would remain anonymous and that the data collected 
would be used exclusively for academic purposes, and treated with the 
utmost confidentiality. The participants signed an agreement form 
acknowledging their participation and acceptance of the conditions 
outlined in the research methodological process. Next, the professors 
in charge, using the traditional lecture method based on the 
whiteboard and slide decks, introduced all the molecules and genetic 
parts involved in the genetic toggle switch, and explained how they 
operated. Participants were randomly numbered and asked to answer 
a Pretest questionnaire using the Pretest-Posttest questionnaire 
(Supplementary material). They were given 15 min to perform this 
task, synchronously. The questionnaire was composed of multiple 
choice and true and false questions.

Afterward, the participants were divided into two groups (control 
and experimental). The second part of the class lasted 45 min for both 
groups (Posttest). The students who were randomly assigned as even 

FIGURE 2

Pipeline describing the learning environment. First, the responsible professors made clear that the study was conducted according to the ethical 
standards set by the University of Brasilia, Brazil. Then, students were randomly numbered and this first part of the class lasted 45 min (pretest). Using 
the traditional lecture method, the molecular components that compose the toggle switch were introduced, followed by an explanation of how these 
components control gene expression of two repressors proteins and the fluorescent reporter protein setting the ON and OFF cellular state. The 
students responded to the Pretest-Posttest questionnaire at the last 15 min of the first part of the class. In the second part of the class (posttest), which 
also lasted 45 min, the participants were divided into two groups. One group (control group) received the same traditional explanation and responded 
to the Pretest-Posttest Questionnaire in 15 min. The other group (experimental group) received the 3D printed biological structures that compose the 
toggle switch and were asked to manipulate the models to understand and explain to each other how the toggle switch functions to set the ON and 
OFF cellular state according to Kolb’s Experiential Learning Theory. The control group and experimental group students are represented by red and 
blue colors, respectively, in the figure. They responded to the Pretest-Posttest Questionnaire in 15 min. The data were analyzed, right answers scored 1 
and wrong answers 0, and submitted to a non-parametric Mann–Whitney test.
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numbers composed the control group, and were asked to move to a 
different classroom and were given the same traditional explanation. 
They were then asked to respond to the Pretest-Posttest questionnaire, 
also in 15 min.

For the remaining students, who were assigned as odd numbers 
and who comprised the experimental group, the professors in charge 
reproduced the following steps in front of the class with the 3D 
printed molecules:

 1. Introduce again all the molecules and genetic parts involved 
in the synthetic genetic circuit, describing that IPTG and 
aTc are the inducers and LacI and TetR are the repressor 
proteins for pTrc-2 and PLtetO-1, respectively. As 
promoters, PLtetO-1 and pTrc-2 control the expression of 
LacI and TetR together with GFP, respectively, in the two 
different expression cassettes.

 2. Simulate how RNA polymerase transcribes both of the cassettes. 
In the first case, the magnetic connection of the RNA polymerase 
with the pTrc-2 promoter region of a DNA strand causes the 
expression of TetR and GFP. In the second case, the transcription 
leads to the expression of LacI. These final products were not 
be visible to the class until transcription has been simulated. 
However, the translation process omitted in our system was 
highlighted as the step responsible for converting the information 
contained in the expressed mRNAs into individual proteins.

 3. Show how the addition of the two repressors, TetR and LacI, 
blocks RNA polymerase activity at each of the two promoters 
in the two expression cassettes. Repeat the last step, but explain 
that a physical attachment of LacI or TetR on the promoter 
region of pTrc-2 or PLtetO-1, respectively, impedes the 
transcription of each cassette by RNA polymerase. No 
transcription and consequently no translation takes place, so 
the class did not get to see the final product. At his point, the 
responsible professors stated that it is important to note that in 
the system, the binding of only one molecular repressor per 
promoter is a simplified representation of the cell’s reality; 
many more molecules operate to block promoter regions.

 4. Explain how the two cassettes interact with each other.
 a.  Draw a parallel with a standard light switch that can set 

a simple electrical system into two possible states: the 
presence (ON) or absence (OFF) of light. Thus, the genetic 
switch can set the biological system into two possible 
states: the presence (ON) or absence (OFF) of green 
fluorescence. In this case, the responsible professors stated 
that it is worth noting that GFP is the product that confers 
this characteristic.

 b.  Draw a parallel between the two cassettes and show that 
IPTG, once added to the medium, is present inside the cell, 
and that the repressor product of the second cassette, LacI, 
has the property of binding to this molecule, using the 
magnets embedded in both parts. Then, the responsible 
professores asked the students: if LacI is not bonded to 
pTrc-2 due to the interaction with IPTG, what happens to 
the expression of the pTrc-2 cassette? As a consequence, the 
transcription process was shown again, which results in the 
synthesis of TetR and GFP.

 c.  Highlight the TetR produced by the first cassette. Explain 
that this second molecular repressor attaches to the PLtetO-1 

promoter of the second cassette and blocks its expression. 
Consequently, LacI is no longer produced. Finally, the 
teacher asked: “What state does the system assume when 
IPTG is added to the medium?” The final answer was: “The 
system is in its ON state and shows a green fluorescence.”

 d.  Explain how the second state is reached by showing the 
property of the molecular repressor aTc to bind to TetR by 
a magnetic connection. Then the teacher asked the students: 
“If, after its addition to the medium, aTc interacts with TetR, 
what happens to the expression of the PLtetO-1 cassette?” 
In this case, the transcription process is restarted, leading 
to the synthesis of LacI, a repressor of the pTrc-2 promoter. 
When the pTrc-2 is blocked, there is no expression of GFP 
and TetR. Finally, the teacher asked: “What state does the 
system assume when aTc is present in the medium?” The 
final answer was: “The system is OFF and colorless.”

Then, the students in the experimental group were divided into 
small groups of two, given the 3D models, and asked to individually 
reproduce how biological structures interact to regulate gene 
expression, leading to ON and OFF states. Following this step, 
students were asked to reflect and reproduce to each other what they 
had learned, proceeding with reflective observation, analytical and 
critical thinking, and verifying if the concepts were indeed fully 
understood. Students were also encouraged to correlate what they had 
learned with electrical circuits, encouraging them to expand their 
knowledge to more complex circuits. Immediately after, they were 
asked to respond to the Pretest-Posttest questionnaire, also in 15 min.

Evaluation approach

The questionnaires were scored as follows: correct answers were 
graded with one point, and wrong answers with zero points. After 
scoring the Pretest and Posttest questionnaires for the four classes in 
both control and experimental conditions, we conducted a difficulty 
analysis. The difficulty scores for the Pretest and Posttest were 
calculated by dividing the number of correct answers by the total 
number of questionnaires answered in each class and condition.

Learning objectives and expected core 
competencies development

The learning objective of the class was to enhance the students’ 
comprehension of the control of gene expression underlying the 
two different states of the toggle switch, ON and OFF, through 
manipulation of the 3D printed biological structures that compose 
the genetic circuit, and reflective observation, analytical and 
critical thinking. At the end, it is expected that the participants 
can apply the new ideas learned from the proposed method to 
understand more complex biological circuits, and in the future use 
this knowledge to develop projects in the realm of 
synthetic biology.

The proposed educational activity aimed to foster the STEM 
competencies expected for the 21st century, including problem-
solving, critical thinking, creativity, innovation, communication, and 
collaboration, as identified by the UNESCO report on STEM 
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competencies for the 21st century (UNESCO International Bureau of 
Education, 2019). The SynBio in 3D activity relies on the manipulation 
of 3D printed biological structures by students, mimicking the 
inductors and protein functions inside the cell. Through explaining 
the structures to each other in a reflective and analytical way, it is 
hypothesized that the students will better understand the genetic 
control underlying the toggle switch, and generate abstract principles 
that can be  applied in more complex circuits. Therefore, the 
competencies underlying this learning activity encompass both hard 
and soft skills. Specifically, the core competencies would be the ability 
and willingness to learn, conceptual/critical thinking, teamwork and 
cooperation, analytical thinking, digital literacy, cultural awareness, 
and social responsibility, all of which are essential for preparing 
undergraduate students for the complex and rapidly changing STEM 
landscape of the future. By drawing upon the UNESCO report on 
STEM competencies for the 21st century, the educational activity was 
designed to effectively promote these competencies, equipping 
students with the skills and knowledge they need to succeed in 
their studies.

Results to date/assessment (processes 
and tools; data planned; or already 
gathered)

3D printing of the educational resource

The rationale for this proposal relies on the hypothesis that 
students would benefit from 3D models to better understand concepts 
of genetic circuits. We selected the toggle switch as a starting point, 
not only because it was the first synthetic circuit assembled, which 
paved the way for further designs, but also due to its simplicity: it 
involves only a negative control that relies on two repressors to 
regulate the expression of the reporter GFP gene. Figure 3 describes 
all genetic parts that comprise this switch, comparing the 
computational models experimentally obtained and submitted online 
and the 3D printed pieces. By preserving the dimensions of each 
molecule, 3D printed molecular inducers (IPTG and aTc) were 
significantly smaller than 3D printed protein repressors (TetR and 
LacI). Also, we used filaments colored in similar tones to the products 
derived from each of the cassettes, so students could easily associate 
which system is which.

After preparation, the final genetic circuit parts were 3D printed 
and finalized with magnets. All files are available in the 
Supplementary material, on our laboratory’s website, synbiolabunb.
com, and under the CC BY 4.0 license. This authorizes the work to 
be shared and adapted under conditions of giving credit to the original 
authors, not using the materials for commercial purposes, and not 
applying legal terms or technological measures that legally restrict 
others from doing anything the license permits.

Molecular mechanism of the genetic 
toggle switch

Although Jacob and Monod had pointed out in the ‘60s the 
existence of biological regulatory circuits, it was not until the 
beginning of the new millennium that Gardner and collaborators 

reported the first design and test of a synthetic genetic circuit, the 
toggle switch (Jacob and Monod, 1961; Gardner et al., 2000).

Figure 4 describes the different cellular states of the genetic toggle 
switch dependent on its intracellular inducer content. It shows how 
the genetic control expression is linked to Boolean algebra function as 
binary variables, considering 1 when the gene is expressed and 0 when 
it is not. First, it explains the design of the synthetic genetic circuit to 
control the expression and accumulation of the reporter protein, 
GFP. With the IPTG addition to the medium, it diffuses within the 
cells and binds to the LacI protein. This way, the operator of the pTrc-2 
promoter is free, allowing the flow of the RNA polymerase—a process 
called a transcription “current,” analogous to an electric current as a 
transistor-like device, named transcriptor. The result is the expression 
of the cassette composed of TetR and GFP. TetR binds to the promoter 
of the other cassette, PLtetO-1, blocking the expression of LacI, and 
GFP sets the “ON” state of the system, making the cells turn 
fluorescent green. Then, the figure illustrates how the cells can change 
state and turn colorless. When aTc is added to the medium, it enters 
the cell and binds to the TetR protein, leaving the operator of the 
PLtetO-1 promoter available for the RNA polymerase to transcribe. 
Hence, LacI is produced, and it blocks the promoter of the other 
cassette, pTrc-2, setting the “OFF” state of the system: that is, cells are 
unable to express GFP and turn colorless. In summary: IPTG causes 
the cells to turn fluorescent green, whereas aTc has the opposite effect, 
maintaining them colorless.

Classroom evaluation data analysis

The biological molecules that compose the genetic toggle switch 
were 3D printed and presented to undergraduate students enrolled in 
Genetics, Genetic Engineering, or one of the two Molecular Biology 
classes offered at the University of Brasilia that semester. As explained 
in the previous section, to determine whether the use of 3D printed 
molecules improved students’ comprehension of the genetic toggle 
switch, they were first given the Pretest-Posttest questionnaire 
(Supplementary material) after receiving the traditional theoretical 
explanation (using only a whiteboard and slide decks). This phase was 
referred to as the Pretest. Then, the students were separated into two 
groups (Posttest): one group was given the traditional explanation 
again (control group), while the other group reviewed the concepts 
with the aid of 3D printed molecules (experimental group).

After scoring the Pretest and Posttest questionnaires (Table 1), a 
difficulty analysis (Table  2) was conducted. As all groups had a 
difficulty score above 50%, the test was found to have an intermediate 
or moderate difficulty, allowing us to proceed with data analysis. It is 
important to note that in most classes, the experimental conditions 
had higher difficulty scores than the control conditions. Since 
difficulty score values are inversely related to test difficulty, these 
findings suggested that the use of 3D printed models was a valuable 
educational tool that improved students’ comprehension of the genetic 
toggle switch.

Nonetheless, given the Pretest-Posttest study design employed in 
this investigation, we  sought to examine whether differences in 
learning existed between the control and experimental groups. To 
achieve this, we calculated the difference between the Pretest and 
Posttest scores for each person, and then analyzed these differences 
(i.e., gain score approach, sensu Gliner et al., 2003). To compare these 
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FIGURE 3

Visual comparison of 3D printed models that compose the genetic toggle switch in relation to their respective computational structures.

FIGURE 4

Different cellular states that compose the toggle genetic circuit in 3D printed molecules. The molecules and the genetic parts needed in the synthetic 
genetic circuit to turn it on its ON state are: IPTG (the inducer), LacI (repressor protein), and pTrc-2 (promoter). In its initial state, the LacI repressor is 
bound to the pTrc-2 promoter, blocking the RNA polymerase flow. After adding IPTG to the medium, it diffuses into the cellular environment, binds the 
LacI protein, releasing it from the pTrc-2 promoter, and allowing the function of the transcriptor. The cell is now in its ON state, expressing GFP and 
TetR. The TetR repressor protein binds to the PLtetO-1 promoter and blocks the RNA polymerase flow along the cassette. Then, now, to switch to the 
OFF state the molecules and the genetic parts needed will be aTc (inducer), TetR (repressor protein), and PLtetO-1 (promoter). Once the aTc is added to 
the medium, it diffuses into the cellular environment, binds the TetR protein, releasing it from the PLtetO-1 promoter, and allowing the function of the 
transcriptor. The cell is now in its OFF state, expressing LacI and thus repressing the first cassette from transcribing and traducing TetR and GFP.
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differences, we employed a non-parametric test (Mann–Whitney test) 
since the data distribution was non-normal (Shapiro–Wilk test 
W = 0.97; p < 0.05). The gain score analysis is commonly considered a 
good approach for Pretest-Posttest comparisons, considering that 
there are no Pretest differences between groups (Gliner et al., 2003; 
Zientek et al., 2016).

The evaluation of the Pretest scores revealed no significant 
differences between students in the control and experimental groups 
(Mann–Whitney U = 769, d.f. = 82, p = 0.33). As a result, we were able 
to use gain scores to assess the efficacy of the treatment by evaluating 
between-groups differences. The test indicated significant differences 
between the two groups, with students in the experimental group 
achieving a median gain score that was 40% higher than that of 
students in the control group (Mann–Whitney U = 643, d.f. = , p = 0.03; 
Figure 5).

In addition, the qualitative perception of students’ 
comprehension of the toggle switch was evaluated after they 
attended the lecture (Supplementary Figure 1). The results showed 
that in the experimental group, after manipulating the 3D printed 
molecules (phase 2), a higher number of students perceived an 
improvement in their understanding of the genetic toggle switch 
compared to the control group in both phases 1 and 2. Moreover, 
the subjective response to question 8 (optional) of the Pretest-
Posttest questionnaire also corroborates the latter results, as most 
students in the experimental group reported that their 
comprehension of the genetic toggle switch and the gene regulation 
control required for its function improved by using 3D printed 
molecules as an educational resource in the classroom 
(Supplementary Figure 2).

Discussion on the practical 
implications, objectives, and lessons 
learned

Genetic circuits are a combinatorial network of switches that can 
perceive different inputs, process the information, and generate 
outputs. Since the beginning of the 2000s, several simple synthetic 
circuits have been designed, built, and tested (Elowitz and Leibler, 
2000; Gardner et al., 2000). These were the cornerstone for assembling 

more complex ones, which led to further implications in 
biotechnology, medicine, agriculture, and food sectors, bringing the 
synthetic biology area to a pivotal importance in the 21st century 
(Khalil and Collins, 2010; El Karoui et al., 2019; Brooks and Alper, 
2021). Therefore, it is of great interest that future researchers in the 
different areas of science have a thorough understanding of 
genetic circuits.

The traditional educational system still fosters a passive learning 
process in which students are stimulated to hear explanations, take 
notes and then take exams to prove their knowledge. However, 
we hypothesized that complex and emerging areas, such as synthetic 
biology, cannot be fully understood without a modern and practical 
educational approach. The process of elaborating a synthetic biology 
project is deeply amalgamated into digital technologies, such as apps 
made to design plasmids from scratch and machines that automate 
strain engineering. Hence, classes dedicated to synthetic biology 
education also need to adapt and integrate the use of technology, 
following up with the tendency and allowing students to usufruct 
from active learning methodologies.

Indeed, progress in teaching synthetic biology has resulted in the 
incorporation of new resources, such as virtual laboratories, software 
for simulating molecular structures, and interactive experimental 
methods (Huang et al., 2018; Lineback and Jansma, 2019; Muth et al., 
2021). Additionally, 3D printed molecular structures are now shown 
to be also a valuable tool in improving synthetic biology education. 
The novel SynBio in 3D method was successfully implemented in 
classrooms, resulting in a positive impact on students’ learning 
processes (Figure 5). It helped students understand the genetic toggle 
switch and the relationship between gene expression regulation 
control and electrical circuits, turning cells “ON” and “OFF.” These 
results are consistent with the students’ perception that manipulating 
the 3D printed molecules helped improve their understanding of the 
subject (Supplementary Figures 1, 2). Thus, our work demonstrates 
the success of integrating a new type of technology into synthetic 
biology education by linking digital fabrication tools and molecular 
computational structures to create engaging content. This innovative 
approach has the potential to transform traditional educational 
practices, offering students a modern and interactive learning 
experience that enhances understanding of emerging areas such as 
synthetic biology.

TABLE 1 Mean and standard deviation of the students’ Pretest and Posttest scores (average number of correct questions) on the four different classes 
evaluated in this study.

Courses condition Conditions Pretest Mean ± SD Posttest Mean ± SD Mean difference

Genetic Engineering Treatment Control
7.50 ± 2.01 9.78 ± 1.31 2.28

7.07 ± 1.94 8.33 ± 2.64 1.26

Molecular Biology (A) Treatment Control
7.75 ± 1.42 10.58 ± 1.68 2.83

8.64 ± 1.57 10.73 ± 2.20 2.09

Molecular Biology (B) Treatment Control
6.45 ± 2.07 7.00 ± 2.57 0.55

7.00 ± 2.49 7.50 ± 3.06 0.50

Genetics Treatment Control
6.50 ± 1.73 10.75 ± 0.50 4.25

7.67 ± 2.52 8.33 ± 1.53 0.66

Overall Treatment Control
7.22 ± 1.88 9.40 ± 2.22 2.18

7.54 ± 2.09 8.79 ± 2.79 1.25
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In conclusion, the method showcased in this article has as a 
foundation the combination of digital manufacturing processes, 
which can be  used to make (almost) anything, anywhere, with 
readily-available molecular computational elements (Gershenfeld, 
2012). Digital fabrication is a design and production process 
focused on turning bits into atoms, increasingly present in academic 
and school settings. On the other hand, databases like PDB are free 
to use and reunite thousands of digital molecular components, 
which allows the exportation in formats compatible with 3D 
printers. Bridging the gap on how simple the process of connecting 
those two resources is a crucial step to incentivizing teachers to 
explore it, and also develop systems for their classes in order to help 

students to better understand the complex concepts underlying the 
synthetic biology area.

Acknowledgment of any conceptual, 
methodological, environmental, or 
material constraints

We had some technical issues during the 3D printing testing 
phase due to (1) .stl files were too large and did not load in the 
Ultimaker Cura; (2) the settings of the printer were not ideal, and 
the resulting pieces were low in quality. We solved these issues by 
reducing the size of the files in Blender and exporting it again as .stl 
files, optimizing the printing supports, and improving the definition 
of the molecule surfaces.
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TABLE 2 Difficulty analysis of the questionnaires used to evaluate the 
four different classes.

Course 
(Class)

Test type Correct 
answers

Total Difficulty 
score

Genetics Pretest (control) 2 4.00 0.5

Genetics
Posttest 

(control)
2 4.00 0.5

Genetics
Pretest 

(experimental)
2 4.00 0.5

Genetics
Posttest 

(experimental)
3 4.00 0.8

Genetic 

Engineering
Pretest (control) 9 15.00 0.6

Genetic 

Engineering

Posttest 

(control)
9 15.00 0.6

Genetic 

Engineering

Pretest 

(experimental)
11 18.00 0.6

Genetic 

Engineering

Posttest 

(experimental)
13 18.00 0.7

Molecular 

Biology (A)
Pretest (control) 5 10.00 0.5

Molecular 

Biology (A)

Posttest 

(control)
6 10.00 0.6

Molecular 

Biology (A)

Pretest 

(experimental)
5 11.00 0.5

Molecular 

Biology (A)

Posttest 

(experimental)
7 11.00 0.6

Molecular 

Biology (B)
Pretest (control) 7 11.00 0.6

Molecular 

Biology (B)

Posttest 

(control)
8 11.00 0.7

Molecular 

Biology (B)

Pretest 

(experimental)
7 12.00 0.6

Molecular 

Biology (B)

Posttest 

(experimental)
10 12.00 0.8

-
Total average–

Pretest
5.91 10.63 0.56

-
Total average–

Posttest
7.47 10.63 0.70

The study involved pretest (phase 1) and posttest (phase 2) evaluations of students in control 
and experimental conditions. The total number of correct answers, total number of answers, 
and difficulty scores are reported for each class and condition.

FIGURE 5

Comparison of gain scores obtained from the students who 
participated in the study (n = total number of students = 85). The gain 
scores were calculated as the differences between the pretest and 
posttest scores obtained by students within each group. The 
“Control” group consisted of students that were submitted to the 
theoretical explanation, and the “Experimental” group consisted of 
students that were submitted to the presentation of the 3D printed 
molecules. Horizontal lines indicate median values and boxes 
indicate 1st and 3rd quartiles. We used the non-parametric Mann–
Whitney test for comparison because data distribution was not 
normal (see text for details).
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Learning from physical and virtual 
investigation: A meta-analysis of 
conceptual knowledge acquisition
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1 School of Pedagogical and Educational Sciences, Radboud University, Nijmegen, Netherlands, 
2 Behavioural Science Institute, Radboud University, Nijmegen, Netherlands

Should students investigate with tangible objects and apparatus or are digitally 
simulated materials and equipment an adequate or perhaps even preferred 
alternative? This question remains unanswered because empirical evidence is 
inconclusive and previous reviews are descriptive and synthesize a limited number 
of studies with small samples. This meta-analysis, therefore, assessed the relative 
effectiveness of physical versus virtual investigation in terms of conceptual 
knowledge acquisition and examined whether and how the aggregate effect size 
was moderated by substantive and methodological study features. Following a 
systematic search of Web of Science and ERIC for the period 2000–2021, 35 
studies comparing physical and virtual investigations were selected for inclusion. 
Hedges’ g effect sizes for conceptual knowledge acquisition were computed 
and analyzed using a random effects model. The results showed no overall 
advantage of either mode of investigation (g = −0.14, 95% CI [−0.33, 0.06]). 
However, moderator analysis indicated that virtual investigation is more effective 
for adults compared with adolescents and children, and when touching objects 
or equipment does not provide relevant sensory information about the concept 
under study. These results imply that STEM teachers can decide for themselves 
whether to opt for physical or virtual investigation except when teaching adult 
students or when touch sensory feedback is substantively irrelevant; in those 
cases, virtual investigation is preferable.

KEYWORDS

virtual labs, simulation – computers, physicality, manipulatives and experimentation, 
touch

1. Introduction

Technological advancements have significantly extended the opportunities to include 
investigations in courses for students of all ages. The past decade has witnessed several successful 
initiatives to grant teachers of science, technology, engineering, and mathematics (STEM) free 
access to computer simulations and online laboratories for teaching and learning in K12 
classrooms and beyond. Although designers of these technologies are optimistic about the value 
of virtual investigation for learning (Perkins et al., 2012; De Jong et al., 2014), empirical evidence 
is typically mixed. Some studies confirm that virtual investigation is more effective than physical 
investigation (e.g., Chao et al., 2016), whereas other studies found the opposite effect (e.g., 
Zacharia et al., 2012) or report no differences (e.g., Renken and Nunez, 2013). As this body of 
research has, to the best of our knowledge, not been quantitatively reviewed, the true virtue of 
virtual investigation is yet unknown. This observation sparked the idea for this meta-analysis, 
which aimed to examine the relative effectiveness of physical versus virtual investigations.
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In line with Klahr et  al. (2007), we  use the term physical 
investigation to refer to hands-on inquiries where students interact 
with tangible objects and equipment to acquire a conceptual 
understanding of the topic being studied. Although such investigations 
admittedly enable students to strengthen their research skills, learn to 
collaborate with peers, and build interest in STEM-related careers, 
these learning outcomes were outside the scope of this meta-analysis. 
Virtual investigation, then, is the digital analog of physical 
investigation in that students’ examinations involve simulated material 
and apparatus provided by a computer simulation, virtual laboratory, 
or virtual–reality application. Both definitions are fleshed out more in 
the sections below. Following a short overview of instructional 
approaches that incorporate student investigations, we zoom in on the 
unique affordances of physical and virtual investigation and 
summarize the results of previous narrative reviews that contrasted 
these modes of investigation.

2. Theoretical foundation

2.1. Learning through investigation

Preschoolers learn from play and by exploring the world 
around them. Schools respond to this investigative drive by 
engaging children in inquiry projects, for instance, to examine how 
long it takes for colored ink to dissolve in hot and cold water. High 
school students spend quite some time in the school science 
laboratory, and throughout higher education, student research 
progressively approximates authentic scientific practices. All these 
instances are rooted in the long-standing belief that the act of 
investigating is productive to learning because finding things out 
by oneself leads to more meaningful and sustainable knowledge 
than being told by a teacher (Dewey, 1900; Schneider et al., 2022; 
De Jong et al., in press).

Student investigations are integral to instructional approaches 
such as experiential learning, problem-based learning, and inquiry-
based learning. Although generally embraced by policymakers and 
field experts, some educational scientists have challenged the 
effectiveness of these approaches based on a lack of teacher guidance 
(e.g., Kirschner et al., 2006; Zhang et al., 2022). A comprehensive 
meta-analysis confirmed that learning through unguided investigation 
is less effective than explicit instruction. However, students who were 
guided during their investigation learned more than students who 
studied the same material through expository methods (Alfieri et al., 
2011). In other words, instructional approaches that include student 
investigations are effective if adequate guidance is provided.

Which type of guidance is appropriate for which types of learners 
is still debated. Contrary to the intuitive belief that young learners 
need more specific guidance than older learners do, student age does 
not moderate the influence of guidance on learning activities and 
learning outcomes (Lazonder and Harmsen, 2016). A plausible 
explanation might be that the complexity of students’ investigations 
increases with age: older students not only examine more difficult 
topics but are also exposed to more open forms of inquiry that 
necessitate specific forms of guidance (Bell et  al., 2005). As such, 
creating effective learning arrangements that include student research 
is a balancing act that becomes even more challenging if teachers can 
choose between physical and virtual investigations.

2.2. The case for the physical investigation

Imagine giving a child a set of cubes and spheres to investigate what 
determines how fast objects sink in water. While experimenting, the 
child receives sensory feedback through the eyes (e.g., spheres sink in a 
straight line whereas cubes whirl down) and ears (sound indicates when 
an object hits the bottom of the water cylinder). A unique additional 
affordance of physical investigations is that handling the spheres and 
cubes produces touch sensory feedback about their mass and surface 
not normally available in virtual investigations. [It can be mimicked by 
a haptic device, but these tools are still rare in educational settings (Luo 
et al., 2021) and were, therefore, not included in this meta-analysis].

The educational importance of touch sensory feedback is 
articulated in theories of embodied cognition, which assert that a 
person interacting with the material world creates ‘embodied’ 
knowledge of physical objects and phenomena (e.g., Gallese and 
Lakoff, 2005; Barsalou, 2008). Neuroimaging studies have provided 
evidence that conceptual understanding is stored in the sensory–
motor circuits of the brain, meaning that the brain regions involved 
in seeing, hearing, and touching objects are also activated during 
recall (Kiefer and Trumpp, 2012). If students are deprived of touch, 
conceptual knowledge becomes less rich as it is exclusively based on 
verbal and auditory stimuli (Zacharia, 2015). The child in our sinking 
objects example learns about the mass of the objects by picking them 
up and the experience of feeling the difference between, for instance, 
a 10 and 100 g cube complements mass-related information from the 
other senses.

While embodied cognition theories emphasize the storage and 
retrieval of information, the additional sensory channel theory 
addresses the encoding process. Rooted in theoretical conceptions of 
working memory (Baddeley, 2012) and cognitive load (Sweller et al., 
2019), this theory postulates that the brain has separate processing 
channels for visual, auditory, and tactile information. If multiple 
channels are used for learning a particular piece of information, the 
effective working memory capacity expands and, hence, the chance of 
better learning outcomes increases. Note that this theory merely 
applies to sensory information relevant to the concept students are 
investigating. Suppose the child in our example senses that metal 
objects feel colder than Teflon objects, then this tactile feedback will 
not lower her cognitive load when examining how the shape of an 
object influences its sink time.

2.3. The case for the virtual investigation

Proponents of virtual investigation point to the practical 
advantages of simulations and virtual laboratories. These digital 
environments require little preparation from the teacher and enable 
students to design and conduct many investigations in a short amount 
of time (De Jong et al., 2013). Virtual investigations also offer a viable 
alternative for physical investigation if material or apparatus is 
expensive or when the research site is geographically remote (Hannel 
and Cuevas, 2018)—think, for example, of a field trip to the Falkland 
telescope to have astronomy students observe distant galaxies. Similar 
advantages apply when the topic of investigation is rare (e.g., lunar 
eclipses) or dangerous (e.g., radioactivity).

The learning benefits of virtual investigation are essentially 
twofold. Contentwise, designers of digital investigation environments 
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can impose productive constraints on students—for instance, by 
simplifying a phenomenon or restricting the values that can be set in 
an experiment—or provide visualizations that allow students to 
perceive what is not directly observable in the material world (De Jong 
et al., 2013; Sullivan et al., 2017). These options aim to reduce intrinsic 
cognitive load. Extraneous cognitive load can be  decreased by 
embedding instructional support features in the virtual environment, 
which is the second learning advantage. Software designers can, for 
instance, use virtual–reality technology to direct students’ attention to 
important parts of the screen at key moments during an inquiry or 
augment digital objects and processes with additional explanations 
(De Jong et al., 2013).

2.4. Previous narrative reviews

An early research overview by Ma and Nickerson (2006) found no 
significant and consistent difference between physical and virtual 
investigation. De Jong et al. (2013) reached a similar conclusion and 
speculated about possible differential effects by suggesting that young 
learners might benefit more from physical investigation because they 
tend to lack tactile experience with the objects or processes under 
study. Virtual investigation, according to De Jong et al., might be more 
advantageous in situations that align with the learning advantages 
described in the previous paragraph. Zacharia (2015) also concluded 
that touch sensory feedback from physical investigation is not a 
requirement for the acquisition of conceptual knowledge.

Related literature overviews challenge the latter conclusion by 
showing that haptic augmentation of virtual environments often 
improves the development of conceptual knowledge (Minogue and 
Jones, 2006; Zacharia, 2015) and procedural skills (Rangarajan et al., 
2020). This positive trend seems due to the fact that all haptic devices 
provided ‘force feedback’ directly relevant to the topic being studied 
(e.g., gears and lever principles). Future research could test this 
presumption by comparing physical and virtual investigation, the 
latter without haptics, in situations where touch sensory information 
helps students build an understanding of the concepts or processes 
they are investigating. Furthermore, a meta-analysis in the field of 
mathematics education strengthened the tentative conclusion 
regarding the moderating influence of learners’ age (Carbonneau 
et al., 2013). Using concrete manipulatives in math classes was found 
to be more effective for children in the concrete operational stage 
compared with children in the formal operational stage, allegedly 
because younger children rely more on physical interaction with the 
material world when constructing meaning than older children who 
are capable of formal operational reasoning.

In summary, previous research integrations converge on the 
equivalent effectiveness of physical and virtual investigation but differ 
regarding the existence of possible age-related differences as well as 
the educational affordances of touch. However, as most of these works 
descriptively synthesized a selective number of studies with small 
sample sizes, more rigorous and quantitative research integrations are 
needed to draw any definitive conclusion.

3. Research questions

This meta-analysis aimed to answer three research questions:

 1. What is the relative effectiveness of physical versus virtual 
investigation in terms of conceptual knowledge acquisition?

 2. How does this relative effectiveness depend on the substantive 
contribution of touch sensory information to the concept 
under study?

 3. How does this relative effectiveness depend on the 
students’ age?

4. Method

4.1. Search and selection of studies

The literature was searched for studies that satisfied the following 
inclusions criteria:

 1. The study examined students investigating STEM-related 
topics for learning purposes.

 2. The study compared the conceptual knowledge acquisition of 
students who did their research with physical materials to that 
of students who performed the same investigation with 
virtual materials.

 3. The study was set up to ensure that similar instructional 
regimes were implemented in both conditions.

 4. The study controlled for possible differences in prior domain 
knowledge either by randomization or analyzing pre- and post-
assessment scores.

 5. The study administered a between-subject design and reported 
data from which effect sizes can be calculated.

 6. The study was published between 2000 and 2021 and is 
available online in full text.

The search and selection processes are visualized in Figure 1. 
All searches were performed in the Web of Science Core 
Collection and the ERIC repository using the following query: 
[(physical experiment* OR physical lab* OR hands-on) AND 
(virtual experiment* OR virtual lab* OR hands-off OR 
simulation*)]. The Web of Science search, restricted to the SSCI 
and SCI Expanded citation indexes and further limited to the 
categories ‘Education Educational Research,’ ‘Education Scientific 
Disciplines,’ ‘Psychology Experimental,’ and ‘Psychology 
Multidisciplinary,’ uncovered 739 reports. The ERIC database was 
searched similarly except that all search terms were wrapped in 
quotes to perform a literal search, and the results were limited to 
publications available in full text. This search returned 87 hits. 
Next, all 826 reports were retrieved and subjected to a title and 
abstract screening. A total of 58 reports passed this initial test, 
and after one duplicate was removed, 57 reports were read in full 
to assess their eligibility for inclusion. In addition, the perusal of 
the citations in previous reviews (De Jong et al., 2013; Zacharia, 
2015) yielded eight reports that were not identified through the 
online search. These reports were retrieved and screened 
similarly, which led to the inclusion of one additional report. This 
brought the total number of included reports to 34. As one of 
these investigations presented data from two experiments with 
separate samples, the total number of studies in this meta-
analysis was 35. Their main characteristics are summarized in 
Supplementary Appendix 1.
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4.2. Coding of moderator and outcome 
variables

Students’ knowledge acquisition served as the main outcome 
measure. It was defined as the conceptual knowledge participants 
developed through either physical or virtual investigation, as indicated 
by assessments administered during or shortly after the learning 
process. The first moderator, assessment type, classified the 
measurement used as a multiple-choice test, constructed-response 
test, performance-based assessment, or a combined format.

The next two moderators served to answer this study’s research 
questions. The first one, tactile feedback, indicated whether physical 
manipulation provided touch sensory information that helps students 
build an understanding of the concepts they are investigating. The 
moderator student age gave a broad indication of the sample’s mean 
age. In keeping with Piaget’s and Erikson’s stages of cognitive 
development (Thomas, 2005), a distinction was made between 
school-age children (6–11 years), adolescents (12–18 years), and 
young adults (19–27 years). In case participants’ age was not provided, 
the age category was inferred from the students’ grade levels, 
considering the differences in educational systems across countries.

The remaining moderators provided some descriptive details of 
the included studies. Publication year was used as an approximation 
of the time when the study was conducted. As computer technology 
becomes increasingly more sophisticated, older studies using 
computer simulations might yield different results than recent 
research with highly advanced virtual investigation facilities. To 
investigate whether such a differential effect exists, studies were 

classified according to the decade of publication (2000–2010 or 2011–
2021). The research setting concerned the site where the study took 
place. Two broad categories were distinguished: research laboratory 
and regular classroom. The former indicated that data were collected 
in a researcher-controlled environment, for example, a genuine 
university research laboratory or a separate room in the school 
building. Studies that were carried out in an authentic learning 
environment (e.g., a lecture room, the school’s science laboratory, or 
a computer laboratory) were placed in the category ‘regular classroom’.

Interrater agreement was determined in case moderator coding 
required subjective interpretation by the raters. Agreement on 
‘assessment type’ (78%, Fleiss’ κ = 0.71) and ‘tactile feedback’ (86%, 
Fleiss’ κ = 0.72) was substantial according to the benchmarks 
proposed by Landis and Koch (1977). All disagreements were 
resolved through discussion. The remaining moderators were coded 
by the first author, who conferred with the second author when in 
doubt. Fisher’s exact tests were run to determine whether the five 
moderators were related. Using a Bonferroni-corrected alpha level of 
0.005, none of the comparisons turned out to be  statistically 
significant, the p-values were >0.133, which means that all moderators 
were mutually independent.

4.3. Computation of effect sizes

Standardized mean differences were computed and corrected for 
upward small-sample bias. This effect size metric, known as Hedges’ 
g, was calculated as follows:

FIGURE 1

PRISMA flow diagram of the study search and selection process.
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where N is the total sample size, M1 is the mean knowledge gain 
score of the students in the physical investigation condition, M2 is the 
mean gain of the students in the virtual investigation condition, and 
SD is the weighted standard deviation of both groups combined. If 
gain scores were not reported, the study’s effect size was calculated 
from pre- and post-assessment scores, test statistics (F, t, and χ2), or 
frequency distributions, using the conversion formulas by Lipsey and 
Wilson (2001). Note that, as per computation, a positive effect size 
indicates that students learned more from physical investigation, 
whereas a negative effect size denotes higher learning from 
virtual investigation.

Studies reporting data for multiple subgroups or multiple outcome 
measures were handled according to the guidelines proposed by 
Borenstein et al. (2009). Specifically, one study presented separate 
scores for the high and low achievers in both the physical and virtual 
investigation conditions. To reduce bias, scores of the two cohorts 
within each condition were combined to yield a summary effect. 
Other studies assessed students’ knowledge acquisition by multiple 
post-tests. As these tests were equally relevant in determining which 
concepts students had learned through investigation, their scores were 
combined to compute the study’s effect size.

4.4. Data analysis

Main analyses were conducted with Meta Essentials (Suurmond 
et  al., 2017). The random effects model was used because studies 
examining different-aged students engaged in different inquiry tasks 
with different objects and equipment are unlikely to share the same 
true effect size. Following a descriptive analysis of the studies’ effect 
sizes, the summary effect was tested for significance by a z-test. Egger’s 
regression test (Egger et al., 1997) and Orwin’s (1983) Fail-safe N were 
used to determine whether and to what extent the observed overall 
effect was subject to publication bias. Next, Q-tests based on analysis 
of variance were used to determine whether the between-study 
variation in effect sizes was attributable to the moderator variables. If 
so and where appropriate, planned comparisons (Hedges and Pigott, 
2004) were made to unveil which moderator categories differed 
significantly from one another.

5. Results

Data for this meta-analysis were extracted from 35 studies with 
3,303 participants. The effect sizes of two studies were significantly 
greater than zero (g = 1.23 and 1.63), which denotes a benefit of 
physical investigation over virtual investigation. Seven studies had a 
significant negative effect size in the range of −1.51 to −0.45, which 
indicates in favor of virtual investigation, and in 26 studies, the 
physical–virtual comparison was a tie (−0.37 < g < 0.52).

The studies’ overall mean effect size (g) was −0.14, SE = 0.09, 95% 
CI [−0.33, 0.06]. The I2 statistic indicated that 82.44% of the effect size 
variance reflects true score variation; the variance of the true effect size 
(τ2) was 0.21. As can be inferred from the confidence interval, the 

investigation mode had no significant overall effect on students’ 
knowledge acquisition, z = −1.43, p = 0.152, meaning that 
experimenting with physical and virtual materials is equally beneficial 
to concept learning. Egger’s regression test showed no sign of 
publication bias as the estimated intercept (−1.81) did not differ 
significantly from zero, t(34) = 0.73, p = 0.472. Orwin’s Fail-safe N 
indicated that 476 studies with a nil effect would be needed to turn the 
Hedges’ g to zero.

The results of the moderator analyses showed that the variation in 
effect sizes was independent of how students’ conceptual knowledge 
was assessed and in which year a study was published (see Table 1). 
However, a significant moderating effect was found for tactile 
feedback. This result indicates that physical and virtual investigations 
yield comparable knowledge gains if touching materials provide 
relevant information about the concepts to be  learned, but that  
virtual investigation is more effective when the touch experience 
is extraneous.

The participants’ age also moderated the findings. The mean effect 
size of studies conducted with children was higher than that of studies 
with adolescents and adults combined, z = 3.58, p < 0.001, and the 
difference between the latter two age groups was also significant, 
z = 2.36, p = 0.009. The confidence intervals in Table 1 further show 
that adults benefit more from virtual investigations than physical 
investigations, whereas children and adolescents benefit as much from 
either mode of investigation.

The summary effect also depended on the site where a study  
was carried out. Studies conducted under researcher-controlled 
circumstances had a significantly higher mean effect size than studies 
performed in more authentic settings such as a regular classroom. 
The direction of these effect sizes implies that students benefit more 
from virtual investigation if their research is situated in authentic 
settings guided by regular classroom teachers. But when students’ 
inquiry takes place in a quiet space under the surveillance of a 
proctor, physical investigation is more effective than virtual 
investigation. It should be  noted that the distribution of studies 
among these two categories was rather skewed and may have 
impacted the findings.

6. Discussion

The summary effect of the 35 primary studies included in this 
meta-analysis indicates that physical and virtual investigation are 
generally equally effective in promoting students’ conceptual 
knowledge of STEM-related topics. This outcome confirms the 
tentative conclusion from descriptive reviews (Ma and Nickerson, 
2006; De Jong et al., 2013; Zacharia, 2015) and implies that the true 
effect, although slightly in favor of virtual investigation, is close to 
zero. The fact that this result was independent of the year in which a 
study was published further suggests that technological advancements 
have no impact on how much knowledge students acquire from 
virtual investigation relative to physical investigation. In other words, 
computer simulations from the early 2000s are as productive to 
concept learning as contemporary virtual laboratories with highly 
realistic 3D rendering.

However, the equivalence of investigation modes does not apply 
to all learning situations. Adults, for example, benefit more from 
virtual investigation than physical investigation, while no such 
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benefit was found in adolescents and children. Whether the 
comparable effectiveness of physical and virtual investigation for 
younger learners is attributable to their developmental stage or a lack 
of experience with the objects being investigated (De Jong et  al., 
2013) cannot be  concluded from our meta-analysis. Theoretical 
evidence supports the former option, but the observed superiority of 
virtual investigation in adults supports the latter. Future research 
could resolve this discord by comparing the knowledge gains of 
children and adults in an investigation with familiar and unfamiliar 
tangible objects.

The relative effectiveness of investigation modes also depends 
on the substantive contribution of tactile feedback. Virtual 
experimentation is more effective when the focal variables in an 
investigation cannot be experienced by touch. But when tactile 
cues do provide relevant information, physical investigation is just 
as effective. This differential effect is in line with the additional 
channel theory, which assumes that information from touch is 
processed in a distinct part of the human brain and, hence, reduces 
cognitive load during learning. A direct assessment of the latter 
claim could unfortunately not be made here because none of the 
included studies measured students’ cognitive load—which is 
remarkable because quite many studies mentioned cognitive load 
reduction as one of the advantages of either physical or 
virtual investigation.

Implications for theories of embedded cognition are less 
straightforward. On the one hand, our results lend no direct support 
to the notion that physical manipulation promotes conceptual 
understanding since manipulating virtual objects on a computer 
screen was generally equally effective. On the other hand, the data do 
not disqualify the embodiment idea either because the physical 
experience of touch could have compensated for the absence of the 
affordances of virtual investigation, such as simplifying, annotating, 

and visualizing concepts and processes. The value of such features was 
demonstrated by Lee et al. (2006), who found that separated screen 
displays and optimized visual representations enhance middle school 
students’ conceptual understanding.

Virtual experimentation environments can also be augmented by 
haptic feedback. Previous reviews have shown that incorporating 
haptics can produce significant gains in students’ conceptual 
knowledge (Minogue and Jones, 2006; Zacharia, 2015), but its 
implementation in educational research and practice is still in its 
infancy (Luo et al., 2021). Of the few studies we found, none satisfied 
the inclusion criteria so the comparison between physical investigation 
with haptic-augmented virtual investigation is yet to be made. Once 
the body of research has grown, it would be interesting to replicate this 
meta-analysis and focus specifically on the facilitative role of haptic 
feedback, in particular when touch conveys information relevant to 
conceptual understanding.

Beyond contrasting physical and virtual investigations, scholars 
have started to consider how the two are best combined. The 
conclusions are still indecisive as some studies favored the physical–
virtual sequence (e.g., Winn et al., 2006), other studies the reverse 
order (e.g., Toth et al., 2014) or reported no difference between both 
sequences (Flegr et al., 2023). The results of our meta-analysis suggest 
that starting with physical investigation is preferred when students 
have an insufficient tactile experience with the concepts or materials 
being studied, which is often the case with children. When virtual 
investigation precedes physical investigation, students can benefit 
from the unique affordances of virtual investigation to efficiently 
acquire basic knowledge and then deepen and broaden this 
understanding by investigating the same concepts in more authentic 
(i.e., ‘messy’) physical contexts. Although our results provide no direct 
implications for this option, it seems appropriate for use with 
adolescents and adults.

TABLE 1 Results of the moderator analyses.

k N g 95% CI Q p I2

Assessment type 2.48 0.479 0.00

  Multiple choice 12 996 −0.20 [−0.42, 0.02]

  Constructed response 16 1,119 −0.02 [−0.37, 0.32]

  Combined 3 336 −0.04 [−0.26, 0.17]

  Performance based 4 852 −0.42 [−0.99, 0.15]

Tactile feedback 4.51 0.034 77.83

  Relevant 15 1,334 0.09 [−0.24, 0.42]

  Irrelevant 20 1969 −0.30 [−0.49, −0.11]

Student age 8.79 0.012 88.62

  Children 10 801 0.22 [−0.25, 0.69]

  Adolescents 8 639 −0.04 [−0.17, 0.08]

  Adults 17 1863 −0.38 [−0.59, −0.17]

Publication year 0.01 0.967 0.00

  2000–2010 8 556 −0.13 [−0.36, 0.10]

  2011–2021 27 2,747 −0.14 [−0.37, 0.10]

Research setting 6.18 0.013 83.82

  Research lab 4 220 0.81 [0.01, 1.61]

  Classroom 31 3,083 −0.24 [−0.39, −0.09]
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Several limitations should be considered when interpreting the 
results of our meta-analysis. One constraining factor is that the 
number of included studies was quite small and disproportional across 
STEM domains. In total, 23 of the 35 studies (66%) were carried out 
in physics classes, so the current findings do not necessarily apply to 
other domains. In a similar vein, very few included studies assessed 
learning outcomes beyond conceptual knowledge, such as students’ 
inquiry skills or their understanding of the nature of science. With a 
larger set of studies, these outcome measures could have been analyzed 
to paint a more complete picture of the relative effectiveness of 
physical and virtual investigations. On a related matter, non-cognitive 
learning outcomes such as student motivation could be examined to 
establish whether students are equally interested in doing physical and 
virtual investigations. Finally, our meta-analysis did not attend to the 
role of the teacher. This leaves questions regarding whether teachers 
guide their students equally well during physical and virtual 
investigations. Research answering questions like these could provide 
valuable explanations for the relative effectiveness of both modes 
of investigation.

To conclude, although physical and virtual investigation are 
generally equally beneficial to promote students’ conceptual 
understanding, the virtual variant is preferred when students are over 
18 and have to investigate concepts for which tactile feedback is 
substantively irrelevant. We, therefore recommend university teachers 
and adult educators to let students investigate with virtual material 
and equipment, in particular when the research is conducted in 
regular classrooms; a switch to physical investigations can 
be considered if tactile feedback provides relevant sensory information 
about the concepts being studied or when students conduct their 
investigation under well-controlled circumstances. Elementary school 
and high school teachers can decide on a case-by-case basis whether 
to opt for physical or virtual investigation. They can base their choice 
on personal preferences and pragmatic considerations while bearing 
in mind that virtual investigation is more effective when it is not 
possible to work one-on-one with individual or small groups 
of students.
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Graphical representations are ubiquitous in the learning and teaching of science, 
technology, engineering, and mathematics (STEM). However, these materials are 
often not accessible to the over 547,000 students in the United States with blindness 
and significant visual impairment, creating barriers to pursuing STEM educational 
and career pathways. Furthermore, even when such materials are made available 
to visually impaired students, access is likely through literalized modes (e.g., 
braille, verbal description), which is problematic as these approaches (1) do not 
directly convey spatial information and (2) are different from the graphic-based 
materials used by students without visual impairment. The purpose of this study 
was to design and evaluate a universally accessible system for communicating 
graphical representations in STEM classes. By combining a multisensory vibro-
audio interface and an app running on consumer mobile hardware, the system 
is meant to work equally well for all students, irrespective of their visual status. 
We report the design of the experimental system and the results of an experiment 
where we compared learning performance with the system to traditional (visual or 
tactile) diagrams for sighted participants (n = 20) and visually impaired participants 
(n =  9) respectively. While the experimental multimodal diagrammatic system 
(MDS) did result in significant learning gains for both groups of participants, the 
results also revealed no statistically significant differences in the capacity for 
learning from graphical information across both comparison groups. Likewise, 
there were no statistically significant differences in the capacity for learning from 
graphical information between the stimuli presented through the experimental 
system and the traditional (visual or tactile) diagram control conditions, across 
either participant group. These findings suggest that both groups were able to 
learn graphical information from the experimental system as well as traditional 
diagram presentation materials. This learning modality was supported without the 
need for conversion of the diagrams to make them accessible for participants 
who required tactile materials. The system also provided additional multisensory 
information for sighted participants to interpret and answer questions about the 
diagrams. Findings are interpreted in terms of new universal design principles for 
producing multisensory graphical representations that would be accessible to all 
learners.

KEYWORDS

blind and low vision, multimodal interface, accessible STEM graphics, multisensory 
interactions, learning system, universal design, assistive technologies
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1. Introduction

Traditional learning materials used in mainstream science, 
engineering, technology, and mathematics (STEM) classrooms rely 
heavily on graphics and images to efficiently convey complex concepts 
(Kress and Van Leeuwen, 2006). However, these materials are often 
inaccessible to students with blindness or significant visual 
impairment (BVI), and this inaccessibility creates significant barriers 
to STEM educational and career pathways. Current statistics on the 
number of school-age children that meet the federal definition of 
visual impairment1 (including blindness) are often difficult to obtain 
due to the ways in which incidence data is defined by different states 
(National Center for Education Statistics (NCES), 2022), and some 
research suggests that the federal child count underestimates the 
incidence of visual impairment (Schles, 2021). According to the 2021 
American Community Survey (ACS), there are 7.5 million (2.5%) 
Americans, who are blind or have low vision, including approximately 
547,000 children with severe vision difficulty under the age of 182 
(U.S. Census Bureau, 2020). Of those students, there were 
approximately 55,249 United States children, youth, and adult students 
in educational settings who were classified as legally blind3 (American 
Printing House for the Blind (APH), 2019). School success 
opportunities and outcomes can have lifelong impact on BVI 
individuals. Of the nearly 4 million civilian non-institutionalized 
working age adults (18–64) with a visual impairment, only 2 million 
(50%) are employed, another 250,000 (5%) working adults with a 
visual impairment are classified as unemployed (but still looking for 
work), with the remaining 1.8 million (45%) of adults with visual 
impairments classified as not actively engaged in the labor force 
(McDonnall and Sui, 2019; U.S. Census Bureau, 2020). This compares 
to 136 million (77%) civilian non-institutionalized working age adults 
(18–64) without a disability who are employed, 8 million (5%) 
unemployed (but still looking for work), with the remaining 33 
million (18%) of the adult population without a disability classified as 
not actively engaged in the labor force (U.S. Census Bureau, 2020).

This large disparity between the employment rates for BVI adults 
and the general population without a disability (50% vs. 77%) helps to 
motivate our work to improve information access for advancing into 
STEM related careers and the opportunities that are available with 

1 Federal regulations define visual impairment (including blindness) as “an 

impairment in vision that, even with correction, adversely affects a child’s 

educational performance” [34CFR Sec. 300.8(c)(13)]. Some states have 

elaborated on this definition by specifying minimum levels of visual acuity or 

a restriction in the visual field. Thus, a child may qualify as having a visual 

impairment in one state but may not qualify in another https://ies.ed.gov/

ncser/pubs/20083007/index.asp.

2 The children referred to range in age from 0 to 17 years and only included 

those children that had serious difficulty seeing even when wearing glasses as 

well as those that are blind.

3 The students referred to range in age from 0 to 21 years as well as certain 

qualifying adult students and only included those students with vision loss that 

functioned at/met the legal definition of blindness. Legal blindness is a level 

of vision loss that has been defined by law to determine eligibility for benefits. 

It refers to explicitly to those who have a central visual acuity of 20/200 or less 

in the better eye with the best possible correction, or a visual field of 20 degrees 

or less.

advanced STEM education. As workplaces become more automated, 
future labor market skills needed to maintain United States progress 
and innovation will require more diversity of perspectives for complex 
problem solving, therefore “all learners must have an equitable 
opportunity to acquire foundational STEM knowledge” (Honey et al., 
2020). In order to support these equitable opportunities in STEM, 
there is a profound need for accessible STEM training tools and 
learning materials to provide learning access across future labor 
contexts and for people of all ages. NSF STEM participation data does 
not breakdown participation by disability type (Blaser and Ladner, 
2020). What is well documented is that the dearth of accessible 
materials for BVI learners at all levels and how this presents acute 
challenges for inclusive STEM courses (Moon et al., 2012). To take one 
example, the study of geometry, as manifested in secondary schools, 
is inextricably bound with what has been described as the 
diagrammatic register – a communication modality in which 
mathematical concepts are conveyed through logical statements 
(written in words) that are linked to diagrams (Dimmel and Herbst, 
2015). The primary challenge for BVI learners is that geometry 
diagrams visually convey properties that do not explicitly describe 
spatial information in the accompanying text, such as whether a point 
is on a line, or whether two lines intersect. Thus, verbal descriptions 
containing additional information are necessary to make the diagrams 
accessible to BVI learners, however, these longer descriptions use 
additional words that can increase the cognitive load of making sense 
of the representation, with the long descriptions often still failing to 
convey key spatial content (Doore et  al., 2021). As a result, BVI 
learners spend significantly more time and are far less accurate than 
their sighted peers in interpreting diagrammatic representations due 
to the lack of consistent standards for graphical content metadata, 
including description annotations (Sharif et al., 2021; Zhang et al., 
2022). While extended length description recommendations for 
graphical representations have evolved and improved over time (Hasty 
et  al., 2011; W3C, 2019), few guidelines for natural language 
descriptions of diagrams, charts, graphs, and maps are grounded in 
any theoretical framework with some notable exceptions using 
category theory (Vickers et al., 2012) spatial cognition theory (Trickett 
and Trafton, 2006), semiotic theory (Chandler, 2007), and linguistic 
theory (Lundgard and Satyanarayan, 2021). We view our work as 
complementary to this body of theoretically grounded research, 
embedding structured natural language descriptions into accessible 
multisensory data representations that use haptics, spatial audio, and 
high contrast visuals to help with the interpretation of 
graphic information.

Beyond the challenges of creating accessible information 
ecosystems in classrooms for all learners, the STEM visualization 
access challenge has received growing attention at a broader societal 
level as the use of graphical representations has been shown to play an 
important role in conveying abstract concepts and facilitating the 
deeper meaning of scientific texts (Khine, 2013). The information 
access gap inevitably contributes to the lower academic performance 
observed in math and science among BVI students in comparison 
both to other subjects and also to their non-visually impaired peers 
within STEM disciplines (Cryer et al., 2013). The limited availability 
of blind-accessible materials can also force teachers to adopt content 
that employs phrasing, structure, or terminology that does not 
correspond with the teacher’s preferred method of instruction or 
intended curriculum. This lack of access to educational materials can 

59

https://doi.org/10.3389/feduc.2023.1071759
https://www.frontiersin.org/journals/education
https://www.frontiersin.org
https://ies.ed.gov/ncser/pubs/20083007/index.asp
https://ies.ed.gov/ncser/pubs/20083007/index.asp


Doore et al. 10.3389/feduc.2023.1071759

Frontiers in Education 03 frontiersin.org

make classroom learning and information interpretation difficult, 
resulting in BVI students falling significantly behind standard grade 
level content (Lundgard and Satyanarayan, 2021).

There is thus an urgent need for a universal accessibility solution 
providing inclusive information access to STEM content supporting 
the same level of learning, understanding, and representation—i.e., 
functionally equivalent performance—for all learners. By universal, 
we mean the solution should use only those accessibility supports that 
could reasonably be  expected to be  familiar and available to all 
learners—i.e., the solution would not require specialized hardware or 
knowledge of specialized systems of communication, such as braille 
(National Federation of the Blind (NFB), 2009). By functionally 
equivalent, we  mean the representations built up from different 
modalities will be associated with similar behavioral performance on 
STEM tasks (e.g., accuracy and success rate; Giudice et al., 2011). 
Evidence for such functional equivalence has been observed across 
many tasks and is explained by the development of a sensory-
independent, ‘spatial’ representation in the brain, called the spatial 
image, which supports similar (i.e., statistically equivalent) behavior, 
independent of the learning modality (for reviews, see Loomis et al., 
2013; Giudice, 2018). Functional equivalence has been demonstrated 
with learning from many combinations of inputs (visual, haptic, 
spatialized audio, spatial language), showing highly similar behavioral 
performance across a range of inputs and spatial abilities including 
spatial updating (Avraamides et al., 2004), target localization (Klatzky 
et al., 2003), map learning (Giudice et al., 2011) and forming spatial 
images in working-memory (Giudice et al., 2013).

The purpose of the current study was to investigate how effectively 
working age adults could learn graphical-based STEM content 
information from a universally designed interface that was developed 
to support functional equivalence across visual and non-visual 
modalities for representing diagrams. We asked: How effectively do 
multisensory inputs (high contrast visuals, spatial language, and 
haptics) convey functionally equivalent spatial information for 
learning concepts that are represented in diagrams? We investigated 
this question by developing and testing a multisensory diagram 
system that was designed to be accessible to all learners.

2. Background

2.1. Universal design for assistive 
technologies

Our focus on all learners was motivated by two considerations. 
One, BVI learners face significant social challenges in school, where 
impromptu group discussion and peer-to-peer learning are important 
components of social and behavioral skill development (Smith et al., 
2009). Inclusive classrooms are increasingly the most common 
educational settings among BVI students, with over 80% of this 
demographic attending local public schools and spending most of 
their time in inclusive classrooms alongside of their sighted peers 
(Heward, 2003; American Printing House for the Blind (APH), 2019). 
Two, a universal design approach is thus advantageous because it 
reduces barriers for BVI learners to participate in peer-mediated 
classroom activities (e.g., group work) – when everyone is using the 
same resources, there is no reason for the BVI learners to receive 
special accommodation. This is also an important consideration as 

whole class discussions that occur naturally in inclusive settings play 
a crucial role in the development of social, linguistic, and behavioral 
skills, as well as improve conceptual understanding and overall 
academic performance (Smith et al., 2009; Voltz et al., 2016).

2.2. Multisensory learning

Apprehending information through multiple sensory modalities 
is beneficial for everyone, not only those for whom a sensory 
accommodation was initially designed (e.g., Yelland, 2018; 
Abrahamson et al., 2019). In the 20 years since Mayer’s seminal paper 
“Multimedia Learning” (Mayer, 2002), hundreds of studies have 
investigated how complementary sensory modalities, such as pictures 
and text, can enhance the acquisition and retention of information. 
How closed captioning has been adopted and integrated into 
educational, professional, and recreational videos is one example. 
Closed-captioning benefits deaf and non-hard of hearing viewers alike 
(Kent et al., 2018; Tipton, 2021). The availability of closed captioning 
across media reflects not only a commitment to accessibility but also 
provides empirical examples, at scale, that illustrate the 
redundancy principle.

The redundancy principle hypothesizes that simultaneous 
presentations of the same information via different modes allows 
modality-independent sensory processing to occur simultaneously: 
Two cognitive systems can process the same information in parallel 
(Moreno and Mayer, 2002). Reading closed captions taxes visual 
working memory, while hearing spoken words taxes auditory working 
memory. These processes are independent, which means reading 
captions while simultaneously listening to spoken words allows for 
both the visual and auditory systems to work synergistically toward 
apprehending the information that is represented in written (visual) 
and spoken (auditory) words. Redundancy, when partitioned across 
independent sensory modalities, helps learners build and retain 
conceptual (i.e., mental) models (Moreno and Mayer, 2002), which are 
integrated representations of spatial information about objects 
and relations.

2.3. Spatial mental models

Model theory asserts that people translate a perceived spatial 
configuration into a mental model and then use this mental 
representation to problem-solve and make inferences on spatial 
information (Johnson-Laird, 1983, 2010; Johnson-Laird and Byrne, 
1991). Under the best of conditions, spatial reasoning problems are 
difficult to solve using language alone (Ragni and Knauff, 2013). For 
example, describing something as simple as how to locate the 
reception desk within a hotel lobby is both a complex description task 
(for the person doing the describing) and a difficult non-visual 
navigation task (for the BVI person who needs directions to navigate) 
because there are no tools (e.g., a standardized coordinate system) for 
providing spatial references within the lobby (or other similar indoor 
environments). As such, the non-visual navigation task for solving 
what we  call the “lobby problem,” i.e., independently finding the 
check-in desk from a hotel’s main entrance, or the elevator from the 
check-in desk, or the hotel restaurant down a long hallway from the 
lobby can be extremely challenging. Instructional graphics present a 
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similar challenge where the typical accessibility solution is a poorly 
structured (and all too often ambiguous) description from a teacher 
or instructional aide. The adage that ‘a picture is worth a thousand 
words’ is most certainly true in that humans can process complex 
visual information in an image to understand spatial configurations, 
relationships, and be able to make inferences on their meaning far 
more quickly and efficiently than it would take to verbally describe a 
complex graphic.

There are several factors that influence spatial information 
processing using language to form mental models, such as the number 
of required models to solve a reasoning problem (Johnson-Laird, 
2006), presentation order (Ehrlich and Johnson-Laird, 1982), use of 
transitive/non-transitive relations (Knauff and Ragni, 2011), binary/n-
place relations (Goodwin and Johnson-Laird, 2005), and the 
differences in spatial reasoning on determinate/indeterminate 
problems (Byrne and Johnson-Laird, 1989). In many cases, sighted 
annotators (and in turn automated image captioning systems) often 
use non-transitive spatial relations such as “next to” or “contact” or “on 
the side” instead of transitive relations such as “left of ” or “in front of ” 
(Knauff and Ragni, 2011) to describe the spatial arrangements in 
images. Imagine the difficulties BVI students would face if they had to 
reason about a 100-point scatterplot that they could not see and 
instead, were provided with a list of 100 ordered pairs accompanied 
by a set of vague descriptions about their relative spatial positions 
(e.g., “point A (3,6) is on the side of point K (3,7) which is below point 
G”). Instead, we  argue that spatial information must be  explicitly 
incorporated into accessible learning systems to reflect current 
multisensory learning and model theory. This study investigates how 
high contrast visuals, sonification, vibrotactile haptic feedback, and 
spatial information descriptions collectively affect information 
retention, when compared to traditional accessibility solutions.

3. Design and development

3.1. The multimodal diagram system

We designed and developed a multimodal diagram system (MDS) 
to investigate how effectively one platform could provide multisensory 
representations that would be  accessible to all learners, especially 
those who have visual impairments. The MDS was specifically 
designed to be  widely accessible and practical for diverse user 
populations, such as the broad spectrum of users with vision 
impairments and sighted users who require increased multimodal 
information access. The prototype system was designed on the iOS 
platform to leverage the many embedded universal design features in 
the native Apple iPhone UI, which accounts for why the vast majority 
of BVI smartphone users (72–80%) prefer to use iOS-based devices 
(Griffin-Shirley et al., 2017; WebAim.org, 2019). The MDS has two 
components: (1) the MDS vibro-audio interface mobile application 
and (2) an associated website that hosts a diagram library and an 
online diagram annotation/authoring tool for use by diagram creators.

3.1.1. Vibro-audio interface mobile application
The MDS renders a high-contrast diagram on screen and provides 

audio and haptic feedback when the screen is touched, making 
diagram information access possible with or without vision. The MDS 
was designed to be used via single finger screen scanning. A short 

vibration is triggered when the user moves their finger over the 
bounds of an onscreen element (i.e., moving from one element to 
another, such as from the front paneling of a house to the door). They 
can move their hand to follow/trace the vibratory element or listen to 
hear its name (tapping will repeat the auditory label). The dimensions 
of on-screen elements were informed by prior research into vibro-
haptic interface design. For the MDS, the minimum width of lines was 
4 mm and the minimum gap between lines was 4 mm (Palani et al., 
2020). The vibration feature at the edge of an element was designed to 
be  analogous to the raised lines between features of a traditional 
embossed tactile diagram and was implemented using the default iOS 
notification vibration.

Haptic/audio redundancy was integrated with the design: While 
a user’s finger touches a graphic element, such as the red circle in 
Figure 1, a constant element specific audio background tone is played. 
In addition, the name of the element is read via text-to-speech, and 
after a brief pause, a description of the element is read if the user’s 
finger remains within the red circle element. If the user moves their 
finger to enter a new element, such as the purple section in Figure 1, 
a vibration is triggered as their finger changes elements, then the 
unique audio tone, label and description begins again for this new 
graphic element. This procedure is based on guidance from earlier 
multimodal research (Choi and Walker, 2010).

3.1.2. Multimodal diagrammatic system interface 
information flow

The MDS conveyed graphical information through images 
(visual), spoken words (auditory), sounds (auditory), and vibrations 
(haptic), where there were redundancies among the visual, auditory, 
haptic modalities along with kinesthetic cues (e.g., hand-movement 
and gestures). The MDS visually represented points as high-contrast, 
color-filled circles/vertices, lines/curves as 4 mm width high-contrast, 
colored line segments, and shapes/regions as high-contrast, color-
filled areas. Simultaneously, points, lines, curves, and regions were 
each represented as distinct audio tones. The tones were 
programmatically generated for each element in a diagram by 
incrementally shifting a 180 Hz sine wave tone up in pitch depending 
on the number of elements in the diagram to assure that each element 
was represented by a distinguishing tone. Also simultaneously, points/
lines/curves were represented haptically through the phones vibration 
motor that was activated whenever a finger touched that x-y point on 
the screen.

FIGURE 1

A Venn diagram using red and blue circles overlapping in a purple 
section, rendered here as it might be visually presented using the 
MDS.
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When a diagram is loaded via the MDS, the system uses text-to-
speech to read (auditory) the diagram title and, if present, an 
instructors note (e.g., instructing the user to begin their exploration 
at the bottom of the diagram). Element labels (e.g., “point p,” “line l”) 
were provided through native iOS text-to-speech and were played 
whenever a user’s finger entered the bounds of an element. Text-to-
speech element descriptions followed 1 second (s) after the element 
label was read if the user remained within that element.

4. Materials and methods

The user study employed a perception-based (rather than a 
memory-based) information access task, where participants had 
access to the diagrams while they simultaneously completed 
worksheets related to the content. To control for pre-existing 
knowledge (i.e., variability in pre-test scores), pre-test and active-test 
worksheets were used to calculate normalized information gain scores. 
A finding of similar information gain between the MDS interface and 
traditional hardcopy stimuli would indicate that the MDS system is 
equivalently effective in conveying non-visual information. This 
design was motivated by previous work in the education and 
educational gaming literature (Furió et al., 2013). Similar procedures 
are typically used in education technology research to provide a 
“consistent analysis over diverse student populations with widely 
varying initial knowledge states” (Hake, 1998).

Users completed pre-test questions to establish their pre-existing 
knowledge on the diagram content. They then completed diagram 
content related worksheets while using diagrams in two different 
modal conditions: (1) using a traditional diagram (a visual or 
embossed/tactile diagram, between sighted and blind users, 
respectively), or (2) using the experimental MDS interface. The test 
worksheets used in this experiment were identical in format but not 
content to those used in the pre-test and were designed to emulate 
worksheets employed in standard STEM curricula. As the evaluation 
was designed as a perceptual task to determine whether the MDS 
could provide access for learning new information, not how well it 
could facilitate recall or mental representation of the information, the 
active test worksheet was completed with simultaneous access to the 
diagram. This pre-test/active test design was used so that normalized 
information gain could be calculated for each diagram.

4.1. Hypothesis

We hypothesized that the MDS interface would provide a 
functionally equivalent information access solution, resulting in 
similar results for worksheet accuracy and time to completion between 
worksheets completed with diagram access using a control condition: 
(1) traditional tactile stimuli (BVI control condition), or (2) visually-
presented stimuli (sighted control condition). That is, we postulated 
that the use of the multisensory interface would allow participants 
with BVI to function at equivalent levels to their sighted peers.

H0: There will be no significant difference between groups (BVI, 
Sighted) completing worksheets in each condition (MDS, 
Control) providing a functionally equivalent information 
access experience.

This hypothesis is based on pilot user testing and previous work 
on functional equivalency (Giudice et al., 2013) that demonstrates the 
efficacy of vibro-audio interfaces in facilitating nonvisual access to 
spatial information using multimodal maps (Brock et  al., 2010) 
touchscreen haptics (Palani and Giudice, 2016); spatial tactile 
feedback (Yatani et al., 2012) and related research on the application 
of multimodal interactive tools in education (Cairncross and 
Mannion, 2001; Moreno and Mayer, 2007). Previous work evaluating 
a vibro-audio interface noted slower encoding via learning with this 
type of interface in comparison to visual and traditional tactile 
graphics for both sighted and BVI users, although behavioral 
performance on testing did not differ (Giudice et al., 2012). Despite 
this difference in learning time, the same study found that the overall 
learning and mental representation of the diagram information (e.g., 
graphs, figures, and oriented polygons) was not reliably different 
between types of presentation modalities. Based on previous studies, 
we  anticipated that with increased geometric complexity of the 
experimental diagrams, there could be  increased worksheet 
completion times when using the MDS experimental interface. 
Similar testing of vibro-audio interfaces has found that nonvisual 
tracing of lines (audio or vibrotactile) rendered on a flat surface (e.g., 
touch screen) can be more challenging than following lines visually or 
using embossed tactile graphics (Giudice et al., 2012).

While this earlier work dealt with different STEM application 
domains, e.g., diagrams, shapes, maps, it was critical in the 
development and evaluation of this new multisensory interface in: (1) 
determining what parameters led to the most perceptually salient 
stimuli, (2) showing that using these multisensory stimuli led to 
accurate learning, mental representations, and other cognitive tasks 
using the interface, and (3) that it could support similar learning as 
was possible from existing/established modes of nonvisual 
information access (i.e., hardcopy tactile renderings). In other words, 
the early work dealt with design optimization and determining 
efficacy (e.g., does this system work or can stimulus x be learned using 
this approach?) By contrast, the pedagogy and motivation in this study 
is different, as we are now explicitly studying the nature of the learning 
and comparing this multisensory approach to existing de facto 
approaches using touch or vision between sighted and blind groups. 
Without this previous work, it would not be  possible to use this 
interface here with any a priori knowledge of its efficacy. Our 
comparisons in this paper extend the previous work in multiple ways: 
(1) we are using very different STEM stimuli, (2) assessing its use in a 
knowledge gain task, and (3) comparing its use with both sighted and 
blind individuals (and their respective controls). An additional unique 
contribution of this study is the focus on the UDL nature of the 
system. Not only is the system being considered as an accessibility 
support for blind people but is conceptualized (and evaluated) as a 
universal support for all potential users, which has important 
applications for the use of multisensory devices for supporting 
generalized learning in a variety of STEM educational and 
vocational settings.

4.2. Methods

4.2.1. Participants
The study included 29 working age adult participants: 20 

participants (20) without vision impairment and nine participants 
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(9) with legally defined blindness. We  were able to recruit a 
reasonably matched sample of BVI and sighted participants 
across age, gender, and education (Tables 1, 2). As age and gender 
are not critical factors in the outcomes of this study, we  only 
report these participant data in the aggregate. This initial 
experiment recruited working age adults evaluate the MDS 
efficacy across a broad age range of adult users that would 
be representative of a variety of demographic groups (e.g., college 
and vocational learners). Recruitment was conducted through 
direct contact with people who have previously participated in 
lab studies, via a study recruitment ad distributed on several 
listservs for blind and vision loss communities, and by posting a 
bulletin board study recruitment ad in the community grocery 
store near the University.

The unbalanced design across participants reflects the typical 
challenges of recruiting research participants that are visually 
impaired. However, this sample size was sufficiently powered and 
is a similar size of traditional usability studies aimed at assessing 
the efficacy of assistive technology interface/device functionality 
for BVI populations (Schneiderman et  al., 2018). The studies 
were reviewed and approved by the university’s Institutional 
Review Board and all participants provided their written 
informed consent to participate in this study. All participants 
self-reported as having at least some college with several 
participants in both groups reporting they held graduate degrees. 
All participants in both groups reported as daily smartphone 
users. All BVI participants reported as being exclusively iPhone 
users, which is consistent with previous research on smartphone 
platform preference in the BVI community (WebAim.org, 2019). 
Among sighted participants smart phone usage was reported at 
30% Android, 70% iPhone.

4.2.2. Test interface
All participants used the iPhone-based experimental non-visual 

interface in the default iOS accessibility mode with a screen curtain 
on, thus completely disabling the phone’s visual display. This was 
implemented to prevent any possible visual access to the 
presented diagram.

4.2.3. Test science, technology, engineering, and 
mathematics content

Diagrams in all conditions were designed to provide 
equivalent information and be as similar as possible, while still 

representing graphical rendering typical of the given modality. 
These specific diagrams were selected to represent topics 
normally presented graphically in a STEM curriculum. The two 
diagrams selected for use in this study were (1) layers of the 
atmosphere and (2) a helium atom (Figure 2). The images were 
created in a commercially available presentation slide platform 
and were based on diagrams of the same subjects from the 
American Printing House (APH) for the Basic Science Tactile 
Graphics set (American Printing House for the Blind (APH), 
1997), which were used as a benchmark for BVI participants. The 
traditional visual diagrams used in the study were also based off 
the APH kit examples and adapted to resemble standard colored 
visual diagrams with text-based labels and a description key. 
Response protocol worksheets were designed to incorporate 
questions that demonstrated the efficacy of the interface in 
presenting both descriptive and spatial information. For example, 
each worksheet included questions regarding size and/or relative 
location of diagram elements, in addition to content questions 
regarding descriptions or functionality of the elements.

4.2.4. Test procedure
A within-subjects, mixed factorial design was used in the 

experiment. Within-subjects factors were diagram type and 
presentation mode, with visual status being a between-subjects 
factor. All participants completed two pre-study worksheets 
based on the diagram content used in the study. Participants were 
then given access to one of the diagrams in each modal condition. 
The modal conditions differed slightly depending on participants’ 
visual status. All participants completed a common condition 
using the experimental MDS interface, while their control/
benchmark condition varied, with BVI participants using a 
hardcopy vacuum-formed tactile diagram (the gold standard for 
tactile-based renderings) and sighted participants using a visual 
diagram as their control/benchmark. Importantly for such cross-
modal comparisons, the diagram elements were identical in each 
condition and the diagrams were scaled to the same size across 
condition. Diagram labels were provided using text-to- speech in 
the experimental MDS diagram condition (e.g., Protons are 
positively charged particles in the nucleus of the atom), using 
written text in the visual diagram condition, and given verbally 
by an experimenter acting as a learning assistant in the hardcopy 
tactile diagram condition.

The two conditions were administered in three phases: a 
pre-test phase, a practice phase, and an active-test phase, which 
was followed by a post-study questionnaire. Condition order and 
diagram presentation were counterbalanced to avoid order 
effects. In the pre-test phase, participants completed baseline-
knowledge pre-tests for both diagrams. The pre-test percent 
accuracy score was used to represent participants’ a priori 
knowledge of the content. Worksheets were given one at a time, 
and participant completion time was logged for each sheet. 
Worksheets were scored based on the number of questions 
answered correctly, out of the total number of questions (i.e., 
percent accuracy). This was then used to calculate normalized 
information gain for each participant. To ensure participants 
were able to demonstrate information gain, only those who 
initially made two or more errors were deemed eligible to 
continue in the study. Four sighted participants completed the 

TABLE 1 Participant demographics summary.

Group n = () Sex Age 
Range/
Mean

Highest 
education 
level

Participants w/ 

legally defined 

blindness

9 6 F, 3 M 21–70 M = 49.3 4 some college

4 undergrad 

degree

1 graduate degree

Participants 

w/o vision 

impairment

20 8 F, 12 M 19–35 M = 22.6 15 some college

3 undergrad 

degree

2 graduate degree
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“Atom” diagram pre-test worksheet without any errors (i.e., 
earning a ceiling score), therefore, they did not continue the 
study and were replaced with new sighted participants. As 
we were looking for pre-test/active-test differences, it would not 
be possible to measure these differences if a participant’s pre-test 
was already at the ceiling, making the active-test data (if 
included) irrelevant.

In the practice phase, participants were provided an 
opportunity to practice with using the house diagram before each 
condition, either practicing with the experimental MDS interface 
(experimental condition) or traditional (tactile or visual) diagram 
(control conditions). All participants were asked simple spatial 
configuration questions about the sample diagrams, (e.g., for the 
house sample, How many windows are present? Where are they 
relative to the door? What side of the house is the chimney on?). 
These questions served as a criterion test to ensure all participants 
achieved basic competency using the interface before moving on 

to the experimental trials and all participants were able to answer 
these questions during the practice phase. During the active-test 
phase, participants completed a worksheet with access to the test 
diagram. Worksheet completion time was measured as the 
duration of time required for the participants to complete 
the worksheets.

5. Results

5.1. Confirmation of learning

Analyses of descriptive statistics were conducted to compare prior 
(baseline) knowledge (based on pre-worksheet accuracy) and to 
confirm the presence of learning (by comparing pre- and active-
worksheet accuracy) for BVI and sighted participants. These analyses 
were conducted by collapsing across diagram (atom vs. atmosphere) 
and mode (MDS vs. control). Pre-Accuracy descriptive results suggest 
the two groups were significantly different in their prior knowledge of 
using diagrams evident from the pre-worksheet accuracy mean 
percentage and the variability represented by the range of scores 
(Table 3).

Comparing data for each measure in the MDS and control 
conditions revealed remarkably similar values. For instance, there 
was only a 4% difference in active-worksheet accuracy between 
MDS (92%) and control (96%) conditions (t(27) = 1.3, p = 0.21). 
This interaction was examined via Post-hoc comparisons of 
pre-and active-worksheet accuracy for BVI and sighted 
participants. Independent samples t-tests revealed prior 
knowledge (based on pre-worksheet accuracy) for BVI 
participants (13.7%) was significantly less than that of sighted 
participants (31.2%) t(27) = −4.16, p < 0.01.

In other words, the lower overall accuracy in BVI participants 
was due to significantly lower pre-test (but not active-test) 
accuracy when compared to sighted participants. Importantly, 

TABLE 2 BVI Participant demographics.

Participant number Etiology of 
blindness

Onset age Residual vision Highest education 
level

Diagram use 
frequency

P1 Lebers congenital 

amaurosis

Birth Light/ dark perception Undergrad. degree None

P2 Lebers congenital 

amaurosis

Birth Light/dark perception Graduate degree Monthly

P3 Pathological myopia 45 Light/dark perception in 

right eye, Fuzzy colors

Undergrad. degree None

P4 Retinitis pigmentosa, 

atypical, with cone 

dystrophy

25 Light/dark perception, 

some functional 

peripheral

Undergrad. degree Weekly

P5 Retinitis pigmentosa 11 Light/dark perception Some college None

P6 Retinopathy of 

prematurity

Birth Light/dark perception Undergrad. degree Yearly

P7 Glaucoma 16 Light/dark perception Some college Yearly

P8 Unknown 17 Light/dark perception Some college None

P9 Congenital cataracts, 

glaucoma

50 Light/dark perception Some college Monthly

FIGURE 2

Example visualizations of the audio-haptic diagrams from left to 
right: practice diagram (house), atom diagram, and atmosphere 
diagram. Each color represents a unique element in the diagram. The 
phone screen was disabled via screen curtain throughout the study, 
so participants did not have visual access to the diagrams.
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although each group started with different levels of prior 
knowledge, their final scores (as measured by the active-test 
worksheet) were remarkably similar.

Furthermore, weighted mean accuracy data were submitted to a 
2 × 2 ((learning: pre- vs. active-worksheet accuracy) X (group: BVI vs. 
sighted)) mixed-model ANOVA. Learning across all participants was 
evident in the difference between pre-test worksheet accuracy (25%) 
and active-test worksheet accuracy (94%), F(1,27) = 597.1, ηp

2 (partial 
eta2) = 0.9, p < 0.01. Collapsing across pre-test and active-test 
worksheet performance, overall accuracy was reliably lower for BVI 
participants (56%) than for sighted participants (64%), F(1,27) = 7.2, 
ηp

2 = 0.2, p < 0.01. However, this difference was likely driven by the 
interaction between participant group and learning mode, 
F(1,27) = 19.0, ηp

2 = 0.4, p < 0.01.

5.2. Information gain and completion time

In addition to the dependent variables of pre-test and active-test 
worksheet accuracy, the effect of the MDS interface and traditional 
hardcopy diagrams were also evaluated on two measures calculated to 
control for variance in pre-test knowledge (information gain and 
worksheet completion time). Individual normalized information gain 
scores reflect the improvement from pre- to post-test divided by the 
total amount of improvement possible ([gain = %posttest = %pretest]/ 
[100-%pretest]) and were calculated for each participant’s performance 
in both modal conditions (Hake, 1998).

Worksheet completion time was calculated by dividing the time 
to complete the worksheet by the number of questions participants 
needed to answer on the worksheet (this varied based on 
pre-worksheet performance). Participants completed worksheets 
(two in total) using both modalities (MDS and control) and both 
diagrams (atom and atmosphere). Each diagram could only be tested 
once per participant; therefore, a full 2 (mode) × 2 (diagram) within-
subjects design was not possible. Therefore, the effect of mode and 
diagram were each considered separately (collapsing across the 
other factor).

5.3. Information presentation mode

Pre-Accuracy descriptive results suggest the two groups were 
significantly different in their prior knowledge of using diagrams 
evident from the pre-worksheet accuracy mean percentage and the 
variability represented by the range of scores (Table 4). Analyses of 
descriptive statistics were conducted comparing data for each measure 
in the MDS and control conditions. These revealed remarkably similar 
values. There were greater Mean information gains for both groups. 
Additionally, the average time spent per question to complete the 
worksheet was also quite similar between MDS and control conditions.

The effect of mode was evaluated via 2 × 2 ((mode: MDS vs. 
control) x (group: BVI vs. sighted)) mixed MANOVA with active-
worksheet accuracy, information gain, and worksheet completion 
time serving as the dependent measures. Neither the multivariate 
main effects nor the multivariate interaction reached significance (all 
p’s > 0.05).

5.4. Diagram type

Analyses of descriptive statistics were conducted comparing 
diagram type by condition and these also revealed remarkably 
similar values (Table 5). Again, there was only a small difference 
in active-worksheet accuracy in the BVI group between MDS 
(94%) and control (98%) conditions and in the sighted group 
between the MDS (90%) and control (94%) conditions. 
Additionally, the average time spent per question to complete the 
active worksheet was also quite similar across diagram types 
between MDS and control conditions.

The effect of diagram type was evaluated via a 2 × 2 
((diagram: atom vs. atmosphere) X (group: BVI vs. sighted)) 
mixed MANOVA with pre-worksheet accuracy, active-worksheet 
accuracy, gain, and worksheet completion time serving as the 
dependent measures. Analyses revealed significant multivariate 
main effects of group, Wilks’ λ = 0.5, F(4,24) = 4.3, ηp

2 = 0.4, 
p < 0.01 and diagram, Wilks’ λ = 0.2, F(4,24) = 25.1, ηp

2 = 0.8, 
p < 0.01, as well as a significant multivariate interaction between 
the two factors, Wilks’ λ = 0.5, F(4,24) = 6.2, ηp

2 = 0.5, p < 0.01. 
Given these results, univariate main effects and interactions are 
presented below.

5.4.1. Pre-worksheet accuracy
There was a significant difference in pre-worksheet accuracy 

between BVI (14%) and sighted (31%) participants with a greater 
variance in pre-test accuracy observed in the sighted participants, 
F(1,27) = 16.0, ηp

2 = 0.3, p < 0.01 (Table 6). There was also a significant 
effect of diagram, F(1,27) = 95.3, ηp

2 = 0.8, p < 0.01 with greater 
pre-worksheet accuracy for the atom diagram (43%) than the 
atmosphere (2%) diagram. The interaction between diagram type and 
group also reached significance, F(1,27) = 25.5, ηp

2 = 0.5, p < 0.01 
(Table 7).

Pre-test worksheet accuracy on the atom diagram was lower in 
BVI participants (24%) than that of the sighted participants (63%) 
with similar variability (Table 7). Independent sample t-tests revealed 
that was significantly less t(27) = −4.6, p < 0.01. However, there were 
no reliable differences between BVI (4%) and sighted (0%) participants 
for the atmosphere diagram, t(8.000) = 1.5, p = 0.17 (corrected values 
reported due to heterogeneity of variance, F = 41.7, p < 0.01). 
Additionally, paired-sample t-tests revealed that BVI participants, 
t(8) = 2.9, p < 0.05, and sighted participants, t(19) = 13.3, p < 0.01 had 

TABLE 3 Pre/post accuracy collapsed across diagram and mode.

Visual 
status

Pre-accuracy 
mean (%)

SD Range 95% CI Active-
accuracy 
mean (%)

SD Range 95% CI

BVI 13.7 18.5 0–50 4.5–22.8 96.1 6.6 83.3–100 92.8–99.4

Sighted 31.2 34.9 0–75 20.1–42.4 92.0 10.7 66.7–100 88.5–95.4
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TABLE 4 Pre/post accuracy collapsed across condition mode.

Visual 
status

Diagram Gain 
mean (%)

SD Range 95% CI Pre-
accur 
mean 

(%)

SD Range 95% 
CI

Active 
accur. 
mean 

(%)

SD Range 95% CI Comp 
time 

mean 
(s)

SD Range 95% CI

BVI Atom 95.4 7.0 83.0–100.0 90.1–100.8 23.6 21.1 0.0–50.0 7.4–39.7 95.8 6.3 87.5–100 91.0–100.6 46.0 18.5 16.5–80.5 31.8–60.2

Sky 96.2 7.5 83.0–100.0 90.5–102.0 3.7 7.35 0.0–16.7 −1.9-9.4 96.3 7.4 83.3–100 90.6–101.9 41.6 13.2 27.8–63.4 31.4–51.7

Sighted Atom 79.2 25.2 33.0–100.0 67.4–90.9 62.5 21.1 0.0–75 52.6–72.4 93.1 8.6 75–100 89.1–97.1 65.7 28.8 35.0–158.0 52.2–79.2

Sky 90.8 12.6 67.0–100.0 84.9–96.7 0 0.0 0.0 0.0–0.0 0.0–0.0 90.8 12.7 66.7–100 84.9–96.8 31.9 8.12 20.3–50.8 28.1–35.7

TABLE 5 Pre/post accuracy collapsed across diagram.

Visual 
status

Condition Gain 
mean 

(%)

Pre- 
accur

Active 
accur

Comp 
time

SD Range 95% CI Mean 
(%)

SD Range 95% 
CI

Mean 
(%)

SD Range 95% CI Mean 
(s)

SD Range 95% 
CI

BVI MDS 93.6 7.8 83.0–100.0 87.5–99.6 6.0 9.6 0.0–25.0 −1.3-13.4 94.0 7.3 83.3–100.0 88.4–99.6 38.2 12.0 16.5–52.0 29.0–47.4

Control 98.1 5.7 83.0–100.0 93.8–100.0 21.3 22.4 0.0–50.0 4.1–38.5 98.1 5.6 83.3–100.0 93.9–102.4 49.4 17.7 31.5–80.5 35.8–62.9

Sighted MDS 85.8 17.1 50.0–100.0 77.8–93.8 27.5 34.1 0.0–75.0 11.6–43.4 90.2 11.5 66.7–100.0 84.8–95.6 51.6 30.1 21.7–158.0 37.5–65.6

Control 84.2 23.9 33.0–100.0 73.0–95.3 35.0 36.2 0.0–75.0 18.1–51.9 93.8 9.9 66.7–100.0 89.1–98.4 46.1 24.0 20.3–101.0 34.8–57.3
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better pre-worksheet accuracy for the atom diagram as compared to 
the sky/atmosphere diagram.

5.4.2. Active-worksheet accuracy and information 
gain

For active-worksheet accuracy (Table 8), results suggest that with 
access to the MDS, the active worksheet accuracy for both groups 
were similar. In other words, neither of the main effects of group, 
F(1,27) = 1.7, ηp

2 = 0.1, p = 0.2, nor diagram, F(1,27) = 0.1, ηp
2 = 0.01, 

p = 0.7, nor the interaction, F(1,27) = 0.3, ηp
2 = 0.01, p = 0.6 

reached significance.
For information gain, neither of the main effects of group 

F(1,27) = 3.7, ηp
2 = 0.1, p = 0.1, nor diagram F(1,27) = 2.4, ηp

2 = 0.1, 
p = 0.1, nor the interaction F(1,27) = 1.9, ηp

2 = 0.1, p = 0.2 
reached significance.

5.4.3. Worksheet completion time
There were small differences between groups in completing the 

worksheet tasks, however, the main effect of group on worksheet 
completion time, F(1,27) = 0.7, ηp

2 = 0.02, p = 0.4 did not reach 
significance. The BVI participants Mean time in seconds (46 s) for the 
atom diagram was faster than the sighted participants Mean time 
(66 s) (Table 7) with the main effect of diagram F(1,27) = 14.7, ηp

2 = 0.3, 
p < 0.01 reaching significance. This finding is not surprising given our 
a priori prediction that more geometrically complex diagrams would 
result in slower non-visual diagram access with the MDS.

The interaction between diagram and participant group (see 
Table  4) was also significant, F(1,27) = 8.7, ηp

2 = 0.2, p < 0.01. 
Independent samples t-tests revealed worksheet completion time for 
the sky/atmosphere diagram was significantly longer for BVI (42 s) 
participants than for sighted (32 s) participants (Table 7), t(27) = 2.4, 
p < 0.05; however, there were no differences in worksheet completion 
time between groups for the atom diagram, t(27) = −1.9, p = 0.07. 
Paired-samples t-tests did not reveal a significant difference in 
worksheet completion time for BVI participants, t(8) = 0.6, p = 0.6. 
However, sighted participants took significantly longer for the atom 
(66 s) compared to the atmosphere (32 s) diagram (Table 7), t(19) = 5.8, 
p < 0.01.

The differences in the completion time results may be attributed 
to the lack of familiarity with non-visual learning among the sighted 
participants, as well as the use of inefficient tactile scanning strategies 
by people who are not accustomed to learning through this modality. 
This interpretation is consistent with other studies showing that 
differences in tactile scanning strategies can impact the efficiency and 
accuracy of information acquisition and participant performance on 
spatial search tasks (Ungar et al., 1996).

5.4.4. Visual status
A sub-analysis of the descriptive statistics for the BVI participant 

data was conducted to investigate the potential impact of any residual 
vision on the pre/post worksheet accuracy and completion time 
(Table  9). Looking at the raw data for performance of BVI 
participants, there does not appear to be any noteworthy differences 
based on visual status. Participants 3 and 4 reported having a small 
amount of residual vision, however their performance when 
compared to the other BVI participants does not suggest this 
improved their performance in terms of worksheet accuracy or 
completion time.

6. Discussion

This study began with the question: Can multisensory spatial 
inputs (high contrast visual, spatial language, and haptics) lead to the 
same level of learning for concepts that are conveyed through diagrams? 
To investigate this question, we  designed a multisensory learning 
system to evaluate its ability to deliver functionally equivalent spatial 
information (configuration and relationships) to communicate 
diagrammatic content. The solution addressed two primary 
considerations: (1) the multisensory system is based on a universal 
design approach providing spatial information in diagrams for all 
learners (including BVI learners) to participate in classroom activities 
(e.g., groupwork) with their peers – thus reducing barriers presented 
in the need to create separate, specialized materials for 
accommodations; and (2) a significant body of research has confirmed 
that information presented in complementary sensory modalities can 
enhance the acquisition and retention of information for all learners 
(i.e., benefit of multisensory information). We hypothesized that the 
multisensory interface would provide a highly similar (functionally 
equivalent) spatial information access experience for both sighted and 
BVI participants. The results corroborate this prediction suggesting 
that all participants received a similar level of spatial information 
through multisensory input channels that facilitated functionally 
equivalent communication and interpretation of the diagrams’ content 
and meaning.

6.1. Worksheet accuracy

Our hypothesis that there would be no significant difference in 
worksheet accuracy performance between the MDS interface and 
control stimuli was supported by the null results, as there were no 
statistically significant differences observed in active-test worksheet 
accuracy based on participant groups. While there was a 
significantly lower overall accuracy performance for BVI 
participants as compared to sighted participants, this was only due 
to their significantly lower pre-test accuracy (prior knowledge), not 
active-test accuracy (learning gain). Comparing accuracy results 
across conditions (MDS and control) revealed a numerically small 
and statistically insignificant difference (4%) in active-worksheet 
accuracy between MDS and control conditions, with the mean 
information gain across conditions only differing by 1%. Therefore, 
although each group started with different levels of prior knowledge, 
their final scores (as measured by the active-test worksheet) were 
remarkably similar, supporting our a priori prediction in the ability 
of the MDS interface to provide the necessary spatial information 
using multisensory channels to lead to similar learning gains. A 
possible alternative hypothesis, where gains were only found for the 
control condition, would suggest that learning was possible but with 
differential performance between the experimental MDS condition 
and the standard haptic/visual modes. The absence of this finding, 
based on the highly similar performance on final active worksheets 
between conditions argues against this outcome and suggests the 
MDS was as effective in supporting knowledge gain. There was a 
significant effect of diagram type (atom diagram vs. atmosphere 
diagram), however, this was found across both participant groups, 
further supporting the similarity performance between the MDS 
and control conditions.
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6.2. Worksheet time to completion

We hypothesized there would be  no significant differences 
between participants for worksheet completion when using the MDS 
system and this assertion was also supported by the results. Time 
spent per question to complete the worksheet was not significantly 
different between MDS (45 s) and control (48 s) conditions or between 
groups. We hypothesized that increased geometric complexity of the 
individual diagrams (atmosphere v. atom) would increase worksheet 
completion times for all participants when using the MDS interface 
and that was indeed validated by the observed results, with the more 
complex diagram (atmosphere) taking significantly longer for both 
groups to interpret and answer questions.

The most notable outcomes of this study are the remarkably 
similar data in participant accuracy and completion time between 
modalities (MDS vs. Tactile and MDS vs. Visual Control), which 
provides compelling evidence of the effectiveness of this interface 
compared to the gold standard diagram rendering techniques and 
suggests that there was a high level of similarity in information gain. 
These results are especially promising given sighted users’ lack of 
experience with vibro-audio information access. This outcome 
suggests that the multisensory channels of information can provide a 
functionally equivalent learning experience for students who may 
need different types of information to understand a complex 
diagrammatic register exchange (Dimmel and Herbst, 2015). The 
MDS used multisensory input to provide redundant content 
information about the diagrams’ meaning and interpretation through 
different channels simultaneously. Thus, participants in both groups 
could interpret the diagram’s spatial information (i.e., spatial 
configuration and relationships) using vibro-audio input with similar 
performance as they could using more familiar modalities (tactile or 
visual). The MDS was able to successfully communicate the type of 
information needed to complete the diagrammatic register 
interchange using a combination of information input.

Our findings suggest that given a well-developed multisensory 
system, such as the MDS prototype, most participants were able to 
interpret spatial information within a diagrammatic representation 
well enough to make sense of the graphics using the vibro-audio 
interface. While the findings support this is true for the simple stimuli 
used in this study, we acknowledge that further research is needed to 
investigate if this finding of equivalent performance would hold for 

more complex stimuli. In addition, the MDS system was effective for 
conveying non-visual information for working age adult learners with 
and without vision. This is an important finding as it represents a new 
universal design for learning approach for learners in a variety of 
STEM settings (e.g., college, vocational training, workplace 
professional development) to work cooperatively using the same 
reference materials and content platform, regardless of their visual 
status. The results also suggest this multisensory approach is viable as 
a multipurpose, affordable, mobile diagram display interface and as 
an accurate non-visual STEM graphical content learning tool. In the 
future, this type of MDS application could work in conjunction with 
diagram creation tutorials and an upload interface. As such, this 
multisensory approach addresses the long-standing challenge of 
providing consistent and timely access to accessible educational 
materials. With further development and testing, this type of system 
could have the important benefit of helping many learners with 
diverse learning needs who require additional multisensory supports 
from being left out of future STEM labor market opportunities due to 
a lack of adequate and accessible learning materials. These types of 
accessible STEM materials could help to improve low rates of STEM 
participation and career success by BVI students creating more 
accessible pathways for educational, employment, and lifestyle 
outcomes (Cryer et  al., 2013; American Foundation of the Blind 
(AFB), 2017).

Our results provide further empirical support corroborating the 
growing body of evidence from multisensory learning demonstrating 
functionally equivalent performance. That is, when information is 
matched between inputs during learning, it provides a common level 
of access to key content, and the ensuing spatial image can be acted 
upon in an equivalent manner in the service of action and behavior, 
independent of the input source. Importantly, this study showed 
functional equivalence in two ways, similarity between learning inputs 
(i.e., the MDS vs. haptic and visual controls), and between participant 
groups (i.e., blind and sighted learners).

The finding of functional equivalence between our learning 
modalities is consistent with comparisons of these inputs (see 
Loomis et al., 2013 for review of this literature) but extends the 
theory to similar results in a new domain—interactions with STEM 
diagrams. The finding of equivalent performance between sighted 
and blind participants is also important as it supports the notion 
that when sufficient information is made accessible to these adult 
learners, they can perform at the same level as their sighted peers 
(Giudice, 2018). This outcome, as we observed here, speaks to the 
importance of providing accessible diagrams. However, as 
we discussed in the introduction, this access is not meant to support 
a specific population, providing information through multiple 
sensory modalities benefits all learners and is the cornerstone of 
good inclusive design. Indeed, we are all multisensory learners as 
this is how our brain works, taking in, learning, representing, and 

TABLE 6 Summary of pre/post accuracy collapsed across diagram and 
mode.

Visual status Pre-accuracy Active-accuracy

BVI 13.7 [4.5–22.8] 96.1 [92.8–99.4]

Sighted 31.2 [20.1–42.4] 92.0 [88.5–95.4]

TABLE 7 Summary of pre/post accuracy collapsed across mode.

Visual status Diagram Gain Pre-accuracy Active- accuracy Completion time

BVI Atom 95.4 [90.1–100.8] 23.6 [7.4–39.7] 95.8 [91.0–100.6] 46.0 [31.8–60.2]

Sky 96.2 [90.5–102.0] 3.7 [−1.9–9.4] 96.3 [90.6–101.9] 41.6 [31.4–51.7]

Sighted Atom 79.2 [67.4–90.9] 62.5 [52.6–72.4] 93.1 [89.1–97.1] 65.7 [52.2–79.2]

Sky 90.8 [84.9–96.7] 0 [0–0] 90.8 [84.9–96.8] 31.9 [28.1–35.7]
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acting upon information from multiple inputs in a seamless and 
integrative manner. The key role of multimedia and complementing 
sensory modalities has been shown to enhance the acquisition and 
retention of information in dozens of contexts and situations 
(Mayer, 2002). The current work builds on this literature. Our 
findings not only support the possibility of functional equivalence 
for STEM learning outcomes when an inclusive, universal-designed 
system is available, they also show that such multisensory interfaces 

benefit all learners and have the potential for many applications 
beyond traditional accessibility.

7. Limitations and future work

As this was a prototype designed for this study, there are limitations 
in the design of the current MDS system that could be improved with 

TABLE 8 Summary of pre/post accuracy collapsed across diagram.

Visual status Condition Gain Pre-accuracy Active-accuracy Completion time

BVI MDS 93.6 [87.5–99.6] 6.0 [−1.3–13.4] 94.0 [88.4–99.6] 38.2 [29.0–47.4]

Control 98.1 [93.8–100.0] 21.3 [4.1–38.5] 98.1 [93.9–102.4] 49.4 [35.8–62.9]

Sighted MDS 85.8 [77.8–93.8] 27.5 [11.6–43.4] 90.2 [84.8–95.6] 51.6 [37.5–65.6]

Control 84.2 [73.0–95.3] 35.0 [18.1–51.9] 93.8 [89.1–98.4] 46.1 [34.8–57.3]

TABLE 9 Summary of BVI participant results by diagram and visual status.

ID # Etiology of 
blindness

Residual 
vision

Mode Diagram Gain Pre-
accuracy

Active- 
accuracy

Completion 
time

1 Lebers congenital 

amaurosis

Light/ dark 

perception

MDS Atom 100.0 12.5 100.0 52.0

Control Sky 100.0 0.0 100.0 32.2

2 Lebers congenital 

amaurosis

Light/dark 

perception

MDS Sky 100.0 16.7 100.0 27.8

Control Atom 100.0 37.5 100.0 37.0

3 Pathological 

myopia

Light/dark 

perception in 

right eye, Fuzzy 

colors

MDS Sky 83.3 0.0 83.3 36.7

Control Atom 100.0 50.0 100.0 59.0

4 Retinitis 

pigmentosa, 

atypical, with cone 

dystrophy

Light/dark 

perception, some 

functional 

peripheral

MDS Atom 87.5 0.0 87.5 16.5

Control Sky 100 0.0 100.0 31.5

5 Retinitis 

Pigmentosa

Light/dark 

perception

MDS Atom 83.3 25.0 87.5 51.8

Control Sky 100.0 16.7 100.0 47.2

6 Retinopathy of 

Prematurity

Light/dark 

perception

MDS Sky 100.0 0.0 100.0 39.8

Control Atom 100.0 50.0 100.0 80.5

7 Glaucoma Light/dark 

perception

MDS Sky 100.0 0.0 100.0 33.7

Control Atom 100.0 37.5 100.0 31.6

8 Unknown Light/dark 

perception

MDS Atom 87.5 0.0 87.5 50.6

Control Sky 83.3 0.0 83.3 63.4

9 Congenital 

Cataracts, 

Glaucoma

Light/dark 

perception

MDS Atom 100.0 0.0 100.0 34.8

Control Sky 100.0 0.0 100.0 61.8
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additional technical development. For instance, while the MDS 
application was designed for use with both vibration /haptic feedback, this 
component could be augmented and enhanced in future incarnations. 
New user interface (UI) elements being developed by our group and 
collaborators support new haptic profiles that would allow for a greater 
array of patterns, vibration styles, and haptic interactions with the 
MDS. Incorporating this development into future MDS design would 
allow for improved mapping of different diagram elements to haptic 
feedback. This would provide enhanced stimulus–response pairings that 
would likely both increase the type of information that could be presented 
through this modality and the overall efficiency of information encoding 
and learning strategy when using the MDS. In addition, work by our 
group and others on automating natural language descriptions could 
improve how key visual elements are conveyed through speech 
description when such annotations are created through an automatic vs. 
human-generated process. We also recognize the fact that the MDS may 
not be able to communicate other types of diagrams (e.g., charts, graphs, 
maps, etc) with the same level of effectiveness as the ones used in this 
study. We are in the process of running additional studies with new MDS 
features to explore the multisensory system’s effectiveness with these 
additional types of visual representations. An additional consideration not 
addressed in this study is that while the MDS system was designed to 
support creation of accessible content, it still involves a significant amount 
of human intervention. Automating this process is a long-term goal of this 
project that would greatly streamline the creation of accessible content. In 
addition to the design limitations, our ability to differentiate among the 
groups was limited by the ceiling effect of our measurements. It is 
important to note that there was no reduction in performance across the 
comparison groups, but in future studies we plan to use more sensitive 
measures to investigate how variations in modality affect diagrammatic 
perception. Finally, future studies will need to evaluate the system with 
specific demographics (e.g., school/college aged people for classroom use, 
people in vocational settings for supporting work contexts, etc) to fully 
validate its use across learning settings.

8. Conclusion

The Multimodal Diagram System was designed with both sighted and 
BVI learners in mind. The goal of the MDS design was to create a STEM 
graphical content learning tool that could be used by all students to help 
facilitate communication and discussion between peoples with different 
visual abilities in a classroom. The results of this experiment provide clear 
support for the efficacy of our approach and of the MDS as a new, 
universally designed tool for providing inclusive STEM access for all.
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Introduction: The purpose of this study is to evaluate students’ responses

regarding the usefulness of a graphical user interface (GUI) tool in the context
of their respective learning environments. The Energy Computator GUI (EC-GUI)

helps to simplify the STEM student’s learning processes. The EC-GUI serves as a
simulator that can assist in computing formulas, designing graphs, acting as a unit

converter, and automatically deriving parameters.

Methodology: Furthermore, a survey, which included closed and open questions,

was carried out on a selection of students majoring in STEM subjects at Universiti
Malaysia Terengganu (UMT) who were enrolled in the Renewable Energy course.

A total of 54 respondents participated in the survey and 90.8% of them expressed
satisfaction with the EC-GUI provided. The research involved using two distinct
kinds of analysis: a parametric analysis, the paired sample t-test, and a non-
parametric analysis, the Wilcoxon signed-rank test.

Results: The study findings indicated that the majority of the respondents felt that
the difficulty level of the subjects did not change after using the EC-GUI. However,

it helped to simplify the learning process for students in STEM fields. The p-value
of the appropriate teaching aid tool was less than 0.05, indicating that the results
were significant both before and after using the EC-GUI.

Conclusion: The study suggests that a similar GUI tool could be implemented in

Malaysia’s teaching and learning processes as it is easy to build and use.

KEYWORDS

STEM, teaching, learning, and assessment, graphical interface simulator, education,
Malaysia

1. Introduction

STEM is an acronym for four closely related fields of study: science, technology,
engineering, and mathematics. STEM is a challenging subject and STEM courses are disliked
by many students (John and Estonanto, 2017). STEM education has received much interest
over the last decade (Honey et al., 2014; Alam et al., 2021). STEM education combines
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ideas that are often taught independently in different courses and
focus on the ability to apply knowledge to actual issues. As a
result, the world has need of additional STEM-literate individuals,
experts, and leaders, and its significance cannot be overemphasized
(Alam et al., 2021). Moreover, STEM also refers to all technologies
that use mathematics and science (Albani and Ibrahim, 2019).
Author explains that non-effective teaching and learning processes
encountered by students in the classroom might be one of the
factors for the drop in interest in STEM courses.

The integration of Information, Communication, and
Technology (ICT) can support educators in meeting the necessity
of replacing conventional teaching approaches with technology-
based teaching and learning resources and infrastructures
(Ghavifekr and Rosdy, 2015). Technology is an essential topic in
many sectors, including education, in the twenty-first century,
as technology has become the preferred method of information
transfer in most countries. Technology-based teaching and learning
may bring about numerous improvements in the classroom, but
good planning and policy development are required (Ghavifekr
and Rosdy, 2015).

Assessment is a key component of the teaching and learning
process because it gathers, interprets, and analyses student progress
data. The effectiveness of assessment techniques in the classroom
determines the quality of learning. The difficulties in the education
system require the development and execution of ideas of teaching,
learning, and assessment (TLA) methods that consider both
rational thoughts of knowledge and practical implementations
while also decreasing the time needed to perform the TLA cycle
(Albani and Ibrahim, 2019). An extremely imaginative and unique
strategy is essential to ensure students comprehend the knowledge
shared during lectures (Hussin et al., 2017). An approach involving
immersive online and offline materials can increase students’
inspiration toward understanding advanced courses, allowing them
to acquire high grades (Hussin et al., 2017).

A graphical user interface (GUI) is a graphical representation
of one or more windows containing commands or features
that enable users to execute activities effectively. The simulator
defines as a type of user interface in which people interact with
digital equipment using graphical icons and visual indications
(Nass et al., 2021). This visual system design is not intended to
replace traditional programming but rather to convert pictorial
presentations into structural lists, after which researchers generate
a GUI that represents as a communication interface throughout
which users can interact with the computer graphically (Kholil and
Wahyudin, 2018). A GUI can also be defined as an application
demonstrating menu options, icons, navigation, and other tools
that replace command prompts or shell commands (Kholil and
Wahyudin, 2018). Moreover, the study focuses on the development
of the Energy Computator GUI., or EC-GUI, a teaching aid tool
to address a renewable energy technology and energy management
challenge. The study seeks to present the notion of a check and
balance approach (CBA) in teaching, learning, and evaluation
processes. The designed EC-GUI tool is forecast to expand the
teaching quality, learning, and evaluation of comprehending both
the computation algorithms and theories.

The major contribution of the study is to enhance the
importance of using better teaching aid tools for difficult subjects,
such as in STEM studies. STEM subjects are unpopular among
high school graduates, and most of the students deny entry to

STEMs due to complex subjects and also a less proper ways to
identify the terms and equation. This study aims to help boost
students’ motivation to work smarter by using the GUI interface
to accumulate such terms and equations. The EC-GUI is designed
to be intuitive and simple to use, making it ideal for use in
educational settings. The application, along with other ways of
solving difficulties, will help to improve high school students’ ability
to study STEM subjects.

The research focuses on students’ feedback toward the teaching
aid tool and the efficiency of the learning process using the EC-
GUI. The study objectives are: (1) to develop a TLA aid tool for the
course of Renewable Energy Technology and Energy Management,
and (2) to analyze the impact of the developed teaching aid tool in
the learning process. The study was done with a closed- and open-
ended survey evaluation. It was carried out with a limited sample
of enrolled students from the Renewable Energy Technology
and Energy Management course. The selected candidates were
STEM students from Universiti Malaysia Terengganu (UMT). The
analysis of the study focused on parametric and non-parametric
methods. The parametric method used the paired sample t-test,
and the non-parametric used the Wilcoxon signed-rank test. The
total number of respondents were 54 students who were enrolled in
the Renewable Energy course. The outcome of the study parameters
were significant. The difficulty of the course was kept the same or
constant, but the teaching aid tool helped to simplify the lectures.
The students were pleased with the teaching aid tool, and the p-
value of the test was less than 0.05 both before and after. The
parametric and non-parametric test were validated, reliable, and
significant regarding the sample collected. The results proved that
the hypothesis of the study was achieved in the creation of the
EC-GUI teaching aid tool for STEM students and the subject of
Renewable Energy Technology and Energy Management.

2. Benchmark of simulation tool

2.1. The graphical interface development

The MATLAB-based learning aid tool was developed for the
purpose of enhancing students’ comprehension in order to improve
their ability to solve a specific energy-related design problem.
A graphical user interface, also known as a GUI, is an interactive
display consisting of one or more windows and various controls
and components that allow users to complete tasks interactively.
The developed interface, which can be seen presented in Figure 1,
is made up of a number of different components that are utilized
in the process of carrying out a simulation. These components can
take many forms, such as menus, buttons, tables, and axes. The EC-
GUI tool was developed with the intention of being able to solve
design problems in the following fields (as shown in Figure 2):
(i) Renewable Energy Technology; (ii) Energy Management; and
(iii) Energy and Climate Change. The user of the tool, who may
be a student or a teacher, operates the tool and manipulates the
control element in order to carry out an act of simulation. The
linear and non-linear equation solvers provided in the MATLAB
optimization toolbox function are used for any computation that
needs an iterative process to solve. This function is adopted by
the MATLAB optimization toolbox. The result is produced at the
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FIGURE 1

The main screen of the graphical user interface (GUI) panel.

FIGURE 2

The GUI tool map.

conclusion of the simulation process, and it is presented both
numerically and graphically.

3. Application in teaching learning
and assessment

The designed EC-GUI interface is an interactive application
that allows users to be fully involved in a simulation and discovery
learning. Overall, a check and balance approach (CBA) was

designed to shorten and simplify the TLA procedure. According to
the Oxford English Dictionary (OED), the word “check” is defined
as the process of examining something to see if it is safe, correct,
and acceptable (Stevenson, 2010); the word “balance” is defined
as maintaining things in equal, correct, and the right proportions,
also according to the OED (Stevenson, 2010). As a result, the terms
check and balance combined were added to the TLA approach, in
which both the educator and student participate to comprehend the
underlying ideas and properly solve any graphical interface design
issues (Albani and Ibrahim, 2019). Figure 3 below explains the flow
of the CBA within the TLA approach.
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FIGURE 3

The check and balance approach.

There are three key components in the CBA approach: (1) the
graphical interface tool (EC-GUI), (2) the teaching, learning, and
assessment (TLA) process, and (3) the users (teacher/instructor
or students). For instructors, the EC-GUI might be utilized as
a teaching tool for Renewable Energy and Energy Management
course concepts and theories, as well as for tutorial class teaching.
Furthermore, the teacher can use the EC-GUI as a calculator
to speed up the evaluation of students’ assignments and exams.
Similarly, for students, the EC-GUI can be used as a learning
tool for course ideas and theories, as well as for calculations in
tutorial classes. Students can even use it as a calculator to ensure
the accuracy of their answers when completing assignments or self-
learning.

The EC-GUI application tool has advantages with a CBA in
the TLA process: by using iterative calculations and sensitivity
analysis, the tool will improve the comprehension of the Renewable
Energy Technology and Energy Management subject’s notions
or theories. The EC-GUI application also lets students monitor
performance by comparing iterated outcomes in various ways.
Therefore, students can improve their understanding of Energy
Management and Renewable Energy Technology more efficiently
by using this technology and also assess the impact of various
Energy subject unit operations. In essence, when the tool is applied
in the TLA process, there is a double-feedback process, enabling the
user to examine the multiple design capabilities of the EC-GUI unit
process.

After evaluating the global results of the unit process
performance, the users may draw numerous assumptions,
after which the users can adjust the parameters and repeat
the simulation. This repeated process improves students’
understanding of the EC-GUI design and operation. Furthermore,
the designed technology enables students to double-check their

TABLE 1 Five point likert scale.

Scale value Level of likert scale

1 Strongly disagree

2 Disagree

3 Moderate

4 Agree

5 Strongly agree

work while self-learning and finishing projects. Students will
benefit from the GUI tool’s self-discovery capability, including
in understanding and addressing their unique problems during
learning process. Also, the proposed tool assists in reducing the
time required to finish the TLA procedure, particularly during
short semesters.

4. Research methods

4.1. Close-ended survey analysis

The close-ended survey was conducted among the STEM
students enrolled in the Renewable Energy Technology and
Energy Management course. The total number of respondents
was 54 students. The questionnaire was distributed to the 54
students and consisted of multiple sections. The questionnaire
was split into two elements: preliminary action and the final
action of the research, which meant there will be two different
questionnaires with the same questions and sections. The
questionnaires were conducted before using the EC-GUI tool,
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FIGURE 4

The demographic result of the user (respondents) of teaching aid tool.

and then the following questionnaires were conducted after
utilizing the EC-GUI tool. This was to help identify the efficiency
of the tool. The survey consisted of four parts: (1) Common
section: Demographics, (2) Part A: Level of difficulties for
energy subjects, (3) Part B: Relationship of student interests
with props, and (4) Part C: Characteristics of appropriate props.
The questionnaire consisted of 30 questions. The demographic
part of the survey was analyzed using descriptive analysis. Part
2 and part 3 were analyzed using both parametric and non-
parametric analysis, which helped to compare the pre- and
post-study results of the survey. Likert scales were used in all
of the questions to assist analysis of every parameter. Further
explanation regarding the analyses used are listed below with
precise descriptions.

4.1.1. Likert scale
The Likert scale is a psychometric measure widely used during

survey research. The Likert scale has been utilized in all the sections
of the questionnaire. Table 1 explains the levels of the scales
used.

4.2. Parametric analysis: Paired sample
t-test

Parametric analysis is a statistical analysis in which a test
establishes certain requirements regarding the form of distribution
of parameters or populations, such as whether the data are
interval-scaled and normally distributed (Yosani, 2006). The term
"parametric analysis" refers to statistical procedures that are
predicated on the premise that the distribution of population data
is normal (Nawangsari, 2017).

This study focused on the paired t-test in regard to the interval
scales of the data. The paired sample t-test was used to examine
whether the mean difference of the data should be adjusted before
performing parametric tests (Khosravi et al., 2018). As a result,

the authors conducted a descriptive study before doing the t-test.
When there was only one group of people and we needed to gather
data from them about two distinct times, we used the paired sample
t-test, and if the sig(2-tailed) value was less than 0.5, there was
a significant difference between the two scores (Khosravi et al.,
2018).

The paired sample t-test, also known as the dependent
sample t-test, is a statistical process for determining if the
mean difference between two groups of data is zero. Each
subject or object is measured twice in a paired sample t-test,
resulting in pairs of observations. Studies and repeated-measures
techniques are two common uses of the paired sample t-test.
The below equation represents the paired t-test (Boyd, 2020).

t =
Xd − µo

SD/
√

n

4.3. Non-parametric analysis: Wilcoxon
signed-rank test

Non-parametric analysis is used for data that are devoid of
distribution (Teguh, 2014); non-parametric analysis is statistical
analysis that does not specify normally distributed data conditions
(Yosani, 2006). Non-parametric statistics use statistical approaches
that do not assume that population parameter distribution is
normal (Nawangsari, 2017).

Like the related t-test, the Wilcoxon test can be used as
a non-specific test of the empirical hypothesis, ‘the empirical
measure differs in the two samples’, or as a particular test of
an empirical shift hypothesis (Kornbrot, 1990). The Wilcoxon
is “appropriate” in circumstances with non-normally distributed
interval measures because it has the highest asymptotic relative
efficiency for exploiting the information provided in the sample
ranks (Kornbrot, 1990).

The non-parametric form of the paired samples t-test is the
Wilcoxon signed-rank test. When the distribution of the differences
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TABLE 2 Non-parametric test using Wilcoxon signed-rank test (Part A).

Questions Z Asymp. sig. (2-tailed)

Part A: levels of difficulties
for energy subjects

1. I am interested in studying the subject of energy. −1.013 0.311

2. The subject of energy is a difficult subject to excel in (Grade A). −0.561 0.575

3. I have problems solving the calculation parts of energy subjects. −0.012 0.991

4. I have problems understanding the theories of the subject of energy. −1.331 0.183

5. I often postpone energy subject assignments or projects until the last minute due to lack
of understanding.

−0.564 0.573

6. I feel energy subjects are very complex as well as difficult to learn. −1.877 0.061

7. I feel the topics containing equation problems in energy subjects are the most difficult to
study.

−2.251 0.024**

8. I feel it is difficult to understand conventional teaching techniques in the classroom. −0.221 0.825

9. I am not interested in conventional or passive teaching techniques in the classroom. −0.172 0.864

**Significant at five percent.

between the two samples cannot be assumed to be normal, it is used
to determine whether there is a significant difference between two
population means. The test’s purpose is to assess if two or more sets
of pairings differ from one another in a statistically meaningful way.
Equation 2 below shows the formula of Wilcoxon signed-rank test
(MacFarland and Yates, 2016).

W =
N∑

i=1

[sgn (x2, i− x1, i)× Ri

5. Results and discussion

5.1. Demographic information of the
respondents

Section “5.1. Demographic information of the respondents”
emphasizes the demographic profiles of the respondents. The
respondents of the study were students at UMT. Figure 4
summarizes the overall findings as well as the demographic
information of the respondents. The demographics profiles
contain the respondents’ program of study, year of study,
ethnicity, and cumulative grade point average (CGPA). The
results indicated that most of the respondents (57.4%) were
from the Bachelor of Technology (Environment) program and
in their third year of study (66.7%). Regarding ethnicity, as
can be seen in Figure 4, the majority of respondents identified
as Malay, with all other ethnicities reported, such as Indian,
only accounting for 1.9% combined. The lowest number of
students whom performed in the survey is others category
which is Bumiputera Sarawak. Moreover, Figure 4 shows the
CGPA of the students specifically in ranges. The highest
number of students were categorized in the 3.01 to 3.49 CGPA
range and the lowest were in the range of less than 3.00
CGPA. The demographic sections contributed the details of the
respondents clearly in a few questions. For further details, see
Figure 4.

5.2. Analysis using the non-parametric
Wilcoxon signed-rank test

In the case that the normality assumption was not satisfied,
we used the Wilcoxon signed-rank test to perform the comparison
on the medians. In SPSS, we used Analyze, then Non-parametric
tests, then Two related samples: Tables 2–4 show the SPSS output.
A p-value < 0.05 was considered significant for all statistical tests
conducted. The Z reported in Tables 2–4 is the test statistic for
the non-parametric Wilcoxon signed-rank tests. It is a statistic
that is used in hypothesis testing for the non-parametric Wilcoxon
signed-rank test and is the sum of the signed ranks. This test was
conducted on: the levels of difficulties for energy subjects (Part A),
the relationship of students’ interest with props (Part B), and the
characteristics of appropriate props (Part C), which were all taken
from the survey data.

A student survey for the levels of difficulties for energy subjects
(Part A) was implemented pre and post use of the teaching aids
tool (EC-GUI). The Wilcoxon signed-rank test results indicated
a statistically significant difference between the perceived pre and
post levels of difficulty for energy subjects. Since the p-value (0.024)
was less than 0.05, we can reject the null hypothesis (see Table 2).
We have sufficient evidence to conclude that “the topics containing
equation problems in energy subjects are the most difficult to study”
is statistically significant, meaning the difficulties of the subjects
became easier after using the EC-GUI.

Further, the difference between the pre and post scores for
the relationship of students interests with props (see Table 3) was
also statistically significant in “The teaching aid tools used during
the teaching were able to maintain my interest in the subject of
energy” with a p-value of 0.030, “My interest in the subject of
energy increased when the lecturer used the teaching aid tools in his
teaching” with a p-value of 0.046, “I am interested in doing energy
subject calculation exercises provided by lecturers” with a p-value of
0.038, and “I am interested in doing energy subject exercises that are
available in reference books other than those given by the lecturers
after using the teaching aid tools” with a p-value of 0.021. These
results explain that the teaching aid tool (EC-GUI) assisted students
in increasing their interest in the learning process and cultivated
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TABLE 3 Non-parametric test using Wilcoxon signed-rank test (Part B).

Questions Z Asymp. sig. (2-tailed)

Part B: relationship of
students’ interest with props.

10. I am very interested in learning the subject of energy when lecturers use Teaching Aid
Tools while teaching.

−1.250 0.211

11. I don’t like studying energy subjects without Teaching Aid Tools. −0.612 0.541

12. I get bored of learning energy subjects if the lecturers do not use Teaching Aid Tools
during teaching.

−1.417 0.157

13. I enjoy learning the subject of energy with Teaching Aid Tools. −1.623 0.105

14. The use of Teaching Aid Tools by the lecturers has become a motivation for me to
follow the subject of energy.

−0.847 0.397

15. I cannot concentrate even though the lecturer used Teaching Aid Tools while teaching. −0.757 0.449

16. I enjoy learning the subject of energy if the lecturers use Teaching Aid Tools. −1.403 0.161

17. The Teaching Aid Tools that are used during the teaching maintained my interest in the
subject of energy.

−2.169 0.030**

18. My interest in the subject of energy increased when the lecturer used Teaching Aid
Tools in his teaching.

−1.992 0.046**

19. I am interested in doing energy-subject calculation exercises provided by lecturers. −2.075 0.038**

20. The use of Teaching Aid Tools by lecturers did not directly interest me in the subject of
energy.

−0.457 0.648

21. Learning the subject of energy is not interesting with the use of Teaching Aid Tools. −0.348 0.728

22. The use of Teaching Aid Tools by lecturers has sparked my interest to be more diligent
in studying the subject of energy.

−1.098 0.272

23. Learning the subjects of energy becomes more interesting with the availability of
Teaching Aid Tools.

−1.427 0.154

24. I am interested in doing energy subject exercises that are available in reference books
other than those provided by the lecturers after using the Teaching Aid Tools.

−2.313 0.021**

25. I managed to solve energy subject problems when the lecturers used Teaching Aid Tools
while teaching.

−1.015 0.310

**Significant at five percent.

TABLE 4 Non-parametric test using Wilcoxon signed-rank rest (Part C).

Questions Z Asymp. sig. (2-tailed)

Part C: characteristics of
appropriate props.

26. The Teaching Aid Tools used by lecturers in accordance with the content of learning
delivered.

−2.645 0.008**

27. The Teaching Aid Tools used by the lecturers can be clearly seen. −2.912 0.004**

28. The Teaching Aid Tools used by the lecturers caught my attention. −2.747 0.006**

29. The Teaching Aid Tools used by lecturers are organized and easy to use. −1.935 0.053**

30. I am pleased if the following Teaching Aid Tools are used by the lecturers while teaching:

a. Printed material −1.063 0.288

b. Non-printed material −2.100 0.036**

c. 3D material −0.145 0.885

d. Video −2.214 0.027**

e. Audio −0.525 0.599

f. Software or mobile apps 1.22 0.222

**Significant at five percent.

their spirits to learn about the subject of energy. Regarding the
outcome of the Part B section, the students were highly interested in
doing calculations using smoother tools like the EC-GUI interface
tool.

The Wilcoxon signed-rank test result indicated a statistically
significant difference between the pre and post scores for

appropriate teaching aid tools characteristics, as seen in Table 4.
Table 4 shows the multiple types of teaching aid tools used in
the classes, whereas the EC-GUI interface is the most highly
relevant tool for STEM students especially for energy subjects. We
found statistically significant improvements in the characteristics
of appropriate EC-GUI tools in terms of the responses to question
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TABLE 5 Overall outcome of the paired t-test for the pre and post surveys.

Paired difference

95% confidence interval
of the difference

Mean Std.
deviation

Std. error
mean

Lower Upper t df Sig.
(2-tailed)

Part A total of pre and post findings 0.68519 3.28992 0.44770 0.21279 1.58316 1.530 53 0.132

Part B total of pre and post findings 2.37037 7.75156 1.05485 4.48614 25460 2.247 53 0.029**

Part C total of pre and post findings 5.51852 4.46682 0.60786 6.73773 4.29931 9.079 53 0.000**

**Significant at five percent.

(26) Teaching aid tools were used by lecturers in accordance
with the content of learning delivered, (27) Teaching aid tools
could be clearly seen, (28) Teaching aid tools caught my attention,
(29) Teaching aid tools were organized and easy to use, and
(30) Teaching aid tools were used by the lecturers while teaching
especially non-print materials and videos. The levels of significance
are clearly shown in Table 5. The teaching aid tools such as non-
print materials and videos were highly attractive to STEM students;
non-print materials had a p-value of 0.036 and videos had a p-
value of 0.027. These two teaching tools were highly accepted by
students as elements of teaching. Other tools, such as audio, printed
materials, and 3D materials, were not as highly regarded by the
students. Non-printed materials and videos can be used later on
after the class for further discussions. This result revealed that the
teaching aid tools (GUI) made difficult subjects easier, especially
those associated with many calculations, formulas, theories, and
concepts.

5.3. Pre and post survey analysis:
Parametric analysis—Paired sample t-test

In this section, we discuss the paired sample t-test between the
average means of constructs obtained from the pre and post survey
data regarding: the levels of difficulties for energy subjects (Part
A), the relationship of students’ interests with props (Part B), and
characteristics of appropriate props (Part C). For this purpose, we
computed the paired sample t-test between the pre and post means
of the teaching aid tool (EC-GUI) as follows.

A paired sample t-test was performed between the levels of
difficulty for the subject of energy (Part A) pre and post using the
teaching aids tool (EC-GUI). Table 5 shows the results of the paired
sample t-test. The mean difference was computed as 0.68519 with
a standard deviation of 3.28992, whereas the t-statistics was 1.530,
the degrees of freedom (df) was 53, and the sig (2-tailed) p-value
was 0.132. These results meant there was no significant difference
in the levels of difficulty for the subject of energy before and after
using the teaching aid tool. Further, a paired sample t-test was
also performed between the relationship of students’ interests with
the teaching aid Tool (Part B) before and after using the teaching
aid tool (EC-GUI). The result of the paired sample t-test showed
the mean difference was computed as 2.37037 with a standard
deviation of 7.75156, whereas the t-statistics was 2.247, the degrees
of freedom (df) was 53, and the sig(2-tailed) p-value was 0.029.
These results meant there was a significant relationship between

students’ interests in the teaching aid tool before and after using
it and that the teaching aid tool (EC-GUI) made it easier and
more efficient to understand the calculation approaches and subject
concepts [t(53) = 2.247, p ≤ 0.05]. Additionally, a paired sample t-
test of the characteristics of appropriate teaching aid tools (Part C)
was carried out. The paired t-test results, as presented in Table 5,
indicated that the difference between the pre and post means of
using teaching aid tools was 5.51852, with a standard deviation
of 4.46682; furthermore, the t- statistics was 9.079, the degrees
of freedom (df) was 53, and the sig(2-tailed) p-value was 0.000,
meaning there was a significant difference in the characteristics of
appropriate teaching aid tools and the teaching aid tools were more
affordable as compared to the before [t(53) = 9.0749, p ≤ 0.05].

The results indicated that the teaching aid tool is efficient
enough and STEM students preferred using the EC-GUI teaching
aid tool. The tool was sufficient to help the students become
more interested in energy subjects despite STEM subjects being
categorized as difficult subjects by the majority of the students.
Whereas the tools of multiple features help the students to study
in more comfortable ways. Regarding using the calculator for
mathematical calculations, STEM students, especially students
studying energy subjects, need advanced technology and software
such as EC-GUI to be more efficient. Additionally, the response to
the initial query also agreed with author (4) in that the teachers of
the specified subject should value the use of diverse tactics that stray
from the traditional teaching of the subject. Here, the teaching aid
tools need to be smarter and more helpful for the students, such as
the EC-GUI tool. The pre survey results of the study explained the
difficulties of students to adapt to STEM subjects, especially energy
subjects. The necessity to tackle engineering issues or mathematics
in the syllabus frequently contributes to students’ perceptions of the
subject’s difficulty (4). Here, the post survey showed how satisfied
the students were after using the EC-GUI.

6. Conclusion

The overall research shows that EC-GUI teaching aid tool is
highly efficient among STEM students. However, 63% of students
strongly agreed that the Teaching Aid Tools that the lecturers had
used while teaching in the current semester. The EC-GUI did not
reduce the difficulties of the subject but it did help to enhance the
ways to learn more efficiently. It helped the students to work on
energy subjects in a much simpler manner. The main objective of
the teaching aid tool is to provide more flexible ways of learning and
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implementing equations and the study proved that STEM students
were able to use it to study in a wiser manner. Hence, in the future
more students or STEM candidates should use teaching aid tool
interfaces as an easier way to accumulate the outcomes of functions
and graphic images. The parametric and non-parametric results
indicated that the students preferred to use tools such as the EC-
GUI. The study aimed to estimate the efficiency of the EC-GUI
teaching aid tool among STEM students associated together with
a reduction in the perceived complicatedness of energy subjects.
The research was conducted among UMT STEM students enrolled
in energy subjects. This teaching aid tool will help to improve
students’ capabilities to derive formulas and compute equations
and graphs easily. Altogether, the study’s findings indicate that
the designed tool is a possible tool that may help in the teaching,
learning, and evaluation processes of the challenging subject of
energy taught in a higher-learning institution. To sum up, using
the EC-GUI tool in the teaching, learning, and assessment (TLA)
process helps the understanding of energy subjects and contributes
a few advantages:

(i) The EC-GUI tool can be used in TLA processes with easy
functions for the tutors.

(ii) The designed interface can be quickly installed on any
computer without the need to acquire a database or costly
software.

(iii) The users can use the tool to derive formulates, compute
formulas, and show figures and graphs.

(iv) The users are allowed to change the settings of the EC-
GUI tool according to self-preferences to produce the desired
results.

Limitations can be identified in multiple scope in a study. Here,
the graphical user interface (GUI) was found by the authors to
bring a smoothness to the learning processes of STEM subjects.
The EC-GUI application has multiple uses for the students and
this is also a limitation in the study where this application was
only used by students from UMT. Several research gaps exist in
this field, given the need for more research on STEM education
in Malaysia. The study gap defines that STEM regarding research
are rare. Research in future can use the same EC-GUI interface to
evaluate the difficulties of STEM subjects in a wider range of survey
analyses by allocating more funds for its usage. The research can
also be conducted with more variety of student’s perceptions, by
adding other characteristics into the EC-GUI interface. This could
justify the usage of the teaching aid tool as an efficient necessity
for STEM students. In the future, researchers can use a wider
sampling selection by having a greater number of respondents.
In this study, the number of students for the pre and post study
survey were the same.
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Introduction: The fourth industrial revolution, or Industry 4.0 (I.D. 4.0), has

radically empowered professionals to revamp skills and technologies, to match

ever-evolving industry demands. Education 4.0 (E.D. 4.0) is an integral education

framework, strategically designed to align with I.D. 4.0 needs. The present work

presents high-level insights on mapping I.D. 4.0 to E.D. 4.0, by successfully

analyzing the four key existing components of E.D. 4.0, namely, learning methods,

competencies, infrastructure and information and communication technologies

(ICT).

Methods: Research questions are formulated along themes aiming to standardize

the E.D. 4.0 framework and identify effectiveness and implementation challenges.

These posed questions are addressed by performing an exhaustive bibliometric

analysis on the associated literature, by clustering relevant publications by field,

year, and geography. We employed the search engines Scopus, Science Direct,

and IEEE in a period between January and June of 2022.

Results: Network maps evidence the implementation of E.D. 4.0 elements with

no formal and universally adopted framework to map with I.D. 4.0. There is an

increasing interest and support from researchers and education institutions in

preparing a skilled workforce for I.D. 4.0. Trends of E.D> 4.0-related published

articles reveal more implementation efforts in developed countries compared to

developing countries.

Discussion: Our results demonstrate a lack of any currently existent, standardized,

and universally accepted framework for mapping I.D. 4.0 to E.D. 4.0, despite

trends showing a sharp rise towards incorporating E.D. 4.0 initiatives recently

into university curricula. Our analysis procedure can serve as a protocol to define

E.D. 4.0 in a more specific context, in an ever-changing global workspace. While

unbalanced implementation attempts on how extensively E.D. 4.0 components

have been defined and adopted (including discrepancies in implementation

policies among countries, and across disciplines), further rigorous assessments

are needed to critically assess the necessary requirements and effectiveness, for

standardization and implementation a global mapping framework.

KEYWORDS

Education 4.0, Industry 4.0, mapping, systematic literature reviews, bibliometric analysis,
pedagogy, engineering education, higher education

Frontiers in Education 01 frontiersin.org83

https://www.frontiersin.org/journals/education
https://www.frontiersin.org/journals/education#editorial-board
https://www.frontiersin.org/journals/education#editorial-board
https://doi.org/10.3389/feduc.2023.1150190
http://crossmark.crossref.org/dialog/?doi=10.3389/feduc.2023.1150190&domain=pdf&date_stamp=2023-04-20
https://doi.org/10.3389/feduc.2023.1150190
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feduc.2023.1150190/full
https://www.frontiersin.org/journals/education
https://www.frontiersin.org/


feduc-08-1150190 April 18, 2023 Time: 10:16 # 2

Chakraborty et al. 10.3389/feduc.2023.1150190

1. Introduction

Professionals are expected to continue developing skills,
technologies, and knowledge, adaptable toward assimilating fast-
paced, swiftly changing innovations, driven by the fourth
industrial revolution or Industry 4.0 (hereafter, I.D. 4.0), which
impact products, services, and production systems (Bauer et al.,
2015; Hirschi, 2018; Kipper et al., 2021). Strategic attempts
toward identifying these key competencies, as required by future
professionals, have been reported in recent years; and has resulted
in the identification of “competency clusters.” From an extensive
literature review, Hecklau et al. (2016) grouped these competencies
into four clusters: technical, methodological, social, and personal.
A more recent survey conducted across industries and industry
representatives (Mian et al., 2020), have classified clusters by
disciplines (engineering, business, design, and transversal). Yet,
another survey-based study (Hernandez-de-Menendez et al., 2020)
performed across several industries, interpreted these necessary
trends to be predominantly technology-driven, and recognized
particularly paradigm advances in the field of Artificial Intelligence
(AI), owing to the increasing globalized availability of big data,
which in turn, propels industry growth. ChatGPT, an AI based
chatbot, which was launched in November 2022, has quickly
attracted global hype for its promise of enhancing both supervised
and reinforcement-based learning techniques across both industry
and academia. Despite having some obvious current limitations
(such as monitoring and calibration of factual inaccuracies),
the parent firm (OpenAI) has been valued at US $29 billion,
as of 2023. An overwhelming majority of recent technologies
incorporated into the present global industrial market (expectedly)
values Machine Learning (ML) as the most utilized skill (87%),
followed by user/entity big data analytics (84%), the Internet of
Things (IoT) (82%), and cloud computing (76%) (AnTosz, 2018).
A major finding from this work is that skills gaps in the local
labor market accounts for 59% of the barriers that exist toward
the adopting of new technologies. Therefore, it is the need of the
hour to swiftly revamp global education to address I.D. 4.0 driven
innovation(s), and expand worker competencies/skills, to match
industry requirements (Neaga, 2019; Uhlemann et al., 2019; Kipper
et al., 2021).

The necessary integral education framework that aligns with
I.D. 4.0 requirements is Education 4.0 (hereafter, E.D. 4.0). Several
components and defined characteristics are captured in the E.D.
4.0 framework; these have been identified rather recently by some
prior researchers (Fisk, 2017; Himmetoglu et al., 2020; Kipper et al.,
2021; Miranda et al., 2021). It is imminent that such a standardized
pathway needs to be identified and incorporated to approach
such problems, as a current lack of standardization negatively
impacts the reliability, consistency, and reproducibility of any
findings. An unreliable process is difficult to properly analyze,
and any associated bias at any step of the analysis procedure
ultimately delays a tangible mapping of E.D. 4.0 techniques with
I.D. 4.0 requirements, further augmenting an already existent, and
progressively increasing, skilled labor shortage.

Even today, there appears to be no universally agreed upon
definition or terminology of E.D. 4.0 (Das et al., 2020). Thus,
to address the need for having a standardized protocol that
can identify, define and shape an effective E.D. 4.0 pedagogical

framework, and identify key elements, we performed an exhaustive
literature review on the currently existent I.D. 4.0 competencies
and compared several approaches, ultimately choosing to merge
the most up to date factors identified by Kipper et al. (2021) and
Miranda et al. (2021). Once merged, we hypothesized the global
need for obtaining a standard E.D. 4.0 definition, as the currently
incomplete, scattered framework for I.D. 4.0 will very likely lead to
scattered solutions when mapped with I.D. 4.0. A major highlight
of our work is to identify and track the most recent E.D. 4.0
competencies, which allows the analysis procedure to be as generic
as possible, to ensure maximal success and universality for future
mapping efforts. From a comparative study of these competencies,
four research questions (RQs) are formulated, which are centered
along themes of the extent of successful implementation of the E.D.
4.0 framework, its effectiveness (both perceived and actual), and
its associated challenges. Therefore, the objectives that characterize
our proposed framework are: (a) identifying the extent to which
E.D. 4.0 is presently adopted as a formal educational framework
for mapping with I.D. 4.0 requirements, (b) identifying the extent
to which E.D. 4.0 components have been already adopted from
the formal E.D. 4.0 framework present in the relevant literature;
and (c) analyzing implementation trends and challenges of the
E.D. 4.0 framework and its associated core components globally,
over the last decade. Previous research in this sector has always
been limited by the very fact that I.D. 4.0 requirements change
over time as industries evolve globally (Wallner-Drewitz and
Wagner, 2016): therefore, we recognize that E.D. 4.0 competencies
must also change with time to map I.D. 4.0 needs. Thus, to
succinctly capture these competences and associated insights, we
performed a rigorous bibliometric analysis using VOSviewer, on
several research databases, which provided straightforward, simple,
objectively unbiased, reliable indicators of the impact, importance,
and emerging future trends of this research field. In addition
to shaping the proposed E.D. 4.0 framework, our findings are
also valuable toward identifying curriculum changes and current
pedagogical lacunae, such as modifications in existing course
syllabi, the design of new, relevant, strategic programs and courses,
etc. Such initiatives are extremely likely to guide the commensurate
acquisition and targeted training of precious human capital to
drive industry desired changed, as one is easily able to track the
evolution and effectiveness of E.D. 4.0 implementation. This paper
is structured into the following sections: section “2. Literature
review” presents the currently existent E.D. 4.0 framework, and
its associated indicators and competencies via a detailed literature
review, section “3. Materials and methods” presents the mapping
strategy and methodology employed to complete the integral E.D.
4.0 framework, formulates the relevant RQs arising out of this
integrated framework, describes the relevant protocols employed
toward our bibliometric analyses, and describes the platform
that was employed to create these network maps, arising from
the bibliometric data. Section “4. Results” presents our results,
and section “5. Discussion” thoroughly interprets the results
obtained, providing detailed discussion, context, and trends on
the visualization and exploration of network maps and graphs,
which provides answers to our previously postulated RQs. From the
conclusions arising from bibliometric analyses, we propose a more
holistic, universally applicable, and representative (and, updated)
definition of E.D. 4.0, that is most applicable to the current world.
Finally, in section “6. Conclusion,” we present our conclusions, and
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identify scope for future research work toward mapping E.D. 4.0 to
I.D. 4.0 needs in the future.

2. Literature review

Efforts to comprehensively map E.D. 4.0 to I.D. 4.0 needs,
have predominantly focused on approaches that typically
integrate competency and capability function domains (Wilke
and Magenheim, 2017; Das et al., 2020; Jerman et al., 2020;
Maisiri and van Dyk, 2020; Agrawal et al., 2021; Silva et al., 2021).
Survey-based approaches (Grzybowska and Łupicka, 2017) have
identified major E.D. 4.0 components to be decision making,
entrepreneurial thinking, efficiency orientation, problem solving,
conflict resolution, and analytical skills (in decreasing rank order).
More recently, a more “integrated alignment model” was proposed
(Lin and Low, 2021) to capture a more synergistic alignment
between educational activities, and the I.D. 4.0 demands, as
applicable to the Singapore Smart Industry Readiness Index
(SIRI). In their approach, road mapping and architecture planning
for progressive phases for the integrated alignment model, was
linked to four key pillars: connectivity, automation, operation,
and intelligence. This exercise was jointly performed alongside an
industrial partner, thereby allowing for the identification of E.D.
4.0 tasks per phase. While this approach is definitely synergistic,
we hypothesize that in fact, a more clustered approach toward
identifying E.D. 4.0 competencies (rather than approaching from
a more task-based format), allows for more efficient mapping
between these two areas, while also capturing their shared
dependencies. From our hypothesis, it follows that the definition
and clustering of E.D. 4.0 competencies and their subsequent
mapping with I.D. 4.0 requirements, must be approached using
a more systematic format; one that strategically aims to list/map
them, and then, standardize these requirements cohesively and
comprehensively. It is evident that I.D. 4.0 must serve as the
starting point for the mapping process, as skills, requirements, and
demands of I.D. 4.0 are much more robustly defined by employers
and industries (and are also, constantly evolving). In this context,
we have already successfully incorporated a specific I.D. 4.0
demand, of understanding “Standards, Codes, and Recommended
Practices,” in the chemical engineering sector, at our university
(Galatro et al., 2022). Owing to the ever-changing nature of I.D. 4.0
needs, it is not surprising that some prior researchers (Beke et al.,
2020) have attempted to identify these competencies by conducting
detailed interviews with industries, and surveys with students,
to list some identifiable I.D. 4.0 requirements and expectation.
Interestingly, some shared requirements also emerged from
the expectations of students and industries; these are: complex
problem solving, coordinating with others, people management,
critical thinking, negotiation, quality control, service orientation,
judgment and decision making, active listening and creativity
(ranked in 2020, in decreasing order of perceived importance).
Eight of these parameters were also ranked important in 2015 (with
the exception of quality control and active listening). As the authors
themselves state, this work (while commendable) suffers from some
limitations, such as the lack of industry representation (interviews
limited to the car industry), geographic limitation (student
interviews were conducted only at one university in Hungary) and

a drastic lack of representation among disciplines (survey limited
to mechanical engineering). Additionally, there was no attempt
to systematically categorize any identified competencies, which
reinforces the need for analyzing this problem through a more
structurally rigorous yet sound lens.

Hernandez-de-Menendez et al. (2020) have identified key
competencies for I.D. 4.0, by analyzing various models that
assess the maturity and readiness of companies to shift to
I.D. 4.0 frameworks. Through a global-centric assessment,
identified competencies were grouped into three broad categories:
methodological, social, and personal. But it must be noted that
these competencies were identified only for three disciplines
(engineering, business, and design); therefore, no insight about
desired competencies in other disciplines such as science,
humanities, etc. were obtained. The work concludes by recognizing
that there remains no universal consensus on required I.D. 4.0
competencies, and there may in fact be other more systemic
economic/social barriers at play which prevent its successful
incorporation (firms may choose not to shift toward I.D. 4.0,
fearing higher economic expenditure; and employees may prefer
not to adapt to newer, ever changing industry demands).

More recent characteristics of I.D. 4.0 have been identified
more recently by Mian et al. (2020), as customization, real-
time monitoring, productivity, flexibility, logistics, product
design/prototyping, resource allocation, responsiveness,
sustainability, process reliability, and predictive maintenance
(and there may be many others that could exist, some of these
characteristics may pertain to more specific industries). An
attempt to map I.D. 4.0 has recently been performed by Maisiri
and van Dyk (2020), who developed a Competence Maturity
Model (CMM), with three domains for competency, capability
functions, and maturity level. Each domain has two dimension
which encompasses both knowledge and skills (technical vs. soft)
requirements. While the capability domain has ten dimensions (all
related to industrial engineering), and the maturity level has five
dimensions (in line with the industrial revolution); all of which
were identified by a systematic mapping review of 283 published
papers (out of which only 25 papers were included for the purpose
of data abstraction). While clearly conceptualized, well-supported,
and efficiently implemented, the competencies are exclusively
limited to industrial engineering, thereby preventing its global
application across other fields/disciplines.

A more thorough (and recent) literature review has been
credited to González-Pérez and Ramírez-Montoya (2022) who
propose eight key (RQs); and we also follow a similar approach
when formulating our RQs in section “3.1. Hypotheses and research
questions” to identify components that use the E.D. 4.0 framework,
from 113 reports (out of these, 56 are finally analyzed). The
data predicts a major shift occurring in pedagogical practices,
with case studies and targeted teaching/learning strategies to
gain prominence over the 21st century. Learning methods and
competencies are found as the most addressed components of E.D.
4.0, while a scarcity of frameworks are identified, which aim to
address strategies to strengthen pedagogical innovation, especially
at the school level. These limitations, in turn, become the merits of
this work, namely: (a) the selection of a robust framework to assess
core components in educational initiatives/projects, and (b) the
identification of trends in the identified competencies for various
crucial players such as researchers, trainers, and decision makers.
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The initiatives and projects in this study were evaluated using the
core components framework, defined by Miranda et al. (2021). The
work successfully develops a comprehensive E.D. 4.0 framework,
based on four critical components: competencies, learning
methods, infrastructure, and information and communication
technologies (ICTs). This framework arises from a compilation
of research elements, structures, and concepts across several
infographic sources that align with E.D. 4.0 concepts (as
summarized in Tables 1, 2). However, the case studies reported by
Miranda et al. (2021) are localized to Mexico City and surveyed an
English/Spanish-speaking student body; and therefore, suffer from
geographical and linguistic restrictions.

A summary of some important prior works, with their
employed methodologies, and limitations toward mapping these
competencies effectively, are presented in Table 1. We have
focused predominantly on experimental/literature review-based
works, which have attempted to characterize and/or map these
two factors. While the works listed represent a conscious academic
effort toward mapping, Table 1 also justifies the need to perform
a more exhaustive bibliometric analysis, which can overcome
the inherent/identified limitations in these prior works. For our
bibliometric analysis, the Inclusion and Exclusion criteria is kept
globally applicable, to ensure that our results are applicable in the
broadest possible context, thereby paving the way for pursuing
more rigorous, detailed studies in the future.

An extremely detailed approach toward identifying E.D. 4.0
competencies related to the qualification of professionals for
I.D. 4.0 has been recently performed by Kipper et al. (2021)
by surveying the literature with the SciMAT scientific mapping
software on the Scopus, Web of Science, and Science Direct
databases. The mapping resulted in the generation of a conceptual
map, highlighting the major competencies (leadership, strategic
vision of knowledge, self-organization, offering and receiving
feedback, pro-activity, creativity, problem-solving, initiative,
interdisciplinary teamwork, collaborative teamwork, innovation,
communication, adaptability, flexibility, and self-management)
and knowledge (information and communication technology,
algorithms, automation, software development and security, data
analysis, general systems theory, and sustainable development
theory) required for the successful transformation of firms toward
I.D. 4.0 targets. While this exhaustive search omits “learning
methods” and “infrastructure” as core components; it nevertheless
identifies some essential elements that may be clustered in the
competencies and ICTs components, proposed by Miranda et al.
(2021). The work of Kipper et al. is also much more universally
applicable, as the bibliometric analysis is not limited to a specific
discipline, and therefore, the conclusions hold much more
universally. Table 2 presents a summary of E.D. 4.0 competencies,
as identified by some prior works.

It appears that a very impactful strategy toward the
identification of any existent relationships and/or mapping
efforts toward linking E.D. 4.0 to I.D. 4.0 is bibliometric analysis
(Janik and Ryszko, 2018), and this is the approach we resort to
in this work. With the advent of technology, in an increasingly
digitized world, it is strategic to resort to computer-based
analysis techniques. To ensure that the articles matching the
first bibliometric criterion are indeed accurate and relevant, it is
customary to refine the results further, to obtain the most accurate
results, by implementing an inclusion and exclusion criteria. While

this is definitely a robust procedure, which leads to successive
refinement of data; it often results in a rather small final set
of article database to base analysis/comparison/conclusions on.
A summary of past bibliometric analyses performed on the E.D.
4.0/I.D. 4.0 literature, and the effective number of articles finally
analyzed, are presented in Table 3.

The universalization of E.D. 4.0 remains yet another
unaddressed challenge, in addition to a lack of standardization in
defining and applying an E.D. 4.0 framework, which could then
successfully map out I.D. 4.0 requirements. As of 2018, the level
of I.D. 4.0 implementation for developing nations was captured at
the corporate level, with strategies adopted by separate countries
(Bogoviz et al., 2019); and at the national level for developed
nations, with state-based strategies of development. Furthermore,
major financial barriers exist on the path toward I.D. formation
and their consequential implementation, as well as a gap in terms
of the readiness of various socio-economic platforms toward the
formation of I.D. 4.0 (Costan et al., 2021). Expectedly, the results
in ultimately forming I.D. 4.0 targets currently reveal a 5-year gap
between developed and developing countries. Such imbalance in
implementation strategies must also be considered by researchers,
when future attempts to map E.D. 4.0 to I.D. 4.0 are implemented,
as specific systemic barriers exist, that hinder the universalization
of the E.D. 4.0 framework. Currently, extremely limited works have
been conducted to identify these E.D. 4.0 implementation barriers
for developing economies, using the number of peer-reviewed
publications as an effort indicator, both during the COVID-19
pandemic, or before. In fact, the recent COVID-19 pandemic
has categorically highlighted the stark inequality and resource
discrepancies between developing and developed nations, at both
economic and social strata (Perry et al., 2021; Wakamo, 2022); this
has also directly affected education systems. Some other barriers
toward E.D. 4.0 implementation for developing economies are the
lack of appropriate ICT infrastructure and widespread access; these
might significantly deepen inequality. We also recognize the need
for rigorous works to assess the global impact of these outcomes,
as the United Nations (UN) Sustainable Development Goal (SDG)
4, which ensures quality education for all, might never be realized
unless we take imminent swift action in this field.

3. Materials and methods

3.1. Hypotheses and research questions

Our literature review reveals no existent unanimous consensus
toward accurately defining a current E.D. 4.0 framework. This
lack of a standardized framework results in the existence of
several scattered approaches/solutions toward mapping I.D. 4.0,
which creates more imbalance toward tackling these lacunae, from
a strategy-oriented perspective. Following a deep dive into the
literature, we propose to merge the frameworks of Kipper et al.
(2021) and Miranda et al. (2021), since both studies are: (a)
fairly exhaustive, (b) based on systematic literature reviews, and
(c) extremely recent, thereby ensuring up-to-date completeness of
required competencies, since the fields of E.D. 4.0 and I.D. 4.0
continually evolve. We refer to this combined framework as the
“reference framework” for our analysis. The reference framework
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TABLE 1 A summary of key prior attempts by researchers, to map E.D. 4.0 to I.D. 4.0, and limitations.

References Methodology Comments/insights/limitations

Bauer et al., 2015 Quantitative literature review to track methods to realize I.D. 4.0. Analysis exclusively performed on the German manufacturing industry.

Grzybowska and
Łupicka, 2017

Survey questionnaire filled by industry experts (20 in total, 10
from each industry interviewed).

Survey results representative of only the automotive and pharmaceutical industries, in
Poland.

Wilke and
Magenheim, 2017

Attempts to map the learning territory in I.D. 4.0, by employing a
multi-strategy approach (structured interviews, consisting of
open questions and rating scales).

Survey is limited to just 15 participants (1 female and 14 male), ranging from 16 to
35 years. There is obvious sex bias and age limitation. Majority of the candidates
interviewed were trainees in the metal cutting industry. The data is thus, not applicable
universally. Finally, the data is limited only to Germany, where the study was conducted.

Bogoviz et al., 2019 Predominantly qualitative and mildly quantitative comparison of
I.D. 4.0 competencies and desired skills between
developing/developed countries.

I.D. 4.0 indicators are only assessed for four developing economies: India, China, Brazil,
and the South African Republic (SAR). These are, in no way at all, representative for all
the developing nations. Indicators are not actually measured but obtained from country
specific reports. Unlike the developing countries (which are clearly identified for this
work), no “developed” country is identified to perform these comparisons. Results and
overall conclusions are probabilistic, needing further rigorous assessment.

Neaga, 2019 Identification of E.D. 4.0 core competencies is performed via a
systematic literature review and using content and thematic
analysis.

The analysis is limited exclusively to university undergraduates, masters, and Ph.D.
students in the United Kingdom, predominantly for manufacturing, automotive
engineering, and supply chain management programs.

Uhlemann et al.,
2019

An extremely exhaustive study, that incorporates both literature
review (227 papers, 146 classified as fundamental, and 81
applications oriented) and product design and engineering (PDE)
insights, gathered by interviewing 27 PDE experts (both academic
and industry experts), across 25 disciplines. Several universities
and firms are studied, globally.

The literature review was restricted to the discipline of chemical engineering. This is
because the work is on understanding PDE approaches in chemical engineering. We
identify this work as a representative example for investigating E.D. 4.0 efforts
thoroughly, prior to mapping with I.D. 4.0’s ever-changing requirements.

Beke et al., 2020 Questionnaires answered by B.Sc. engineering students at Óbuda
University. I.D. 4.0 competencies identified by interviews
conducted by the automobile industry, from 2015 to 2020.
Responses evaluated using a Pareto diagram.

Analysis limited to engineering students, for one university, in Hungary. I.D. 4.0 skills
limited to those locally perceived by the Hungarian automobile industry. Only six
companies responded (four international and two medium sized).

Jerman et al., 2020 Audio-taped interviews of 14 subject experts (3 employed at the
government, 5 higher education professors, 5 from the
automotive industry, and 1 from the chamber of commerce).

Possible sex bias (12 males and 2 females). Results apply to Slovenia. Interestingly
enough, the automotive industry keeps getting interviewed predominantly. Experts’ views
and perceptions likely to vary immensely by sector.

Maisiri and van
Dyk, 2020

Literature review from Scopus and Web of Science (WOS), with
25 papers satisfying the inclusion and exclusion criteria. Key
competencies characterizing E.D. 4.0 were identified.

Analysis restricted to the domain of Industrial Engineering.

Mian et al., 2020 SWOT (Strength, Weaknesses, Opportunities, Threats) analysis to
understand I.D. 4.0 efforts to revamp E.D. 4.0, in sustainability.
200 non-random respondents with engineering education
experience (faculty, students, and researchers) were chosen.

22.78% of the survey respondents reported they were unaware about E.D. 4.0. This
effectively devalues the efficiency of the non-random sampling methodology employed.
None of the survey respondents possessed detailed knowledge about the core
components that comprise E.D. 4.0. All survey respondents were also chosen from King
Saud University, Saudi Arabia.

Lin and Low, 2021 A case study is performed to assess the alignment of E.D. 4.0
targets with the continuous education training (CET) program,
within Singapore.

Results are only applicable to Singapore.

Silva et al., 2021 Mapping attempts to identify advancements toward realizing E.D.
4.0 goals. Out of 1,732 studies, 78 were eventually selected.

There were several databases that the authors investigated: SCOPUS, ACM, IEEEXplore,
SBIE, and RBIE. However, the selected studies are only limited from 2015 to 2018. Our
study is performed for the last decade, and thus, captures much more details, and is likely
a more accurate indicator for E.D. 4.0/I.D. 4.0 mapping.

Costan et al., 2021 Meta-analysis performed for 299 articles; 30 meet the inclusion
criteria. 12 barriers to E.D. 4.0 identified for developing countries,
compared to the developed counterparts (using the PRISMA
statement approach).

Search performed only in the Scopus database. Only published articles from 2015 to 2022
were selected. The subject areas being assessed did not include the humanities (with the
exception of one work reviewing Digital English and E.D. 4.0, for I.D. 4.0). Also, over
25% of the papers assessed originate from Malaysia. This may very likely skew the
obtained conclusions toward a more localized perspective.

González-Pérez
and
Ramírez-Montoya,
2022

Systematic literature review in the Scopus and Web of Science
(WOS) databases. 56 articles successfully pass the Inclusion and
Exclusion criteria.

Search performed for articles published only between 2006 and 2020.

Ramírez-Montoya
et al., 2022

Literature review is performed on 48 articles; VOSviewer is used
to identify the search keywords, to further refine the papers to 35.

The literature review is performed only on two dabases, namely, Scopus and the Web of
Science (WOS). 35 articles effectively met the inclusion and exclusion criteria. The
extremely limited number of articles searched (from 2002 to 2021), provide limited
insights. We employ VOSviewer across several databases, to identify the defining
competencies of E.D. 4.0.
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TABLE 2 A chronological summary of E.D. 4.0 competencies as identified by some prior researchers.

References Key competencies identified

Hecklau et al., 2016 Technical: state-of-the-art knowledge, technical skills, process understanding, media skills, coding, understanding IT security. Methodological:
creativity, entrepreneurial thinking, problem solving, conflict solving, decision making, analytical skills, research skills, efficiency orientation. Social:
intercultural skills, language skills, communication, networking, teamwork, leadership, knowledge transference, cooperation/compromising ability.
Personal: flexibility, ambiguity tolerance, learning motivation, compliance, sustainable mindset, ability to work under pressure.

Grzybowska and
Łupicka, 2017

Creativity, entrepreneurial thinking, problem solving, conflict resolution, decision making, analytical skills, research skills, efficiency orientation.

Prifti et al., 2017 Communication with people, IT/technology affinity, big data, problem solving, life-long learning, interdisciplinary work environment, network
technology, M2M communication, modeling/programming, data/network security, business process management, collaboration, teamwork, decision
making, leadership skills, service orientation, creativity, self-management.

Ramirez-Mendoza
et al., 2018

Computational skills, virtual collaboration, resilience, social intelligence, novel and adaptive thinking, load cognition management, sense making, new
media literacy, design mindset, transdisciplinary approach.

Neaga, 2019 General: computation skills, virtual collaboration, resilience, social intelligence, novel and adaptive thinking, load cognition management, sense making,
new media literacy, design mindset, transdisciplinary approach. Disciplinary: fundamental sciences (maths, physics, chemistry, biology, statistics, and
coding), applied sciences (materials, manufacturing, control principles, signal processing, applied statistics, and system engineering), industrial
automation and control, production, business and management, advanced manufacturing, information and communication technologies.

Das et al., 2020 Complex problem solving, critical thinking, creativity, people management, coordinating with others, emotional intelligence, judgment and decision
making, service orientation, negotiation, cognitive flexibility.

Jerman et al., 2020 Continuous learning, flexibility/adaptation to change, technical literacy, problem solving, soft skills, critical and analytical thinking.

Maisiri and van Dyk,
2020

Soft skills: critical thinking, agile problem identification and problem solving, communication skills, open minded thinking. Knowledge: programming
in R, Scala, Python, and PySpark, coding, big data analytics. Technical skills: data analysis, visualization and cleaning, pattern recognition, data
corroboration.

Miranda et al., 2021 Transversal (or soft) skills: critical thinking, cooperation, collaboration, communication, creativity and innovation. Disciplinary (or hard) skills:
training and development, research/design/implementation of new strategies, technology-based solutions, emerging best practices.

Ramírez-Montoya
et al., 2022

Disciplinary: functional, technical, and technological knowledge/skills, research, design, create and implement technologies, emerging technologies,
technology-based solutions. Transversal: critical thinking, systemic thinking, scientific thinking, innovative thinking.

Any sub-classification of competencies are shown in bold.

TABLE 3 A summary of some key prior literature review/bibliometric analyses, that attempt to understand, classify, and/or capture/map E.D. 4.0 to
I.D. 4.0.

References Number of articles after
a first screening

Number of duplicate
articles

Number of articles after implementing the
inclusion and exclusion criteria

Prifti et al., 2017 26 N/A 17

Da Costa et al., 2019 1,925 547 911

Uhlemann et al., 2019 227 N/A N/A

Maisiri and van Dyk, 2020 303 34 25

Costan et al., 2021 299 N/A 30

Silva et al., 2021 223 Detected, unreported 78

González-Pérez and
Ramírez-Montoya, 2022

113 41 56

Ramírez-Montoya et al., 2022 48 8 35

TABLE 4 Additional elements incorporated into the core components of E.D. 4.0 presented by Miranda et al. (2021) to obtain the combined reference
framework.

E.D. 4.0 competencies Information and communication technologies (ICT)

Transversal Disciplinary Technology-based Tools and platform

Leadership, strategic view of knowledge, self-organization,
feedback, problem-solving, pro-activity, inter-disciplinary,
teamwork, initiative, flexibility, adaptability, self-management

Sustainability, automation,
information and
communication technology

Big data, information and
communication technology, neural
network and others

Augmented reality, embedded
systems, integrated systems

is identified by incorporation of a set of E.D. 4.0 elements identified
by Kipper et al. (2021), which are then assimilated into the core
components’ competencies (transversal and disciplinary) and ICTs
(technology-based and tools and platforms) of Miranda et al.

(2021), as presented in Table 4. The identified elements in the
reference framework are used as keywords or search parameters,
when applying the inclusion and exclusion criteria set for our
database. A systematic literature search (SLS) is conducted first
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to analyze these articles, supported by a bibliometric analysis
performed using VOSviewer. The software analyzes databases,
based on the Visualization of Similarities (VOS) algorithm, as
proposed by Van Eck and Waltman (2007), which visualizes both
direct and indirect connections between entities, by classifying
these relationships into one of three categories: network, overlay,
or density (Ejsmont et al., 2020). The strongest clusters typically
appear in the center of the generated color-coded plot, and signify
a contribution/factor that relates strongly, and more diversely
(Waaijer et al., 2011), among the papers analyzed in the database.
The exact refinement criteria employed for our review arise from
the protocol detailed by Verner et al. (2012), which begins by posing
appropriate RQs, executing the search process to obtain an initial
number of articles. The articles identified from this first search
are further refined through the inclusion and exclusion criteria (to
obtain a smaller number of even more relevant articles), and then,
selecting and extracting the relevant data. Section “3.1. Hypotheses
and research questions” describes these details in more detail, as
applied in the context of this work. From this refined dataset, we
aim to capture the most updated mapping tendencies of E.D. 4.0
to I.D. 4.0, by formulating a set of RQs, after identifying the key
objectives this work seeks to address; these are as follows,

(a) Identify the extent of E.D. 4.0, adopted as a formal framework
toward mapping I.D. 4.0,

(b) Identify the extent of adopting E.D. 4.0 components from the
“formal” E.D. 4.0 framework: and

(c) Analyze trends toward implementing the E.D. 4.0 framework
and its core components, over the last decade.

Having identified our “reference framework,” the above three
objectives are investigated as follows. Objective (a) is assessed
by identifying the generated clusters, weight attributes, and
skewness of E.D. 4.0 elements, from the visual network information
generated by VOSviewer. Objective (b) is studied by identifying
E.D. 4.0 components from our reference framework, which
currently exhibit a lack of standardization. As a direct consequence,
this exercise results in the identification of novel elements which
can ensure a complete, updated mapping framework. Finally,
objective (c) is studied by investigating trends in implementing our
reference framework over the last decade and identifying major
indicators of implementation and/or mapping efforts. It is noted
that our proposed three objectives focus on two thematic issues:
the standardization of the E.D. 4.0 framework, and its effectiveness
and progress made toward implementing it. An additional theme
is also recognized as scope for future work, namely, the challenges
which exist toward implementing E.D. 4.0 between developed and
developing countries. We hypothesize that implementation trends
our reference framework might be considerably different across
these two socio-economic groups.

To realize our identified objectives, four RQs are formulated, as
summarized in Table 5. These are as follows:

RQ1: To what extent has E.D. 4.0 been integrated as a
framework for mapping with I.D. 4.0?

This question aims to identify the VOSviewer generated plots,
which can provide insights on how much of E.D. 4.0 currently

aligns toward I.D. 4.0 targets, and how much mapping work
remains to be performed. RQ1 is primarily aimed at addressing
objective (a), and these insights generated from the bibliometric
analysis will strategically identify the scope of future mapping
endeavors that should be performed.

RQ2: Which E.D. 4.0 components are successfully identified in
the literature, out of the composite E.D. 4.0 framework?

The purpose of this RQ is to identify objective (b) and
recognize two important factors: the components which have been
successfully mapped out from the E.D. 4.0 literature, and the
components that are yet to be mapped out from our reference
framework. Together, RQ1 and RQ2 are formulated to test our
hypotheses about the lack of a standard implementation of E.D.
4.0 framework, to meet I.D. 4.0’s ever-evolving requirements. As
we will shortly see, this exercise results in a novel, revamped
identification of E.D. 4.0 competencies, as I.D. 4.0 demands
continue to evolve with time, across an ever more competitive
global workspace.

RQ3: How have RQ1 and RQ2 been addressed, over the past
decade?

This RQ is aimed to investigate objective (c), through
comparative (literature reviews) and visual (VOSviewer maps)
studies. The choice of a decade was considered an appropriate
timeline to track the temporal variation in E.D. 4.0 requirements, as
a response to I.D. 4.0’s ever changing requirements. RQ3 attempts
to investigate and capture these temporal trends regarding E.D. 4.0
research as a unified framework, or present core components of
E.D. 4.0 outside of the reference framework. By analyzing the trends
obtained from these plots, in the context of RQ3, we successfully
identify the core competencies of E.D. 4.0 today, and notably, they
are somewhat different from the competencies identified during
the last decade. This response is expected: as societies evolve and
job requirements become even more rigorous and demanding, in
an increasingly globalized, AI-driven world, E.D. 4.0 expectations
also evolve to match the need to educate adaptive and industrially
competent students, over current and future generations. It must
be emphasized that while analyzing RQ1-RQ3, the authors have
ensured that the data collected is impartial, and applicable globally
(not restricted by geographical, linguistic, and or cultural barriers).
Consequently, the conclusions obtained from this work are far
more universal and applicable across almost every sector today.

RQ4: How do E.D. 4.0 efforts compare between developing and
developed countries?

The purpose of RQ4 is directed more toward identifying
the scope of future research work in this field, following our
bibliometric analysis. It appears evident that the extent to which
E.D. 4.0 efforts would be implemented between developed and
developing countries, because of (likely) economic, social, political,
and systemic barriers. Also, RQ4 attempts to identify the key factors
responsible for the gap in adopting the E.D. 4.0 framework between
nations, thereby acknowledging a currently existent imbalance of
the E.D. 4.0 framework. This should not be perceived negatively,
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TABLE 5 Themes and research questions formulated to test the objectives, in the reference framework.

Themes Research questions (RQ)

Standardization of the E.D. 4.0 framework RQ1 : To what extent has E.D. 4.0 been integrated as a framework for mapping with I.D. 4.0?

RQ2 : Which E.D. 4.0 components are successfully identified in the literature, out of the composite E.D. 4.0 framework?

Effectiveness and progress in implementing E.D. 4.0 RQ3 : How have RQ1 and RQ2 been addressed, over the past decade?

Challenges toward implementing E.D. 4.0 RQ4 : How do E.D. 4.0 efforts compare between developing and developed countries?

but instead, should serve as a motivator for future research arising
out of the framework detailed out in this manuscript.

3.2. Search criteria

To ensure a perfectly unbiased treatment of the search
procedure, the search criteria employed several electronic
databases, namely, Scopus, Science Direct, and IEEE, which are
known to be online repositories for articles published in journals,
books, and articles. The search period was between January
and June of 2022. The search strings for RQ1 are chosen to
be “Education 4.0” AND/OR “Industry 4.0” AND/OR “Fourth
industrial revolution,” which led to 384 articles being matched with
the search string. These articles are open access, peer-reviewed in
journals, conference proceedings, across all languages, and almost
50% of the literature applies to the subject field of “Engineering and
Computer Science,” as shown in Figure 1. This is not surprising at
all, since this field has seen a tremendous boom over the last decade.
Rather, this is reassuring, because it successfully demonstrates that
the first filter for our search criteria works well. From this initial
dataset, and to obtain a more representative idea about the exact
trends that RQ2 seeks to identify, E.D. 4.0 core components were
searched exclusively in the domain of “Engineering Education,”
where substantial studies have been performed traditionally (in
fact, most of the literature cited in this work also happens to
be from this field). As is evident from Figure 1, “Engineering
and Computer Science” represents 50% of the articles found in
the databases, followed by “Social Sciences” at 24%, “Decision
Sciences” at 8%, “Life Sciences & Medicine” at 5%, “Energy” at 3%,
and “Business, Management and Accounting at 6%” and “Art and
Humanities” at 2%.

3.2.1. Inclusion and exclusion criteria
Inclusion and exclusion terms were manually selected from

the search list provided by VOSviewer to align found words with
all prior identified core competencies. Search words were used as
basic search terms.

3.2.2. Data selection and extraction
Records were initially identified through database searching

engines, followed by a manual screening process to eliminate
duplicates. Text articles were then assessed for title and
abstract matches.

3.2.3. Data synthesis
A rigorous bibliometric analysis is conducted via VOSviewer,

which allows the creation of maps, based on analyzing the network
data of various scientific publications and journals. The maps are

created by using bibliographic databases obtained from Scopus,
Science Direct, and the IEEE databases. Network maps include
items or objects of interest between any pair of items, with a
detectable link or connection. Each link is assigned a strength (a
positive numerical value); the higher the strength, the stronger
the link between the items. Items are also grouped into clusters
and may have various attributes, for example, cluster numbers
for example. Likewise, weight attributes indicate the relative
importance of an item, and an item with higher weight is therefore
more important than its lower counterpart. In the network
visualization of these maps, higher weight items feature more
prominently. To support the discussion of RQ3, supplementary
graphs were created in Microsoft Excel, including trends and pie
charts. While bibliometric analyses provide some immediate clear
advantages such as the quick assessment of research impact and
scalability of large volumes of data, additional metrics may be
necessitated to distinguish them better, and perform more in-
depth studies. We also recognize that bibliometric analyses may
even possibly skew the research toward the most cited contents,
thus, bibliometric indicators should be treated more as a first
filter, which would then serve as a starting point for more detailed
pedagogical research. Nevertheless, bibliometric analyses are an
extremely practical visualization tool which can successfully cluster
large volumes of research data; and further analyses are likely
needed to obtain more conclusive insights.

4. Results

In this section, the findings arising from the bibliometric
analysis implemented by us are summarized, to answer and add
more context to the initially posed RQs. We also consciously
present the discussion and identify key strategies that may be
employed in the future to map E.D. 4.0 to I.D. 4.0 more
comprehensively, considering the gaps in the process, as identified
from our literature review.

RQ1: To what extent has Education 4.0 (E.D. 4.0) been fully
integrated as a framework for mapping with Industry 4.0 (I.D.
4.0)?

Figure 2 depicts the network map, comprising of several
clustered items, related to the posed RQ RQ1. VOSviewer
generates six clusters, around highly weighted items, such
as performance (virtual reality, simulation, video, and ICT),
the internet (IoT, cloud computing, and education system),
methodology (flexibility, creativity, and soft skill), quality (blended
learning and e-learning), stakeholder (complex thinking and
critical thinking), and curriculum (cyber-physical system and
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FIGURE 1

The distribution of E.D. 4.0 articles, according to various subject domains, as of 2022.

augmented reality). There is clear evidence of some core
components fitting this mapping model, when searching by
the keyword “Education 4.0.” However, some currently missing
elements remain yet to be mapped, such as hybrid-based
learning, active learning, problem-based learning, technology-
based items (ML, big data, data science and data analytics), AI,
and infrastructural setups. Our bibliometric analysis also appears
to signal toward new emerging pathways (these are the resulting
clusters on the map), that characterizes E.D. 4.0 currently; the major
ones being methodology, performance, mathematics, quality,
internet, video, and AI, and some minor ones being attitude, cloud
computing, blended learning, experiment, creativity, sustainability,
initiative, complex thinking, IoT, education system, simulation,
virtual reality, etc.

RQ2: Which Education 4.0 components are identified in the
literature, out of the entire Education 4.0 framework?

RQ2 builds on the key competencies obtained from RQ1,
as specifically applicable within the context of the field of
“engineering education,” since “Engineering and Computer
Science” represents 50% of the articles that were found to
answer RQ1. Figure 3 presents the network map generated by
VOSviewer (2022), identifying clustered items related to RQ2, by
analyzing over 1965 articles (open access, peer-reviewed journals,
conference proceedings, and across all languages) found in our
databases. VOSviewer generates eight clusters around highly
weighted items such as motivation (soft skill, teaching material,
engineering curriculum, sustainable development, simulation,
collaborative learning, critical thinking, experiential learning, and
blended learning), the IoT, modeling (practical implication and
technological innovation), cyber-physical systems, big data (cloud
computing and data science), algorithms (neural networks and

cloud), ML and AI. The links and weights of the clustered items in
the mapping represent all core components that E.D. 4.0 comprises
of. The articles analyzed in our datasets are over 35 times more than
those of Maisiri and van Dyk (2020), over 3 times more than Kipper
et al. (2021). It is therefore natural to conclude that the clusters
identified from our bibliometric analysis is likely to be much more
representative of current E.D. 4.0 competencies, as an immensely
larger dataset was fed to VOSviewer for analysis. Simultaneously,
our results are unlikely to be restricted by geography and are far
more globally applicable, unlike almost all previous work in this
field. We observe that there are in fact, several “core” components
that comprise the current day perception of E.D. 4.0, and we
postulate that these clusters are likely to increase even more in
the future, as I.D. 4.0 requirements will likely become even more
stringent, across a more-competitive workspace.

The bibliometric analysis provides us with two trackable
parameters for each identifiable trends of E.D. 4.0 – the link
strength, and the occurrence. While the link strength is a measure
of the number of publications where a keyword occurs, the
number of times it occurs among the publications identified by
the link strength detection criterion, is the occurrence. Figure 4
shows the link strength matches and values arising from our
bibliometric analysis; as expected, Industry 4.0 and engineering
education are the two keywords that record the largest values, at
100 and 93, respectively. In fact, what these numbers suggest is
that almost all publications that study I.D. 4.0, also investigates
its relationship with E.D. 4.0. To comprehensively understand the
relative characteristics of E.D. 4.0 that are currently perceived as
valuable by I.D. 4.0, these two search keywords are removed, and
all remaining keywords arising from the bibliometric analysis are
analyzed in Figure 5. The trends are most interesting and reveal
some notable shift: ML, the IoTs, and AI emerge as the top three
contributors to the currently “perceived” definition of E.D. 4.0. This
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FIGURE 2

The network map obtained as a response for RQ1, which identifies several research clusters which characterize strategies implemented to map E.D.
4.0 competencies to I.D. 4.0 needs.

FIGURE 3

The network map obtained as a response to RQ2, identifying the core components of E.D. 4.0.

is a stark difference, compared to previous works in the literature,
and it appears that a global transformation is occurring. I.D. 4.0’s
expectations toward E.D. 4.0 indicates a predominantly technology
driven transformation. What is most notable is that almost all

the clusters identified are technology-based, and it appears that
soft skills-based competencies are perceived less valuable, as the
global economy becomes more digitized, and technology-driven.
Figure 6 groups these keywords by relevance index into the four

Frontiers in Education 10 frontiersin.org92

https://doi.org/10.3389/feduc.2023.1150190
https://www.frontiersin.org/journals/education
https://www.frontiersin.org/


feduc-08-1150190 April 18, 2023 Time: 10:16 # 11

Chakraborty et al. 10.3389/feduc.2023.1150190

FIGURE 4

Link strength values for matching elements between I.D. 4.0 and E.D. 4.0.

FIGURE 5

Link strength and occurrence values for the identified clusters arising from our bibliometric analysis.

core components of E.D. 4.0; this index is estimated as the average
total link strength and the number of occurrences reported by
VOSviewer. The results are extremely enlightening: 70% of research
in Engineering Education aims to tackle to core component
of ICT, followed by transversal competencies (11.6%), learning
methods-methods (10.7%), ICT based tools/platforms (4.6%) and
others, grouping the rest of components (3.1%). We also note that
Competencies (14.2%, as a sum of the Transversal and Disciplinary
contributions) and ICTs (74.3%, as the sum of Technology-based
tools/platforms) are components that remain fully aligned with the
current essential competencies (Miranda et al., 2021), and trends
driving industry growth (Hernandez-de-Menendez et al., 2020).
The major conclusion that arises is that the traditionally identified
components and competencies of E.D. 4.0 do not apply as much,

and a new definition of E.D. 4.0 must be proposed, keeping in
tandem with the current trends and expectations of I.D. 4.0.

RQ3: How have RQ1 and RQ2 have been answered over the past
5 years?

Figures 7A, B present publication trends of articles published
from years 2017 to 2021 pertaining to “Education 4.0” (RQ1)
and “Engineering Education” (RQ2). Trends show a fairly robust
increment of publications over the last decade, with the exception
of “Engineering Education” during 2020–2021, which show no
significant difference in the number of publications. These trends
are extremely revealing, as it confirms a rapid increase in interest
within the academic community, to comprehensively understand,
characterize, and map the structural and functional components
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FIGURE 6

Core components of E.D. 4.0, identified by relevance.

of E.D. 4.0 and I.D. 4.0. This trend is very promising and forms
a very firm basis for the motivation of this work. Through the
methodology and analysis procedure formulated by us here, we are
hopeful that this protocol will be adopted by future researchers, to
successfully map E.D. 4.0 competencies to I.D. 4.0 demands, as both
sectors continue to evolve with time.

RQ4: How do E.D. 4.0 efforts compare between developing and
developed countries?

It is evident that there are socio-economic differences between
developing and developed nations, and these were especially
exacerbated during the COVID-19 pandemic (Gajdzik et al., 2020;
Perry et al., 2021). Our bibliometric analysis, which centers around
search words such as “Education 4.0,” “Education Engineering” and
associated E.D. 4.0 core components, reveal that these research
efforts are predominantly conducted in developed countries, as
compared to their developing counterparts (63 and 51.2% of
published articles, respectively). In our classification, we use the
conventional definition of developed countries, as those nations
which have a Human Development Index (HDI) equal to, or
exceeding 0.8 (United Nations, 2022a,b). Figure 8 shows the
most recent values of the HDI, for all countries. The countries
which score highest in this criterion are the US, Canada,
Australia, the United Kingdom, Ireland, Japan, South Korea,
and countries typically comprising the European Union (Austria,
France, Sweden, Germany, Finland, Norway, Denmark, Iceland,
Spain, and Italy). Trailing slightly lower are some other countries,
some of whom are known to have oil export economies (Russia,
Kazakhstan, Saudi Arabia, Turkey, Argentina, Chile, Portugal,
Croatia, Romania, Bulgaria, etc.). The shift of the world toward

online, technocentric learning environment toward E.D. 4.0,
arising as a direct result from our bibliometric analysis, is presented
in Figure 9. A rather different perspective emerges, and three
countries (the US, China, and Australia) emerge as locations
where this shift has occurred the fastest. A surprising contender
is India, which, despite still being a third-world economy, has
adapted seamlessly toward a techno-centric economy, thereby also
influencing a shift toward E.D. 4.0 measures within the country. But
this shift is also somewhat expected, since a significant proportion
of the world’s programming and information technology (IT) needs
are exported to employees in India. After India, some other first-
world nations (the United Kingdom, Spain, Germany, Canada,
Russia, and Finland) follow. Indonesia also ranks in this list (and
this means that the country is moving toward the successful
implementation of E.D. 4.0 competencies as identified from our
bibliometric analysis), despite not being traditionally considered
as a first-world nation. Predominantly, we observe research efforts
in developed nations to mainly tackle the ICT core component
(71.6%), as against the Competencies counterpart (52.1%) (ITU,
2022).

When Figures 8, 9 are compared, an interesting conclusion
arises: some first-world nations are yet to revamp their pedagogical
and university-based education to meet the demands of I.D. 4.0.
As the world becomes increasingly more digitized, we identify
that several first-world economies hold immense potential to train
future skilled workers who can address the current global I.D. 4.0
demand shortage – some of these being Canada, France, Brazil,
South Africa, Japan, Italy, Sweden, Norway, Turkey, Saudi Arabia,
and Mexico. We clarify here that our analysis is limited by
the available data online, and as countries change their global
positioning and strategic outlook toward the E.D. 4.0 metrics, as
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FIGURE 7

Trends of articles published (A) in E.D. 4.0 and (B) in Engineering Education and E.D. 4.0.

FIGURE 8

Global distribution of the Human Development Index (HDI), as of 2022. As expected, the HDI is stronger for developed economies.
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FIGURE 9

Global map representing efforts by countries toward the adaptation of online learning-based E.D. 4.0 environment.

identified by our analysis, these conclusions will evolve over time.
It may be worthwhile to perform separate bibliometric analyses
within each country and compare which sectors of E.D. 4.0 feature
prominently across which states/provinces. Very likely, national
economics and the overall industrial asset mix will dictate which
aspect of E.D. 4.0 is valued by a nation, when training a generation
of students to match its I.D. 4.0 demands.

5. Discussion

The network map that seeks to answer RQ1 (Figure 2) show
that defined clusters do not necessarily match core E.D. 4.0
components, although its elements are clearly found when linked
to these clusters. This graphically strengthens the evidence toward
implementation of E.D. 4.0 elements, but no formal E.D. 4.0
framework to map with I.D. 4.0 exist currently. The unbalanced
weight distribution in the clusters, show heavier contributions
for the clusters “performance,” “methodology,” and “internet,”
overshadowing other critical elements included in the groups
quality and curriculum. Moreover, the identified missing elements
do not necessarily relate to the lack of implementation of E.D.
4.0 core components but instead occur due to not adopting a
standardized E.D. 4.0 definition/framework.

Further evidence of this claim is obtained from the network
map that aims to answer RQ2 (Figure 3), where no universally
adopted educational framework appears to fully encapsulate
and capture I.D. 4.0 needs; however, efforts to match I.D. 4.0
requirements with E.D. 4.0 training which can suitably prepare
the workforce in higher education institutions have been massively
adopted. Both maps in Figures 2, 3 reveal that these efforts
might result in discrepancies when assessing the effectiveness of
implementing core components, item weight imbalances, potential
duplication of elements, and mismatch with I.D. 4.0 priorities.

Therefore, it is recommended to periodically update the reference
framework to capture the evolution of the I.D. 4.0 requirements;
task must be consensually defined under a standardization process.
However, a summarization of the major weighted clusters (which
are the closest match to I.D. 4.0 requirements), may form a
definition for E.D. 4.0 (also summarized in Figure 10).

5.1. Definition

Education 4.0 is an educational framework that strategically
incorporates competencies such as mathematics, modeling, AI,
simulation, ML, the IoT, deep learning, big data, neural network,
manufacturing system, robotics, motivation, cloud, etc. into the
learning experience, to match the current requirements of I.D. 4.0.

It must be immediately emphasized that this definition is not
cast in stone, is by no means exhaustive, and is likely to evolve
with time, depending on I.D. 4.0 demands. As of today, this current
definition of E.D. 4.0 appears to be extremely reasonable (even to
the lay observer), and in tandem with global industrial trends which
favor a move toward a more digitized, computer-based economy
and workspace. This is also one of the key tenets of the vision of E.D.
4.0, as detailed by Fisk (2017) who imagines a future scenario where
“man and machine align to create new possibilities.” Therefore,
we have demonstrated that bibliometric analyses may be employed
to arrive at a (hopefully) universally accepted definition of E.D.
4.0, which will of course need periodic recalibration/updates (say
every 5 years, or perhaps a decade). Also, bibliometric analyses can
prove useful to inform the pedagogical process across universities
and institutions of higher learning, to revamp course curricula in
accordance with ever-evolving new market demands/trends, which
directly translate to shifts in I.D. 4.0 trends.

It must be immediately emphasized that this definition is not
cast in stone, is by no means exhaustive, and is likely to evolve
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FIGURE 10

Current components of E.D. 4.0, as identified by bibliometric analysis. These elements form the most updated markers of E.D. 4.0 and align closest
with the current requirements of I.D. 4.0.

FIGURE 11

Syncretized and supportive clusters, identified post bibliometric analysis, to map I.D. 4.0 requirements, to E.D. 4.0 core elements.

with time, depending on I.D. 4.0 demands. As of today, this current
definition of E.D. 4.0 appears to be extremely reasonable (even to
the lay observer), and in tandem with global industrial trends which
favor a move toward a more digitized, computer-based economy
and workspace. This is also one of the key tenets of the vision of E.D.
4.0, as detailed by Fisk (2017) who imagines a future scenario where
“man and machine align to create new possibilities.” Therefore,
we have demonstrated that bibliometric analyses may be employed
to arrive at a (hopefully) universally accepted definition of E.D.
4.0, which will of course need periodic recalibration/updates (say
every 5 years, or perhaps a decade). Also, bibliometric analyses can
prove useful to inform the pedagogical process across universities
and institutions of higher learning, to revamp course curricula in
accordance with ever-evolving new market demands/trends, which
directly translate to shifts in I.D. 4.0 trends.

To answer RQ3, we refer to Figures 7A, B, which capture the
growth trends over the last few years, highlighting the increasing
interest and support from researchers/educational institutions in
preparing a skilled workforce that can not only meet, but also
exceed I.D. 4.0 expectations. This may either be formally stated
as E.D. 4.0 efforts, or by conducting research on these core
components, as has been the norm within engineering education.
An in-depth analysis of the context and context of the significant
increase in publications in 2020 and 2021 in Figure 7A, shows
that the COVID-19 pandemic accelerated the implementation
of ICT elements (for instance, meeting platforms like Zoom
and Microsoft Teams emerged as major global players in this
sector, and continue to do so even now), as these elements
allowed teachers and students to minimize educational disruption,
while parallelly tuning teaching-learning strategies and hybrid
pedagogical methods. Researchers are already on their way to
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FIGURE 12

Recommendations arising from classification and analysis of E.D. 4.0 clusters. Each of these bars represent graphically the relative abundance/deficit
of contributory components toward a specific competency.

evaluating the impact(s) of this paradigm shift on the education
industry (Oleksiyenko, 2021; Reimers and Marmolejo, 2022). At
first sight, the impact of COVID-19 cannot be observed in the
overall publication trends shown in Figures 7A, B. However, a
restricted search in the identified database, by adding specific
keywords such as e-learning, blended learning methods, digital
tools, virtual labs, and online assessments, clusters them into one
distinct group, which increased 76.2% of components researched
between the years 2020 and 2021, as compared to the whole decade.
This sudden jump was the response of pedagogical researchers,
following the COVID-19 pandemic. The prevalent components fit
mainly into the category of Learning Methods in Modalities.

When answering RQ4, the inequality evidenced in the trends of
E.D. 4.0-related published articles might be related to higher ICT
indexes in developed countries compared to developing countries,
facilitating the implementation of technology-based solutions, and
using tools and platforms to support learning modalities and
methods. At a regional level, Europe appears to lead research efforts
in E.D. 4.0 and Engineering Education per capita (176 and 1313,
respectively), as measured as the number of related publications
per billion, followed by Oceania (114 and 982), North America
(105 and 615), South America (47 and 152), Asia (39 and 143),

and Africa (9 and 54). Moreover, 26.9% of all the articles were
published under Open Access (OA) modality, and 64.5% of these
OA articles were published in developed countries. The number
of published research articles might not be the sole evidence of
the inequality in implementing E.D. 4.0 between developed and
developing countries, but it correlates with the findings of other
researchers on evaluating barriers and challenges that impede the
universalization of this framework (Bogoviz et al., 2019; Costan
et al., 2021; Perry et al., 2021; Wakamo, 2022). Hence, our research
results also support increasing efforts to identify, analyze, and
tackle systematic barriers toward implementing I.D. 4.0 – E.D.
4.0 in developing countries to reduce education and skills-based
inequality. Our work promises to serve as a good reference not only
in Europe (which appears to lead in E.D. 4.0 measures), but also for
several other continents/countries, owing to the generic nature of
the analysis, and its global applicability, simplicity of analysis, and
reproducibility. Most importantly, the practical implication of these
results will lead to an immediate streamlining of the engineering
education research, while providing a robust, comprehensive,
reproducible analysis procedure that may be successfully employed
toward further global studies. Such a framework will also prove
valuable for researchers to compare their pedagogical observations.
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Currently, there is no universally agreed upon framework, thus,
comparisons are at best only qualitative, and no quantitative
comparisons are possible: our procedure overcomes this limitation
and incorporates both comparison methods. Additionally, the
obtained competencies of E.D. 4.0 are likely to be consistent with
industry trends: for instance, today’s global workspace seems to be
strongly dominated by AI/ML, and these form a strong component
of the E.D. 4.0 definition. The promise of a successful mapping
between E.D. 4.0 and I.D. 4.0 through our procedure is apparent
from the fact that the most influential industry trends, as observed
today, form part of the bibliometric analysis inferred definition of
E.D. 4.0, which may be interpreted as a successful attempt toward
“defining” E.D. 4.0, as interpreted and valued by industries today.

From these in-depth discussions, a global perspective of E.D.
4.0 emerges, as applicable to today’s word. Bibliometric analysis
also enables us to classify our identified E.D. 4.0 competencies, into
two clusters – syncretic and supportive (as shown in Figure 11).
What we observe is that most of the identified cluster components
are predominantly influenced by ICT based technologies, and
related tools and platforms (as expected). The relative “mix” of
each of these supportive cluster competencies are summarized in
Figure 12, and additional major insight(s) are gathered.

For Learning Methods – Methods: There appears to be a
conscious shift toward a revamp of curricula and conscious
pedagogical studies. However, experimental study and digital
competence score lower; this means that future methods should
aim to foster challenge-based and problem-based learning
strategies, in additional to existent pedagogical methods, to provide
students with a holistic learning experience, while simultaneously
empowering them to meet I.D. 4.0 demands in the future.

• For Learning Methods – Modalities: There is a slight advantage
that online-learning has, compared to blended learning. This
trend is in complete accordance with the E.D. 4.0 clusters
identified by our bibliometric analysis. It appears that this
aspect is almost balanced, and the only recommendation is to
optimize the use of proper resources, to facilitate the learning
experience for students.

• For Competencies – Transversal: There are several contributory
components identified – motivation, creativity, soft skills,
teamwork, critical thinking, creative thinking, and innovation.
First, it is worth observing that creative thinking has taken a
backseat, with the advent of a more digitized global workspace.
This should be regarded as a global concern, and future
pedagogical research should be strategically implemented to
foster this extremely crucial skill among future students.
Collaborative skills also score lower (a natural consequence
of the individual, work-from-home, online workspace that the
COVID-19 pandemic ushered in), and students must be also
taught the values of communication, research, cooperation,
and collaboration in a world that is becoming increasingly
individualistic, when it comes to working style. These are
important areas for pedagogical researchers to base their
future works on.

• For Competencies – Disciplinary: There is an almost
balanced perspective of energy consumption and sustainable
development. However, with the emergence of greener
technologies (blue/green hydrogen, biofuels, bio-refineries,

etc.), we recommend incorporating emergent (green)
technology-based solutions into future course curriculum.

6. Conclusion

The lack of standardization toward defining an E.D. 4.0
framework, for mapping I.D. 4.0 requirements continues to
remain an extremely important issue, as has been reiterated
in the literature. The conclusions arising from the work of
Silva et al. (2021) reveal several initiatives that characterize
an alignment of E.D. 4.0, to meet I.D. 4.0 demands. Such
initiatives tend to (a) protagonize the student, (b) incentivize
active learning, (c) propose the development of practical initiatives,
(d) develop skills that are relevant in the 21st century, and
(e) enable experiences with emerging computationally aligned
resources/processes. Such efforts should be strategically targeted
to furnish students with educational skills and assets that are
more aligned to I.D. 4.0 needs, to enable maximum chances of
employability.

In this work, we propose a method to define E.D. 4.0, through
a reverse-engineering of the problem. Rather than attempting to
describe E.D. 4.0 competencies from scratch, a bibliometric analysis
on the relevant literature provides us clusters, which then form the
basis for our definition of E.D. 4.0. Our approach of identifying
an integrated reference framework as a source for identifying
these E.D. 4.0 elements (clustered across four components) by
merging the most up-to-date efforts of Kipper et al. (2021) and
Miranda et al. (2021) is non-discriminatory. Over time, as I.D.
4.0 competencies evolve, the same exercise may be repeated after
identifying suitable previous reference frameworks, to obtain a
more representative definition of E.D. 4.0, as and when required.
Verification of the constituent components of the reference
framework is implemented using a detailed bibliometric analysis
spanning over 1,965 articles, which provides graphical indicators
on mapping E.D. 4.0 skills to I.D. 4.0 demands. The advantages
of such a bibliometric approach make our analysis global (results
are not geographically restricted), and simultaneously, provide a
measure of the effectiveness of implementing core components,
as VOSviewer can efficiently analyze large volumes of data and
provide insight on implementation trends, under minimal time.
A detailed analysis of the graphs generated reveals that some of
the generated element clusters fall outside the proposed framework,
suggesting that the definition of E.D. 4.0 must be expanded to
incorporate these clusters as well. Evidence of these additional
E.D. 4.0 clusters arising out of bibliometric analyses, outside of
any currently accepted formal (and somewhat more theoretical)
E.D. 4.0 framework, proves the lack of standardization currently
toward defining an exhaustive E.D. 4.0 framework. Thus, further
research toward identifying and comprehensively defining these
new clusters is needed, otherwise a mapping with the requirements
of I.D. 4.0 is likely to remain imbalanced. The extent of universal
adoption of the currently existent E.D. 4.0 framework is also
assessed, and a clear gap is identified between developed and
developing countries, in terms of successful adoption of this
framework currently. Our conclusion, which independently arises
out of an exhaustive bibliometric analysis, quantitatively supports
the (more) qualitative trends observed by prior researchers. In
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summary, the integration of bibliometric analyses tools toward
comprehensively identifying a global definition of E.D. 4.0 is a
paradigm shift in the field and is the first holistic technique
to capture all elements. Once a robust definition of E.D. 4.0 is
formulated, and receives universal consensus, future academics can
then map out E.D. 4.0 to I.D. 4.0’s requirements.
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The impact of effective study 
strategy use in an introductory 
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Introductory courses in biology often act as a gateway for students seeking 
careers in healthcare and science-related fields. As such, they provide a prime 
entry point for innovations seeking to enhance students’ learning of foundational 
content. Extant innovations and interventions have been found to positively 
impact students’ study strategy use with concomitant impacts on course exams 
and grades. These innovations, however, often have associated time and other 
costs, which may ultimately limit more widespread use. Our study builds on prior 
findings by exploring the extent to which students evidence increased use of 
effective study strategies after engaging in a brief (i.e., 15-min), online module 
requiring no financial cost for students or time commitment from instructors, 
and whether changes in students’ use of effective study strategies are associated 
with changes in exam performance. The present study employed a brief, online 
module designed to support undergraduate students’ (n = 98) use of effective 
study strategies in an introductory human anatomy and physiology course. 
Through a pretest-posttest design, students described the strategies they used 
to study and completed four cognitive and metacognitive subscales before and 
after engaging in a brief, online module designed to teach them about effective 
study strategies. Results were somewhat mixed: students evidenced a modest, 
statistically significant increase in the number of strategies used and changes 
in strategy use were associated with changes in exam score only for some 
measures. Notably, this relationship was not moderated by GPA, suggesting that 
the strength of the relationship between changes in strategy use and changes in 
exam scores were not different depending on students’ levels of prior academic 
performance. Taken together, the innovation was associated with increases in 
students’ exam scores, irrespective of GPA, but future research should explore 
the refinement and extension of the innovation to explore ways that increase 
efficacy and impact while still balancing sustainable implementation to account 
for challenges associated with instructor supervision and training, financial costs, 
and students’ time.
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Introduction

There is often a disconnect between the effective study strategies 
and learning techniques that educational experts know to be most 
effective for learners (Kornell and Bjork, 2007; Karpicke et al., 2009; 
Weinstein et al., 2010; Hartwig and Dunlosky, 2012; Dunlosky et al., 
2013; Vemu et al., 2022) and the ones that students employ when they 
study. Practice testing and distributed practice, for example, are more 
efficacious for learning and comprehension than summarizing, 
highlighting, or rereading (Dunlosky et  al., 2013; Adesope et  al., 
2017). Despite this evidence, undergraduate students often rely on less 
effective techniques, such as rereading (Karpicke et al., 2009) and 
waiting to study until right before a test (i.e., massed practice or 
“cramming,” Blasiman et al., 2017). Ultimately, many students enter 
colleges and universities underprepared for how to learn (Kiewra, 
2002; Wingate, 2007; Kritzinger et  al., 2018). Recognizing this 
disconnect, educational researchers have long endeavored to support 
students’ use of effective study strategies (Hattie et  al., 1996) and 
delineate ways to help college students use these strategies successfully 
(Cook et  al., 2013; Zhao et  al., 2014; Broadbent and Poon, 2015; 
Muteti et al., 2021; Theobald, 2021).

Undergraduate students enrolled in introductory biology courses 
are a particularly important subpopulation with contextual demands 
that set them apart from other majors within the university and may 
particularly benefit from engaging in more effective study strategies 
(Roediger and Butler, 2011; Hartwig and Dunlosky, 2012; Blasiman 
et al., 2017; Kritzinger et al., 2018; Vemu et al., 2022). For example, 
students taking biology-related courses, such as human anatomy and 
physiology, are often seeking health science careers, and thus, these 
courses may serve as a “gateway” into those careers, in effect, granting 
or limiting access (Koch, 2017; Hensley et al., 2021; Muteti et al., 2021). 
Students that employ better study strategies may be more likely to excel 
in the course, learn more, and ultimately be retained in their chosen 
field. For example, Schneider and Preckel (2017) found in their meta-
analysis that students utilizing study strategies, such as elaboration or 
retrieval practice, performed at higher rates than peers who do not use 
those strategies. This notion is further impacted by the finding from a 
study by Marbach-Ad et al. (2016) where biology students that had 
lower grade point averages (GPAs) placed a higher value on retention 
skills (e.g., rote memorization of concepts, such as listing the bones in 
the body) over transfer skills (e.g., deeper understanding of content, 
such as application of concepts to health care contexts). Further, Ley 
and Young (1998) found that students who entered college 
underprepared (i.e., classified as taking a developmental or remedial 
class) not only used fewer total strategies but also used them with less 
consistency than their regular admission peers. Given that students 
with the greatest need may use strategies less frequently and have a 
greater predisposition toward reliance on less effective rehearsal 
strategies, they may benefit from targeted support.

A growing body of innovations designed to support biology 
students’ study strategy use has emerged over the past 2 decades 
(Minchella et al., 2002; Sebesta and Bray Speth, 2017; Bernacki et al., 
2020; Hensley et al., 2021). Our study builds on prior findings by 
exploring the extent to which students evidence increased use of 
effective study strategies after engaging in a brief (i.e., 15-min), online 
module requiring no financial cost for students or time commitment 
from instructors, and whether students’ increased use of effective 
study strategies is associated with increased exam performance. 

We also examine whether the strength of that potential relationship is 
moderated by GPA.

Approaches to supporting students’ study strategy use have 
emerged from different frameworks, including self-regulated learning 
(SRL; Zimmerman, 2000, 2002) and desirable difficulties (Bjork and 
Bjork, 2011). While SRL has been conceptualized in multiple ways, 
many researchers have centered the three-phase approach forwarded 
by  Zimmerman (2000, 2002), whereby learning occurs through a 
cyclical process involving forethought (i.e., before), performance (i.e., 
during), and self-reflection (i.e., after). Each of these interdependent 
phases plays a critical role in how individuals learn. For example, 
students’ self-motivation beliefs are an important subprocess of the 
forethought phase. The extent to which students come to an 
intervention already possessing intrinsic interest or value, self-efficacy, 
or mastery-oriented goals will impact their engagement in sustained 
study efforts and learning (Eccles, 1983; Bandura, 1986; Ames and 
Archer, 1988; Zimmerman and Schunk, 1989; Zimmerman, 2002).

Many students enrolled in introductory biology courses are 
pursuing careers in healthcare and science-related careers—careers 
that ultimately require mastery of such content (Koch, 2017; Hensley 
et al., 2021; Muteti et al., 2021). Therefore, students may recognize the 
value of learning about anatomy and physiology (Sullins et al., 1995), 
positively impacting the forethought phase. Yet students often cannot 
identify (i.e., forethought), deploy (i.e., performance), or evaluate (i.e., 
self-reflection) strategies that they do not know, and thus, SRL is 
constrained by the repertoire of study strategies and progress 
monitoring approaches that learners possess (Zimmerman and 
Schunk, 1989; Bernacki et al., 2020). This is particularly critical for 
introductory biology students, as Sebesta and Bray Speth (2017) found 
that they not only have limited knowledge of SRL strategies, but they 
may also be unable to properly implement them. Their findings also 
revealed a link between SRL strategy use and achievement that was 
previously found in other science content areas (see Lopez et al., 2013).

Not all study strategies are equally effective. Bjork and Bjork 
(2011) argue that strategies that induce desirable difficulties yield 
greater cognitive understanding and better enable encoding and 
retrieval processes. The desirable difficulties framework asserts that 
employing more effortful and active strategies (e.g., interleaving, 
spaced studying, using quizzes, or practice tests to study material) 
cultivates longer and deeper comprehension (Bjork and Bjork, 2011). 
Walck-Shannon et  al. (2021) leveraged the desirable difficulties 
framework to examine the relationship between study strategies and 
performance on exams for introductory biology students. They found 
that students who used a greater number of active study strategies 
(e.g., explaining concepts, self-quizzing, and drawing diagrams) 
scored higher than students who used fewer active strategies or passive 
strategies (i.e., read textbooks, rewrote notes, and watched lectures). 
Each additional active strategy that students used was associated with 
an increase of about 2–3% on the respective exams. Further, Kritzinger 
et  al. (2018) found that ability and willingness to persist through 
challenges were more evident in higher-performing students and can 
be  predictive of student success, underscoring the impact of 
prior performance.

The use of interventions to support introductory biology students 
is not new. Minchella et  al. (2002) investigated the impact of a 
semester-long, one-credit, biology seminar designed to help first-year 
students transition to college and increase their academic success. 
Academic advisors and a team of undergraduate teaching interns 
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assisted first-year students through problem-solving sessions (e.g., 
class time devoted to modeling and teaching problem-solving 
strategies for the concurrent biology lab), as well as discussions and 
lectures, with an emphasis on fostering collaborative peer support. 
Throughout the semester, students developed time management 
systems, learned strategies to help them succeed in biology, and had 
time to visit research laboratories. Overall, these activities helped 
students build realistic expectations of a career in the field of biology. 
The seminar course resulted in positive outcomes including increased 
grades, student satisfaction, and retention in the department.

More recently, Bernacki et al. (2020) implemented a 2-h, self-
guided, online training course embedded within a biology seminar. 
The goal of this study was to examine if a “Learning to Learn” course 
could change undergraduate biology students’ study habits and 
improve their coursework performance. The intervention contained 
three modules designed to teach and model the effectiveness of 
different learning strategies by providing opportunities for students to 
read and practice not only using the strategies but adapting them to 
their needs. The modules ended with identifying resources provided 
within the biology seminar’s learning management system (LMS) to 
help future learning. The modules had a statistically significant impact 
on student behavior (e.g., students utilized more self-assessment, 
planning, and self-monitoring resources than students that did not 
participate in the modules, as measured by monitoring the LMS 
traffic) and academic performance (e.g., students scored higher on 
exam scores than those that did not participate).

Interventions have the potential to yield increased learning 
outcomes for undergraduate students in biology-related courses and 
beyond. However, many of these approaches require a significant 
financial and time investment (e.g., training of instructors, days or 
hours required for students to complete the module). Comparatively 
fewer approaches have emphasized more sustainable implementation 
(e.g., brief, online, and low resource). One notable recent exception 
centered on a single, brief (e.g., 15 min) instructor-created presentation 
and discussion that focused on three high-impact strategies (Vemu 
et al., 2022). In their intervention, Vemu et al. (2022) encouraged 
students to engage in high-impact, effective study strategies (i.e., 
spacing, self-testing, and drawings or models) at the beginning of the 
semester. While there was no statistically significant growth in 
students’ use of key strategies from the beginning to the end of the 
semester, students that reported using spacing and drawing strategies 
by the end of the semester had higher grades.

Our study advances extant research by exploring the extent to which 
a study strategy intervention that is not only brief (i.e., 15-min) but also 
instructor-independent (e.g., not requiring additional instructor/course 
time) can yield a positive impact on student learning outcomes for 
students in an introductory anatomy and physiology course.

The present study

We employed a one-group, repeated measures design, such that 
all students engaged in the brief, online module between exam 2 and 
exam 3. This design allowed us to look at students’ strategy use over 
time, as well as the extent to which strategy use was linked to exam 
score. Further, it enabled us to look at whether that potential 
relationship was moderated by students’ prior academic performance, 
such that students with different levels of prior academic performance 

(e.g., comparatively higher or lower GPA) have a stronger or weaker 
relationship between the changes in their strategy use and exam 
score differences.

RQ1: Do students evidence greater use of effective study strategies 
after participating in a brief, online module, as evidenced by 
descriptions of their strategy use and ratings on cognitive and 
metacognitive strategies subscales?

RQ2: (a) Are changes in students’ use of effective study strategies 
associated with changes in exam score and (b) is this relationship 
moderated by self-reported GPA, as evidenced by descriptions of 
their strategy use and ratings on cognitive and metacognitive 
strategies subscales?

Materials and methods

Participants, context, and design

Undergraduate students were recruited from three, large sections 
of an introductory human anatomy and physiology course taught in 
the spring semester by two instructors at a large public, Hispanic-
serving University in the southwestern United  States. The course 
covered aspects related to the structure and function of the human 
body, including cells and tissues as well as the integumentary, skeletal, 
muscular, and nervous systems. All three sections of the course were 
taught predominantly via traditional lecture with an associated lab 
component. Participating students (n = 98) made up about 16% of the 
total number of initially enrolled students across the three sections 
(i.e., between 140 and 240 students per section, not accounting for 
those who withdrew from the course).

Participants (women, n = 74; men, n = 22; nonbinary, n = 1; did not 
respond, n = 1) were mostly (85.6%) between 18 and 21 years old 
(M = 19.95, SD = 2.16). Students identified as White1 (55.0%), Hispanic 
(28.6%), Asian (14.3%), Black (9.2%), American Indian (3.1%), Pacific 
Islander (2.0%), or elected not to report their race (2.0%). Over half 
were students in their first year of college (57.1%) with the remaining 
participants in their second (35.7%) or third (7.2%) year. Almost all 
of the participants (90%) expressed that they were taking the course 
at least partly because it was a required course for their major, but a 
substantial portion also noted that they were interested in learning the 
course content (39%) or that it would help them with their future 
career (61%).

Human subjects approval was obtained prior to conducting the 
study (#STUDY00008599), and all participants consented to 
participate in the research before beginning the first survey. APA 
ethical standards were followed throughout the duration of the 
research. Students were offered 2% extra credit in their course as 
compensation for completing the study. All but one participant 
granted permission to include exam grades as part of our data, thus 
that individual was excluded from analyses that involved exam grades.

1 Total does not equal 100%, as students were permitted to select multiple 

race identifiers.
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We intentionally employed a one-group, pretest-posttest design 
that invited all students enrolled in the class to engage in the module 
midway through the semester. This timing allowed for a more stable 
measure of students’ typical strategy use at pretest, having already 
experienced one exam before reporting strategy use on the second 
exam (see also Bernacki et al., 2020). Sebesta and Bray Speth (2017) 
referred to this as the “settling in” (p. 9) of strategy use occurring after 
the second exam. Further, given the emphasis on a brief intervention, 
we were particularly interested in examining the impact on students’ 
study strategy use immediately after the module (i.e., the exam that 
followed several weeks later), where it would most likely be detected, 
before examining the potential for delayed impact (i.e., the final exam).

Materials

Brief, online module
The brief, online module focuses on six study strategies that have 

been largely established in the literature as effective but not commonly 
discussed in classrooms (Pomerance et al., 2016) or used by students 
(Dunlosky et  al., 2013; Weinstein et  al., 2023a): spaced practice 
(Benjamin and Tullis, 2010), retrieval practice (Roediger et al., 2011), 
elaboration (McDaniel and Donnelly, 1996), interleaving (Rohrer, 
2012), concrete examples (Rawson et  al., 2014), and dual coding 
(Mayer and Anderson, 1992). In alignment with our theoretical 
framing, Dunlosky et al. (2013) identified these strategies among those 
that can help students improve their comprehension and application 
of concepts, allowing individuals to better engage in SRL (e.g., use 
more effective strategies in the performance phase; Zimmerman, 
2000). Likewise, Bjork and Bjork (2011) noted several of these as 
active study strategies that elicit desirable difficulties. Further, using 
these strategies in combination can help solidify the study process, 
given their complementary nature. For example, spaced practice 
focuses on spreading out study sessions, whereas dual coding and 
concrete examples emphasize how one can effectively study during 
those spaced study sessions (Weinstein et  al., 2023a). Similarly, 
retrieval practice can not only help improve the ability to recall 
information, but also when spaced out over time, it can aid transfer of 
knowledge to new contexts (Butler, 2010).

All students participated in a brief (i.e., approximately 15 min), 
two-part module where they (a) learned about the six study strategies 
and (b) reflected on how they could use two of the strategies in their 
human anatomy and physiology class. First, students watched a video 
(8.5 min; Memorize Academy [Username] in collaboration with the 
Learning Scientists, 2016) that overviewed all six strategies. The video 
was produced in collaboration with The Learning Scientists,2 cognitive 
psychologists that study the science of learning, and addressed both 
how to use each strategy as well as an overview of research that 
supports their benefits on learning. Students were unable to proceed 
to the next page of the survey until the duration of the video had 
elapsed. Then, students ranked the strategies based on what they were 
most interested in learning about in more depth. For their two highest 
interest strategies, students spent 3–5 min reviewing the associated 
infographic (Weinstein et al., 2023b) and writing a detailed plan for 

2 www.learningscientists.org

how they could use that strategy to study for their human anatomy 
and physiology class (Figure 1). While students’ detailed plans were 
not evaluated as part of the data, the authors verified that students 
responded to the planning prompt.

Quantity of effective study strategies used
After both exam 2 and exam 3, students responded to a series of 

open-ended questions (e.g., “please describe all of the strategies 
you  used to study in as much detail as possible”) asking them to 
describe how they studied for the exam they just took (Figure 2). The 
responses were coded based on whether students described using each 
of the six different study strategies across their responses (i.e., used = 1, 
not = 0). A quantity score was also calculated for each student based 
on the total number of effective study strategies they described using 
for exam 2 (i.e., before the module) and for exam 3 (i.e., after the 
module). Scores could range from 0 (i.e., no effective strategies) to 6 
(i.e., all effective strategies). For example, one student described their 
studying by noting, “I used quizlet to memorize terms, flash cards to 
test myself[,] and I drew myself pictures of types of tissues, bones, and 
diagrams[,] such as [a] hair follicle[,] we needed to know to help 
myself study and understand the structures.” This response represents 
a score of 2, as the student described using both retrieval practice (i.e., 
quizlet and/or flash cards) and dual coding (i.e., drawing pictures and/
or diagrams). All responses were coded by the third author and 20% 
of the responses were then checked by the first author for fidelity to 
the scoring rubric and interrater consistency. Interrater agreement was 
checked separately for the identification of each strategy within a 
student’s response. This process allowed us to ensure that agreement 
was sufficient for each strategy independently [i.e., ICC (2), absolute 
agreement, single measure >0.698], as well as for overall quantity score 
[i.e., the total sum of all effective strategies used; ICC (2), consistency, 
single measure = 0.888]. We also calculated a strategy use change score 
(i.e., the quantity of strategies students described using at exam 3 
minus the quantity of strategies students described using at exam 2) 
to gauge the extent to which students’ use of effective study strategies 
changed over time.

Cognitive and metacognitive strategies subscales
Students completed the Motivated Strategies for Learning 

Questionnaire (Pintrich et al., 1991), which included the cognitive and 
metacognitive strategies (CAMS) subscales, after both exam 2 and 
exam 3. Participants responded to each of the statements (e.g., “When 
reading for this course, I  make up questions to help focus my 
reading.”) on a 7 (i.e., very true of me) to 1 (i.e., not at all true of me) 
Likert-type scale, and scores for each subscale were calculated 
averaging across all items associated with the respective subscale. 
Given the focus of the module, we report only data pertaining to four 
of the CAMS subscales (elaboration, αpre = 0.665; αpost = 0.702; 
organization, αpre = 0.385; αpost = 0.567; critical thinking, αpre = 0.659; 
αpost = 0.500; and metacognitive self-regulation, αpre = 0.733; 
αpost = 0.834). Notably, Cronbach alpha values for three of the subscales 
(i.e., elaboration, organization, and critical thinking) were right at or 
below the threshold of α > 0.7, potentially due to the low number of 
items combined with the somewhat modest sample size. For each 
subscale, correlations between the two administrations (i.e., at exam 
2 and at exam 3) were all statistically significant and positive (all 
rs > 0.415), providing additional evidence of test–retest reliability of 
the subscale scores.
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Demographic information and self-reported GPA
At the end of the second survey, participants completed a brief 

demographic questionnaire (e.g., age, gender, race, and enrollment), 
and participants were asked to self-report their college 
GPA. Additionally, several questions also focused on participants’ 
motivations for taking the course (e.g., their plans after graduation, 
whether the course was required for their program or major).

Exam scores
Four exams were administered in the course, roughly 4 weeks 

apart. Each exam was worth 40 points and together they contributed 
to 50% of students’ total course grade. The content assessed in each 
exam was independent and non-cumulative, that is, exams targeted 
only the content learned over the preceding 4 weeks. Difficulty was not 
equated between the four exams. Both instructors reported overall 
average scores for the four exams, indicating a progressive increase in 
difficulty over time (i.e., each exam had a lower average percentage 
than the preceding one). Specifically, the drop from exam 2 to exam 3 

was 2% for one instructor and 3% for the other. Instructors noted that 
students typically could draw more from prior knowledge based on 
content learned earlier in the course (e.g., prior college chemistry 
course or advanced biology course in high school) than later on in the 
semester. Scores for the first, second, and third course exams were 
obtained from course instructors for students that consented to allow 
grades to be used as part of the research (i.e., all but one). To address 
RQ2, we also calculated an exam change score (i.e., exam 3 minus 
exam 2). This allowed us to look specifically at the extent to which 
changes in strategy use were associated with increased or decreased 
performance on the exam.

Procedures

Students were invited to participate in the research immediately 
after receiving their grades for exam 2. After consenting to participate 
in the research, students completed the pretest survey (see Figure 3), 

FIGURE 1

Strategy implementation prompt example from module. Infographics referred to in the prompt were produced by Weinstein et al., 2023b and are 
available at: https://www.learningscientists.org/downloadable-materials.
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which included (a) their descriptions of how they studied for the 
exam, (b) the CAMS subscales, and (c) the brief, online module. Two 
weeks later, an email went out to all students who completed the 
pretest survey that included a reminder link to the video with a note 
prompting them to use the study strategies while preparing for exam 
3. Students were emailed the link for the posttest survey immediately 
after the grades for exam 3 were posted. The second survey included 
the same measures as the first (i.e., a and b above), and it also included 
a series of demographic and motivation questions, including a self-
report of their current GPA.

Statistical analysis

Given the ordinal nature of the quantity of effective study 
strategies described using (i.e., 0–6), we  used Related-Samples 
Wilcoxon Signed Rank test to examine RQ1 and the changes in study 
use from exam 2 to exam 3. Prior to analyzing the data, we examined 

the distribution of the differences, which revealed a symmetrically 
shaped distribution, thus meeting the requisite assumption for 
interpreting the results of this test. In contrast, we  used paired-
samples t-tests to determine whether the mean differences on the 
four CAMS subscales from exam 2 to exam 3 were statistically 
significant, given the continuous nature of the subscale scores. After 
examining the boxplots for each respective subscale analysis, outliers 
that were more than 1.5 box-lengths from the edge of the box were 
removed, ranging from no outliers on the organization subscale to 
five outliers on the elaboration subscale. The assumption of normality 
was not violated for any of the subscales (i.e., Shapiro–Wilk’s test, all 
ps > 0.186). For RQ2, we employed PROCESS v4.1 macro of Hayes 
(2021) in SPSS to gauge whether a change in effective strategies (i.e., 
measured by the quantity of strategies participants described using 
and the four CAMS subscales) was associated with a change in exam 
performance (i.e., a higher grade on exam 3 than exam 2) and 
whether the strength of that relationship was moderated by students’ 
self-reported GPA.

FIGURE 2

Prompts to gather quantity of effective study strategies used.
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Results

Descriptive statistics

Students, on average, evidenced modest strategy use for both 
exam 2 and exam 3, as evidenced by the quantity of study strategies 
reported and CAMS study strategy subscale scores (Table  1). As 
mentioned previously, exam 3 had a higher difficulty for students than 
exam 2 (i.e., the section averages for exam 3 were between 2 and 3% 
lower than on exam 2 scores). However, participating students only 
scored about two points (i.e., 0.5% of the 40-point exam) lower on 
exam 3 than on exam 2. GPA was overall notably high; only five 
students reported a GPA below 3.0, while 25 reported a GPA at or 
above 4.00 (i.e., grades of A+ are weighted at 4.33). We address issues 
related to the overall high GPA scores and the decision to collect GPA 
via self-report in greater detail in the discussion.

Frequency counts for each of the six study strategies are noted in 
Table 2. Prior to the brief, online module, retrieval practice was noted 
most frequently as the strategy students described using. After the 

module, there was a very small increase (i.e., between 3 and 8) in the 
number of students who reported using each of the strategies, except 
for dual coding. Notably, students selected spaced practice and 
retrieval practice as the ones they were most interested in learning 
about—they were selected almost twice as frequently as the other 
strategies—these were also strategies among those that students most 
often reported using prior to watching the video (i.e., they described 
using them for exam 2).

There was a statistically significant, positive correlation between 
the quantity of study strategies students used for exam 2 and exam 2 
scores (r = 0.273, p = 0.007). Of note, there was no statistically 
significant correlation between the quantity strategies used for exam 
2 and the other exam scores (i.e., exam 3, r = 0.142, p = 0.169; exam 1, 
r = 0.167, p = 0.105). This pattern, however, did not hold for the 
quantity of study strategies students used for exam 3. There was no 
significant correlation with any of the exams, including exam 3, 
r = 118, p = 0.255, although the correlation between the quantity of 
study strategies used at exam 3 was higher for exam 3 than it was for 
exam 1, r = 0.017, p = 0.870, or exam 2, r = −0.012, p = 0.906. There 

FIGURE 3

Timeline of procedures.

TABLE 1 Descriptive statistics related to key variables.

For exam 2 (Pre-module survey) For exam 3 (Post-module 
survey)

Changes (Exam 3—Exam 2)

Min Max Mean SD Min Max Mean SD Min Max Mean SD

Quantity of Study 

Strategy (n = 98)

0.00 3.00 0.82 0.75 0.00 5.00 1.09 1.01 −3.00 3.00 0.28 0.99

CAMS study strategies subscales (n = 98)

  Elaboration 

(items = 6)

2.00 7.00 4.49 1.18 1.17 7.00 4.68 1.21 −3.00 3.83 0.19 1.29

  Organization 

(items = 4)

2.50 7.00 4.80 1.11 1.75 7.00 4.85 1.21 −2.50 2.75 0.05 1.03

  CT (items = 5) 1.20 6.80 3.55 1.07 1.00 7.00 3.77 1.03 −3.20 3.00 0.24 1.06

  Meta SR 

(items = 12)

1.25 6.83 4.51 0.91 1.25 7.00 4.65 1.00 −1.92 2.50 0.13 0.72

Exam scores (2, 

n = 96; 3, n = 95)

12.43 38.83 28.19 6.01 7.22 38.40 26.22 6.35 −14.33 18.97 −2.04 5.11

GPA (n = 94) - - - - 2.42 4.14 3.61 0.40 - - - -

CAMS, cognitive and metacognitive strategies; CT, critical thinking; Meta SR, metacognitive self-regulation; and GPA, grade point average. GPA data are reported in the middle set of 
columns, as students reported GPAs at the end of the second survey after the module.
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were no significant correlations between any of the CAMS subscales 
at exam 2 and any of the exams, and for exam 3, only the metacognitive 
self-regulation subscale had a statistically significant positive 
correlation with the associated exam. These correlations suggest a 
limited pattern whereby students’ use of effective study strategies was 
associated with higher exam scores (see Table 3).

Changes in study strategy use

To gather a more comprehensive understanding regarding 
changes in students’ study strategy use over time, we analyzed RQ1 by 
looking at two different indicators of strategy use. First, we examined 
changes in the quantity of effective study strategies based on students’ 
descriptions. Of the 98 participating students, 41 described using a 
greater number of effective study strategies in preparation for exam 3 
than they did in preparation for exam 2 (i.e., after engaging with the 
module), 37 described using the same number, and only 20 described 
using fewer effective study strategies. Altogether, students evidenced 
a statistically significant median increase in the number of strategies 
from exam 2 to exam 3, z = 2.75, p = 0.006. Notably, however, the 
median number of strategies students used was the same (Mdn = 1) 
both before and after the module.

Additionally, we also looked at changes in students’ responses to 
the associated CAMS subscales. For both the critical thinking, 
t(95) = 2.02, p = 0.046, Cohen’s d = 0.207, and metacognitive self-
regulation, t(94) = 2.16, p = 0.033, Cohen’s d = 0.223, subscales, there 
was a statistically significant mean increase over time in line with a 
small effect. No differences were detected for either the elaboration or 
organization subscales (both ps > 0.196, Cohen’s d < 0.135).

Impact of study strategy change

When looking at the impact of study strategy change, the results 
revealed that the overall model (i.e., change in study strategies that 
students described using predicting change in exam score and 
accounting for GPA) was statistically significant, F(3,87) = 2.92, 
p = 0.0384, R2 = 0.09. As predicted, the change in the number of 
strategies used was associated with a statistically significant change in 

exam score, b = 1.34, t(87) = 2.58, p = 0.012, revealing that every 
additional strategy used was associated with an increase of 1.34 exam 
points (i.e., out of 40 points total) for those scoring at the grand mean 
of GPA. GPA did not directly predict exam score change, b = 0.83, 
t(87) = 0.61, p = 0.544, and there was no interaction between changes 
in strategy use and GPA, b = 1.96, t(87) = 1.23, p = 0.114. As such, the 
association between strategy use and scores on the exam was 
consistent across students, irrespective of their GPA.

Additionally, we examined changes in students’ study strategy use 
as evidenced by their scores on the four CAMS subscales. However, 
the results revealed that none of the overall models were statistically 
significant [e.g., metacognitive self-regulation, F(3,87) = 1.44, 
p = 0.237, R2 = 0.05; critical thinking, F(3,87) = 1.59, p =. 197, R2 = 0.05].

Discussion

Drawing from extant interventions and grounded in the literature 
of SRL (Zimmerman, 2000, 2002) and desirable difficulties (Bjork and 
Bjork, 2011), the present study centered around examining an 
innovation for students taking an introductory human anatomy and 
physiology course to potentially increase their effective strategy use. 
Our approach offered a unique contribution in that it was designed 
for sustainable use (i.e., took only 15 min of students’ time to complete, 
was completed outside of class time and online via a link, required no 
extra materials or costs for students, and did not involve any 
instructor time).

We employed two different indicators of students’ strategy use. 
First, by systematically coding students’ descriptions of their studying, 
we were able to measure the degree to which students used effective 
strategies in a way that was sensitive to the six specific strategies 
embedded in the module. Second, by using the CAMS subscales of the 
Motivated Strategies for Learning Questionnaire, we also gathered 
complementary measures of strategy use via a well-established 
measurement tool (Pintrich et al., 1991; Kritzinger et al., 2018).

Ultimately, we found modest, statistically significant increases on 
some indicators of students’ strategy use. On average, students 
described using more effective study strategies, as well as greater 
critical thinking and metacognitive self-regulation, but there were no 
differences detected for two of the subscales (i.e., elaboration and 
organization). Additionally, there was limited evidence about the 
association between changes in strategy use and changes in exam 
scores, and GPA did not moderate this relationship.

Need for briefer, sustainable innovations

Numerous interventions have been designed to successfully 
support undergraduate students’ self-regulated learning and study 
strategy use (Hattie et al., 1996; Minchella et al., 2002; Roediger and 
Butler, 2011; Hartwig and Dunlosky, 2012; Cook et al., 2013; Zhao 
et al., 2014; Broadbent and Poon, 2015; Blasiman et al., 2017; Sebesta 
and Bray Speth, 2017; Bernacki et al., 2020; Hensley et al., 2021; Muteti 
et al., 2021; Theobald, 2021; Vemu et al., 2022). Each is comprised of 
a unique composition of features that make up how it is implemented 
and enacted, specifying both modality (e.g., online vs. face-to-face) 
and intensity (e.g., long vs. short). These features necessarily impact 
both the possibility for scalable implementation (e.g., the ability for 

TABLE 2 Frequency counts for the six strategies.

Study 
strategy 
(n = 98)

Described 
using for 
exam 2 
(freq)

Described 
using for 
exam 3 
(freq)

Highest 
interest 

strategies 
(first or 
second 
choice)

Spaced practice 11 19 57

Retrieval 

practice

48 53 46

Elaboration 8 16 26

Interleaving 1 4 21

Concrete 

examples

0 5 26

Dual coding 12 10 20
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other instructors to implement the intervention), as well as the 
likelihood for generalizability of results (e.g., whether the benefits to 
students are believed to apply in other contexts).

While longer interventions have shown greater efficacy (Dignath 
and Büettner, 2008), there are inherent challenges that come with 
them. Undergraduate students are faced with increasing competing 
demands for their time (e.g., balancing school and work) that may 
preclude their participation in longer-duration interventions. Shorter 
interventions can still be  effective. The digital skills intervention 
designed by Bernacki et al. (2020), for example, required only 1–2 h of 
students’ time and yielded increased grades on course quizzes and 
exams, although the intervention designed by Vemu et al. (2022), 
which only took 15-min to complete, did not yield a statistically 
significant increase in strategy use. Combined with the findings of the 
present study, it is unclear the extent to which an intervention as brief 
as 15 min can yield meaningful change, despite the potential value of 
such brief interventions.

Measures of strategy use

In the present study, we aimed to gather students’ strategy use 
via complementary measures of strategy use (i.e., descriptions of 
their studying and CAMS subscales). Results for the two measures 
differed in that increases were evidenced on the former, more 
proximal, measure of the specific strategies described in the module, 
as well as some of the more distal measures (i.e., two of the four 
subscales). Specifically, while the descriptions of students’ study 
strategies were coded based on the strategies discussed in the 
module; the CAMS subscales were less directly aligned. For example, 
none of the targeted strategies explicitly targeted critical thinking, 
while the elaboration strategy directly aligned with the elaboration 
subscale. Likewise, metacognitive self-regulation, which involved 
planning, monitoring, and regulating, loosely aligned with multiple 
strategies (e.g., retrieval practice and spaced practice) and the 
overarching aim of the video. Moreover, strategy use is not all or 
nothing (Sebesta and Bray Speth, 2017). Multiple factors contribute 

to the effectiveness of strategy use and the impact on learning (e.g., 
how long, often, or correctly a strategy was used). Walck-Shannon 
et al. (2021) accounted for this by looking at not only the number of 
strategies students used when studying for the exam, but also the 
proportion of time they studied using each of the active strategies. 
However, even in that approach, it was unclear how deeply or 
correctly each strategy was used (e.g., superficially or in ways that 
align with best practices). Consequently, our measure of students’ 
self-reported strategy use was limited in the fact that we were not 
able to gauge the extent to which they used the respective strategy 
(e.g., just once or frequently) or how effectively they used it (e.g., in 
line with best practices or not).

In contrast with other interventions, our results revealed no 
differences for two of the CAMS subscales (i.e., elaboration and 
organization). Sebesta and Bray Speth (2017), for example, found that 
after their intervention, organizational strategies increased (i.e., 
keeping records, goal setting and planning, and reviewing graded 
work). Kritzinger et al. (2018) studied differences between students 
identified as at-risk, higher performing, as well as those in the “murky 
middle” (p. 2). They found differences between how students in each 
of these groups studied. For example, higher performing students 
were more likely to use metacognitive self-regulation and elaboration. 
This is particularly notable given that certain strategies can evoke 
desirable difficulties and may be challenging for students to utilize 
without additional support (Kritzinger et al., 2018; Walck-Shannon 
et al., 2021). Indeed, students may struggle or resist adopting new 
study strategies without being explicitly taught how to utilize them in 
their own context (Vemu et al., 2022).

Supporting all students’ learning

An increase in strategy use ultimately only matters if concomitant 
changes are evidenced with regard to students’ learning and 
performance outcomes. One of the key contributions of this study was 
that there was, in effect, a simple effect of changes in students’ 
described strategy use on changes in exam score, in line with similar 

TABLE 3 Correlation matrix for key variables.

1 2+ 3+ 4# 5# 6# 7# 8 9 10

1. GPA - - - 0.139 0.034 −0.158 0.146 - - -

2. SS quant exam 2+ 0.222* - - 0.002 0.173 0.002 0.124 - - -

3. SS quant exam 3+ 0.094 0.325** - 0.146 0.257* −0.152 0.164 - - -

4. CAMS Elab# −0.052 0.142 0.164 0.415** 0.489** 0.330** 0.496** −0.010 0.048 0.008

5. CAMS Org# −0.027 0.157 0.319** 0.571** 0.607** 0.201* 0.518** −0.008 0.070 0.022

6. CAMS CT# −0.082 0.140 −0.011 0.490** 0.408** 0.491** 361** −0.072 −0.061 −0.089

7. CAMS Meta SR# 0.115 0.226* 0.291** 0.630** 0.619** 0.567** 0.723** 0.082 0.117 0.182

8. Exam score 1 0.452** 0.167 0.017 −0.079 −0.122 −0.021 0.113 - - -

9. Exam score 2 0.526** 0.273** −0.012 −0.086 −0.132 −0.091 0.092 0.659** - -

10. Exam score 3 0.545** 0.142 0.118 −0.020 −0.039 0.000 0.277** 0.627** 0.660** -

+Spearman’s Rho Correlations are reported for pairs that included “quantity” variables; all others reported are Pearson Correlations.
*p < 0.05; **p < 0.001 #Correlations with and between CAMS subscale scores for exam 2 are reported above the diagonal and correlations with and between CAMS subscale scores for exam 3 
are reported below the diagonal. Values on the diagonal, noted in boldface type, represent correlations for each subscale between administration times (i.e., strategy subscale at exam 2 with 
that same strategy subscale at exam 3). SS quant, study strategy quantity; Elab, elaboration; Org, organization; CT, critical thinking; and Meta SR, metacognitive self-regulation.
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findings of both Walck-Shannon et  al. (2021) and Bernacki 
et al. (2020).

Yet, students do not all enter college with the same level of 
preparation (Ley and Young, 1998), and students with lower GPAs may 
rely on more rehearsal-based study strategies than their peers with 
higher GPAs (Marbach-Ad et al., 2016). In contrast, students with 
higher GPAs may not recognize the need for using certain strategies or 
admit they used or need them (Kritzinger et al., 2018). A meta-analytic 
review by Credé and Phillips (2011) found some subscales to correlate 
with GPA (e.g., metacognitive self-regulation) but not others (e.g., 
elaboration or organization). Given this conflicting past research, 
we investigated the role of GPA, but we did not find any evidence that 
GPA moderated the strength of the relationship between changes in 
strategy use and exam score—students with higher GPAs did not have 
a stronger or weaker relationship than those with lower GPAs.

Limitations and areas for further 
exploration

Similar to Hensley et al. (2021), we also focused on growth from 
pretest to posttest, which allowed us to take into consideration 
students’ extant strategy use and prior knowledge as well as the fact 
that exam 3 was more difficult than exam 2. While we intentionally 
provided all students interested in participating in the research with 
the brief, online module, to potentially support their learning, 
we recognize that without a control group, we cannot definitively 
attribute these changes to the module or make claims of causal 
inferences (see also Vemu et al., 2022). Of note, however, the sample 
of students who participated in the study did evidence less of a 
decrease in scores from exam 2 to exam 3 (i.e., 0.5%) compared to the 
overall average decrease in each section (i.e., between 2 and 3%), 
although such difference might be a result of selection bias. While it 
was not within the scope of the present study, we hope to see future 
research continue investigating the benefits of brief innovations to 
support students’ study strategy use using experimental designs. Of 
note, there was nothing related to study techniques covered in the 
standard course instruction, and we  have no knowledge of other 
interventions available to students in the class that would serve as an 
alternative explanation for the increase in strategies used, specific to 
those covered in the brief, online module.

Future research should also continue to explore the role of 
GPA. For feasibility reasons, it was not possible to obtain official 
student GPAs for this study, as such we gathered GPA via self-report. 
Discrepancies exist between self-reported GPA and official 
GPA. Indeed, Kuncel et al. (2005) found in their meta-analysis that, 
overall, self-reported GPA had increased error and decreased 
reliability, as individuals tend to have positive bias in their reporting, 
resulting in restricted range. However, after examining the 
moderation effects of various individual difference variables, the 
authors of the meta-analysis also forwarded an “ideal situation” 
where “more faith can be  placed” on results derived from self-
reported GPA (i.e., “self-reported grades from college students who 
have done well in school and have high cognitive ability scores,” 
p. 76). We argue that while collecting GPA via self-report is less than 
ideal, our sample (i.e., high-achieving college students) is among 
those that have a more viable justification for use. While 

self-reported GPA may be artificially inflated, the moderately high 
overall nature of the sample suggests that the college students were 
overall high achieving. Taken together, there is a need to further 
investigate the impact of the module directly, using a comparison or 
control condition with a sample of students who have a wider 
range of GPA.

We hope to see continued research in this area to develop and 
evaluate more intensive interventions with reasonable time 
commitments and costs for both students and instructors. Using the 
present study as a case in point, students described using more 
effective strategies, although most still only used one or two of the 
strategies they learned about. This may have been related to the 
design of the module (i.e., students only personalized a plan for 
using their top two strategies) or the fact that most students selected 
to personalize a plan for strategies that were already commonly 
employed (e.g., retrieval practice). Thus, one future direction could 
be to extend the intervention by providing repeated (i.e., spaced) 
exposures to the video and allowing students to focus on different 
strategies each time. This would give students an opportunity to 
expand their repertoire of strategies and allow them to reflect on 
prior attempts and implement novel strategies. Alternatively, future 
research could explore other novel approaches to strategy 
interventions, for example, strategies that promote the use of 
collaborative or interactive strategies (e.g., forming study groups to 
promote small-group learning; Springer et al., 1999).

Finally, given the complexity of measuring strategy use, combined 
with the modest and somewhat mixed results of the present study, 
future research should continue to investigate ways to assess and gauge 
students’ strategy use with these measures and others. Of note, one 
limitation of the present study is that we did not account for potential 
family-wise error (e.g., Bonferroni correction) in our analyses of the 
five CAMS subscales, which would be  overly conservative in this 
context (e.g., sample size, number of subscales, and power). 
Interpretation of effect sizes, which align with a small effect for both 
critical thinking and metacognitive self-regulation, however, can serve 
as additional evidence that these results are less likely a result of Type 
1 error. Additionally, the measures we employed did not assess the 
quality with which students used the various strategies (e.g., did they 
use them effectively) or the extent to which they used them (e.g., just 
once or in every study session). Future research should explore 
complementary measures that can better gauge the complexity of 
students’ study strategy use.

Introductory human anatomy and physiology courses can serve 
as a “gateway” into health sciences careers, and it is a critical 
opportunity to examine interventions that can support students in 
this specific area. Supporting undergraduate biology students earlier 
in their academic pathways could positively impact the trajectory of 
their success in the field (Kritzinger et al., 2018). Even with a greater 
level of subjective value and motivation to succeed (Sullins et al., 
1995), they may lack knowledge about SRL strategies and how to 
implement them (Sebesta and Bray Speth, 2017), limiting their 
learning and ultimately their success. Continued exploration is 
needed to recognize the challenges and constraints that students are 
navigating in order to identify and delineate brief, low-cost 
interventions that promote enhanced strategy use, learning, and 
academic performance for students in introductory human anatomy 
and physiology courses.
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The article presents the use of open, inclusive pedagogical frameworks to

develop a series of open education resources (OERs), specifically, interactive

shiny web applications for teaching beginner-level computational social science

(CSS) in undergraduate social science education. CSS is an emerging discipline

that integrates data science methods with social science theories and research

designs. However, undergraduate social science students could face a lack of

a sense of STEM identity or belonging. Also, compared to STEM majors in

natural science or engineering, average undergraduate social science students

come in with limited mathematical or statistical knowledge. The OERs developed

and tested in this article are designed with pedagogical frameworks that help

overcome these barriers faced by students from diverse backgrounds and o�er

students a jump-start in learning CSS. This article presents the details of the

tools, classroom implementation (in the form of a 6-week workshop series), the

pedagogy frameworks applied, and the assessment methods and outcomes.

KEYWORDS

computational social science, R programming, social science, research methods,

pedagogy, shiny apps, undergraduate education, science technology engineering

mathematics (STEM)

1. Introduction

Computational Social Science (CSS), formalized and popularized in the phenomenal

paper by Lazer et al. (2009), is an emerging and evolving discipline defined as “the

development and application of computational methods to complex, typically large-scale,

human (sometimes simulated) behavioral data” (Lazer et al., 2020, p. 1060). In a little over a

decade of development, CSS has attracted support and investments from top-tier institutions

and the industry (Kim, 2021), creating a workforce with high demand in the tech industry,

public policy decision-making, etc. The rise of CSS calls for a “paradigm for training new

scholars” (Lazer et al., 2009, p. 722). Developing instructional methods for CSS education in

social science is thus needed to improve the field.

This article aims at contributing to the CSS education literature by introducing

instructional innovations, paired with open and inclusive pedagogical frameworks, that can

be used to connect social science novices to the world of CSS learning. Specifically, to

help students overcome challenges to step into the CSS world, a series of openly-available

Rapport-building, Equitable, Learner-centered, Authentic Computational Social Science

(RELACSS) web applications written in R language was developed and implemented in

undergraduate social science education settings.
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1.1. Preparing students to enter the CSS
curriculum

Training “computationally literate social scientists” (Lazer et al.,

2009, p. 722) may face several challenges. Firstly, undergraduate

social science students were found to often lack a sense of

STEM identity or belonging (Berndt et al., 2021; Esnard et al.,

2021). This lack of STEM identity may contribute to barriers to

learning computation-related skills (Berndt et al., 2021; Esnard

et al., 2021). For example, their low sense of belonging/identity

in computing (Chew and Dillon, 2014; Davies et al., 2015;

Lawton and Taylor, 2020) may result in attentional biases

(Okon-Singer, 2018; Cui et al., 2019) that further lower their

engagement and motivation (Lawton and Taylor, 2020) and

prohibit them from moving on to the next level (Davies et al.,

2015). Additionally, these challenges have been identified among

the under-resourced, marginalized under-represented minoritized

(URM) population in STEM (Lisberg and Woods, 2018; Singer

et al., 2020). Non-inclusive practices in the teaching process,

stereotypes communicated, and perceived stereotype threats were

suggested as potential reasons behind the achievement and

belonging gap in URMs (Steele et al., 2002; Walton et al.,

2015; Rattan et al., 2018; Liu et al., 2021; Yeager et al.,

2022).

Second, compared to STEM majors in natural science or

engineering, average undergraduate social science students come

in with limited mathematical or statistical knowledge (Berndt

et al., 2021) and thus find data science challenging (Dong

et al., 2020). The lack of a foundation may have contributed

to students’ low motivation to learn and to advance in subjects

that require prior knowledge in computation (Davies et al.,

2015; Lawton and Taylor, 2020). Further, many do not expect to

use statistics/computation to analyze data when choosing social

sciences as their major (Esnard et al., 2021), nor do they expect

to use the knowledge after graduation (Berndt et al., 2021). Thus,

despite the availability of some free beginner materials online,

students may not have the motivation to approach the materials.

Even if students attempt to access the free resources available in

data science or CSS (e.g., YouTube videos, free Massive Online

Open Courses, etc.), complete novices may find the materials to

be challenging and may even feel confused when accessing the

materials. Therefore, the materials, even though they are freely

available, may hinder students from exploring their interest in

CSS.

RELACSS is designed to address these challenges and to

increase students’ interest in pursuing the CSS curriculum. First,

in terms of content knowledge, RELACSS web apps focused on the

very basics of what data analysis and coding are in social science.

The goal is not to include all CSS topics, but to create interesting

and approachable introductory CSSmaterials for complete novices.

It is designed to reshape students’ beliefs that data science is

not for them and to increase their interest in further pursuing

CSS. Second, as further detailed in the pedagogical frameworks,

RELACSS web apps were designed with scaffolding and learner-

centered principles to help students relate to the materials. Also,

the web apps were built on social science students’ background

knowledge, rather than computer science; therefore, students are

less likely to feel distant or out of place when learning the materials.

Finally, RELACSS web apps are all built as interactive open

education resources (OER)1. in the form of Shiny web applications.

The interactive nature of the web apps helps students visualize and

interact with the codes and materials without being overwhelmed

with math or statistics symbols. The OER nature of the materials

makes accessing the materials affordable (free) for all students and

instructors who may adapt the materials to their courses.

1.2. Using multicultural data to create
adaptable OERs and open assignments

Part of the lesson design for instructors from CSS or related

fields is to identify data topics or data sets to which students can

relate. Identifying topics or data examples that students relate to

increases the personal relevance and authenticity of the learning

materials, which in turn, increases students’ learning outcomes

(Lee et al., 2021). RELACSS addresses this by using multicultural

data examples, allowing instructors from different backgrounds to

adapt the materials and further contextualize the materials for their

unique student population.

The RELACSS lessons developed in this study include data

examples created using the World Value Survey data. The World

Value Survey is an open data project with data collected from up to

80 countries around the world (Inglehart et al., 2022). The survey

contains various questions on values and attitudes in work, family,

politics, etc. The data were used throughout the lessons, including

data examples, practice exercises, and a final project. Therefore,

instructors can choose variables and countries that fit their learning

contexts.

Using open data with a large number of variables and sub-

samples (e.g., individuals nested within countries) also helps

to create open assignments. Open assignments or OER-enabled

assignments are assignments that meet the 5R principle of OERs

(Wiley and Hilton, 2018). The 5R principle states that for materials

to be OERs, they must allow the public to freely reuse, retain,

revise, remix, and redistribute. Open assignments build upon this

to encourage students to create renewable assignments that use

OERs and then share with the 5R principle of OERs (Wiley and

Hilton, 2018). In other words, instead of creating non-sustainable

assignments that students discard after finishing the course, open

assignments encourage students to take ownership by creating their

own works and sharing for future learners openly (Wiley and

Hilton, 2018; Allen and Katz, 2019). This type of open pedagogy

also helps generate diverse, localized examples for future use

(Ryan, 2022). In the final project built into the RELACSS learning

experiences, students are asked to generate a new research question

and conduct data analyses. Instead of discarding the assignments

after the workshop, students share them openly.

1 Open Education Materials (OER) are defined as educational materials that

follow the 5R principle, i.e., allowing users to freely reuse, retain, revise, remix,

and redistribute (Wiley et al., 2013).
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FIGURE 1

Source code (left) of the interactive shiny web applications (right) can be edited by instructors to teach in unique learning contexts.

1.3. Using Shiny and Learnr to create
adaptable interactive OERs

Interactive features are crucial in overcoming students’

challenges. Many previous studies in STEM learning have

demonstrated that interactivity is crucial in sustaining students’

interest and attention in the materials and to improve

performance (Lindgren and DeLiema, 2022). For teaching

topics like coding, it is important to have a comprehensive

environment where teaching materials, examples, data, codes,

and practices are all in one place. The teaching and learning

experiences can also flow smoothly when students do not have

to shift from various sources (platforms, books, software). To

achieve these purposes, RELACSS lessons are built on two

R packages, shiny and learnr, and are launched on a single

website.

Shiny is an R package that allows app developers to design

interactive web applications using R languages (Chang et al.,

2022). The web applications can be deployed locally or on a

server (e.g., the shiny apps server) and shared with others.

Shiny has been used for creating educational materials in various

STEM subjects, such as ecology (Moore et al., 2022), statistics

(Doi et al., 2016), and biology (Weigelt et al., 2021). The

package, learnr was developed to increase efficiency in writing

interactive shiny apps for education purposes (Aden-Buie et al.,

2022).

Shiny web applications, being open-sourced, are great

candidates for creating interactive OERs. Developers can easily

share source codes for app users to not only retain and reuse,

but also to revise, remix, and redistribute (i.e., the 5Rs of OERs).

For example, as shown in Figure 1, in the introductory materials

developed, the World Value Survey data (Inglehart et al., 2022)

were used to demonstrate how to understand happiness ratings

among US people in the past 40 years. Instructors from another

country can edit the source codes and change the target country or

target variables. Instructors may also add practice questions and

charts by editing the codes.

In summary, to overcome the challenges of social science novice

students in starting to learn computational knowledge, RELACSS

beginner OERs were developed with interactive and open features.

Several pedagogical frameworks were then applied in designing the

learning objectives, contents, and in-class activities. RELACSS was

then implemented as a 6-week workshop for university students

majoring in social sciences.

2. Pedagogical goals and frameworks

As explained in Section 1, the ultimate pedagogical goal of

RELACSS is to prepare students to enter the CSS curriculum

by overcoming students’ challenges, mainly, (1) creating learner-

centered, authentic (approachable) content, (2) cultivating a

rapport-building, inclusive climate to increase students’ STEM
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identity or sense of STEM belonging, and (3) generating open

and interactive materials to make CSS affordable and interesting

to students. Several pedagogical frameworks were employed to

achieve the goals.

2.1. Sca�olding: learner-centered,
authentic learning experiences

Scaffolding is an instructional strategy (often computer-based)

to guide students in building new knowledge systematically (Kim

et al., 2017). Scaffolding has been suggested to be effective in

helping students master skills or learn materials that they would

otherwise not be able to do by themselves (Sherin et al., 2004;

Holmes et al., 2013). Scaffolding requires instructors to be learner-

centered and to focus on the current state of the students.

Specifically, scaffolding requires instructors to identify students’

zone of proximal development (ZPD), i.e., the distance between

what learners cannot do on their own and what they can do on

their own (Vygotskii, 1978; Wertsch, 1984). Scaffolding is realized

in three ways in the design of RELACSS.

First, the content knowledge is taught progressively, starting

with content that students can easily interpret and scaffold

new knowledge. As previously mentioned, average undergraduate

social science students often enter the university with limited

mathematical and statistical knowledge to sufficiently understand

beginner computation (Dong et al., 2020; Berndt et al., 2021).

Students may find it difficult to step right into analyzing data

and coding. Therefore, the content knowledge taught in RELACSS

begins with describing and visualizing data using basic knowledge

that is commonly taught in high schools, such as examining trends

of a variable in a line graph or histogram. Further, RELACSS is

designed for students who are complete novices. Donoho (2017)

also suggested that beginner data science education should focus

on teaching data gathering, preparation, and exploration (GPE)

over modeling at the beginner level. Therefore, RELACSS materials

focus on using R codes to learn basic GPE content, including

reading data into R, data structure and variables types, exploratory

research questions, data cleaning, data visualization, descriptive

data analysis, and interpreting and communicating research results.

Second, the overall RELACSS beginner materials follow a

progressive four-module structure of Bird-eye view, Use, Modify,

and Create (BUMC). In the first module, Bird-eye view, students

are exposed to a data story (Lee et al., 2015) that contains a

sample “end-product”, i.e., an engaging narrative and visualization

explaining a data example. The design of this task is uniquely

catered to social science students’ lack of interest in data science

(Berndt et al., 2021; Esnard et al., 2021) and to motivate students

to pursue the next steps. The second to fourth modules follow

the Use-Modify-Create structure (Lee et al., 2011) to increase the

authenticity of the beginner computation exploration (Franklin

et al., 2020; Weintrop, 2021). Specifically, in the second module,

Use, students use existing materials and codes to learn basic data

analytic skills. Then, the third module, Modify, invites students to

consider how they can modify the RQs based on their interests and

real-life experiences. In this stage, students modify the analytic plan

and R codes and share their modifications with the class. Finally,

the last module, Create, challenges students to collaboratively come

up with new RQs and write a basic analytic plan and codes from

scratch. As detailed in the next section, in addition to the cross-

cultural tasks, each module will contain group reflections and co-

design discussions to enhance equitable social ecologies in the

learning process of RELACSS.

Third, RELACSSmaterials use social science research questions

and data examples to build on social science students’ existing

knowledge and add new knowledge step-by-step. For example,

students are guided to describe and visualize the trend of

reported happiness among people in the US. Happiness or

life satisfaction, being a topic examined across social science

disciplines, can easily connect to social science students. After

interpreting basic visualization, students then discuss and come up

with factors relating to happiness to test. The analytic concepts

and coding methods are embedded in these examples. Through

these approachable social science analytic examples, students can

associate new knowledge with their existing knowledge.

2.2. Rapport-building, equitable
collaborative learning

Peer support is a key feature of RELACSS. As previously

mentioned, because of stereotype threats and other associated

factors, students, particularly URMs, may feel out of place when

learning STEM subjects, resulting in a low sense of belonging and

STEM identity (Sax et al., 2018). Collaborative learning can help

cultivate an inclusive classroom climate (Nishina et al., 2019) which

is crucial to students’ success and sense of belonging (Rodriguez

and Blaney, 2021; Goering et al., 2022). Collaborative learning has

also been consistently found to improve student learning processes

and outcomes (Echeverria et al., 2019; Micari and Pazos, 2020).

In the design of RELACSS, in-class discussion questions are

embedded in the materials. Further, during the “Modify” stage,

two to three students are grouped to modify research questions

and codes to conduct analyses using the guided prompt embedded

in the lessons. Finally, at the end of each class meeting, 5–

10 min are reserved for group reflection. Students first fill

out a brief form asking them to summarize their knowledge

gained and the challenges experienced. Students shared their

responses with one another and collaboratively reflected on the

learning experiences. During the workshop, students were also

asked to make design suggestions that enable them to learn the

materials more effectively. The group reflections and co-design

discussions both serve to enhance two-way communications and

equitable social ecologies in the learning process of RELACSS

(Gutiérrez and Jurow, 2016).

2.3. OER-enabled pedagogy

As briefly mentioned in Section 1.2, OER-enabled pedagogy

(Wiley and Hilton, 2018) is employed in the “Create” module.

Open or OER-enabled pedagogy can be referred to as the design of
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TABLE 1 Module-level learning objectives.

Module Module-level learning objectives

1

Bird-eye

view

1.1 Describe what data analysis is

1.2 State how social scientist solves RQs through data analysis

1.3 Identify the role of data analysis in social science

2 Use 2.1 Describe fundamental steps of research process and data

analysis

2.2 Identify data structure through the use of cross-cultural

open data

2.3 Interpret the meaning of existing RQs

2.4 Run existing R codes to solve RQs

2.5 Interpret the results of the analysis performed

3 Modify 3.1 Modify RQ based on learners’ interest in the cross-cultural

open data

3.2 Compare basic R codes and distinguish codes based on

analytic purposes;

3.3 Repeat the data analysis process from Module 2 with

modified RQs

3.4 Interpret the results of the analysis performed

4 Create 4.1 Design new RQs from the real-world cross-cultural open

data

4.2 Formulate a data analysis plan to answer the RQs developed

4.3 Write and run R codes to administer the data analysis plan

4.4 Present the findings and interpretation of the results

RQ= Research Question.

renewable or sustainable assignments or classroom activities using

OERs (Wiley and Hilton, 2018). In the “Create” module, learners

are asked to use the cross-cultural World Value Survey open data

and the RELACSS OERs learned in the previous class meetings to

generate a new research question, analytic plan, and codes. Then,

students share the end product openly as a shiny web application,

allowing other learners to access and learn from their analytic

products.

2.4. Learning objectives

The design of RELACSS beginner OERs is guided by the

following course-level learning objectives:

• Identify basic social science data analytic steps;

• Explore a real-world, open cross-cultural dataset and

formulate testable research questions;

• Write simple R codes to execute data analytic tasks;

• Interpret and present data analysis results.

The module-level learning objectives can be found in Table 1.

The contents of RELACSS materials can be found on the RELACSS

instructional site (bit.ly/RELACSSweb). R language was chosen as

the coding language taught in RELACSS because R is the most

common coding language among social scientists (Eiler et al., 2020;

Vance, 2021).

3. Method of implementation

3.1. Learning environment

RELACSS beginner materials were implemented as a 6-week,

non-credit workshop for social science students in a university

setting. None of the students had prior experience in analyzing data

using R codes. Each week, the students met for one hour as a group.

A total of 16 students spread across two groups completed the

workshop. Students ranged from first-year undergraduate students

to graduate students. Students were invited to bring their laptops,

but computers were also provided for the students to learn. There

were no technical requirements for the computers except that the

device must be able to use any web browser to access the lessons

(Chrome, Firefox, etc.). The author who is a faculty member in

psychology taught the lessons.

During each session, students arrived at the classroom and

prepared the lesson by opening the URL of the shiny app lessons.

Students were first guided to read the learning objectives of the

lesson (the first section of every lesson). The instructor then guided

the students to go over the interactive shiny web applications.

Embedded prompts were provided to students for participation

in peer discussions. Students also had the opportunity to run the

codes, respond to the interactive practice questions, and discuss the

concepts learned.

The first week was the “Bird-eye View” module, inviting

students to examine a data example. During the second to the

third week, students applied existing codes and examples to learn

the knowledge (the “Use” module). In the fourth week, students

collaboratively modified the codes (the “Modify” module). Finally,

during the last 2 weeks, students engaged in the “Create” module

and complete the final project during class time. Students were

encouraged to ask questions and discuss with peers when they

create their final project products.

3.2. Assessment

Assessments were conducted according to the pedagogical goals

of RELACSS. Student learning outcomes were measured in the

format of a final project. The final project was assessed on the

accuracy of the data analytic steps and codes, as well as the level

of creativity. Students’ CSS skills were scored using an adapted

version of the American Statistical Association (ASA) Project

Competition Rubric (ASA, 2022). The grading categories include

(1) research question quality (clearly stated research questions

and alignment with analytic methods), (2) raw data management,

(3) data visualization, (4) data analysis, (5) conclusion (e.g., clear

answers to research questions), and (6) overall presentation.

Additionally, after the workshop, students were assessed on

their perception of the learning process. The assessments were

developed based on the challenges the tools aimed to address (see

Section 1) and the pedagogy goals. The assessment questions (AQ)

and the associated assessment tools included

• AQ1. What is students’ perception of interactivity and

authenticity (i.e., being approachable and relatable) of the

RELACSS OERs?
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• AQ2. What is students’ perception of the social aspects

of the classroom experiences (rapport-building collaborative

learning)?

• AQ3a. What are students’ perceived changes before and after

the lessons on their confidence in data analysis, interest in

data analysis, knowledge of data analysis, and anxiety when

thinking about data analysis?

• AQ3b.What are students’ CSS identity, interests, and plans for

pursuing data analysis/CSS further?

3.2.1. Materials and data analysis
The assessment tools, the final project rubric, along with

the anonymized data can be found on the project’s Open

Science Foundation (OSF) site (https://osf.io/m87kh/). Details

of the assessments are also reported along with the results

in Section 4. The assessment and human research associated

with the assessments were approved by the author’s Institutional

Review Board (IRB) under the approval number: IRB-22-123-

PSYC-Gird. The data analysis for the assessment is primarily

descriptive. Students’ final project outcomes were summarized

using the adapted version of the American Statistical Association

(ASA) Project Competition Rubric (ASA, 2022) mentioned earlier.

Then, to answer AQs, descriptive statistics (means and standard

deviations) were computed and reported.

3.2.2. Study participants
Participation in the assessment portion is completely voluntary.

A total of 10 students filled out the feedback form. Among

the nine students who reported demographics, six identified as

females, and three as males. Students were mostly URMs, including

African/Black (n = 5), Middle-eastern (n = 1), and Mixed-race

(n = 1). Only two identified as White. Students were spread

among lower-class undergraduate students (n = 1), upper-class

undergraduate students (junior or above; n = 6), and graduate

students (n = 2).

4. Results and discussion

4.1. Final project outcomes

With the help of the instructor and peers, all students were

able to produce their unique final project products. All final

products can be viewed openly in the RELACSS instructional

site (bit.ly/RELACSSweb). All students produced satisfactory final

project products according to the rubric. Specifically, all students

were able to formulate their unique research questions based on

variables and countries available in the World Value Survey data.

Ten out of the 16 students chose to compare groups or countries,

and six students chose to examine relationships between chosen

variables. All students produced an excellent level of research

questions. In terms of data management codes, all students were

able to take materials from previous RELACSS modules to guide

them to write the codes. However, most students needed to ask

questions in the process to clarify or confirm their coding accuracy.

Students also tended to run redundant codes (lack of efficiency) or

place codes in incorrect orders.

The biggest challenge in the final project creation appeared to

be choosing the right visualization (e.g., box plots vs. line plots)

and writing the visualization codes. This may be due to insufficient

lesson time to go over a variety of plots. The in-class time was

only sufficient for going over limited visualization examples. These

examples did not necessarily match the types of research questions

students are asking. Also, students were mostly unfamiliar with

the principles of visualizing data based on variable types (e.g.,

differences in visualizing categorical and continuous variables).

One way to resolve this is to limit the type of research questions

students ask; alternatively, more time can be devoted to going over

visualization rather than the codes.

Despite the challenges, with the help of the instructor, all

students were able to identify the codes used to visualize their

results. Students expressed that the visualization helps them

write and present their interpretation of the results. This further

underlines the importance of teaching visualization at the beginner

level.

4.2. Students’ perception of the learning
process

In terms of students’ perception of interactivity and authenticity

of the RELACSS OERs (AQ1), students were asked to rate on a

Likert scale from 0 to 10 their perception of whether the RELACSS

web applications are authentic (relatable and approachable),

learner-centered, informative, and interactive, as well as whether

RELACSS helps them gain new knowledge. As shown in Figure 2,

students reported high scores across all aspects. Specifically,

students perceived RELACSS to be highly interactive (M = 9.11,

SD = 0.99), learner-centered (M = 8.89, SD = 0.99), and

authentic/relatable (M = 9.11, SD = 0.99). Students also perceived

RELACSS to be informative (M = 9.22, SD = 1.31) and help gain

new knowledge (M = 8.44, SD = 1.07).

Students’ perception of the social aspects (rapport-building

collaborative learning; AQ2) was assessed using one open-ended

question, “Is there anything you like or dislike about the classroom

learning experience?” Students, in general, responded positively

to the classroom climate. Specifically, many students expressed

that they felt bonded to other students (e.g., “felt connected to

other students”, “felt cared for and respected”, “felt included and

respected”, etc.). Others mentioned that they “liked the group

setting” and that “the group was small so all my questions were able

to be answered and everyone was able to have individual help”. One

student mentioned that they wished to have more in-class time and

suggested increasing class time and having homework assignments

in the future.

Next, students were asked to rate their perceived change before

and after the lessons (AQ3a) on their confidence in data analysis,

interest in data analysis, knowledge of data analysis, and anxiety

when thinking about data analysis using a 5-point Likert scale

from 1 (strongly disagree) to 5 (strongly agree). “Data analysis” was

chosen as the prompt because data analysis was the umbrella term
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FIGURE 2

Average ratings of students’ perception toward the RELACSS learning experiences.

FIGURE 3

Average ratings of students’ perception of change before and after the RELACSS learning experiences.

used to refer to the different aspects of knowledge taught during the

implementation (e.g., coding, data management, data visualization,

data description, etc.). As shown in Figure 3, students’ average self-

ratings on their confidence in data analysis (Mafter−before = 1.80,

SDafter−before = 0.98), interest in data analysis (Mafter−before =
1.60, SDafter−before = 1.11), and knowledge in data analysis

(Mafter−before = 1.80, SDafter−before = 0.87) were about double after

participating in RELACSS. Students’ anxiety in data analysis also

slightly dropped after the RELACSS experiences (Mafter−before =
−1.60, SDafter−before = 0.80). No inferential tests were performed

due to a small assessment sample size.

Students’ CSS identity, interests, and plans for pursuing data

analysis/CSS in the future (AQ3b) were explored using multiple

assessment questions. Students’ CSS identity was assessed by asking

students to rate from 0 to 10 their agreement on whether they see

themselves as a future computational social scientist or data analyst.

All students rated highly on the item (M = 9.44, SD = 0.68).

Similarly, when using the same scale to report interest in further

pursuing social science, students rated their interest highly (M =
8.44, SD = 1.42). Students were also asked if they would sign up for

the next level of the CSS workshop in the following semester. All

students were interested in signing up.

Finally, students’ interest was further gauged using an

open-ended question asking them in what ways the RELACSS

experiences “has any impact on your future academic and career

development or plan”. Some students explicitly expressed that
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they became interested in a data science or CSS career and

that the RELACSS experiences opened a new career possibility

for them (e.g., “I would like to go into a career in data

analysis”, “The workshop definitely opened my eyes to career

opportunities.”, “I think I will be a lot more interested in doing

data analysis and statistics for research studies during graduate

school”, “I am now more comfortable pursuing a career in data

analysis related fields”). Students also shared that the RELACSS

experiences changed how they saw their roles in data analysis

(e.g., “This workshop made me feel like I have the ability to

actually learn R and apply it in my future career, which I didn’t

think I had the capacity to do before.”, “I would have been

too scared to even consider data analysis as a career before the

workshop”).

4.3. Implications and lesson learned

The RELACSS open, interactive shiny web applications and

the associated pedagogical frameworks are teaching innovations

developed to address challenges novice social sciences may

experience when learning CSS-related knowledge. The open nature

of RELACSS will allow future instructors to adapt the web

applications to their localized context. In addition to being open,

the advantage of using the shiny applications for classroom

instruction instead of having students work in R Studio or R console

is that the tools do not require any software download or account

registration/login. Instructors and students simply need to open the

URLs for the shiny app and start typing codes and analyzing data

using the embedded data examples. This saves time downloading

software, opening the software, importing data, etc.

Results from the implementation showed that students felt

positive toward the RELACSS experiences and agreed that

RELACSS helped them gain new knowledge and move forward

in pursuing the data science pathway further as social scientists.

Specifically, students rated RELACSS to be highly interactive,

learner-centered, and relatable. In terms of the social design of

RELACSS, students expressed that they felt included during the

experiences and felt comfortable joining the learning group weekly.

Students found the instructional environment to be supportive,

offering them individual help when needed. In addition, RELACSS

appears to help students create a CSS/data analysis identity.

Students shared that the RELACSS experiences helped them see

what they could achieve in data analysis.

However, because of limited time, some aspects were not

assessed. For example, students’ perceived difficulties were not

examined. Similarly, the effect of scaffolding was not fully

examined. However, informal observations made during the 6-

week interaction seemed to show that students were able to

resolve challenges by asking questions during class, as they all

managed to complete the tasks assigned during each lesson.

Students’ success in persisting to the end of the workshop and

generating the final project end products (with in-class help) also

supported that the level of difficulty appeared to be appropriate.

Future researchers and educators may consider conducting a more

thorough assessment, such as using formal classroom observations,

interviewing students, or conducting focus groups. Researchers

may also conduct design-based research to examine the different

design/pedagogical components of the lessons. In addition, there

was no quantitative assessment of students’ perceived belonging

and perception of classroom climate. The benefit of using merely

a brief open-ended question for all social aspects is to allow

students to freely share their perception of the classroom climate,

particularly in aspects that the instructor may not notice. Future

studies may consider using mixed methods to assess the social

aspects.

One important lesson learned in the implementation process

is that students may need more time to complete the RELACSS

beginner materials. The implementation reported in this study

was one hour per week for 6 weeks out of concerns about

beginners’ attention spans. Scheduling more than one hour outside

everyone’s class time was also a challenge. Some students expressed

in the survey that they wanted more time to go deeper into the

materials. These students tended to be lower-class undergraduate

students. On the other hand, graduate students and some upper-

class undergraduate students appeared to be comfortable with the

current time setting. Future instructors (especially those who are

teaching lower-class undergraduate students) may consider doing

1.5 h per week or extending the RELACSS experiences into an 8-

week program. Another alternative is to incorporate the materials

in regular 3-credit research methods or beginner computational

social science courses. This option may fit better in institutions that

are more open to creating a new course on CSS or updating current

research methods or data analysis courses to include computational

knowledge.
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3D Printing as an element of 
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Digital technologies that are very close to the teacher’s analog field of activity, 
such as digital presentation, are increasingly taking place in the classroom, while 
digital, innovative technologies (e.g., 3D Printing) lacking such equivalents are 
used much less. Although such technologies are associated with more intense 
methodological and didactic changes, little is known about the extent to which 
3D Printing is being used in German schools and how it is changing teaching and 
perspectives, which complicates the design of education and training measures. 
The use of such innovative technologies in the classroom is decisively influenced 
by the openness and acceptance of the teacher toward student-centered forms 
of learning and these technologies. The aim of the present study was to find 
out what expectations teachers (already) have about the use and potential of 
3D Printing in the classroom and to what extent these are related to personal 
and/or external factors (e.g., 3D printers available in the school, number of STEM 
subjects). Therefore, an online-based questionnaire study was conducted with 
teachers in Germany (N  =  100) who had different experiences with 3D Printing. 
The evaluation is based on descriptive, inferential and correlative analyses. Almost 
half of the teachers are equipped with 3D printers in their schools, while their 
use is even less widespread. In the perceptions of 3D Printing in the classroom 
from a methodological and didactic perspective, among other things, differences 
were revealed between teachers with different expertise in the knowledge and 
use of 3D Printing. In particular, the use of 3D Printing technology in their own 
lessons leads to a broader conception, especially with regard to the promotion 
of competencies. The results suggest theoretical models describing how to 
integrate 3D Printing into the classroom and concepts for 3D Printing trainings.

KEYWORDS

3D Printing, perceptions, STEM teacher, innovative technologies, teacher training

1. Introduction

How innovative is 3D Printing technology? A question that leads to different or differentiated 
answers depending on the perspective or area of application. In industry, 3D Printing 
technology is already present in many areas. Here, some have been and will continue to 
be more driven by developments in this technology than others. The branches of nutrition/
food and fashion, as well as healthcare and aerospace, stand out in the application and research 
of new processes (Isi and Gurley, 2023). The latter are closely linked to areas of research in 
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medicine. In particular, 3D Printing technology is a proven and 
established tool in medicine (Kalaskar, 2022) as well as in related 
areas of the life sciences. For example, biomedical materials that play 
an important role in organ transplantation, among others, are shaped 
using 3D Printing technology (Yan et al., 2018). 3D bioprinting is a 
promising approach for the production of complex biological 
constructs in biomedicine (Munaz et al., 2016). Another application 
example is 3D-printed biocarriers that help improve the efficiency of 
wastewater treatment (Sfetsas et al., 2021). There are many other 
examples of the use of 3D Printing technology in both scientific 
research and in industry. In line with ongoing technological 
developments, the use of 3D Printing technology still faces many 
challenges, especially in biology and medicine (e.g., in the 
development of printable materials, Zhou et al., 2020). In this respect, 
the potential of this technology is still unexploited even in the 
scientific field, despite its wide range of applications. For the related 
field of vocational education, it is obvious to include 3D Printing 
technology as a learning content and as a teaching-learning tool. In 
medical education, the use of 3D printed models in teaching human 
anatomy is well known, as are the associated effectiveness studies (Ye 
et  al., 2020; Barreto et  al., 2022; Ye et  al., 2023). Acceptance of 
incorporating this technology into education is also high among 
students, while student knowledge of the use of 3D Printing 
technology for medical applications is very low (Wilk et al., 2020). 
Even with the innovation of 3D Printing technology in the medical 
and biological application field, there is a discrepancy in the 
integration of this technology in education. This also applies to 
school education, where not only content on the application of 3D 
Printing technology in the relevant subjects, but also the use of 3D 
Printing as a learning tool in the classroom appears to be  less 
pronounced. There is a lack of well-founded data on this, both from 
a country-specific (e.g., Aslan and Celik, 2020) and an international 
perspective. In contrast to the continuously growing number of 
conceptual papers on the integration of 3D printers (e.g., Augusto 
et al., 2016; Monkovic et al., 2022; Oss Boll et al., 2023), the existing 
research on the use of 3D Printing technology in formal and informal 
education (e.g., Ford and Minshall, 2019) and the studies on the 
learning effectiveness of 3D Printing (e.g., Novak et al., 2021), it is 
only possible to make very limited statements about the actual use of 
this technology in the classroom and about teachers’ ideas and 
attitudes toward its use. However, teachers’ beliefs about technology 
have been identified as a key factor in the successful implementation 
of new or innovative technologies in the classroom (Sugar et al., 
2004; Hew and Brush, 2007). With previous presentation and/or 
training on 3D Printing technology, teachers’ attitudes toward the 
technology are preferentially positive, i.e., they would use the 
technology in their own classrooms; they address possible positive 
effects of using 3D technology in learning environments and/or 
recognize the potential of integrating this technology to transform 
open learning structures (Schelly et al., 2015; Yıldırım, 2018). The 
present study is based on teachers’ perceptions of 3D Printing and its 
methodological and content-related integration into their subject 
teaching in lessons, but without any prior influence on these 
perceptions. The aim of this study is to gain insight into and describe 
the initial situation of teachers with regard to the integration of 3D 
Printing technology in the classroom, in order to derive 
recommendations for university teacher training and in-service 
training, as well as research opportunities. There is no comparable 

study for Germany, and the current status of the use of 3D Printing 
in German schools can only be inferred from published practical 
examples (e.g., Renner and Griesbeck, 2020; Bonorden and 
Papenbrock, 2022).

1.1. Outcomes of 3D Printing in education

From the perspective of 3D Printing experts, the integration of 3D 
Printing into teaching concepts requires competencies in the teacher 
and user especially in the area of 3D modeling and problem-solving 
competencies, creativity, and the knowledge of manufacturing and 3D 
Printing materials (Assante et al., 2020). Teachers who use 3D Printing 
technology in their classrooms also cite 3D modeling as an essential 
competence that students learn when participating in 3D projects, 
closely followed by the fostering of creative thinking and problem-
solving skills, as well as technology skills (Trust and Maloy, 2017). 
According to the multiple competencies addressed, the active use of 
3D Printing technology by students is very demanding in application 
of skills to implement a creative thinking and construction process—
starting from an idea/problem, through modeling a solution, to 
printing a 3D object. With this technological complexity, the subject-
based curricular learning as a result of the design/making process or 
in the use of the 3D objects does not take a back seat. Rather, a 
technology-based linking of science, technology, engineering, and 
mathematics (STEM) enables teaching and learning with 3D Printing 
in multidisciplinary, situated, subject-specific learning contexts 
(Pearson and Dubé, 2022). 3D Printing technology in school 
education is particularly closely associated with the promotion of 
STEM education (Ford and Minshall, 2019). In science, for example, 
this technology enables the understanding of complex systems, 
interactions and/or structures (e.g., in cell biology: Bagley and Galpin, 
2015; e.g., in ecology: Kwon et al., 2020; e.g., in chemistry: Pernaa and 
Wiedmer, 2020); in mathematics, e.g., development of spatial 
visualization skills (Medina Herrera et al., 2019); in engineering, it is 
practical skills in the creation process (Chen and Cheng, 2021); and 
in engineering education, e.g., an engagement with sustainability and 
3D Printing (To et al., 2023). While the expectations for 3D Printing 
technology are comparatively high, the research field for effective 
integration of 3D Printing technology into the curriculum is still very 
limited (Chen et al., 2023). Regardless of the discipline investigating 
the impact of 3D Printing technology on student learning, the learning 
potential of this technology is evident in STEM education as well as 
for non-STEM disciplines (Novak et al., 2021). In addition to creativity 
(e.g., Chien and Chu, 2018), spatial imagination (e.g., Wang et al., 
2021), technical skills (e.g., Kwon, 2017), problem-solving skills and 
their linkage to creative thinking processes (e.g., Bicer et al., 2017), 
and cross- and interdisciplinary knowledge (Novak et  al., 2021), 
communication and collaboration skills (especially in teaching 
visually impaired learners: e.g., Pantazis and Priavolou, 2017), 
motivation in learning (Kwon, 2017), and self-regulatory learning are 
also fostered in the implementation of 3D Printing projects. The latter 
is essentially accompanied by a mostly constructivist and hands-on as 
well as critically reflective and situated methodology in teaching and 
learning with 3D Printing (Pearson and Dubé, 2022). 3D Printing 
therefore has potential from both a methodological and a didactic 
point of view, and it is important to gain a fairly accurate insight into 
teachers’ beliefs in these areas.
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1.2. Integration 3D Printing in teaching

The 3D printer as a tool for printing prototypes and for the 
3-dimensional visualization of ideas has experienced a strong boost in 
its integration into teaching as a result of the maker movement. Digital 
technologies and additive manufacturing processes, such as those 
used in 3D Printing, are characteristic of a wide range of making 
projects (Martin, 2015). Consequently, learning with 3D printers is 
closely related to maker-centered learning, which engages students in 
creative design processes in STEM disciplines (Hsu et  al., 2017). 
Although the main goal in making is to produce a “product” that can 
be used, interacted with, or demonstrated (Martin, 2015), the process 
of designing, building, and producing is equally central to the active 
and problem-based learning emphasized by the maker movement 
(Martinez and Stager, 2013). A methodical integration of 3D Printing 
technology addresses both perspectives. On the one hand, it integrates 
the 3D object as a learning medium, i.e., it is available to teachers as a 
presentation medium and to learners for knowledge acquisition (Chen 
et al., 2023). In the learning process, the 3D printed object can be used 
as a subject-specific model, tool, spare part, visual/structural model or 
functional model, depending on the intended learning function and 
didactic-methodological integration (Meier et al., 2022). On the other 
hand, learners can be  enabled to design and produce their own 
3D printed objects. The design and production process spans between 
the 3D printer as a device and tool of the subject sciences and the 3D 
object as a product (e.g., the material model of an original; Meier et al., 
2022). Embedded in a subject-specific context, learners go through a 
technology-supported model-building process when designing and 
printing: starting with the original, via an idea and a mental model, to 
the virtual model and the context-related application of a printed 3D 
object (with a biology example: Meier and Thyssen, 2021). If (also) the 
design process up to printing comes more into focus, this requires not 
only technological competencies on the part of the teachers, but also 
a (partial) “opening” of the traditional, teacher-centered teaching 
structures. In the synopsis of studies on learning by means of 3D 
Printing technology, problem- and project-based learning are 
mentioned as teaching concepts (Novak et  al., 2021), as well as a 
constructivist and design/making-oriented understanding of learning 
(e.g., design thinking: Greenhalgh, 2016). While a problem-based 
learning approach is not necessarily linked to the production of 3D 
printed objects by learners, it can guide engagement with a subject 
content when combined with project-based learning. Project-based 
learning with integrated 3D Printing technology, on the other hand, 
is directly linked to learner engagement in the creative, communicative, 
and iterative process of producing a 3D printed object (Novak et al., 
2021). Together with the integration of problem-based learning, 
among other things, this creates opportunities for inquiry-based 
learning in which learners solve real-world problems that span 
multiple disciplines (Ali et al., 2019). What stands out in the design 
process is the active (co-)design participation of the students. On the 
part of the teachers, this makes it necessary to plan and create various, 
individually adapted support activities/strategies. These include not 
only facilitating the use of technology, but also supporting 
collaboration and communication, design, and the understanding of 
the subject matter (Chen et al., 2023). Against this background, it is 
essential to know the teachers’ perspective on the possible 
methodological and didactic integration of 3D Printing and their 
assessment of the possibilities of developing students’ competencies in 

the above-mentioned areas, which requires appropriate data collection 
and analysis.

2. Research questions and hypothesis

Technical equipment often plays a central role or is a major 
obstacle for teachers when dealing with the integration of digital 
technology in subject lessons (in addition to a lack of competence and 
confidence; Bingimlas, 2009). Without access to the technology, an 
examination of it seems obsolete—a circumstance that does not apply 
equally to every technological approach. 3D Printing can also be a tool 
in the learning process without the physical device, for example by 
emphasizing 3D modeling and/or outsourcing printing to external 
service providers (Kantaros et al., 2022). However, assuming that an 
available device triggers and influences teachers’ planning and 
thinking processes for teaching with 3D Printing, its occurrence in 
schools would be a first starting point for further studies or training. 
For Germany, there is a lack of knowledge regarding the country-
specific expression of this initial technological condition as well as the 
associated interest in the use of 3D Printing and further training. 
Therefore, this study exploratively addresses the following 
research questions:

Q1a: To what extent is 3D Printing technology a part of the digital 
equipment in schools, and is its use by teachers a widespread 
practice in German schools?

Q1b: How is teacher interest in 3D Printing measured in terms of 
a desire for 3D Printing equipment in their own school and the 
willingness or rather participation in educational training?

A number of literature reviews have described the learning effects 
associated with the use of 3D Printing (see section 1.1). Increased 
motivation and creativity toward the 3D object and the design process 
(e.g., Bécar et al., 2017) as well as the promotion of subject-specific 
competences through the integration of 3D Printing in the classroom 
are examples of (presumed) effects (Ford and Minshall, 2019). 
However, the question remains open as to what potential teachers see 
in the use of 3D Printing and how their perceptions in this area are 
influenced by individual parameters. The following research question 
and hypotheses are posed:

Q2: Are there differences in teachers’ perceptions of the benefits 
of 3D Printing for student competence development according to 
their age (1), the subjects they teach (2) and/or 3D Printing 
experience/expertise (3)?

H2.1: Younger teachers do not differ from older teachers in their 
perceptions of the competencies that 3D Printing fosters in students. 
[In line with the lack of empirical evidence on the relationship 
between age and, for example, perceptions of information and 
communications technology (ICT) related competencies (e.g., 
Guo et al., 2008)].

H2.2: Teachers who teach at least one or more STEM subjects differ 
from teachers who do not teach STEM subjects in their perceptions 
of the competencies that 3D Printing fosters in students 
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(Corresponding to the different use of subject-specific digital 
media by teachers who teach a STEM subject and those who do 
not (Lorenz and Eickelmann, 2022), the technology for 3D 
Printing is also based on a subject-specific STEM orientation, 
which may lead to differences in teachers’ perceptions 
of competence).

H2.3: Teachers with more experience/expertise with 3D Printing in 
an educational context differ in their perceptions of the competencies 
that 3D Printing fosters in students (According to Trust and Maloy 
(2017), in the present study these are particularly creativity, 
problem solving, and technological literacy).

With the integration of 3D Printing into teaching, the design 
process up to printing, the printed object or even the printer itself 
becomes the focus of the subject-related learning process (e.g., 
Pearson and Dubé, 2022; see section 1.2). The extent to which these 
integration/learning scenarios for 3D Printing are known or perceived 
by teachers, and the possibilities they see in the methodological and 
didactic design, can only be guessed at. The empirical field is based on 
subject-specific studies in which teachers are explicitly exposed to 3D 
Printing technology before they are asked to execute their ideas or 
own teaching scenarios for integrating 3D Printing (e.g., Trust and 
Maloy, 2017; Novak and Wisdom, 2020). For our study, the teachers’ 
perceptions, without the influence of a 3D-supported learning 
environment or in-service training, are explored descriptively 
investigated with the following research question:

Q3: What are teachers’ perceptions of the possibilities of 
integrating 3D Printing into the classroom from a didactic and/or 
methodological perspective?

3. Materials and methods

3.1. Instrument and data collection

Data collection was online-based and anonymous using 
questionnaires in 2022. The surveys were sent to and distributed at 
schools preferably located in the local area of the researchers in 
Germany. The schools contacted were randomly and equally selected 
with respect to a presumed inventory of 3D printers, derived from the 
respective information on the school’s homepage. The aim was to 
generate a heterogeneous sample in terms of 3D Printing expertise, 
age and subject (see section 3.2). In this respect, there were no 
restrictions on participation in the survey.

The first block of the questionnaire for socio-demographic data 
(e.g., gender, age, school type, professional duration) is followed by 
eight sections of questions directly related to 3D Printing technology, 
with a total of 50 items (Table 1). The item format consists of content-
based choice responses (single-choice or multiple-choice) as well as 
open and closed formats, the latter with an 8-point Likert scale (for 
interest: from 1 = no interest to 8 = very high interest, for consent: from 
1 = strongly disagree to 8 = strongly agree, for knowledge: from 1 = not 
at all expressed to 8 = very highly expressed) and the option for no 
answer. On the one hand, the development of the questionnaire was 
theoretically and empirically driven, especially with regard to the 

items on competence promotion (see section 1.1) and didactic-
methodological integration (see section 1.2). Several competency 
domains promoted by 3D Printing were derived from empirical 
studies/results for the survey, such as creativity, conceptual 
understanding, problem solving, and motivation [e.g., Chen and 
Cheng, 2021; (D) in Table  1]. The items on the methodological-
didactic integration of 3D Printing in the classroom [(E)–(G) in 
Table 1] are based on the theoretical multidimensional concept of 
Meier et al. (2022) as well as empirical studies in this area (e.g., Novak 
et al., 2021). The integration of a questionnaire block on workshop 
participation and expectations for further education on 3D Printing 
ties in with a need that is not met or should receive more attention in 
the German as well as international field (e.g., Choi and Kim, 2018; 
Diepolder et al., 2021; (C) in Table 1). In addition to the theoretical 
connection, the construction of the questionnaire was based on the 
exchange and consensus of a multidisciplinary working group 
consisting of researchers with expertise in 3D Printing from four 
German universities and three scientific disciplines (Biology, 
Chemistry, and Physics). This group created an item pool from items 
related to the mentioned fields and feedback from teachers in the field. 
By selecting items, a questionnaire was created, adapted, and finalized 
with appropriate items in several cycles.

The question sections formed are generally not oriented to a strict 
direction in terms of content. The items on possible competence 
development and on the general perception of 3D Printing are 
intended to cover a wide field in order to be able to record different 
perceptions. Consequently, these do not form a unidimensional scale 
and no reliability analysis is performed. An evaluation is then done at 
the level of the individual item. In contrast, for the three specific areas 
of integration of 3D Printing technology (methodology, didactics, 
sustainable development) in teaching, both the individual items and 
their composition in a corresponding scale are analyzed. In the total 
sample (excluding missing statements), the scales consistently show 
satisfactory to good reliability, with a Cronbach’s α > 0.70 (Bühner, 
2011): methodical integration of 3D Printing: α = 0.775, N = 93; 
didactic integration of 3D Printing: α = 0.839, N = 82; promoting 
sustainable development (SD): α = 0.907, N = 63.

3.2. Sample

In total, 100 teachers (51% female, 47% male, 2% not specified) 
were asked about their opinions and perceptions of 3D Printing in the 
classroom as well as the status of digital equipment for 3D Printing at 
their respective schools (see section 3.2). The mean age of the 
participants is 44.3 years (SD = 9.78). The mean number of years of 
professional experience in the total sample is 12.48 years (SD = 9.07). 
Twenty seven teachers (27%) are employed at secondary schools 
(“Haupt-/Sekundarschule”), 35 teachers (35%) work at comprehensive 
schools (“Gesamtschule”), 32 teachers (32%) are employed at grammar 
schools (“Gymnasium”) and 5 teachers work at other types of school 
(e.g., vocational school). According to the research questions (Q2) and 
hypotheses (H2.1–H2.3), the total group of teachers surveyed in this 
study was divided into subgroups.

3.2.1. Forming age groups (H2.1)
Three groups were created based on age: up to and including 40 years 

(n = 34, 31.2%), 41 to 50 years (n = 36, 33.0%), over 50 years (n = 29, 
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26.6%). Based on an assumed average age of 28 to 30 years at the 
beginning of the teaching profession (after completion of the practical 
phase and 2nd state examination), the interval size is at least 10 years.

3.2.2. Forming subject groups
Additionally, based on the data describing the subjects taught by 

each in-service teacher, three groups were created: no STEM subject 

TABLE 1 Structure and design of the questionnaire.

Question section Item count Example items Response format

(A) Expertise 4 My technological knowledge is… Knowledge scale

My informatics knowledge is…

My 3D Printing knowledge is …

Have you used a 3D printer yourself?

(No/Yes, private!/Yes, for lesson planning!/Yes, in lesson!)

Multiple choice

(B) Equipment 3 Are there 3D printers at your school?

(No/Yes, one!/Yes, several!/I do not know!)

Multiple choice

Would you like to see a 3D printer purchased at your school?

(No/Yes/Maybe/I cannot judge.)

Multiple choice

(C) In-service training 3 Assess your interest in attending a training seminar on the use of 3D Printing in the 

classroom.

Interest scale

For training seminars on the use of 3D Printing in the classroom, here’s what I’d like 

to see…

Open

(D) Competence promotion 10 The following competencies can be particularly promoted in learners with the use of 3D 

Printing in the classroom: e.g., creativity, model competence, problem solving 

competence

Consent scale

(E) General about 3D Printing 9 When I hear the “3D Printing” term, I think… Consent scale

…to the physical device.

…to the printed product.

…to the design process that can be integrated.

…rather to a field for other subjects.

9 When thinking about 3D Printing, I see possibilities…” e.g., Consent scale

The methodical integration into the classroom.

The content/didactic integration into the classroom.

The creation of individualized/ differentiated approaches to learning

With 3D Printing for and in the classroom, I associate… Open

(F) Methodical integration of 3D 

Printing

3 When thinking about 3D Printing, I see opportunities for methodological integration… Consent scale

Production of 3D models and 3D objects.

Production of experimental material.

To involve students in activities related to 3D Printing.

(G) Content-related/didactic 

integration of 3D Printing

4 When thinking about 3D Printing, I see possibilities for contextual and therefore 

didactic integration…

Consent scale

Technology in the disciplines corresponding to the subjects I teach.

Everyday context.

Context of societal changes and challenges.

Sustainability context.

(H) Promoting sustainable 

development (SD)

5 In thinking about 3D Printing, I see opportunities to promote sustainable development, 

through…

Consent scale

Production on site.

Printing of individual spare parts.

Production of parts for upcycling constructions.

Recycling of plastics for printing polymers.

SD concepts on 3D Printing.
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TABLE 2 Expert and novice subgroups related to technological, informational and 3D Printing knowledge.

Groups Technology knowledge Computer science knowledge 3D Printing knowledge

N Mdn M  ±  SD N Mdn M  ±  SD N Mdn M  ±  SD

Experts in… 62 6 6.31 ± 0.985 48 6 6.15 ± 1.052 27 6 6.41 ± 1.047

Novices in… 38 3 2.97 ± 1.052 52 3 2.79 ± 0.97 73 1 1.62 ± 0.922

3D Users 22 7 6.45 ± 1.405 22 6 6.05 ± 1.588 22 6.5 6.50 ± 1.185

3D Non-Users 78 5 4.64 ± 1.851 78 4 3.94 ± 1.819 78 1 1.90 ± 1.392

(n = 23), one STEM subject (n = 38) and at least two STEM subjects 
(n = 39).

3.2.3. Forming experience levels (H2.3)
Furthermore, teachers were divided into groups according to their 

self-reported technological, informational and 3D Printing knowledge 
[see (A) in Table 1]. Teachers with data above the mean of the 3D 
Printing knowledge scale (M = 4.5) formed the 3D Printing Expert 
group, and teachers with data below the mean formed the 3D Printing 
Novice group (Table 2). Based on the self-reported knowledge, the 
subgroups will always be referred to as 3D Printing Experts and 3D 
Printing Novice in the further course of the article. To examine 
correlations of 3D Printing expertise, experience with 3D Printing in 
the classroom was used as a grouping variable in addition to self-
reported knowledge in this area. All teachers who reported having used 
a 3D printer in their own classrooms (3D Users: n = 22) were compared 
with other teachers who had no classroom experience with 3D Printing 
(3D Non-Users: n = 78). Throughout the rest of the article, these will 
be referred to as 3D User and 3D Non-User. When comparing the size 
of the resulting groups for the three different knowledge domains 
(Table 2) the data indicates that the fraction of Novices is increasing 
from Technology via Computer Science to 3D Printing. As a result, the 
amount of knowledge and the number of contact persons for 3D 
Printing in the teaching staff is the lowest. Novices in 3D Printing also 
have the lowest level of knowledge. There are positive correlations 
(Spearman-Rho) between the three types of knowledge with strong 
effects in all cases (rs between 0.652 and 0.711, all p < 0.001). For 
example, low levels of technology knowledge are associated with low 
levels of 3D Printing knowledge. Based on self-reported knowledge 
and usage there are significant differences between all three knowledge 
domains in both 3D Printing expertise subsamples, namely Users/
Non-Users and Experts/Novices. When comparing 3D Users with 3D 
Non-Users the groups differ significantly (Technology Knowledge with 
U = 373.5, z = −4.08, r = 0.41; Computer Science Knowledge with 
U = 346.5, z = −4.30, r = 0.43; 3D Printing Knowledge with U = 36.5, 
z = −7.19, r = 0.71, all p < 0.001). In this respect, the 3D Non-Users 
consistently rate their skills lower than the 3D Users. The same ist true 
for the 3D Printing Novices and 3D Printing Experts (Technology 
knowledge with U = 282.0 z = −5.53, r = 0.55; Computer Science 
Knowledge with U = 271.0, z = −5.61, r = 0.56; 3D Printing Knowledge 
with U = 0 (due to group definition), z = −8.05, r = 0.81, all p < 0.001).

3.2.4. Knowledge and subjects (H2.2 & H2.3)
In addition, there are significant differences in the knowledge 

groups (Table  2) according to the number of STEM subjects they 
taught. The group with teachers who teach two STEM subjects rate 

their knowledge in all three areas significantly higher than teachers in 
the other two groups [Technology: H(2) = 16.77, p < 0.001; Computer 
Science: H(2) = 16.10, p < 0.001; 3D Printing: H(2) = 17.03, p < 0.001]. 
Post hoc Tests (Dunn-Bonferroni-Tests) show significant differences to 
both groups with moderate effects (Technology: 2 STEM vs. no STEM 
z = −3.66, p < 0.001, r = 0.47 and vs.1 STEM z = −3.22, p = 0.001, r = 0.37; 
Computer Sciences: 2 STEM vs. no STEM z = −3.60, p < 0.001, r = 0.46 
and vs.1 STEM z = −3.14, p = 0.002, r = 0.36; 3D Printing: vs. no STEM 
z = −3.63, r = 0.46 and vs.1 STEM z = −3.33, r = 0.38 for both p < 0.001).

There are no significant differences between the three age groups 
in self-reported knowledge of technology, computing and 3D Printing.

3.3. Data analysis

Descriptive analyses are used to quantitatively describe the 
baseline situation in terms of 3D Printing equipment and teachers’ 
perceptions. Frequencies and location and dispersion parameters 
[median (Mdn), mean (M), and standard deviation (SD)] will 
be reported. Inferential statistical procedures are used to test for group 
differences and correlations. Since almost all data were not normally 
distributed (Shapiro-Wilks and Kolmogorov–Smirnov tests, p < 0.05), 
non-parametric procedures were used to compare groups. Depending 
on the number of independent groups, e.g., 3D Users vs. 3D 
Non-Users, the Mann–Whitney U-test or, in the case of more than 
three independent groups, the Kruskal-Wallis test was used. Post-hoc 
tests (Dunn-Bonferroni test) are used to specify group differences. In 
this case, the adjusted value of p is quoted. The Wilcoxon test is used 
to analyze differences in the overall sample, e.g., for comparing the 
different perceptions of the didactic and methodological integration 
of 3D Printing. Spearman rank correlation (rs) was used to test 
correlations. Significance level was set to p ≤ 0.05. The effect sizes are 
evaluated according to Cohen (1992).

4. Results

4.1. Availability and usage of 3D Printing 
(Q1a)

Regarding the availability of 3D printers [see (B) in Table 1], a 
disproportion between the types of schools can be observed. Teachers 
at grammar schools (“Gymnasium”: 66%) and comprehensive schools 
(“Gesamtschule”: 54%) in particular indicate that they have one or 
more printers. Only one secondary school (“Haupt-/Sekundarschule”) 
teacher states that there are 3D printers at the school. Relative to the 
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total sample, 45% of the teacher’s report having at least one 3D printer 
in school (20% of teachers report having more than one), while 49% of 
the teachers do not have a printer in school (the rest is unsure). Just 
22% of the teachers already have used 3D Printing for teaching 
purposes, either in preparing lessons or during lessons itself, while 
22.9% already have used 3D printers for private purposes. Less than 2% 
of the teachers who have already used 3D Printing for lesson related 
purposes aren’t STEM-teachers. Just 2 teachers belonging to the 3D 
Printing Novice group stated that they already integrated 3D Printing 
into their lessons, while 20 of the 3D Printing Experts did. In terms of 
the presence or absence of one or more 3D printers in the schools, a 
significant correlation can be found with classroom use, r = 0 0.527, 
p < 0.001, N = 100 (with a strong effect), as well as with 3D Printing 
Expert/Novice knowledge, r = 0.394, p < 0.001, N = 100 (with a moderate 
effect). In particular, the 3D Printing Experts state that they have one 
(26%) or more 3D printers (60%) available in school. While a larger 
group of 3D Printing Novices do not have a 3D printer (61%), 25% say 
they have one and 5% say they have several 3D printers in school.

4.2. Interest for 3D printers and in-service 
training for 3D Printing (Q1b)

Among teachers who do not have a 3D printer in their school, 
44% would like to purchase one. Of those who already have one or 
more 3D printers in their school, 71% would like to purchase another 
3D printer. In total, 56% would like to purchase (another) 3D printer, 
23% say that such a purchase might be necessary, and only 8% (25% 
of these teachers already have a 3D printer at school) do not want to 
purchase one. The 3D Printing Novices (N = 73, Mdn = 2, M = 2.62, 
SD = 0.91) would rather appreciate a purchase than the 3D Printing 
Experts (N = 27, Mdn = 2, M = 2.04, SD = 0.52), U = 613.5; z = −3.175, 
p < 0.001, r = 0.32.

Only 14% of the teachers (based on responses from 100 
respondents) have participated in 3D Printing in-service trainings [see 
(C) in Table 1]. The reasons given by the remaining teachers for not 
attending such training events were (still) a lack of interest (34%) and 
a lack of suitable offers (22%). Likewise, the limited time available to 
pursue such training plays an important role for teachers (12%). 
Interest in further training on 3D Printing is fairly evenly distributed 
among the group of respondents (N = 74), with 55.4% indicating no to 
little interest and 44.6% indicating high to very high interest. The 
group of 3D Printing Experts shows significantly higher interest in 
trainings (Mdn = 5.5, M = 5.15, SD = 2,22) than the group of 3D 
Printing Novices (Mdn = 3, M = 3.67, SD = 2,12) in 3D Printing 
(U = 390.5; z = −2.676, p = 0.007, r = 0.311). There are no differences in 
interest in 3D Printing education among the groups divided by age 
and number of STEM subjects.

4.3. Perceptions on putative competence 
development by 3D Printing (Q2)

For all competency areas surveyed regarding their ability to 
promote them with 3D Printing (see (D) in Table 1), the mean scores 
across all teachers were above the scale mean (4.66 < M < 6.61, Table 3). 
In the perception of the teachers, the use of 3D Printing in the 
classroom is mainly beneficial for the development of general 

technical skills and competencies in modeling. On the other hand, 
there is a lower value in the competence areas of communication and 
cooperation, which could benefit from the integration of 3D Printing 
in the classroom (Table 3).

4.3.1. Age and Subjects (H2.1 & H2.2)
When comparing groups of teachers of different age and number 

of STEM subjects, no significant differences were found between the 
groups in terms of their rated potential for promoting competencies. 
This is also the case when grouped by technological or computer 
science knowledge.

4.3.2. Experience levels (H2.3)
For the pairs formed with different levels of expertise, 3D Printing 

Novices/Experts and 3D Non-Users/Users, some differences were 
found in the reported scores of the competencies that can 
be developed through 3D Printing, with the more experienced group 
rating the development possibilities higher (Table 3). Based on the 
reported 3D Printing Knowledge significant differences can be found 
for promoting competencies in the areas of creativity (U = 702.500, 
z = −2.041, p = 0.041, r = 0.21), scientific inquiry (U = 307.000, 
z = −3.488, p < 0.001, r = 0.41), problem solving (U = 358.500, 
z = −4.561, p < 0.001, r = 0.48), and general digital competencies 
(U = 670.000, z = −2.183, p = 0.029, r = 0.22). The reported 3D Printing 
Knowledge correlates only with perceptions on fostering scientific 
inquiry with a medium effect (r = 0.357, p = 0.002) and problem-
solving competencies (r = 0.383 p < 0.001). If the classification is based 
on the integration of 3D Printing into lessons, significant differences 
can also be found for promoting competencies in the area of creativity 
(U = 554.500, z = −2.437, p = 0.015, r = 0.25), scientific inquiry 
(U = 286.500, Z = −3.293, p < 0.001, r = 0.39), problem solving 
(U = 243.000, z = −4.944, p < 0.001, r = 0.52) and general digital 
competencies (U = 494.000, z = −2.857, p = 0.004, r = 0.29). In 
addition, significant differences are shown in the perception of 
promoting social (U = 535.000, z = −2.177, p = 0.030, r = 0.22) and 
communication competencies (U = 562.000, z = −2.072, p = 0.038, 
r = 0.21).

4.4. Perceptions about the methodical and 
didactical integration of 3D Printing in the 
classroom (Q3)

With regard to the perception of the possibilities of using 3D 
Printing [also with students, see (E) in Table 1], the methodological 
integration for the production of 3D models and objects (Mdn = 7, 
M = 6.75, SD = 1.77) is at the top of the list, while the perspective of 
using it as a teacher for lesson planning without involving students, 
for example, plays a lesser role (Mdn = 2, M = 3.00, SD = 2.02). When 
asked for a general assessment with a single item, teachers were very 
similar in their perceptions of the potential for integrating 3D 
Printing methodologically (Mdn = 6, M = 5.38, SD = 2.34) and 
didactically (Mdn = 6, M = 5.28, SD = 2.22). In contrast to this finding 
the values obtained by using the scales for methodological integration 
[see (F) in Table  1: Mdn = 6.66, M = 6.34, SD = 1.57] and didactic 
integration [see (G) in Table  1: Mdn = 4.75, M = 4.68, SD = 1.74] 
differed significantly with a strong effect [Wilcoxon, z = −7.88, 
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p < 0.001, r = 0.81, n = 94]. While the values derived from the two 
scales increased for methodological integration, they decreased for 
didactic integration. When comparing 3D Printing Novices and 
Experts, the perspectives on methodological and didactic integration 
are different, regardless of which of the two indicators (scale or single 
item) is analyzed (Table 4).

Perceptions of methodological and didactic integration correlate 
significantly with each other on an individual item basis with strong 
effect r = 0.881, on a scale level only with r = 0.675 (all p < 0.001). In 
some options for methodological and didactic integration, the ratings 
of 3D Printing Experts differ significantly from those of the Novices 
(Table 5). Looking at the perspective on a 3D printer in terms of 
associated thoughts, there are significant differences for 2 items. For 
the other items, the means and medians of the ratings of what teachers 
think when they hear the term “3D printing” are in a range between 
3 < Mdn < 8 and 3.68 < M < 7.07 with minima for the items different 
printing processes and field for other colleagues, while maxima were 
observed for the items physical device and printed product (Mdn = 8, 
M = 6.69, SD = 1.88 for physical device, Mdn = 7.5, M = 7.07, SD = 1.29 
for printed product). The results for thoughts associated with the 3D 
design process were Mdn = 5, M = 4.94, and SD = 2.438.

With regard to the perception of the possibilities for integrating 
3D Printing into teaching, i.e., from a methodological, didactic and/
or sustainable development (SD) perspective, 3D Printing Experts rate 
3D Printing significantly differently on 7 items (Table 5). For these 
items, the expert ratings were higher than the novice ratings, both in 
terms of median and mean.

When testing for groups of teachers who had or had not used 3D 
Printing in the classroom, in addition to the same items with significant 
differences specifically related to knowledge of 3D Printing, one 
additional item shows significant differences (Table 5B), related to the 
sustainable production of spare parts. In this case, 3D Printing Users 
rated higher. There are no differences between the expertise groups for 
the other 4 ways/items in which 3D Printing can be used to promote 
sustainable development. The scores are between 4 < Mdn < 6 and 
4.41 < M < 5.59 for the items covering printing spare parts, upcycling 
constructions, recycling and SD concepts. The scoring for printing 
spare parts (Mdn = 7, M = 6.18, SD = 2.074) and printing material for 
experiments as an item covering methodological aspects (Mdn = 6.5, 
M = 6.15, SD = 1.835) do not differ when compared using Wilcoxon test.

4.5. Perceptions of groups teaching 
different numbers of STEM subjects

Data on the use of 3D printers show a tendency that higher use, 
particularly in the classroom, is observed when two or more STEM 
subjects are taught. The comparison of 3D Printing Users and 
Non-Users shows an identical number of users a similar distribution 
in the private use of 3D Printing in contrast in addition to the 
difference in educational use (Table 6).

Furthermore, there are clear differences in whether teachers see 
3D Printing as a domain of their own or other subjects [see (G) in 
Table 1] when no or at least 2 STEM subjects are taught (Table 7). 
According to the lowest Mdn values teachers with 2 STEM subjects, 
3D Printing is more likely to be seen in the STEM subjects. In line 
with this, STEM teachers are also much more likely to classify 3D 
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TABLE 4 Perceptions of groups with different levels 3D Printing knowledge on methodological and didactic integration of 3D Printing into the 
classroom.

Integration—
item or scale

3D Printing Novice 3D Printing Expert Testing statistics

Mdn M SD N Mdn M SD N U z p r

Methodical—one item 

[see (E) in Table 1]
6 4.97 2.366 61 7 6.30 2.09 27 549.5 −2.523 0.012 0.27

Didactical—one item 

[see (E) in Table 1]
5 4.60 2.199 55 7 6.73 1.46 26 317.0 −4.087 <0.001 0.45

Methodical—scale 

[see (F) in Table 1]
6.33 6.01 1.62 71 7.33 7.19 1.02 27 488.0 −3.767 <0.001 0.38

Didactical—scale  

[see (G) in Table 1]
4.25 4.27 1.67 68 6.00 5.75 1.47 26 437.0 −3.783 <0.001 0.39

TABLE 5 (A) Perceptions of groups with different levels of 3D Printing Expertise (based on self-reported knowledge) on the integration of 3D Printing in 
the classroom for items that show significant differences only for different levels of 3D Printing knowledge but not for different levels of technology or 
computer science knowledge; (B) Additional items that show significant differences only for different 3D User/Non-User in class but not for different 
3D Printing, technology or computer science knowledge.

PART A 3D Printing Novice 3D Printing Expert Testing statistics

Mdn M SD N Mdn M SD N U z p r

When I hear the “3D Printing” term, I think… [see (E) in Table 1]

…from an uninformed perspective 3 3.92 2.513 60 1 2.17 1.800 23 381.5 −3.205 0.001 0.35

…to a topic for sustainability 3 3.64 2.291 70 6 5.67 2.000 27 483.0 −3.752 <0.001 0.38

When thinking about 3D Printing, I see possibilities… [see (E) in Table 1]

…to the linkage to curricular areas (none to 

many).
4 3.78 2.074 64 5 5.38 1.941 26 484.0 −3.129 0.002 0.33

…to the creation of individualized/ 

differentiated approaches to learning.
6 4.99 2.239 67 7 6.46 1.476 26 540.0 −2.870 0.004 0.30

…to the promotion of SD. 4 3.83 2.295 58 5 5.19 2.245 26 500.0 −2.486 0.013 0.27

When thinking about 3D Printing, I see opportunities for methodological integration… [see (F) in Table 1]

…production of 3D models and 3D objects. 7 6.53 1.839 70 8 7.35 1.413 26 586.0 −2.838 0.005 0.29

…to involve students in activities related to 

3D Printing.
6 5.58 2.199 69 8 7.44 0.934 27 427.0 −4.239 <0.001 0.43

When thinking about 3D Printing, I see possibilities for contextual and therefore didactic integration… [see (G) in Table 1]

…everyday context. 4 4.08 2.010 66 6 5.73 1.909 26 470.0 −3.397 0.001 0.35

In thinking about 3D Printing, I see opportunities to promote sustainable development, through… [see (H) in Table 1]

…production on site. 6 5.34 2.181 65 7 6.23 2.026 26 621.0 −1.998 0.046 0.21

PART B 3D Non-User 3D User Testing statistics

In thinking about 3D Printing, I see opportunities to promote sustainable development, through… [see (H) in Table 1]

…printing of individual spare parts. 7 5.91 2.16 69 8 7.00 1.54 22 516.5 −2.318 0.020 0.24

TABLE 6 3D Printer usage of 3D Users/Non-Users and teachers teaching different numbers of STEM subjects [see (A) in Table 1].

N 0 STEM subject 1 STEM subject At least 2 STEM 
subjects

3D User 3D Non-User

23 38 39 22 78

None 17 28 18 0 63

Private 6 8 16 15 15

For lesson planning 2 3 11 14 2

In lessons 2 5 15 22 0
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Printing as a corresponding science technology in their subject. With 
regard to a connection to SD, the picture is slightly different, as 
significant differences can only be observed between teachers without 
and with a single STEM subject. The latter see a stronger linkage.

5. Discussion and conclusion

Technological innovation is making its way into education, albeit 
slowly but steadily. How innovative 3D Printing technology is 
perceived from an educational and teaching perspective has been 
little studied. This study aims to provide some initial insights for 
Germany. Of particular interest are teachers’ perceptions of the 3D 
printer as a teaching and learning tool in terms of skills development 
and the methodological and didactic integration of 3D Printing 
technology in the classroom. A description of the current status of 
3D printers in German schools and their integration into subject 
lessons includes on the one hand on the equipment (Q1a) and on the 
other hand, of course, on the users of this technology (Q1b–Q3). 
Teachers are the driving force behind digitalization processes and 
efforts in schools. Their concepts and decisions to integrate digital 
technologies into the planning and delivery of teaching are influenced 
by many factors. These include attitudes toward digital technologies, 
as well as pedagogical knowledge and perceptions of effective 
integration in teaching, and their own technological skills (Ertmer 
et al., 2015).

5.1. Specifications of the sample in terms of 
3D Printing expertise

In order to investigate the research questions and hypotheses 
(section 2), a heterogeneous sample of teachers is used, with varying 
numbers of STEM subjects and expertise, e.g., in technology, 
computer science and 3D Printing knowledge. In line with the study’s 
focus on 3D Printing technology, the expertise of the teachers 
surveyed in this area is included in the analyses in the form of self-
reported knowledge and use of 3D Printing in their own teaching. For 
this purpose, groups of Experts are compared with Novices and 
groups of Users with Non-Users. The decisive feature and legitimation 
for this grouping are the significant differences that exist in the self-
reported areas of knowledge and use in teaching. Here, the scores of 

Experts and Users are consistently higher than those of Novices and 
Non-Users. Drossel et al. (2017) report that self-efficacy in preparing 
lessons involving the use of ICT is the only significant predictor of the 
use of computer use in schooling that is found in all countries 
surveyed. Like our data, their models also show no significant role for 
age, but experience in using ICT was one of the factors with the 
highest impact. The postulated differences between the groups in the 
context of 3D Printing may arise from the transformative, 
constructivist ideas attributed to Experts for designing digitally 
supported instruction in which they are consultative and open to new 
ideas (Berg et al., 1998; Meskill et al., 2002).

5.2. Current status on 3D Printing in 
German schools (Q1)

The 3D printer is no longer a newcomer either, and the equipment 
in German schools looks promising. About half of the teachers 
surveyed in this study said they had one or more 3D printers in their 
school. While there is room for improvement, especially in the much 
less well-equipped secondary schools (“Gymnasien”), this already 
opens up some possibilities for integrating this technology. In terms 
of both school type and level of use, the current picture in Germany 
is roughly supported by findings from other countries (Choi and Kim, 
2018). Assuming that equipment has increased over the years, the 
main difference with Korea is not in the equipment. Rather, the 
difference lies in the use of 3D printers in the classroom, which is 
about three times higher there. Although there are currently positive 
correlations between 3D Printing Experts, classroom use and the 
availability of 3D printers, for some (particularly in the 3D Printing 
Novice group) the 3D printer remains unused despite its availability. 
In a study by Drossel et al. (2017), the availability of sufficient ICT 
equipment was a significant factor for the integration of computers in 
only one of three countries. Due to the different ways in which 3D 
Printing can be  integrated into the classroom (even outsourcing 
printing is possible; Kantaros et al., 2022), the availability of equipment 
is not necessarily an essential factor. In our study, however, there is a 
strong correlation between the availability of 3D printers and their 
integration into the classroom. Furthermore, access to 3D printers is 
not exceptionally low compared to data describing the accessibility of 
tablet sets to whole classes, which is reported at 66% for Germany (IU 
Internationalen Hochschule, 2022). The fact that only 22% of teachers 
have already integrated 3D Printing into the classroom suggests that 

TABLE 7 Perceptions of groups teaching different numbers of STEM subjects.

3D as a… 0 STEM subject 1 STEM subject At least 2 STEM 
subjects

Testing statistics

Mdn M SD N Mdn M SD N Mdn M SD N H(2) p GP z p r

…field for other 

subjects.
5 4.7 2.548 23 4 4.03 2.284 38 2 3.08 2.186 38 7.310 0.026 0 vs. 2 2.569 0.028 0.33

…corresponding 

science 

technology in 

their subjects.

4 4.24 2.256 21 5 5.31 2.054 36 6 5.85 1.987 34 7.324 0.026 0 vs. 2 −2.706 0.02 0.36

…field for SD 

concepts.
3 3.42 2.364 19 5 5.22 2.063 27 5 4.53 2.091 19 6.961 0.031 0 vs. 1 −2.638 0.025 0.39

133

https://doi.org/10.3389/feduc.2023.1233337
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Thyssen and Meier 10.3389/feduc.2023.1233337

Frontiers in Education 11 frontiersin.org

the general availability of printers may not be the limiting factor, as 
45% of teachers report having one in their school. So there have to 
be other factors, e.g., interest or motivational aspects.

The interest in 3D Printing is quite positive in the sample of 
teachers with different subjects and 3D Printing knowledge studied 
here, which corresponds to the “desire” to acquire 3D printers at their 
own school. However, the fact that around half of teachers report a 
high or very high level of interest in attending a training course may 
indicate that they feel insecure in some way. Access to technology can 
be  one of the many barriers teachers face when planning and 
implementing digitally-enhanced lessons (e.g., Pelgrum, 2001). 
However, even if access were a prerequisite for engaging with 
technology, many other factors or barriers come into play that do not 
usually resolve themselves (Hew and Brush, 2007). Thus, the 
availability of 3D printers in schools does not (consistently) lead to 
their integration into the classroom. As the data shows, the use of 3D 
Printing in the private sector is already more pronounced in all STEM 
groups. Therefore, experience gained in this area may support 
integration into the classroom in the future. Both the range of 
instructional materials/concepts and, in particular, the range of 
training to build competencies and self-efficacy are at least equally 
important as the equipment for integrating 3D Printing into one’s 
teaching (e.g., Arslan and Erdogan, 2021). The adoption of novel 
technology is largely determined by personal factors. Performance 
expectancy (related to advantages of 3D Printing), anxiety (of making 
mistakes or against 3D Printing technology), and attitudes toward 
technology use are significant predictors of teachers’ behavioral 
intentions when using new technologies (Holzmann et al., 2020), as 
3D Printing represents for many. Training enables teachers to first gain 
their own experience with the technology as learners, to reflect on its 
pedagogical value, to form positive attitudes and reduce fears, and 
then to learn as teachers how to use 3D models in the classroom (e.g., 
Novak et al., 2021; Chen et al., 2023). Among the teachers in our study, 
the completion of a training course on 3D Printing is clearly 
underrepresented. The reasons given for this are a lack of interest and 
time, as well as a lack of courses on offer. While the intrinsic 
motivation to participate must be provided by the teachers themselves, 
the findings point to necessary implications in pre-service and 
in-service teacher training. Especially in the regular school routine of 
a working teacher, a lot can be achieved with short one-day training 
courses on 3D Printing, especially when time is a barrier (Novak, 
2019). But that is also the case for courses at universities as shown by 
Ishutov et al. (2021) or Thoms et al. (2022). In interpreting our data in 
this context, it is worth noting that the proportion of newcomers is 
increasing from technology through computing to 3D Printing 
knowledge. 3D Printing as a technology in the area of modeling and 
simulation is by far the area with the highest demand for or low supply 
of training (in Germany: Diepolder et al., 2021).

5.3. Perceptions of competence 
development with 3D Printing in the 
classroom (Q2)

The teachers in this study perceived an increase in 
competencies through the integration of 3D Printing, especially 
in the areas of creativity, modeling and technology, closely 

followed by problem solving and scientific inquiry. This goes hand 
in hand with teacher/educator and student competencies (Trust 
and Maloy, 2017; Assante et  al., 2020), but can be  further 
differentiated in terms of 3D Printing expertise for the present 
study. We found empirical support for one of our three research 
hypotheses. The presumed differences depending on the expert 
status of the teachers with regard to 3D Printing can be partially 
confirmed in the areas of competence development through the 
incorporation of 3D Printing investigated here (H2.3). Teachers 
with a high level of 3D Printing knowledge rate 3D Printing as a 
valuable tool for developing competencies in scientific inquiry, 
problem solving and general aspects of digitalization. For fostering 
competencies in scientific inquiry, problem solving there is also a 
high correlation with 3D Printing knowledge. Since a comparison 
of teachers with high and low technological and computer science 
knowledge does not show significant results, it seems that 
knowledge of 3D Printing in particular is required to gain this 
insight, at least in theory. Even more interesting is the fact that the 
experience of integrating 3D Printing into the classroom does not 
seem to change these assumptions related to such areas of 
competence development. In contrast, teachers who have already 
integrated 3D Printing into their teaching rate the same items 
significantly higher, but seem to see further potential in additional 
areas such as social and communication competencies. It seems 
that seeing students working in the field of 3D Printing enables 
teachers to identify potential that cannot be  derived from 
theoretical reflection alone. This is in line with the findings of 
Thyssen et al. (2021), who show that willingness and plans to use 
ICT in the future show stronger correlations with their current use 
than with Technological Knowledge or Technological 
Pedagogical Knowledge (according to the TPACK model, Koehler 
et  al., 2013), and even has a higher weight as a predictor in a 
regression model.

With regard to the three age groups and three subgroups on the 
number of STEM subjects formed in this study, a presumed 
relationship with the assessment of the development of competences 
with 3D Printing cannot be  established (H2.1 and H2.2 must 
be rejected for the present sample).

5.4. Perceptions about the integration of 
3D Printing in the classroom (Q3)

In addition to the external barriers, which the teacher has little 
control over, they themselves still face the challenge of thinking about 
the benefits of digital technologies and deriving potentials (possibly 
also 3D Printing in combination with other digital technologies, 
Caldarone, 2020) as well as acquiring knowledge and skills for 
integrating them [second-order barriers according to Ertmer (1999)]. 
Our data show that knowledge of 3D Printing and a differentiated, 
rather than general, approach seem to have an impact on the 
assessment of didactic and methodological aspects that are essential 
for considering the benefits of using 3D Printing in the classroom. 
Both factors led to significant differences when comparing the 3D 
Printing expertise groups and the way of rating, respectively. In 
particular, the increase in the rating of methodological integration 
when assessed in a more nuanced approach using a multiple item 
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FIGURE 1

Dimensions and decision fields of the integration of 3D Printing 
during lesson planning, adapted from Meier et al. (2022).

scale could indicate that practical trainings that allow experiencing 
real lessons and thus actual methodological implementations could 
have beneficial effects due to the observations that can be made. This 
type of peer observation is helpful in several variations (Hamilton, 
2013). Furthermore, more than 50% of the items tested for 
methodological and/or didactic integration of 3D Printing correlate 
significantly with knowledge of 3D Printing. Taken together, this 
demonstrates the need for more training courses in which teachers 
can acquire the relevant knowledge and adequate perspectives on 3D 
Printing. It would be  important to provide teachers (including 
pre-service teachers) with approaches for differentiated consideration, 
pedagogical concepts and models for integrating 3D Printing in the 
classroom; such as essential content of in-service training (Assante 
et al., 2020).

Meier et al. (2022) provide a theoretical approach that reflects 
priorities with respect to didactic or methodological, product or 
process oriented, and subject-internal aspects. Based on these three 
perspectives of integration in the classroom, a three-dimensional 
space can be created to reflect on the objectives and content of the 
lesson. The base is formed by two fixed axes that can represent the 
focus of integration in terms of didactics or methodology (axis 1 in 
Figure 1), and the printer itself, the printed product, or the process in 
between (axis 2 in Figure 1). The 3D printer as a physical device and 
the 3D Printing product is very present in the perceptions of the 
surveyed teachers in the present study. In contrast, the inclusion or the 
perception of the design process as a possible way to integrate 3D 
Printing in the classroom is more in the middle range of agreement. 
This could be due to the fact that most of the teaching concepts and 
materials available focus often on a specific 3D Printing product (e.g., 
Jones and Spencer, 2018; Haverkamp et  al., 2021). In addition, 
perceptions of the 3D printed product and its use in the classroom are 
probably closer to the common use of media (in this case, models) in 
the subject lesson. In contrast, the integration of the design process for 
printing is linked to knowledge of the technology and the process 
steps and usually also leads to changes in the teaching concept. 

Learning situations in which students digitally design models 
themselves and then physically print them out are not possible without 
partially adopting concepts from the maker movement, and are closely 
linked to a constructivist understanding of learning (Pearson and 
Dubé, 2022). In the creation of self-directed learning environments in 
which individual and differentiated approaches to learning are made 
possible, there is potential for the 3D Printing Experts in this study in 
learning through 3D Printing. They differed significantly from the 3D 
Printing Novices in their conception of this. This observation could 
be  interpreted to mean that 3D Printing supports constructivist 
learning or approaches that incorporate design thinking concepts or 
methods based on them and elements derived from them are seen as 
promising by teachers. The extent to which these teachers also 
methodically implement design thinking supported by 3D Printing 
into their own classrooms can vary widely and does not necessarily 
need to take advantage of the full potential of 3D Printing. In fact, it 
may be as simple as just integrating a few elements (Leinonen et al., 
2020). However, this was not explicitly addressed in the context of the 
study or covered with specific items and should be explored in more 
detail in follow-up studies.

Perpendicular to axes 1 and 2 is a third, context-dependent axis 
(axis 3  in Figure 1), each consisting of a pair of terms describing 
relevant contextual areas. The vertical axis is to be understood as a 
flexible set of, possibly subject-dependent axes to capture the relevant 
contexts. In STEM education, contexts can be represented by axes with 
different extremes, such as science or everyday life or for other subjects 
and contexts 3D Printing/design process and 3D Printing equipment 
technology, chemistry of 3D Printing and technology of 3D Printing 
process. The comparison of our data, according to which STEM 
teachers see a higher possibility of integrating 3D Printing as content 
in the sense of a corresponding science technology in their subjects, 
with the presented model (Figure 1, axis 3: daily life/science) allows 
two interesting interpretations: the model can (a) explain the 
differences between STEM subjects that have emerged on this topic 
and (b) potentially predict a larger space for the integration of 3D 
Printing in STEM subjects. For contextual perspective and adaptation, 
different pairs of terms should be  formulated for the third axis 
depending on the subject. STEM subjects or teachers’ perceptions do 
not seem to differ fundamentally in areas relevant to lesson planning 
in general. The perception of the possibilities of methodological or 
didactic integration and the integration of printed products or the 
design process do not seem to be STEM specific. This means that a 
model with a more or less general but adaptable structure may 
be  appropriate and flexible enough to account for the observed 
differences. The needs of different subjects can be met by adjusting the 
third axis for analytical purposes. However, this will not change the 
observation that at least right now STEM subjects have the potential 
of integrating 3D Printing in the context of science (e.g., HU and 
Jiang, 2017; Walker and Humphries, 2019) matching higher 
assessment of an integration in SD concepts while teachers of other 
subjects seem to assess reduced possibilities for both fields.

5.5. Link to the (NON-)STEM subjects 
taught

For self-reported knowledge in the mentioned areas (Table 2), a 
significant difference can be found between teachers with two STEM 
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subjects and teachers with one or no STEM subject. One explanation 
for these differences may be the specificity of computer science and 
3D Printing knowledge in particular, which may be associated with 
related technologies in science. This interpretation would be supported 
by the finding that teachers with two STEM subjects, when they think 
of 3D Printing, are less likely to think of it as a field for other subjects, 
and see opportunities for integration into the classroom as an 
established technology in scientific fields corresponding to their 
subjects. The use of digital technologies is less influenced by the 
subject in terms of scope, but is certainly influenced by the subject in 
terms of the design and type of technologies incorporated (e.g., 
Záhorec et al., 2019). However, the number of putative effects that may 
exist in terms of the number of STEM subjects taught is small. Apart 
from the actual use of 3D printers, significant effects can only be found 
for 6 items, three of which, as reported, concern the information on 
the existing knowledge, two the reference to the own teaching subjects 
and one the promotion of sustainability competences with 
corresponding SD concepts using 3D Printing. This suggests that there 
may also be determinants in the latter area, which are not directly 
linked to 3D Printing knowledge but to the number of STEM subjects 
compared to the differences found for stated knowledge. Similarly, the 
alignment between STEM and non-STEM teachers in the use of 3D 
Printing evidenced in other studies and countries (Chen et al., 2023) 
may also be evident in our study. Certainly, teachers’ perceptions and 
perspectives will change, driven by self-taught dynamics or those 
specifically initiated by in-service training.

6. Implication: what can be derived 
from this study for future training 
concepts?

Teaching with 3D Printing in the classroom is now coming up 
against not so much equipment limitations as training limitations 
(Pearson and Dubé, 2022), which are narrowly defined by a (still) very 
small number. Following on from the reported findings on perceptions 
of 3D Printing in the present study, training courses for Novices and 
Experts need to be developed, adapted to the level of experience and 
knowledge as well as to the interests of the participants. Ideally, these 
courses should include a pedagogical approach to the use of 3D 
Printing in the classroom (Assante et  al., 2020) and practical 
approaches in schools, rather than focusing solely on technical 
aspects. As it is clear that the use of 3D Printing in the classroom 
provides additional insights and perceptions in terms of fostering 
interaction and communication skills, new training approaches could 
also be considered. Implementations that allow teachers to observe 
real lessons and experience student interaction and communication 
could potentially provide such perceptions directly. New or more 
hands-on training formats raise questions about the impact and 
sustainability of training in technology use.

Another targeted alternative would be  further training with 
observation of the teaching of experts, with novices even assisting 
as co-teachers after their own training. Such an approach would 
specifically encourage peer support, which is difficult to build due 
to the still small number of 3D Printing users. This concept could 
be used to initiate a specific form of cooperation between teachers, 
the Professional Learning Communities (PLC). In PLCs, ideally, 

practitioners (“teachers as learners”; Bonsen and Rolff, 2006, p. 169) 
work together continuously, cooperatively and critically by 
exchanging ideas about their own teaching and subject content. It 
is assumed that teachers’ collaboration can support their 
professional development (e.g., Terhart and Klieme, 2006; Methlagl, 
2022). The assumed positive relationship between teacher 
collaboration and teacher competence is derived from situated 
learning approaches (Putnam and Borko, 2000; Borko, 2004). 
Learning to teach in applied situations/contexts supports the 
transfer of “new learning” into one’s own or future teaching.

7. Limitations and further research

Limiting factors for the validity of the findings in this study 
include the sample generation. With regard to the equipment with 
3D printers and their use, the sample may be  biased as several 
teachers from a school may have responded to the survey and it is 
unclear how many teachers were actually in the same school. 
However, the specification of the school could have had an 
unfavorable effect on the feeling of anonymity during participation 
and consequently lead to lower participation. As a result, the 
respondents were not asked to name their own school.

With the intention of broadly capturing and describing the 
teachers’ perceptions, a questionnaire with content-rich items and 
different item formats was developed. This has a limiting effect on the 
evaluation procedures and the nature of the results. Models that 
explain the relationships and interactions of factors in an explanatory 
way cannot be  derived from the data collected for a descriptive 
survey, as there are no scales for variables that (could) interact in 
model contexts. This is where future research is needed to develop 
appropriate scales (e.g., Gürer et  al., 2019) to fit new or existing 
models on the basis of available data. In addition, qualitative methods 
should be  increasingly included in the collection and analysis of 
attitudes and perceptions about 3D Printing. This is already more 
common in intervention or evaluation studies (e.g., Song, 2018), but 
could be expanded with an eye toward teachers’ general and subject-
specific conceptions of 3D Printing. This will also require 
comprehensive statistical surveys of 3D Printing, equipment, and 
existing training to validate our findings. In this context, an analysis 
of existing training concepts would be particularly helpful for the 
development of new training courses (e.g., Novak and Wisdom, 2020; 
Cuun, 2021).
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The purpose of this study was to analyze knowledge co-construction as a

self-organization process and the role of technology as its catalyst. Novel

AI-directed speech recognition technology and the artifacts it generates were

deployed to sca�old the knowledge co-construction process in two groups of

pre-service teachers in a science education context. Throughout the lesson,

the focus of the learning tasks was on pedagogical content knowledge and

students’ preconceptions. Analysis was conducted through the key characteristics

of the social system’s self-organization theory. The process of self-organization

refers to the system’s capacity to diverge from familiar structures, perspectives,

and operations. Through the lenses of system theories, the active role of

artifacts in co-construction was grasped and the role of technology in the

self-organization of knowledge was analyzed. The pedagogical design of

knowledge co-construction followed the principles of student-engaging learning.

The technology used in co-construction was novel speech recognition AI

software, which produced visual and editable word cloud artifacts from oral

discussions on the large-format screen to edit. The data included videos and

audio recordings. In this qualitative study, a content analysis and interaction

analysis were used with descriptive analysis. The results showed that when

technology became visible, as an active component of the system, artifacts

triggered key signs of the social system’s self-organization in co-construction.

Exchange of information, “entropy levels,” were rapidly increased, and di�erent

viewpoints were expressed. Also, “chaos zones,” far-from-equilibrium states,

were reached in both groups. Editable artifacts on the screen represented

bifurcation spaces where groups’ discussions were crystallized for the first time.

Information was further categorized and evaluated through artifacts and this

demonstrated how the groups processed communication into learning insights.

Based on the results, the role played by this kind of technology was significant

in the self-organization of knowledge. Materialized artifacts pushed the groups

from small group conversation phases, comfort zones, toward uncertainty and

confusion, which are central in self-organization. Technology in the system is seen

not only as an interactor but also as an active agent that can facilitate epistemic

emotions and support the group in the self-organization of knowledge.

KEYWORDS

knowledge co-construction, self-organization of knowledge, systems theoretic

approach, technology-enhanced learning, artificial intelligence, speech recognition,

technology-mediated learning
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1. Introduction

In this study, the social system’s self-organization theory

approach (Ståhle, 1998) is adopted to analyze knowledge co-

construction processes where technology is seen as one central

component of the system. Through the lenses of system theories,

it is possible to grasp the active role of artifacts in co-

construction and analyze the role played by AI-directed speech

recognition technology in the self-organization of knowledge.

The system theory approach has not been widely used for

analyzing co-construction processes. Group agency is widely

studied (Dillenbourg et al., 2009; List and Pettit, 2011; Stenalt,

2021; Brod et al., 2023) but there are only a few empirical

studies on group self-organizing processes of knowledge in the

context of educational technologies (Scheel et al., 2022). Sawyer

(2006, 2009) has connected a systemic approach to collaboration

and formed the concept of collaborative emergence. Sawyer

introduces the phenomena, studied by social scientists, that

emerge from “complex systems of individuals in interaction.”

Ritella and Hakkarainen (2012) see technology-mediated learning

practices as a similar phenomenon, a distributed system involving

inter-psychological (social) and intra-psychological (individual)

levels, materially embodied artifacts, and different perceptions

of time.

Productive collaborative processes share similarities with

social systems’ self-organization processes of knowledge, which

can be also equated with innovative learning and the emergence

of new knowledge (Ståhle et al., 2020). If the indications of

self-organization exist when a group of learners constructs

knowledge, the process includes affordances to support

higher-level learning and deeper cognitive processes (Bloom

et al., 1956), which are also the aims of novel pedagogical

approaches and 21st-century competencies. The challenge in

existing pedagogical practices is still to generate higher-order

cognitive processes, even though novel curriculums’ content

in recent years has shifted learning objectives from the idea

of information transfer to higher-level learning (Härkki et al.,

2021) such as the skills to analyze and solve problems and

apply complex ideas (Haataja et al., 2023). The demands and

aims of 21st-century education also challenge the pedagogical

practices of using digital tools (Schleicher, 2018; Sanina et al.,

2020).

The importance of collaboratively developed artifacts

is highlighted in idea development and productive

collaboration (Hennessy and Murphy, 1999; Barron,

2003; Paavola and Hakkarainen, 2009; Kangas et al.,

2013). Also, in more recent learning research, Sawyer

(2022) highlights the role of material tools in learning

and collaborative creativity. He points out that artifact

agency is a “positive force that drives the creative process

forward.” Jointly constructed artifacts have an agency that

supports creativity.

In this study, a system refers to an entity composed of a

student group, technology, artifacts produced by students and

technology, and co-construction activities. In systems where

knowledge is created by self-organization, the systemmust undergo

iterative processes that involve feedback loops. Through iterative

interactions between its components, a system is driven to a

state of instability through which unexpected paths are opened

for its development. These paths can format new structures, new

knowledge, and higher-level learning outcomes. In the context

of social systems, “entropy” is considered a key characteristic

in generating iteration. The concept of entropy, used in this

study (based on Ståhle, 1998) refers to the rich exchange of

information, as well as increased disorder and randomness

in a system. Self-organized systems must have the ability to

produce and increase entropy: to discuss the topic from different

points of view and elaborate on the information exchanged.

An increase in entropy leads the system from its balance,

“equilibrium,” toward a far-from-equilibrium state in which

confusion and uncertainty are necessary elements for knowledge

to be analyzed, evaluated, and finally crystallized. When a system

can operate with increased entropy in a far-from-equilibrium

state, classifying and reflecting on information and tolerating

challenges, the system has the opportunity to evolve and innovate a

new order.

The self-organizing process of knowledge differs, for example,

from a linearly scripted learning process, where the learning path is

defined as precisely as possible. In a system’s behavior, there must

be room for uncertainty which creates space and opportunities

for innovation through self-organization of knowledge. A self-

organizing system has the freedom to act on and influence its

decisions. Small changes can lead to significant shifts in the

system’s patterns and structures through bifurcation moments. The

new order emerges suddenly from the system itself. Bifurcation

moments in a broader sense can lead to significant shifts in learners’

understanding and knowledge structures.

This study aims to analyze the knowledge co-construction

process and the role of technology in the self-organization

of knowledge. The research interest lies especially in

technology as one active component of the system in co-

construction, besides the group of learners. By taking a

social system theory approach to the analysis of knowledge

co-construction processes, scaffolded by AI-directed speech

recognition technology, patterns of the key components

that enable a group to self-organize their learning together

are delineated.

From this context, the following research question arises:

“What is the role of AI-directed speech recognition

technology in the co-construction process in terms of self-

organization of knowledge?”

In the following sections, the theoretical background is initially

clarified. The main concepts of social self-organizing systems are

revisited and our conceptual and analytical approach, reflecting

learning theories, is framed. The research setting is then introduced,

covering the technology-mediated co-construction of preservice

teachers in science education and an empirical analysis of the case

study. Finally, in the discussion, the focus is on evaluating the

theoretical insights with empirical data aiming to identify the key

components that enable a group to self-organize in knowledge co-

construction.
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2. Theoretical background

2.1. What is a system?

In systems thinking, the concept of a system refers to “a holistic

entity composed of and dependent on a series of interconnected

and interacting parts” (Ståhle et al., 2020, p. 191). Salazar (2002)

defines a system in social sciences as a collection of mutually

dependent elements that form a cohesive entity. A group can be

construed as a system, given that it is comprised of mutually

dependent elements, which may be conceptualized in various

forms (such as group members, behaviors, and interactions) that

contribute to a unified whole.

Systems have been studied from a variety of perspectives.

Ståhle (1998, 2008) has distinguished three different research

generations of systems paradigms, the first of which focused

on systemic order and its predictability, the second on systems

openness and steadiness, and the third on self-organizing systems.

The systems thinking trend from the 1960s shifted research

toward the unpredictable dynamics of systems, disorder, and the

relationship between chaotic behavior and the emergence of order.

These new viewpoints led to a new research approach, known

as complexity theory (CT) or complex adaptive systems (CAS)

theory (Ståhle, 2008). The field of complexity science refers to

a growing body of research on dynamic non-linear feedback

systems and self-organizing systems. Not only individuals but

interconnected and interacting parts form a dynamic system

whose ability to self-organize requires a chaotic state. In general,

complexity sciences investigate the zone between order and chaos,

where a system transitions to exhibiting a significant degree of

dynamism, represented by an increased variety in the behavior

of its constituent elements. The term “complexity” refers to the

substantial interdependence among a system’s elements, as well as a

high degree of variety in their respective behaviors (Salazar, 2002).

2.2. Concept of self-organization

The process of self-organization refers to the ability of a

system to move away from familiar structures, perspectives, and

operations. The concept refers to the capacity of a system to create

its own structure (mentally, socially, and physically) and to set rules

that facilitate collaborative behavior without requiring external top-

down control (Mitchell, 2009). Self-organization in a system may

be said to occur when a system seemingly spontaneously develops

new structural features and a new order after having progressed

through a disruption. The disruption causes a kind of “crisis” in the

system which moves it away from equilibrium, from its stable state.

This movement is characterized by a display of a greater variety of

behaviors than was the case when the system was functioning at, or

close to, its equilibrium point (Salazar, 2002).

Prigogine’s research can be said to be the most important

contribution to the self-organization and dynamic systems

paradigm. Prigogine, a famous chemist, pointed out in his theory

of dissipative structures that physical or chemical systems appear to

develop order out of chaos. Prigogine discovered new laws of nature

that could connect the natural sciences to the human sciences, and

hemaintained that these laws are universal, and thus also applicable

to social systems (Prigogine, 1976, p. 120–126; Ståhle et al., 2020).

According to Prigogine (1980), to fully grasp the concept

of self-organization in social systems, one must understand the

critical transitional changes between order and chaos, stability and

confusion. In stable states, the system works like it used to work.

However, this state of “equilibrium” also means that there is little

room for new or unexpected developments. The system needs

to be pushed to the “chaos zone” to achieve new developments

and results. If the system always operates in a stable equilibrium,

through its familiar practices, innovative developments do not

emerge. Characteristics that promote stability inhibit creativity

because they only allow groupmembers to do things that are guided

by the same frames of mental models as usual (Salazar, 2002). The

space between stability and instability—the edge of chaos—is where

higher-level learning and creativity take place.

Ståhle (1998) analysis of Prigogine’s research is used in this

study. Key characteristics (i.e., requirements) for all self-organizing

systems: entropy, state of far-from-equilibrium, and momentums of

bifurcation are extracted from Prigogine’s work by Ståhle. The focus

of this study is the self-organization of knowledge within a group.

Next, the process and requirements of self-organization in

social systems are clarified.

Entropy, a fundamental concept in thermodynamics, also plays

a crucial role in the self-organization process. In the context of

social systems, it refers to the information that a system produces

to generate iteration but also increased disorder and randomness

in itself. The systemic basis of self-organization is interaction, a

rich exchange of information among its components. The more

that the system exchanges information, i.e., communicates, the

more the level of entropy increases. However, there are certain

requirements. First, the communication dynamics in the system

must be non-linear, and second, it must include both positive and

negative responses. Both are needed for fruitful discrepancies and

confusion to emerge. Positive feedback alone creates unanimity and

negative feedback alone prevents continuity (Ståhle, 1998). When

communication increases and the dynamics of communication

include positive and negative forms, the process is called iterative:

a cyclic feedback process that is continuous and sensitive, which

allows the information produced by a system to be quickly

transmitted throughout the whole system. Increased entropy also

means information that cannot be utilized. Contrary to earlier

beliefs, Prigogine saw high entropy levels not as a waste, but

instead as a necessary component of self-organization. According

to Ståhle (1998), Prigogine argued that a self-organizing system

always produces waste and abundant information. Paradoxically,

this uselessness is also necessary for a system’s evolution.

In Prigogine’s theory, increasing entropy levels are also

associated with information chaos and disorganized, unclassified,

or unappreciated knowledge. Entropy also brings uncertainty,

imbalance, and confusion into the system through increased

communication and different perspectives. It is important to note

that high entropy means greater disorder, wasted resources, lost

information, and uncertainty in the system. For a social system,

this means abundant communication and production of ideas, and

different angles of information without any certainty as to whether

they will prove useful. Entropy is key in the self-organization
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process. Without increased entropy levels, the system (group) stays

in a stable state (equilibrium) where new developments can only be

small steps without any radical transformations.

To sum up, the entropy level of the system is based on

its iterative quality, i.e., the frequency of information exchanged

and the number of different viewpoints, as well as the balance

between positive and negative feedback and equal participation

(power balance) of the system components.

2.3. From comfort equilibrium to chaotic
far-from-equilibrium

As described above, high entropy levels are necessary for a

social system to move from its stable state, equilibrium, toward

self-organization. When the system moves from its comfort

zone to “far-from-equilibrium”, it handles increasing entropy

levels, uncertainty, and confusion. If the system can handle the

disharmony and confusion of increased entropy levels, it has

a chance to produce order out of chaos; thus, it is crucial to

avoid making interpretations and crystallizing information too

early in the system, as this can hinder the system’s ability to

reach the needed “chaos zone.” Far-from-equilibrium might lead

to the creation of something genuinely new—a new order, new

knowledge, out of chaos.

2.4. Bifurcation: a zone between
determinism and free choice

The new order in a system’s self-organization includes

momentums of bifurcation. “In principle, a bifurcation is simply

the appearance of a new solution” (Prigogine, 1980, p. 105).

Bifurcation always produces a change that is not a logical

continuation of the previous structure (Prigogine, 1980, p. 105),

and thus bifurcation as an event is always also a source of

innovation (Prigogine and Nicolis, 1989, p. 74). The change of

the system to the new equilibrium state happens suddenly. At

the point of bifurcation, the system rejects a large amount of

information, causing the amount of entropy to decrease and a new

order to emerge. Bifurcation requires chaos or a state of far-from-

equilibrium, as stated by Prigogine (1980, p. 105), Prigogine and

Stengers (1984, p. 169), Prigogine and Nicolis (1989, p. 74), and

Ståhle (1998).

According to Ståhle (1998) analyses of Prigogine, bifurcation

refers to a phenomenon characterized by irreversible changes. As

noted by Prigogine and Nicolis (1989), bifurcation is a catalyst for

innovation and diversification, leading to the emergence of new

solutions in the system. This transition occurs abruptly, akin to a

sudden leap, which the term “crystallization” accurately portrays.

At the bifurcation moment, the system relinquishes a significant

amount of information, resulting in a decrease in entropy and the

creation of a new order.

Bifurcation moments are critical in comprehending the

irreversible changes that occur in self-organization. These systems

are pushed beyond their initial equilibrium states through

fluctuations, leading them to the bifurcation moments where

multiple new options can be established. At this point, the system

must choose between the available alternatives, and upon passing

through the bifurcation moment, the system assumes a new

configuration with new properties and structures.

In this study, our conceptual and analytical approach to

the social system’s self-organization can be seen to bring forth

interesting emphases to modern learning theories. Following this,

the related learning research context is presented, and concepts

from our analytical frame are interconnected.

2.5. Reflection on the learning research
context

In this study, the knowledge co-construction process is seen

to include affordances for the group to self-organize and support

higher-level learning, such as critical thinking, problem-solving,

creativity, and reflection, and amore comprehensive understanding

of the subject matter. The social system’s self-organization is an

iterative process with the unpredictable resonance between

its components. Similarly, in socio-constructivism, learning is

an ongoing, iterative process built from unscripted dialogue,

interaction, the agency of participants, and artifacts (Lonka,

2015; Lonka et al., 2018). Learning goes beyond individual

cognitive processes and also includes distributed, group, and

social aspects (Hontvedt et al., 2023). Learners engage in cycles

of inquiry, reflection, and action during the construction process,

accommodating existing knowledge structures and refining

their understanding. Material facets and the role of artifacts

in collaborative processes are emphasized (Papert and Harel,

1991; Paavola and Hakkarainen, 2005; Stahl, 2006; Stahl and

Hakkarainen, 2020).

How is this kind of iterative co-construction process supported

in practice? Lonka and Ahola (1995) summarized three general

principles for student-activating teaching and learning methods

in higher education: first, starting with activating, and diagnosing

the previous knowledge and understanding of the participants

(e.g., brainstorming and generating ideas); second, supporting

the learning process and making the learning processes overt

to the discussion in various ways (e.g., guided discussions and

editing shared artifacts); and third, providing both formative and

summative assessments throughout the learning process (e.g.,

learning diaries, evaluation discussions, and further editions of

artifacts). These three phases of learning processes are iterative

and cyclical, where a longer learning cycle (such as an entire

course) consists of shorter cycles of tutorials, lessons, or group

discussions. Project-, inquiry-, and problem-based learning are

examples of methods that activate students (Barron et al., 1998;

Bereiter, 2002; Hmelo-Silver, 2004; Pedaste et al., 2015). In more

ordinary settings, such as student-activating lectures, student-

activating principles are also effective (e.g., McKeachie, 1999; Lonka

and Ketonen, 2012). Lonka (2012) and Lonka et al. (2018) has

presented a synthetic Engaging LearningModel, adding engagement

and interest to the cyclic learning process described above: starting

by catching interest and curiosity, then maintaining interest, and

finally, deepening the interest of the students during the cycle

(based on Hidi and Renninger, 2006). Activating students’ ideas
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and potential misconceptions may also trigger confusion when

previously held ideas are challenged. In all these phases, tutoring,

and scaffolding of learning are important (e.g., Muukkonen et al.,

2005).

In this study, the system-theoretic approach of self-

organization and analytical tools is used to bring an understanding

of how technology, as an active component of the system, adds

value to the co-construction process. Entropy refers to the iterative

information exchange that a system produces, including increased

randomness and uncertainty in a system. In a learning context,

this relates to the concept of surprise, which is one epistemic

emotion. Epistemic emotions, which relate to knowledge and

the generation of knowledge, are critical drivers of cognitive

performance and engagement in learning (Vogl et al., 2020). As

fundamental epistemic emotions, surprise, interest, confusion, and

curiosity are linked with antecedents (e.g., cognitive dissonance)

and outcomes (e.g., knowledge creation) and are therefore critically

important for learning. Created confusion (imbalance) can turn

toward discoveries, and curiosity promotes new levels of thinking.

The findings of several studies imply surprise focuses attention,

enhances memory, triggers interest and curiosity, and indirectly

influences motivation. Sudden changes can push the system

beyond its boundaries, sparking epistemic emotions (Renninger

and Hidi, 2015; Noordewier et al., 2016; Vogl et al., 2020).

Increased entropy nudges a system from equilibrium

toward chaos, a vital state for self-organization. Similarly,

learning also requires tolerance of negative emotions such as

confusion, boredom, and frustration, as they serve to stretch our

understanding (Lonka et al., 2018). Rather than signs of failure,

these challenging emotions are a natural part of the learning

process. Specifically, confusion can stimulate constructive learning

and deep understanding (Craig et al., 2004; D’Mello and Graesser,

2014). The benefits of confusion for learning depend on how it

arises within tasks and how students manage it (Lehman et al.,

2012; Lodge et al., 2018; Arguel et al., 2019). Effective confusion

resolution is crucial for successful learning outcomes, as unresolved

confusion can dampen interest in learning (D’Mello and Graesser,

2012). Furthermore, the learning environment should facilitate

confusion management through timely feedback and align

cognitive disequilibrium with task context for problem-solving

(D’Mello and Graesser, 2014). However, it is important to note that

individual differences significantly affect how students experience

confusion in the learning process.

These kinds of entropy-driven dynamics, triggering bursts

of epistemic emotions, can catalyze bifurcation moments,

innovations, and new solutions in the system. In collaborative

learning, bifurcation momentums in self-organization can

be harnessed toward the concept of collaborative emergence

(Sawyer and DeZutter, 2009), which refers to the emergence

of a new product or creative outcome, a collective chance for

something novel and appropriate to occur. Cognitive processes,

distributed across participants and artifacts, contribute to

collaborative emergence (Sawyer, 2006, 2009). Characterizing this

unrestricted process is a free-flowing collaboration marked by

equal participation and flexible actions. Additionally, spontaneous

responses to changing situations empower the occurrence of

something novel (Sawyer, 2006, 2009).

3. Materials and methods

3.1. Case study

3.1.1. Context and participants
The research context of this case study was a science

teacher education course. The focus was on pedagogical content

knowledge, especially how to include science education research

knowledge of students’ conceptual understanding while planning

science instruction. The course was part of a 1-year program of

pedagogical studies, required in Finland to achieve formal teacher

qualification in addition to master-level studies in the teaching

subject, e.g., mathematics or physics. The program was conducted

in English. In the course, there were two small groups, with a total

of eight participating student teachers of mathematics or science.

Due to the international study program, the students’ backgrounds

were notably diverse, including their experience with educational

technology. Their ages ranged from 20 to 57 years. Participants’

backgrounds varied, ranging from a career-changer transitioning

from information technology to teaching, to a 4th-year student with

little experience beyond their university studies. All participants

gave their written consent to the planned research.

Focus is placed on one lesson (90min) in this study. The

collaborative activities of the lesson aimed at supporting reflection

on why it is important for a teacher to track students’ preconceptions

and what pedagogical aspects to take into consideration when

planning science and engineering practices for physics lessons. Group

1 (G1) comprised one female and three male participants, and

group 2 (G2), three female and one male participants. There was

one physics major in each group. The whole group tested the

software during an earlier lesson on the previous day, so the

functionality of the software was not totally new to them.

3.1.2. AI-directed speech recognition technology
for self-organization of knowledge

The core concept of the AI-directed speech recognition

technology used in this case study was based on theories of

collaborative learning and knowledge co-construction. The main

idea is that participants can focus on the flow of conversation

and produce “notes”, digital artifacts, while speaking, without the

additional effort required by typing or writing.

In this research, technology is seen as an inseparable part of

the system. Technology provides a novel means for collaboration

by enabling the co-creation of digital artifacts (word clouds

and collective notes) through spoken contributions. The artifacts

produced by technology during co-construction activities are seen

as active components of the system, as a part of a group of

learners. The notion of artifacts has been used interchangeably

in learning sciences (Damşa, 2014). Artifacts are instruments to

mediate learners’ actions in dialogue and problem-solving, as

well as engaging them in knowledge construction (Säljo, 1999).

“Externalized and materialized artifact” refers to instruments that

promote the evolution of understanding and guide personal or

collective inquiry further (Ritella and Hakkarainen, 2012). The

role of material artifacts during the construction process has

more recently shifted from artifacts solely as learning outcomes to
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artifacts as an active part of learning. Artifacts have the agency to

create situations where ideas emerge from a process of interaction

with them (artifacts). “The pedagogical message throughout is that

the student should welcome the artifact’s agency as a positive force

that drives the creative process forward” (Sawyer, 2022).

In this study, the AI-directed speech recognition technology

used combines new disruptive technologies: (1) speech recognition

as a novel collective way to produce artifacts orally without typing;

and (2) artificial intelligence to transform recorded oral thoughts

into visual, materially embodied digital artifacts. Automatic Speech

Recognition (ASR) is a computerized procedure that decodes and

transcribes spoken language, typically converting it into written

text. Many empirical investigations have provided substantial

evidence to support the positive impact of ASR on language

learning in particular (Jiang et al., 2023). Speech recognition is

one of the most complex areas of computer science—involving

linguistics, mathematics, and statistics. The vagaries of human

speech have made its development challenging. Numerous factors

can impact word error rates, such as pronunciation, accent, pitch,

volume, and background noise. Reaching human parity—meaning

an error rate on par with that of two humans speaking—has long

been the goal of speech recognition systems.

The core characteristics of the software used in this study are

as follows. It is (1) built to work in the English language. After

recording an oral group discussion, (2) the software materializes

transcription, based on group discussion as a digital, frequency-

based word cloud. It is (3) possible to move each word in the cloud

separately, (4) resize the words, and (5) add new words and phrases

to the word cloud by typing on a keyboard.

3.1.3. Pedagogical planning and co-construction
activities

The pedagogical planning of this 90-min lesson was framed to

apply the Engaging Learning Model (ELM) (Lonka, 2012; Lonka

et al., 2018) with a simplified short learning cycle:

1. Phase 1—to organize activities and set goals, share current

understanding, capture interest, and generate ideas.

2. Phase 2—to facilitate inquiries through a shared artifact and

engage participants in knowledge co-construction process.

3. Phase 3—to assess learning gains and engage the participants

in deepening their interest and motivating future learning.

1. Phase 1: The aim of this phase was to start the co-

construction process: that is, to activate previous

understanding and to start brainstorming based on

oral discussions. The setting was a small group learning

discussion around the table. The large format touch device

was not in use during this phase. The participants were able

to write their own notes. Microphones were set up on the

table and voice-driven AI software recorded the learning

discussion in the background.

2. Phase 2: Co-construction activity during the second phase

aimed at deepening the learning process. The group

activity consisted of editing the digital word cloud and

organizing the single artifacts from the cloud on a large

Table 1 Co-construction phases, activities, and technology setup in each

phase.

Lesson’s
phases
(Length of
each phase)

Co-
construction
activities

Technology setup

1. Phase (25min) to

activate previous

understanding and

to start

brainstorming

based on oral

discussions

Small group

discussion around

the table

Software records group

discussions and creates

transcription of small group

discussions. Large-format

touch device is not in use.

2. Phase (35min)

aimed at deepening

the learning process

Digital word cloud

artifact is visible

and the words in it

are editable for the

group on a

large-format touch

device.

From transcription, the

software produces, based on

frequency, a digital word

cloud and editable artifacts

(words) in it. Word cloud is

displayed on a large-format

touch device.

3. Phase (30min)

present and share

learning insights

Group

presentations to the

whole class and the

teacher.

The edited word clouds of

both groups are available on

the large-format touch device

during the group’s own

presentation

format touch device. Phase 2 began when the digital

word cloud, externalized from oral group discussions

and transcriptions, became visible, making digital artifacts

available for knowledge co-construction.

3. Phase 3: In Phase 3, the co-construction activity of the

groups was to present and share their learning outcomes for

evaluation. Edited word clouds were available and displayed

on the large format touch device during the groups’

presentations. Table 1 summarizes the co-construction

phases, activities, and technology setup.

3.2. Data collection and analysis

The video allowed us to examine the role of technology in

group processes in depth (Derry et al., 2010). The present study

employed the following data from the larger data corpus (240min

in total). Field notes were also collected. First, the video data were

scrutinized. The main data set consisted of a 90-min lesson (co-

construction Phases 1, 2, and 3). The data were collected using a

video camera focused on a group with a microphone placed on the

table in two separate classrooms. The selected video data (150min

in total) formed an entity where technology was used throughout

the entire co-construction process. The data consisted of videos

from both small groups’ co-construction Phases 1 and 2, and from

Phase 3 when the whole group and a teacher were together in

one classroom.

The analysis proceeded as follows. The selected video

recordings (150min) were transcribed verbatim. Next, the video

and transcripts were analyzed. The video data and transcriptions

were imported into the Atlas.ti software. The data processing and

analysis using Atlas.ti was carried out by the first author. The focus

of the analysis was identified by the involvement of co-authors.
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Table 2 Qualitative subsection criteria of entropy.

Qualitative
subsections of the
concept of entropy

Definition Example of the thematic speech
episode

Example from the data

(1) Reinforces the previous

speech acts

Contains a positive

confirmation or concurring

opinion for the previous

speech turns

Agreed that starting with a pre-task involving

questions can help identify students’

preconceptions.

“Yeah, yeah, actually, I was thinking about that

too. . . ike, it might be good to have like some

kind of. . . not like an exam or anything, but

just some kind of questions to find out what the

preconceptions are.”

Editing the word cloud “Yeah, that’s true. Let’s put that in the middle.”

(2) New insight to the

discussion

Participant presents new

insight or viewpoint to the

conversation

Mentioned that the exercise of interviewing

someone without a physics background is a useful

starting point for understanding preconceptions

“The point was to get somebody who didn’t

have the background in physics to think about

it and try to get to the intuitive preconceptions

that they might have.”

Introducing ideas on how to teach abstract physics

phenomenon

“We use experiments to convey abstract ideas?”

(3) Opposite viewpoint Participant disagrees or brings

the opposite or different point

to the discussion.

Expressing doubt about including difficulties or

problems in the word cloud summary.

“Those are sort of generic, so I don’t know.”

“Come on. No, I mean like how is everything

useful in physics. We don’t need it.”

Working with artifacts and discussing. Selecting

artifacts from the word clouds.

“We have to change all of this.”

(4) Other A speech act which cannot be

categorized under any ofthe

three entropy categories

above.

Moving artifacts “Just making space for these.”

Sharing emotional state on Phase 1 “I’m so tired.”

Off-topic artifacts “Weekend, Sunday.”

Definitions, examples of the thematic speech episodes, and examples from the data.

Initially, the participants’ verbal acts were analyzed using the

code-and-count technique. Each participant’s discussion turns in

both groups was divided into speech episodes, constituting the

unit of analysis (Linell, 1998, 2009). In this study, a speech

episode is defined as a thematically meaningful unit of interactional

exchange. A new episode begins when the discussion turns to

the next participant. By applying the code and count technique

and calculating frequencies of speech episodes in co-construction

processes, initial analyses of the changes in entropy levels (amount

of information exchanged) during three different co-construction

phases in both groups were performed.

Next, the speech episodes were analyzed according

to the analytical framework (Ståhle, 1998). Our focus

in the analysis was directed toward the identification of

the concepts of (1) entropy, (2) far-from-equilibrium,

and (3) bifurcation momentums across the three phases

of co-construction.

Following the counting of speech episodes, the concept of

entropy was further analyzed using qualitative content analysis

(Braun and Clarke, 2006; Strijbos et al., 2006). Quantified speech

episodes were also analyzed qualitatively, to understand the content

dimensions and entropy subsections of the speech episodes. The

unit of analysis was a speech episode that could be thematically

categorized to represent characteristics of entropy. Three key

entropy dimensions of variation in speech episodes were identified.

In this study, it meant that the speech episodes either: (1) reinforced

the previous speech act, (2) brought a new insight to discussion, or

(3) represented an opposite viewpoint. Category (4) “Other” was

created for some of the speech episodes that were not relevant

to any of these three categories. Subsection criteria of entropy,

examples of the thematic analysis, and data are presented in Table 2.

In the third phase of analysis, units that captured a meaningful

unity from the pre-service teachers’ verbal and non-verbal

actions, characterizing signs of the system’s behavior in far-

from-equilibrium state, were identified. In this study, this state

was indicated by signs of confusion, frustration, or challenges

manifested in the group members’ verbal acts or behavior.

Video-based interaction analysis (Jordan and Henderson, 1995)

consists of the in-depth microanalysis of how people interact

with one another, their physical environment, and the documents,

artifacts, and technologies in that environment. The transcripts

were segmented into topical episodes based on the substantive

content of the speech and non-verbal behavior. Simultaneously

occurring episodes were considered to be separate episodes. The

talk and actions in these episodes were analyzed in terms of signs

of confusion, frustration, or a sense of challenge. These signs were

also systematically comparedwith entropy levels (number of speech

episodes) and the existence and utilization of digital artifacts.

Finally, the analysis of speech episodes was continued through

the concept of bifurcation in social systems’ self-organization using

qualitative content analysis. Bifurcation moments in this research

are referred to as crystallized learning insights resulting from co-

construction. The speech episodes from the co-construction Phase

3 were analyzed and compared to the edited word cloud artifacts.

The general focus was on the complex arrangement of verbal,

visual, and material conduct through which the participants

interacted during co-construction, including the role of the digital

artifacts in the process (cf. Wohlwend, 2009; Theobald, 2012).
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4. Results

4.1. Description of co-construction phases

The aim of co-construction Phase 1 was to begin the co-

construction process with small group discussion: To activate

previous understanding and to start discussing “How to take into

consideration physics abstract situations when planning teaching, so

that students can understand what the key aspects of the motion and

force as a physics phenomenon are.” Technology was an “invisible”

component in Phase 1. Speech-recognition software recorded the

learning discussion in the background. Participants were able to

write their own notes. Both groups’ discussions were content

related. All participants in both groups were able to contribute

something new to the discussion, which followed the principle

of alternation.

Phase 2 aimed at deepening the co-construction process. This

phase began when both groups, in their own classrooms, saw

the production of the recording, the word cloud artifact, for the

first time. The aim was to produce a summary of pedagogical

ideas for presentations by using the artifacts available. From a

technical point of view, AI-directed speech recognition technology

merged and transacted individuals’ speech, and externalized spoken

discussion using data mining functions based on the recorded

group discussions. Technology formulated the digital word cloud

from Phase 1 group discussions. Each individual’s intangible shared

thoughts were brought and merged. In Phase 2, technology became

visible to the groups, so it also became one component of the

system. Both groups went in front of the touch device and started

to edit the artifacts while continuing their discussions (Figure 1).

Selected artifacts from the word clouds in both groups represented

the learning task at hand. The classified and organized artifacts

represent content knowledge, and examples of these from group

1 are “Physics,” “Experiment,” and “Force,” and from group 2 are

“Motion,” “Laws,” and “Preconceptions.”

In Phase 3, the groups presented and shared their learning

insights. In this third phase of co-construction, the two groups

came together with a teacher and presented their findings, one

group at a time. During the presentations, all members from both

groups had the opportunity to participate in sharing ideas and

thoughts from the previous phases.

4.2. The role of AI-directed speech
recognition technology on co-construction
in terms of self-organization of knowledge

To answer the research question “What is the role of the

AI-directed speech recognition technology in the co-construction

process in terms of self-organization of knowledge?,” the findings

in terms of entropy are first illuminated. In the initial analysis,

each participant’s interactional speech episodes during the three

co-construction phases were quantified. This was done with the

intention of interpreting variation in entropy levels across both

groups. The code and count approach, as explained in the data

analysis, was used to get a full view of the interactional turns, which

indicates the entropy levels in social systems’ self-organization

processes. The results showed that participants’ discussion turns,

or “entropy levels,” increased rapidly in Phase 2, when the digital

word cloud became visible for the groups to edit on the large format

touch device. Tables 3, 4 show the frequencies of the discussion

turns of every participant in groups 1 and 2 in co-construction

Phases 1 and 2. The groups worked on these two phases in their

own classrooms. Table 5 shows the frequency of the discussion

turns of every participant and the teacher in co-construction Phase

3 when both groups and the teacher came together in the same

classroom. Entropy production was highest in Phase 2, concerning

every participant in both groups (ID01–ID04 in G1 and ID05–

ID08 in G2). The frequency of speech episodes was notably higher

compared to Phases 1 and 3. The increased discussion turns

mean more exchange of information and interaction between

participants: Group 1: Phase 1 (variation between) 8–12 turns,

Phase 2: 19–29, and Phase 3: 4–12. Group 2: Phase 1: 7–9 turns,

Phase 2: 18–34, and Phase 3: 7–12.

A self-organizing system must have the ability to produce and

accumulate entropy. Speech episodes of every participant in both

groups were analyzed to determine how speech episodes were

distributed among the group members and thus reveal the power

balance of communication. The results demonstrate that every

participant in each group contributed to the discussion evenly and

no one dominated the discussions excessively. As presented earlier,

the self-organization of the system requires the production and

accumulation of entropy (the number of speech episodes), but it

is also critical that all information is considered equal.

As noted above, producing and increasing entropy levels (the

amount of communication) is one aspect of entropy, equally valued

information is second, and the qualitative contents and meanings

of speech episodes is third. Next, the content of the speech

episodes was analyzed to understand the meanings and qualitative

dimensions in terms of entropy in self-organization. It was shown

by our results that speech episodes represented various dimensions

of entropy: (1) reinforcement of previous speech episodes, (2) new

viewpoints, and (3) opposite viewpoints. In the data, there were

also many speech episodes that did not fit into any of these three

categories. The (4) “Other” section includes speech episodes that

do not represent dimensions of entropy. This section represents

off-topic or random episodes. Tables 3, 4 show that in Phase 1,

participants in both groups generated discussion by reinforcing

previous speech episodes or presenting new viewpoints to the

discussion. There was only one opposite viewpoint in each group

in Phase 1. These results in Phase 1 reflect that co-construction

activity is represented by a typical small group learning discussion

where everyone shares their opinions on the topic at hand. Speech

episodes in such activities might not contain that much dissonance:

the focus is more on sharing one’s own thoughts, one participant

at a time. However, disharmony is needed for the system to be able

to self-organize. In Phase 2, when the digital artifacts were available

for groups to edit, there were more opposing viewpoints and also

more new viewpoints from content knowledge that participants

had brought to the discussion when compared to the results from

Phase 1.

In summary, the results of the first analysis phase showed

that both groups increased entropy levels by exchanging more

information during Phase 2 when digital artifacts were visible

and available to edit. The distribution of speech episodes among

participants reflected equal participation. Speech episodes during
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FIGURE 1

Group 1 is editing the word cloud artifact in Phase 2.

Table 3 Discussion turns and characteristics of speech episodes of group 1 in Phase 1 and Phase 2.

Participant Total speech
episodes

Reinforces previous
speech episodes

New viewpoints Opposite
points

Other

Phase 1–group 1

ID05 9 3 3 0 3

ID06 12 5 3 1 3

ID07 9 3 2 0 4

ID08 8 1 1 0 6

Phase 2–group 1

ID05 29 12 8 3 8

ID06 20 9 5 5 5

ID07 21 8 7 2 6

ID08 19 7 8 1 4

Table 4 Discussion turns and characteristics of speech episodes of group 2 in Phase 1 and Phase 2.

Participant Total speech
episodes

Reinforces previous
speech episodes

New viewpoints Opposite
points

Other

Phase 1–group 2

ID05 9 4 3 0 2

ID06 7 4 2 1 0

ID07 9 4 3 0 2

ID08 9 4 3 0 3

Phase 2–group 2

ID05 26 5 10 3 8

ID06 34 8 15 5 6

ID07 24 6 10 2 6

ID08 18 3 6 1 4
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Table 5 Discussion turns and characteristics of speech episodes of group 1, group 2, and the teacher (everyone in the same classroom) in Phase 3.

Participant Total speech
episodes

Reinforces previous
speech episodes

New
viewpoints

Opposite
points

Questions Other

Phase 3–group 1, group 2, teacher together

ID01 12 2 2 0 0 3

ID02 6 3 3 0 0 0

ID03 5 2 2 0 1 0

ID04 4 0 3 0 1 0

ID05 12 2 5 0 0 5

ID06 7 2 3 0 1 3

ID07 12 4 2 0 1 5

ID08 10 2 3 1 0 4

Teacher 7 2 3 0 2 3

this phase included key qualitative characteristics of entropy, not

only reinforcing the previous opinions but also bringing opposed

or new views of content knowledge into the process. Based on

the results, the role of the artifacts—materialized digital word

clouds—represented a new source of information, which increased

entropy production and accumulation of entropy (amount of

discussion turns), and also triggered new and opposing points into

the discussion. Presence and working with the artifacts brought

out the iterative nature of the co-construction process, which is

explained next.

4.2.1. From equilibrium to far-from-equilibrium
As presented above, small group learning discussion

represented a well-known and familiar educational practice

where a group of learners share their thoughts. From the system’s

self-organizing perspective, during this activity, both groups were

near equilibrium during Phase 1, based on earlier results regarding

entropy levels and the qualitative content of speech episodes. Also,

results from the interaction analysis showed that in Phase 1, there

were no signs of confusion, uncertainty, or disorder which are

indicators of a far-from-equilibrium state in our analysis.

Far-from-equilibrium is a central state in the system’s self-

organization. The far-from-equilibrium state opens the possibility

to enter the “chaos zone”, which is imperative for the self-

organization of knowledge. Far-from-equilibrium or chaos zone in

social systems does not necessarily mean a real chaotic atmosphere,

but theremust be a redundancy of contradictory and opposed ideas,

which are signs of uncertainty and confusion.

Selected examples of the data, which indicate a far-from-

equilibrium state in the system’s self-organization, are presented

next. The results show that when Phase 2 began and digital word

clouds became visible to the groups on the large format touch

device for the first time, signs of surprise and confusion appeared.

Excerpt 1 demonstrates the first signs of perplexity when group

1 saw the word cloud for the first time in their own classroom.

Mistakes in speech recognition led to the appearance of unexpected

and confounding words within the word cloud.

Based on the results of interaction analysis, the digital word

cloud artifact played the key role and pushed the groups gently

Excerpt 1 Group 1 sees the digital word cloud for the first time.

Transcription Non-verbal
actions on video

Notes related to
artifacts

ID04: Whoa! Everyone in their own

seats looking at the word

cloud.

Word cloud is visible to

the group for the first

time.

ID01: Destiny. No one

said that.

ID01, ID02, ID03, ID04

are laughing. Looking at

each other.

ID03: over. First time

(speaking on top of each

other)

ID02: hammer

ID04: rooftop ID04 is laughing.

ID02: Gravity

ID03: There’s a haha!

ID01, ID02, ID03, ID04

are laughing.

ID03: Should we sort

out?

ID01: Yes, just sort out

from the stable equilibrium state, which, based on the results,

refers to the small group discussion in Phase1, to the far-from-

equilibrium phase, which also evoked epistemic emotions among

group members (Figure 2).

Signs of surprise, confusion, and frustration, which indicate

a far-from-equilibrium state in this study, were the focus of

our analysis. Laughing is one of the signs of raised epistemic

emotions, representing surprise, and confusion. The occurrence of

laughter implied that the situation held unexpected and therefore

puzzling elements. The appearance of a word cloud revealed

conversation points that the participants had not mentioned in

the earlier discussion during Phase 1. Furthermore, laughter was

also prompted by mistakes made by the technology. These errors

relaxed the atmosphere and provided material to deepen the co-

construction process.
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FIGURE 2

Group 1 when they saw the word cloud artifact for the first time.

Excerpt 2 Group 2 started to work with the word cloud.

Transcription Non-verbal
actions on video

Notes related to
artifacts

ID08: Yeah, ok.

Recording lots of

disturbing words.

The group moves from

their seats to the front of

the screen.

Word cloud is visible to

the group for the first

time.

Move those to the side

and then put the others

in?

Every group member

started to move the

words of the cloud on the

screen at the same time.

ID05: and rearrange.

ID07: Too many fingers.

ID08: Okay, maybe one

or two on.

One of the participants

went to sit down because

of the confusion caused

by everyone editing the

cloud at the same time

(Later the participant

came back in front of the

screen).

Meanwhile, when group 2 saw their artifact for the first time

in their classroom, they immediately went in front of the screen

and started to work with the concepts of the word cloud. There

were also signs of confusion among these participants (Excerpt 2)

regarding the words in the word cloud and also challenges when

they started to work with the cloud and move the single words on

the screen.

The word cloud artifacts themselves included surprising and

confusing elements. Wrong off-topic recognitions in the word

clouds triggered expressions of epistemic emotions. Confusion and

challenges are needed to move groups toward self-organization.

The word clouds did not show the full sentences or the logical order

of the discussion. The word cloud result was surprising, amix of key

concepts from participants’ speech and also sound material from

incorrect speech recognition by the technology. In normal open-

ended conversation, vagaries of human speech and unexpected

sounds occur, which were also captured by the recordings. The

technology “took in” every sound from the other sound sources

Excerpt 3 Group 1 is editing the word cloud.

Transcription Non-verbal
actions on video

Notes related to
artifacts

ID04 Soho.. That’s

interesting?

Pointing out the word

“Soho” on the screen.

Soho, water, haha,

direction,

demonstration, distance

are all words in the word

cloud.

Water Did you say water

probably. . . who

knows. . .

ID01 But yeah, okay, so

let’s see. haha, direction,

demonstration, distance.

Okay, so how do we

collect all this?

Moving the single

artifacts on the screen.

ID04 Okay should we

now try to work on

this?... I think what we

should do... I think

(ID04)

Excerpt 4 Group 2 is editing the word cloud.

Transcription Non-verbal
actions on video

Notes related to
artifacts

ID08 This is strange.

Nobody talked about

this?

Scratching the head,

looking at the screen.

Everyone is in front of

the screen.

ID06 Yeah? Looking at the screen.

ID05 Integrity we

already have. Oh, we

have it somewhere here.

Looking for the right

word from the word

cloud, pointing on the

cloud.

ID07 Intuitive we have

but not? integrity

(such as sneezes, coughing, background noise, or talking over each

other) and processed these other sounds as if they were speech.

Speakers’ accents can also cause occurrences that increased the

error rate of speech recognition. Both types of wrong recognitions

caused words that were not discussed to appear in the word clouds,

which caused observable confusion when the editing of the word

clouds continued. Excerpt 3 shows this while group 1 was editing

the cloud.

Also in group 2, the group members were confused by the

wrongly recognized words in the word cloud (Excerpt 4). They tried

to find the concepts from the word cloud that they had been talking

about during Phase 1.

Editing the word cloud created frustration among the group

members. Group 2 was trying to change the size of the words to

make them more visible. After changing the size of one word, the

word cloud rearranged itself and mixed the already selected and

arranged concepts into different places on the screen (Excerpt 5).

Despite these challenges, the groups did not give up on the task,

and they continued to engage by discussing and shaping the word

clouds to represent their thoughts regarding pedagogical aspects of

physics teaching.

As stated above, in the process of self-organization, generating

entropy (exchange of information), accumulating entropy

(different viewpoints), confusion, and tolerance of challenges are
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Excerpt 5 Group 2 is editing the word cloud.

Non-verbal
actions on video

Notes related to
artifacts

ID06: “How do you

change the size. . . ”

Looking at others Trying to change the size

of the artifact.

The word cloud was

rearranging already

moved artifacts after the

group had added words

to it.

ID07: “Double click.”

ID05: “Oooh.” Surprised expression

ID06: “Oh no?.” Sad expression

ID06: “It never works

when we want it to

work?.”

ID07: “Yeah?.”

crucial elements in reaching a far-from-equilibrium state. It is

critical that the system should also be able to dissipate entropy

to self-organize. In the context of social systems, this means that

information needs to be analyzed and evaluated. The editing of the

word cloud and discussions of the shared artifacts represents the

analysis and evaluation of the information gained. In this study,

technology, as one system component, scaffolded co-construction,

and at the same time, the self-organization of knowledge by

squeezing and visualizing group conversation into a word cloud

format. The word cloud summarized parts of the exchanged

information from Phase 1. With the visualized artifact, it was

possible to grasp the thoughts of previous Phase 1 conversations,

despite the wrong recognized words in the cloud, and dive more

collectively into evaluating the topic at hand.

It is critical to avoid making interpretations and the final

crystallization of information too early. If the system can handle

the confused situation, a turmoil of chaos may produce order out

of chaos. This makes it possible for new structures or innovations

to arise. When information is analyzed, valued, or modeled, the

entropy and chaos with uncertainty decrease. Working with digital

artifacts led the groups to spend more time discussing the learning

task at hand again. Crystallization of information was not done

immediately after the Phase 1 conversations. In Phase 2, the

co-construction process included a vivid process of classifying

and organizing the information scaffolded by artifacts on the

screens. Classifying of artifacts and discussions focused on building

shared understanding and deepening perceptions, which started

during Phase 1. From the systemic self-organizing view, when

participants discussed, organized, and classified the artifacts into a

summary of their pedagogical ideas, the atmosphere of confusion

and uncertainty started to lift as the work with the clouds and

discussions continued.

4.2.2. Momentums of bifurcation points
The phenomenon of self-organization in a social system

includes characteristics of seemingly spontaneous emergence of

new structural features and order following a period of disruption,

“far-from-equilibrium”. As presented in the results above, in this

study, digital word clouds were the key elements in leading

and maintaining groups at a far-from-equilibrium state and

also for keeping the systems and the process iterative. The

word cloud artifacts also generated opposing viewpoints among

the learners, which is essential for creating the conditions for

bifurcations. As the iteration continues and the system operates

long enough in this state by classifying information, the system can

become increasingly receptive, and move closer to the bifurcation

moments that can result in a new state, a new structure, or the

crystallization of knowledge. Bifurcation is a catalyst for innovation

and diversification, leading to the emergence of new solutions in

the system.

A content analysis was conducted on the speech episodes from

Phase 3 where both groups came together and presented their

findings from the two earlier co-construction phases. First, in this

study, the materialized word cloud itself can be seen to represent

a significant turning point in the co-construction process, which

can be referred to as a bifurcation point. The concepts in the

clouds were based on groups’ discussions so the clouds can be seen

to be a crystallization of the exchanged information, which the

technology made visible as one active component of the system.

The technological artifact transformed the groups’ monological

flow of thought into collective views, visually merging consecutive

speech turns from Phase 1 into a word cloud. The common visual

output offered a turning point for the group’s co-construction

process. Misinterpretations in the clouds served as surprising

elements and reflective mirrors that increased communication

and confusion, thereby stimulating learners to collaboratively

construct knowledge.

It may be too daring to talk about real bifurcation moments

in this study, which in their wider meaning can be seen to lead

to significant shifts in learners’ understanding and knowledge

structures in the context of the social systems. As a result, instead

of using the concept of bifurcation moment, further editing the

digital word cloud could be seen to represent a “bifurcation space”

(Figure 3), where there are many different branches to work with

knowledge and where groups are allowed to make free choices

by picking up, removing, and adding the artifacts they like. The

choices made in this state depend on the system and cannot be

predicted in advance. These acts, every decision that the groups

made regarding artifacts they selected from the word cloud, can

be seen to crystallize information further and represent learning

by insights, which are more likely to emerge in this kind of

short co-construction cycle than bifurcation moments in their

wider meaning. Interacting with and organizing digital artifacts,

the system abandons a large amount of information and thus

the amount of entropy decreases. It can be said that learning

insights were reached by both groups during this moment of the

process. Based on content analysis, bifurcation moments in this

study represented collective and crystallized thoughts about the

learning insights of the co-construction cycle. Excerpt 6 presents

examples of learning insights from group 2 while they presented

their thoughts in Phase 3.

5. Discussion

The purpose of this study was to analyze knowledge co-

construction as a self-organization process and the role of
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FIGURE 3

On the left, word cloud after Phase 1. On the right, edited word cloud after Phase 2. Both from group 2.

Excerpt 6 Group 2 is sharing learning insights in Phase 3.

ID05: First, we thought based on yesterday’s example, that it is better to

clear up the preconceptions.

ID06: Yeah, so to find out what the preconceptions are. . . with some

kind of task

ID08: And after we do the pre-task, then we can identify the existing

knowledge that the students bring to the class.

ID06: Like first find out what they think will happen, then show them a

video of what’s actually happened?. They can like see that okay, I was

right or I was wrong.

ID06: Then you can start talking about like, what happens in the

phenomenon. We came up with the idea of teaching them about the

different Newtonian laws, because usually they are not too clear to the

students.

ID08: And then it’s important while teaching that there are so many

ways to teach, so give many different examples and different contexts.

ID07: So the overall idea is to have a plan, to find differences between

preconceptions, and Newton’s laws. And, the solution involves sort of

showing videos, working in groups, repeating various examples. And

then coming and discussing meanings within the group and then

afterwards with the teacher about what kind of effects you could see. . .

to point out the differences between the expectations of Newton’s laws,

and then the preconceptions that the students had.

technology as its catalyst. Novel AI-directed speech recognition

technology and the artifacts it generates were deployed to scaffold

the knowledge co-construction process of pre-service teachers

in two groups in a science education context. Analysis was

conducted through key characteristics of the social system’s self-

organization based on Ståhle (1998). By taking a systems theory

approach, a pattern was found that pointed out the key elements

in enabling a group to use technology as a catalyst to self-organize

in knowledge co-construction.

The self-organization of knowledge involves a sequence of

iterative steps. First, the system must produce entropy, promoting

a rich exchange of information and increased randomness. Next,

an increase in entropy leads the system from its stableness,

“equilibrium”, toward a far-from-equilibrium state, in which

confusion and uncertainty are necessary elements for knowledge

to be analyzed, evaluated, and finally crystallized. When a system

can operate with increased entropy, classifying and reflecting on

information and tolerating challenges, it has the opportunity to

evolve and innovate a new order through bifurcation moments.

In this study, a system referred to an entity composed

of a student group, technology, artifacts produced by students

and technology, and co-construction activities. Based on the

results of this study, the role of technological artifacts to enable

signs of self-organization during knowledge co-construction was

significant in both groups. First, the results showed that in

every participant’s discussion turns, the “entropy levels of the

systems” increased rapidly in Phase 2, when technology became

an active component of the system. The digital word cloud

and artifacts became visible for the groups to edit on large-

format screens. The number of speech episodes—entropy—

increased in both groups. Also, the speech episodes included

various qualitative forms of entropy, such as opposing views

and new ideas. Visible and perplexing artifacts and engaging

collaboration with them pushed the groups from stable small-

group discussion in an equilibrium state (Phase 1) toward far-from-

equilibrium (Phase 2). Without the digital word cloud artifacts,

mandatory signs of self-organization (increasing entropy levels,

different forms of entropy, and far-from-equilibrium states) were

not found in either group through data analysis. The presence

of technology and artifacts spawned more communication, and

participation was distributed equally among the group members.

Technology, as an inseparable part of the system, brought

surprising and confusing elements to co-construction. It can

be said that the technological artifacts destabilized a familiar

educational structure, small-group discussion, and gave a new

boost to the process, enabling observable signs of self-organization

processes. The word clouds and artifacts can be seen to

present a sort of bifurcation moment. The participants’ earlier

discussions were crystallized and materialized by technology. AI-

directed technology offered bifurcation, a concrete and visible

summary draft that scaffolded groups to construct knowledge

and gain learning insights into the topic at hand. Working

with the digital artifacts represented a bifurcation space where
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groups were able to follow different branches and co-constructed

knowledge further.

The results of this study raise questions: how can new

technologies be built and used to support novel kinds of co-

construction processes and the emergence of beneficial epistemic

emotions? What new practices then emerge? The prevailing

assumption has often been that advanced educational technology

should adjust the learning process in real-time to suit the learners’

current knowledge and skills. This adjustment aims to prevent

uncertainty or confusion. Simply put, common wisdom holds that

confusion should be avoided during learning and rapidly resolved

if and when it arises (D’Mello et al., 2014). But when it comes

to the construction process, epistemic emotions such as surprise

or confusion relate to learning itself and have an object focus on

knowledge construction (Pekrun et al., 2017). Positive learning

experiences should include enough challenges and even confusion

(Vilhunen et al., 2023). If technology-mediated processes are

scripted and built to keep learners “always on track,” predictability

is maximized, and emergence is minimized. This might diminish

the appearance of epistemic emotions, which in the co-construction

process have the potential, based on our results, to lead the

group toward deeper collaborative efforts and self-organization.

As D’Mello et al. (2014) claim, confusion plays an important role

during complex learning activities and, if appropriately regulated,

it can cause learners to process the material more deeply to

resolve their confusion. Learning environments need to challenge

learners substantially to elicit critical thought and deep inquiry.

To continue, Scardamalia and Bereiter (2014) state that scripted

instruction stands in contrast to the emergent character of human

action, creative thinking, and constructive work with ideas. To

foster higher-level “emergent,” technologies can play a role as

enablers, not only supporting productive interaction between

people but also promoting engagement between people and ideas,

which can lead to the emergence of innovations (Scardamalia and

Bereiter, 2014).

Teachers play an important role in fostering learning

and emotional scaffolding (Halonen et al., 2016; Vilhunen

et al., 2023). The role of a modern teacher is also to plan

and facilitate learners to move beyond their comfort zones,

transitioning from stable equilibrium states toward dynamic far-

from-equilibrium situations. In such situations, learners have

opportunities and freedom to interact and develop innovations

together. According to the findings of this study, if co-construction

activities and the use of technology are creative and framed

pedagogically meaningfully, learners acquire opportunities for

deeper knowledge construction processes. Thus, as pedagogical

experts, teachers can employ elements of surprise and confusion

in relation to technology-mediated learning activities. Embracing

mistakes, incorporating randomness, and confronting challenges

are essential aspects of innovative knowledge co-construction.

The three-phase, student-activating pedagogical framework (Lonka

et al., 2018), also used in this study, could aid in the planning

of technology-enhanced learning activities that may induce

confusion, unexpected turns, or other challenges designed to evoke

epistemic emotions.

In the current era of expanding artificial intelligence (AI),

it is necessary for existing pedagogical structures to harness

technologies more extensively to support self-organizational

elements in the learning context. Instead of merely speeding up

the tasks and giving ready-made answers, EdTech could be a

catalyst for co-construction and offer surprising collective twists

to evoke epistemic emotions that feed creativity, engagement,

and higher-level learning elements as a natural part of non-

linear pedagogy and collaborative learning. When technology

scaffolds self-organizational processes and fosters the emergence

of knowledge co-construction, teachers can focus more on crucial

aspects of human learning that also contribute to a communal

and resilient future such as facilitating students’ social-emotional

wellbeing, school engagement, and metacognitive skills.

The significance of this study emerges from a systemic

approach where reflections regarding the role of technology in co-

construction were illuminated by our results. It was demonstrated

that technology, as an active component of the system, can

catalyze co-construction. The analysis and results of this study

underscore the need for systemic thinking in a Computer-

Supported Collaborative Learning (CSCL) context. Emerging

technologies and digital artifacts are more than just interactors,

they are increasingly active agents within the system. Together with

the group of learners, they can facilitate the whole system toward

the self-organization of knowledge, thus creating a valuable space

for innovative learning as knowledge creation.

The limitations of this research are acknowledged. It is

recognized that the results cannot be generalized due to the case

study nature of this research. Follow-up studies are necessitated

in other learning contexts and on other learning elements, as

well as the use of different educational technologies. Despite these

limitations, this study creates interesting openings for applying

the analytical tools of self-organization in technology-mediated co-

construction.
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Co-making the future: judges’ 
insights on transdisciplinary 
creativity and global collaboration 
in the China-U.S. young maker 
competition
Wei Liu 1, Yancong Zhu 1, Yin Li 2, Zhiyong Fu 2*, Yuanbo Sun 3, 
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1 Beijing Key Laboratory of Applied Experimental Psychology, National Demonstration Center for 
Experimental Psychology Education (Beijing Normal University), Faculty of Psychology, Beijing 
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3 School of Design and Arts, Beijing Institute of Technology, Beijing, China, 4 Xiamen Academy of Arts 
and Design, Fuzhou University, Xiamen, China, 5 Office of International Exchange and Cooperation, 
Beijing Normal University, Beijing, China, 6 Institute of Comparative and International Education, 
Beijing Normal University, Beijing, China

This paper examines the future of maker education through an analysis of 
feedback from judges in the China-U.S. Young Maker Competition. Drawing 
on inputs from 36 judges from diverse backgrounds in academia, industry, and 
sponsoring companies, the study uses thematic analysis of interviews, feedback, 
and focus group discussions to uncover key educational trends. It highlights critical 
themes such as transdisciplinary creativity, real-world application, sustainability, 
cross-cultural collaboration, and innovation mindset. The research reveals a 
trend towards integrating various academic fields to boost creative problem-
solving and application in real-life scenarios. Sustainability is identified as a 
crucial component, pointing to the need for environmentally aware education. 
The study also emphasizes the importance of cross-cultural collaboration for 
global interconnectedness and adaptive problem-solving, alongside fostering 
a continuous innovation mindset in students. Concluding with future directions 
for maker education, the paper advocates for an experiential, inclusive, and 
forward-looking educational approach. It underscores the importance of 
a broad curriculum that integrates entrepreneurial skills, promotes lifelong 
learning, and enhances global connectivity. This study provides insights for 
educators, policymakers, and practitioners, offering a streamlined roadmap for 
advancing maker education in a rapidly evolving global context.

KEYWORDS

maker education, thematic analysis, cross-cultural perspectives, transdisciplinary 
creativity, China-U.S. collaboration

1 Introduction

In our current era, marked by a wave of open innovation often described as “mass 
entrepreneurship and innovation,” we are seeing significant changes in our society. This change 
is fueled by a burst of creative thinking and problem-solving (Basadur and Hausdorf, 1996; 
Asheim et al., 2007; Chatterji et al., 2014; Clapp et al., 2016; Hepp, 2020). At the heart of this 
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change is the “maker” movement, a blend of open innovation 
principles that has created a lively and interactive community. This 
movement is about two main things: a strong love for technology and 
a commitment to making innovative ideas come to life (Martinez and 
Stager, 2013; Halverson and Sheridan, 2014; Kolb et al., 2014; Lindtner, 
2015). The maker movement, which started in the do-it-yourself 
(DIY) and hacker cultures of Europe and America, has now become 
well-known worldwide. It is known for encouraging innovation, 
sharing openly, being involved hands-on, and always looking to 
improve the quality of life. Events like the Maker Faire have become 
symbols of this movement, attracting support from both governments 
and communities (Tabarés and Boni, 2023). In China, the DIY culture 
has been popular since the 1980s and has grown to include activities 
like making custom furniture and assembling personal computers, 
showing a dedication to creative and practical work (Lazonick, 2004; 
Williamson, 2016; Wen et al., 2022).

In this setting, the China-U.S. Young Maker Competition stands 
out as an important event. It is more than just a competition; it is a 
place where creative minds come together to solve big global 
problems, like environmental sustainability and climate change, with 
their inventive ideas. It is a mix of different ideas and cultures and has 
been a place for fostering innovation and developing talent for over 
a decade.

This paper takes a close look at this period of vibrant innovation 
and the maker culture. Instead of focusing on the participants, as 
many studies do, we  turn our attention to the judges of the 
China-U.S. Young Maker Competition. This new focus is intended to 
give us a better understanding of how the maker movement affects 
education and has a wider impact on society. We use a qualitative 
thematic analysis to look closely at the data collected from the judges 
of the competition. This approach lets us explore their viewpoints in 
depth, giving us a better understanding of what happens in the 
competition. This method is different from most of the research done 
before, which usually focuses on what the participants experience. 
With this study, we aim to answer an important question: How do the 
judges’ views in the China-U.S. Young Maker Competition show and 
shape the current trends in maker education and its overall effect on 
society? This question is at the heart of our study, as we  look to 
uncover deeper insights into how innovation, education, and cultural 
exchange interact in this unique international competition.

2 Related works

2.1 Deepening creativity and innovation in 
maker education

The maker movement’s integration into educational systems 
represents a transformative shift, redefining learning by nurturing 
creativity and innovation (Weng et  al., 2022). This movement, 
emerging from DIY and hacker cultures, challenges the traditional 
educational framework by promoting active, hands-on learning and 
creative problem-solving. It enables students to evolve from passive 
learners to active creators, integrating diverse disciplines from arts, 
science, and technology (Dym et al., 2005). This transdisciplinary 
approach not only enhances creative thinking but also fosters essential 
problem-solving skills, addressing the needs of today’s rapidly 
changing world.

Educational competitions within the maker movement serve as 
powerful catalysts for this transformation (Liu et  al., 2021). They 
provide real-world challenges that inspire students to apply their 
theoretical knowledge in practical contexts, thereby promoting a 
culture of inventive thinking and collaborative problem-solving. These 
competitions are more than just contests; they are platforms where 
students can showcase their technical skills and creative prowess. They 
motivate students to break free from conventional thought processes 
and explore innovative possibilities. This encourages the cultivation of 
a generation of innovators who are not only technically proficient but 
also creatively confident.

The maker movement, particularly through these competitions, 
plays a crucial role in shaping future innovators. These events 
challenge students to create and innovate, pushing them to develop 
solutions that are both imaginative and technically sound (Miettinen, 
2000). They inspire a spirit of exploration and discovery, essential for 
fostering a culture of continuous learning and adaptation. As students 
engage in these competitions, they learn to navigate complex 
problems, work collaboratively, and think critically, preparing them 
for the challenges of the modern world (Martin, 2015; Chakraborty 
et al., 2023; Tablatin et al., 2023). The maker movement encourages 
inclusivity and diversity in problem-solving approaches. By bringing 
together students with varied backgrounds and skill sets, it fosters an 
environment where different perspectives are valued and explored. 
This diversity is critical in driving innovation, as it leads to a richer 
pool of ideas and solutions. As such, the maker movement and its 
associated competitions are pivotal in developing well-rounded 
individuals who are equipped to contribute to and thrive in a world 
that values creativity and innovation.

2.2 Enhancing a comprehensive approach 
in educational competitions

Incorporating Human-Centered Design (HCD), Human-
Computer Interaction (HCI), and User eXperience (UX) design 
within maker education exemplifies a multidimensional approach that 
focuses on fostering innovation, empathy, and responsibility (Ren 
et al., 2019; Al Mahmud and Soysa, 2020; Yang et al., 2022; Liu et al., 
2023; Zhu et al., 2024). HCD in maker education extends beyond the 
creation of functional solutions; it’s about crafting projects that are 
impactful and prioritize human needs and experiences. This 
perspective encourages students to think from the end-user’s 
viewpoint, leading to designs that are not only effective but also 
empathetic and meaningful. HCI and UX design play a crucial role in 
this educational paradigm. These disciplines ensure that technology 
is not merely technically advanced but also accessible and engaging. 
They prompt students to consider how users interact with technology, 
emphasizing the importance of intuitive design and meaningful user 
experiences. Such an approach is essential in preparing students to 
develop technology that is not just functional but enjoyable and 
efficient to use. The integration of these principles in maker education 
and competitions represents a shift towards a more holistic view of 
technological development. It encourages students to create solutions 
that consider the broader context of their use, including accessibility, 
usability, and practicality. This approach is vital in nurturing a 
generation of innovators who are adept at balancing technical 
proficiency with thoughtful, user-centered design.
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In educational competitions, this comprehensive approach 
influences how projects are developed and evaluated. The focus 
extends beyond technical skill to encompass how well projects align 
with principles of HCD and technological intuitiveness. It instills in 
students a deeper understanding of the importance of creating 
solutions that are not only innovative but also considerate of the users’ 
needs and experiences (Desmet et al., 2023; Lachheb et al., 2023). 
Ultimately, this approach in maker education cultivates a sense of 
responsibility among students towards creating more inclusive and 
user-friendly technology. It prepares them to become creators who are 
not only technically skilled but also mindful of the human aspect of 
technological innovation. They learn to create solutions that are not 
just effective but also enrich users’ lives, setting a new standard for 
how technology is designed and utilized.

2.3 Expanding the role of the competition 
in global innovation and sustainability

Since its inception in 2014, the China-U.S. Young Maker 
Competition has grown into a significant platform for fostering cross-
cultural innovation and collaboration. With its impressive 
participation—over 50,000 individuals contributing to more than 
14,000 projects—it has become a major driver of innovation in 
numerous cities and universities in both countries. This competition 
is not only a testament to the creativity and technical skills of its 
participants but also a reflection of the growing importance of global 
collaboration in education and innovation.

The competition’s alignment with the United Nations Sustainable 
Development Goals (UN SDGs) underscores its commitment to 
contributing to global challenges through creative and sustainable 
innovation (Carlsen and Bruggemann, 2022; Lafont-Torio et  al., 
2024). By incorporating these goals, the competition encourages 
participants to develop projects that are not only technologically 
advanced and creatively rich but also address important issues like 
climate change, sustainable urban development, and responsible 
consumption. This focus on the UN SDGs elevates the competition 
from being merely a technical showcase to a platform for meaningful 
global impact.

The diverse range of projects that emerge from this competition 
highlights the potential of young innovators to contribute to 
sustainable solutions for the world’s most pressing problems. From 
addressing environmental concerns to promoting social equity, the 
projects align with various SDGs, showcasing the competition’s role 
in driving forward these crucial global agendas. The competition 
serves as an important model for how educational initiatives can 
integrate creativity, technology, and sustainability. It demonstrates the 
value of fostering a mindset among young innovators that prioritizes 
not just technical proficiency but also a deep understanding of the 
broader societal and environmental implications of their creations.

3 Methodology and data analysis

3.1 Approach to qualitative inquiry

A qualitative research methodology was employed to explore the 
perspectives of judges in the competition (Sanders and Stappers, 2012; 

de Bont, 2021). This approach was chosen for its effectiveness in 
capturing detailed insights into judges’ experiences, decision-making 
processes, and evaluative criteria. The qualitative method allowed for 
an in-depth exploration of judges’ viewpoints on creativity, innovation, 
and the criteria they applied within the competition. The flexibility 
inherent in qualitative research enabled adjustments and refinements 
in our approach as new themes and insights emerged, ensuring a 
dynamic and comprehensive inquiry process.

3.2 Engagement and data gathering

In this research, our focus was on data collection and analysis, 
distinctly separate from the roles of judges or mentors within the 
competition. By adopting a non-participatory, analytical stance, 
we were able to ensure an objective approach to data collection, which 
was essential for accurately capturing and interpreting the judges’ 
perspectives. This methodology allowed us to gather data while 
maintaining the integrity and authenticity of the judges’ experiences 
and viewpoints.

The data collection process was meticulously organized to 
encompass a broad spectrum of perspectives from the judges, who 
hailed from varied professional backgrounds. The judging panel 
consisted of 36 individuals: 24 from the academic sector, 8 from 
industry, and 4 representing the sponsor companies of the 
competition. Their areas of expertise covered a wide range, including 
computer sciences, creative industry, entrepreneurship, and industrial 
design, thus offering a rich and comprehensive collection of 
professional insights. Additionally, the judges’ average age of 
45.18 years brought together a mix of seasoned experience and 
contemporary perspectives, further enriching the data collected for 
our analysis.

 • Interviews: in-depth interviews with the judges, conducted in 
both structured and semi-structured formats, were instrumental 
in gathering detailed insights into their assessment criteria, the 
challenges they encountered, and their viewpoints on the projects 
evaluated. The varied professional backgrounds of the judges, 
encompassing areas like computer sciences and the creative 
industry, offered a multifaceted understanding of the 
competition’s evaluation process.

 • Judging criteria and feedback reviews: an extensive analysis of 
the judging criteria and written feedback from the judges 
resulted in over 50 pages of detailed notes and reflections. This 
part of the data collection was key in deciphering the various 
criteria and considerations used by judges from different fields 
such as entrepreneurship and industrial design in 
their evaluations.

 • Focus group discussions: organizing focus group discussions 
with the judges allowed for an in-depth exploration of their 
collective experiences and viewpoints. These discussions, 
enriched by the judges’ diverse professional backgrounds, 
provided deeper insights into their consensus and differing 
opinions. We collected extensive transcripts from these focus 
groups, totaling over 30,000 words. This substantial dataset 
offered a thorough understanding of the judges’ collective 
thought processes, decision-making, and the dynamics of 
their evaluations.
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3.3 Analysis of qualitative data

The analysis process involved a structured thematic approach to 
describe the collected data (Braun and Clarke, 2023):

 • Initial coding and organization: the data from interviews, 
feedback reviews, and focus group discussions were initially 
categorized into broad thematic areas to facilitate organization 
and analysis.

 • Refined theme development: further examination of these initial 
codes led to the identification of refined themes, revealing deeper 
insights into judges’ perspectives on creativity, innovation, and 
their evaluative processes within the competition.

 • Narrative construction and synthesis: the final stage involved 
constructing a coherent narrative that integrated these themes, 
providing a comprehensive portrayal of the judges’ roles and 
impacts on the competition.

This methodology and analysis approach provided a thorough 
and detailed understanding of the judges’ perspectives in the 
competition. The qualitative analysis was pivotal in uncovering 
significant insights into the judges’ contributions to fostering an 
environment of cross-cultural innovation and understanding in this 
notable educational event.

4 Findings and discussion

The thematic analysis represented in Table 1 serves as the bedrock 
for the findings detailed in sections 4.1 through 4.6. Initiated with an 
exhaustive examination of various data sources, including structured 
interviews with judges, feedback forms, and focus group discussions, 
each source contributed indispensable insights integral to 
comprehensively understanding the impact of the maker competition. 
For instance, the theme ‘Embracing Transdisciplinary Creativity’ 
discussed in section 4.1 was principally derived from the data obtained 
through judges’ interviews. These interviews provided rich qualitative 
insights, particularly highlighting the judges’ appreciation for the 
integration of different disciplines in project development. The 
feedback forms complemented this theme, offering concrete examples 
of the judges’ focus on cross-disciplinary skills and artistic expression. 
In similar fashion, sections 4.2 through 4.6 explore themes such as 
‘Prioritizing Practical Application and Real-World Impact’ and 
‘Nurturing Global Awareness Through Sustainability’. These themes 
were significantly informed by focus group discussions, which 
revealed depth in perspectives concerning the importance of real-
world applications, sustainability practices, and the value of cross-
cultural collaboration in the projects.

The analytical approach in this study extended beyond simple data 
gathering. It involved a thorough process of organizing and 
interpreting the data to ensure it was relevant and well-supported by 
strong evidence. This careful process was crucial in creating a narrative 
that is both engaging and solidly based on empirical data. By clearly 
showing the sources of our data and including a wide range of 
perspectives, we  sought to strengthen the credibility and 
trustworthiness of our findings. The resulting narrative is not only 
complete but also reflects the comprehensive and varied nature of our 
data analysis. The table does more than just list themes; it demonstrates 

the detailed analytical process we undertook. It illustrates how each 
level of coding, from the first to the third, is linked to specific data 
sources, thus providing a thorough view of the judges’ perspectives. 
This organized approach ensures that our findings are supported by a 
wide array of data, from direct quotes in interviews to shared insights 
from focus group discussions. Therefore, the table serves as evidence 
of the thoroughness and depth of our analysis, highlighting the careful 
thought and scrutiny that support the conclusions of our study.

4.1 Embracing transdisciplinary creativity

In the rapidly evolving educational sector, the judges’ emphasis on 
transdisciplinary creativity in the competition is a guiding light for 
future educational trends. This approach underscores the necessity of 
integrating various disciplines, such as arts, science, and technology, 
to cultivate a more holistic understanding and application of 
knowledge. This blend enriches students’ learning experiences, 
equipping them with a broader skill set and fostering a mindset that 
transcends conventional academic boundaries. A judge eloquently 
stated, “Blending disciplines in maker projects leads to more 
comprehensive and creative solutions, bridging the gap between 
theory and practical application.” This philosophy underscores the 
imperative to prepare students for the complexities of the modern 
world, where problems often require multifaceted solutions that draw 
on a range of disciplines. By embracing this transdisciplinary 
approach, maker education can become a powerful tool for nurturing 
versatile, innovative thinkers capable of addressing contemporary 
challenges with creativity and depth.

 • Integrate diverse disciplines: advocate for the inclusion of diverse 
subjects in maker education, promoting projects that combine 
arts, science, and technology.

 • Foster creative problem-solving: encourage educational programs 
that emphasize creative thinking and innovative problem-
solving approaches.

 • Nurture versatile skill sets: develop curriculum structures that 
build versatile skills, preparing students for 
multidisciplinary challenges.

4.2 Prioritizing practical application and 
real-world impact

Judges’ feedback from the competition highlighted the critical 
role of practical application and real-world impact in projects, 
signaling a transformative shift in maker education towards applied 
learning. This focus is crucial for bridging the gap between 
academic theories and their practical applications in the real world, 
fostering a learning environment where students can see the direct 
impact of their innovations. As one judge aptly put it, “Projects that 
solve real-world problems not only demonstrate students’ technical 
skills but also their understanding of societal needs.” This insight is 
invaluable for educational institutions aiming to equip students 
with skills that extend beyond the classroom, ensuring that their 
learning experiences are directly relevant to real-world scenarios. 
By prioritizing projects with practical applications and societal 
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impacts, maker education can play a pivotal role in developing 
solutions to pressing global challenges, ultimately fostering a 
generation of students who are not just knowledgeable but also 
socially responsible and impact-driven.

 • Promote real-world applications: emphasize the development of 
projects that address real-world challenges and societal needs.

 • Bridge academic learning and practical impact: align maker 
education with practical applications, ensuring students’ projects 
have tangible impacts.

 • Cultivate solution-oriented mindsets: encourage an educational 
approach that nurtures solution-oriented thinking in students.

4.3 Nurturing global awareness through 
sustainability

The theme of sustainability in the judges’ evaluations highlights 
the growing importance of global awareness and responsibility in 

TABLE 1 The thematic analysis coding.

Themes (sections) First-level code Second-level code Third-level code Data source

4.1 Embracing transdisciplinary 

creativity
Integration of disciplines

Arts integration

Conceptual understanding Feedback

Transdisciplinary skills Discussion

Artistic expression Interview

Technology utilization

Creative technological solutions Interview

Technological proficiency Feedback

Innovative tech application Discussion

4.2 Prioritizing practical 

application and real-world impact
Practical solutions

Addressing societal 

challenges

Real-world relevance Interview

Societal impact Feedback

Practical problem solving Discussion

Solution feasibility

Implementation viability Interview

User-oriented design Discussion

Solution sustainability Discussion

4.3 Nurturing global awareness 

through sustainability
Environmental impact

Sustainable design principles

Environmental conservation Discussion

Sustainable practices Interview

Eco-friendly solutions Feedback

Global responsibility

Global impact Discussion

Ethical and responsible design Interview

Addressing global challenges Discussion

4.4 Fostering cross-cultural 

collaboration and understanding
Cultural diversity

Teamwork across cultures

Diversity of perspectives Feedback

Effective communication Interview

Cultural exchange and learning Interview

Global relevance

Cultural sensitivity Discussion

Global innovation Feedback

Adapting to diverse viewpoints Discussion

4.5 Encouraging adaptive 

problem-solving
Flexibility and resilience

Dynamic solution building

Responsiveness to challenges Feedback

Flexible thinking Discussion

Adapting to changing needs Discussion

Problem-solving strategies

Overcoming obstacles Interview

Innovative solutions Feedback

Creative problem-solving Approaches Interview

4.6 Long-term impact on 

innovation mindset
Innovation mindset

Continuous learning

Lifelong learning Feedback

Curiosity and exploration Discussion

Embracing new knowledge Interview

Lifelong innovation

Risk-taking and experimentation Discussion

Adaptability in innovation Discussion

Persistent creative development Interview
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maker education. Judges emphasized the need for projects to 
incorporate sustainable practices and consider their environmental 
impacts, aligning with the global movement towards more sustainable 
development. “Sustainable projects in maker education not only 
address environmental concerns but also teach students the 
importance of responsible innovation,” one judge noted. This 
perspective is crucial in today’s context, where environmental 
challenges require innovative solutions that are both effective and 
sustainable. By fostering a focus on sustainability in maker education, 
educators can prepare students to be conscientious global citizens who 
understand the importance of their impact on the world. This 
approach goes beyond traditional education, fostering a deeper sense 
of responsibility and ethical innovation in the next generation 
of makers.

 • Incorporate sustainable practices: integrate sustainability into 
maker projects, teaching students to design with 
environmental consciousness.

 • Teach global responsibility: educate students on the global impact 
of their projects, fostering a sense of ethical responsibility.

 • Promote eco-friendly innovation: encourage the development of 
projects that are not only innovative but also beneficial to 
the environment.

4.4 Fostering cross-cultural collaboration 
and understanding

The judges’ recognition of the value of cross-cultural collaboration 
in the competition underscores the necessity of preparing students for 
a globally interconnected world. Teams that harnessed diverse cultural 
perspectives were often able to produce more innovative and relevant 
solutions, illustrating the richness that diversity brings to problem-
solving. A judge commented, “Diversity in teams brings a wealth of 
perspectives that often lead to more innovative outcomes.” This insight 
stresses the importance of integrating cross-cultural collaboration in 
maker education, not only to enhance the creativity and scope of 
projects but also to foster understanding and respect among students 
from different cultural backgrounds. By promoting projects that 
encourage cultural exchange and global relevance, maker education 
can cultivate an environment that respects diversity, encourages 
inclusivity, and prepares students to operate effectively in a 
global context.

 • Encourage cultural exchange: promote projects that bring 
together students from diverse cultural backgrounds, enhancing 
the richness of collaboration.

 • Teach global relevance: ensure maker education includes a focus 
on developing globally relevant solutions.

 • Nurture diverse perspectives: cultivate an educational environment 
that values and incorporates a variety of cultural viewpoints.

4.5 Encouraging adaptive problem-solving

The judges’ appreciation for adaptive problem-solving skills 
in the competition highlights a critical skill set for the future of 

maker education. Their feedback emphasizes the importance of 
flexibility, resilience, and the ability to adapt solutions to new 
challenges or feedback. As one judge put it, “The ability to adapt 
and refine solutions is as important as the initial innovation.” This 
perspective is particularly relevant in the rapidly changing 
modern world, where problems and technologies evolve quickly. 
By teaching students to be  adaptable and responsive in their 
problem-solving approaches, maker education can foster a 
generation of innovators who are not only skilled but also agile 
and capable of navigating the complexities and uncertainties of 
the future.

 • Develop flexible thinking: foster educational programs that 
emphasize adaptability and flexibility in problem-solving.

 • Promote innovative solutions: encourage students to think 
innovatively and be open to evolving their projects.

 • Teach resilience in design: incorporate resilience as a key 
component in maker education, preparing students to tackle 
unforeseen challenges.

4.6 Long-term impact on innovation 
mindset

The judges’ insights reveal the significant role of maker 
competitions in cultivating a long-term mindset of innovation among 
participants. This aspect is crucial for sustaining a culture of creativity 
and exploration in maker education. A judge observed, “Fostering an 
enduring innovation mindset is crucial for the continuous evolution 
of ideas.” This perspective highlights the need for maker education to 
go beyond temporary projects and foster a lasting focus on innovation. 
By encouraging continuous learning, exploration, and creative 
confidence, maker education can inspire students to pursue innovative 
endeavors throughout their lives, driving forward a culture of 
innovation and creative problem-solving.

 • Foster continuous innovation: advocate for educational 
approaches that nurture a lasting focus on creativity 
and innovation.

 • Encourage lifelong learning: promote opportunities for 
continuous learning and exploration beyond 
formal education.

 • Inspire creative confidence: build programs that foster confidence 
in students to pursue creative and innovative endeavors.

5 Conclusions and future directions

The analysis of judges’ feedback from the China-U.S. Young 
Maker Competition highlights key aspects for the evolution of 
maker education. Emphasis on transdisciplinary creativity, 
practical applications, sustainability, cross-cultural collaboration, 
adaptive problem-solving, and a long-term innovation mindset 
shapes the future of this educational approach. These insights offer 
a condensed roadmap for advancing maker education, highlighting 
the need for a comprehensive, experiential, and globally aware 
approach to equip students for future challenges. The findings 
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point towards an educational shift to transdisciplinary creativity, 
integrating various disciplines to enhance problem-solving skills. 
The focus on practical applications with real-world impact reflects 
a move towards experiential learning that addresses societal 
challenges. Sustainability emerges as a crucial theme, aligning with 
global environmental consciousness. Cross-cultural collaboration 
is identified as key in preparing students for a globally 
interconnected world. Adaptive problem-solving is crucial for 
developing flexible and innovative thinkers. The study also 
highlights the importance of competitions in fostering a long-term 
innovation mindset, encouraging ongoing creativity 
and exploration.

Future directions include integrating maker education across 
various educational levels and disciplines, focusing on hands-on, real-
world problem-solving. Incorporating entrepreneurship and business 
education within maker programs can bridge the gap between 
innovation and practical application. Promoting lifelong learning and 
innovation beyond formal education is essential for continuous skill 
development. Enhancing global connectivity and responsiveness to 
technological changes ensures that maker education remains relevant 
and forward-thinking. Continued research into the effectiveness and 
long-term impact of maker education will provide insights for 
its optimization.
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