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1. Introduction

As we delve into the era of intelligence, the importance of STEAM (Science, Technology,
Engineering, Arts, and Mathematics) education has become increasingly evident. The rapid
advancement of technologies such as Artificial Intelligence (AI) and the Internet of Things
(IoT) also offers new opportunities for enhancing the educational experience. However,
despite the increasing awareness of the value of STEAM education, there remains a scarcity
of research on how to effectively incorporate these emerging technologies and cultivate
essential 21st-century competencies in students.

This Special Issue aims to address the pressing need for transformative teaching
and learning methods that integrate intelligent technologies and innovative pedagogies
in STEAM education. It brings together a collection of original research articles and
reviews, providing valuable insights into the current state of STEAM education and the
innovative pedagogies in the intelligence era. In this editorial, we will introduce articles
from the Special Issue, with the aim of providing a concise overview of the research
content and results presented in these articles. We believe that this collection of articles will
inspire further exploration and collaboration within the field, ultimately contributing to
the ongoing advancement of STEAM education for the benefit of future generations.

With a total of 12 articles, including both empirical research and review articles,
the collection offers valuable insights into the current state of STEAM education and its
future prospects. The articles can be broadly categorized into two themes: technologi-
cal application innovations in STEAM education and innovative pedagogies in STEAM
educational contexts.

2. Technological Application Innovations in STEAM Education

By embracing technology and leveraging new methodologies, educators can create
more engaging and effective learning experiences, better-preparing students for the chal-
lenges of the future.

Wu, Liang, and Zhan [1] in their paper on Course Recommendation Based on En-
hancement of Meta-Path Embedding in Heterogeneous Graph, address the issue of student
dropout in online courses, often resulting from a loss of interest during the learning process.
The authors propose a novel course recommendation method called HGE-CRec, which
leverages context formation for heterogeneous graphs to model students and courses.
This approach employs meta-path embedding simulation and meta-path weight fusion
to enhance the meta-path embedding set, thereby improving the representation ability
of meta-path embedding and avoiding the manual setting of the meta-path. The article
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demonstrates that the HGE-CRec method outperforms several existing baseline methods,
providing more effective course recommendations for online learners.

Another article, A Novel Method for Cross-Modal Collaborative Analysis and Eval-
uation in the Intelligence Era by Wu et al. [2], explores the use of intelligent information
technology in cross-modal learning analytics to facilitate procedural and scientific educa-
tional evaluation. The authors focus on assessing learners’ emotional status during the
learning process and propose an intelligent analysis model for this purpose. This model
aims to accurately capture the emotional changes of learners, providing effective technical
solutions for cross-modal learning analytics. The article showcases the effectiveness and
superiority of the proposed method through experimental results, highlighting its potential
to innovate classroom teaching evaluation in the intelligence era and improve the overall
quality of modern teaching.

Moreover, this Special Issue highlights the potential of digital technology in various
educational contexts.

Ke and Lin [3] present a study on the Dynamic Generation of Knowledge Graph
Supporting STEAM Learning Theme Design. This research proposes a dynamic comple-
tion model for knowledge graphs based on subject semantic tensor decomposition. This
model aims to provide more reasonable STEAM project-based learning themes for teachers
by calculating multidisciplinary curriculum standard knowledge semantics. The study
demonstrates the effectiveness of the model through an application experiment, generating
STEAM learning themes.

López-Nores et al. [4] focus on the topic of Digital Technology in Managing Erasmus+
Mobilities: Efficiency Gains and Impact Analysis from Spanish, Italian, and Turkish Uni-
versities, assesses the efficiency gains that can be achieved through the ongoing digital
transformation in managing the Erasmus+ program. The authors analyze the workload,
resources, and expenses associated with Erasmus+ proceedings at four universities in Spain,
Italy, and Turkey. The study reveals significant savings in terms of paper wastage and
administrative time, potentially enabling the management of up to 80% more mobilities
with the same resources and staff.

In their paper, Practice Promotes Learning: Analyzing Students’ Acceptance of a
Learning-by-Doing Online Programming Learning Tool, Iftikhar, Guerrero-Roldán, and
Mor [5], investigate the factors that influence students’ acceptance of learning-by-doing
tools, such as CodeLab, in the context of an introductory programming course. The
authors employed the Unified Theory of Acceptance and the Use of Technology (UTAUT)
model, which they extended by adding the factor of motivation. The results reveal a
strong relationship between acceptance and motivation, suggesting that students are more
likely to use online learning-by-doing tools if they feel motivated and engaged in the
learning activities.

By focusing on gamification, Parody and coworkers [6] in their paper on Gamification
in Engineering Education: The Use of Classcraft Platform to Improve Motivation and
Academic Performance, present a gamification teaching experience using the Classcraft
platform in a first-year university mathematics course. The authors hypothesized that
using Classcraft could enhance learning and promote the development of the Four C’s:
critical thinking, communication, collaboration, and creativity. A comparison between a
gamification group and a control group demonstrated that the gamification group achieved
higher mean marks and improved Four C’s development, supporting the effectiveness of
the gamification platform.

3. Innovative Pedagogies in STEAM Education

Several articles in this Special Issue emphasize the importance of interdisciplinary and
learner-centered approaches.

For instance, the study by Wang et al. [7], Developing Computational Thinking:
Design-Based Learning and Interdisciplinary Activity Design, explores the concept of
design-based learning (DBL) and its connection with computational thinking (CT) teaching.
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The study establishes an interdisciplinary activity design model by analyzing existing
design-based scientific cycle models and research into STEAM education. The researchers
design specific activities using Scratch to teach graphical programming to fifth-grade stu-
dents, comparing the promotion effects of interdisciplinary activity design and traditional
programming activities on students’ CT development. The results indicate that the pro-
posed interdisciplinary activity design is more effective in promoting students’ CT levels
than traditional programming activities.

Similarly, In the study presented by Montés et al. [8], titled “EXPLORIA, STEAM
Education at University Level as a New Way to Teach Engineering Mechanics in an In-
tegrated Learning Process”, focuses on implementing STEAM learning in the Bachelor
of Engineering in Industrial Design and Product Development at CEU Cardenal Herrera
University through the EXPLORIA project. The authors describe the integration of STEAM
learning within the EXPLORIA project to improve the learning of the physics subject,
particularly regarding the part of the syllabus related to mechanical engineering. The
study shows the adaptation made in the physical part to teach the integrated mechanics
part of this learning process. The complete learning process is carried out through several
challenges and milestones that students must overcome through the application of the
physical knowledge learned in class. An ad hoc questionnaire validates the effectiveness
of the proposed methodology, highlighting the students’ assessment regarding the new
teaching methodology.

Kučera et al. [9] introduce Educational Case Studies for Pilot Engineer 4.0 Programme:
Monitoring and Control of Discrete-Event Systems Using OPC UA and Cloud Applications,
focusing on the development of case studies for educational purposes. These case studies
aim to address the modeling and control of a virtual discrete-event system using a PLC
program and its subsequent interfacing with a cloud application. The prepared case studies
are suitable for use in the education of engineers for the digitalization of production
processes and can also be helpful in research on creating digital twins.

The growing popularity of design thinking in K-12 education, as shown in Li and
Zhan’s [10] systematic review paper, A Systematic Review on Design Thinking Integrated
Learning in K-12 Education, indicates a shift toward more creative and human-centered
problem-solving approaches in education. The authors find a growing popularity of
integrating design thinking into K-12 education, particularly in STEM-related curricula.
They also identify several core concepts of design thinking frequently valued and pursued
in K-12 education, such as prototype, ideate, define, test, explore, empathize, evaluate,
and optimize. The review reveals that while design thinking shows great educational
potential in K-12 education, empirical evidence supporting the effectiveness of DTIL is still
limited. This trend aligns with the broader goals of STEAM education, which aims to foster
collaboration, innovation, and adaptability in students.

Zhao et al. [11] explore the Factors Influencing Student Satisfaction toward STEM Edu-
cation: Exploratory Study Using Structural Equation Modeling. By extending the planned
behavior theory, the study aims to predict high school students’ learning satisfaction with
STEM education. The results indicate that subjective norms and playfulness factors of
STEM education positively relate to students’ attitudes toward STEM education, with
attitude being the most important factor influencing student satisfaction and acceptance.

Wu and coworkers [12] in their paper, How K12 Teachers’ Readiness Influences
Their Intention to Implement STEM Education: Exploratory Study Based on Decomposed
Theory of Planned Behavior, examine the factors that affect K12 teachers’ intentions to
implement STEM education in China. Using a decomposed theory of planned behavior
combined with teacher readiness, the authors developed an assumption model of the factors
influencing teachers’ STEM education intentions. Their findings indicate that teachers’
intentions are significantly influenced by attitudes, perceived behavioral control, perceived
usefulness, self-efficacy, and behavioral readiness. Additionally, emotional readiness
directly impacts teachers’ intentions to implement STEM education, while behavioral and
cognitive readiness indirectly affect intentions through self-efficacy.
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4. Conclusions

These articles collectively showcase the potential of various innovative pedagogies,
technologies, and methodologies in STEAM education from primary and secondary schools
to universities. The articles cover topics such as design thinking, digital technologies,
student satisfaction, educational case studies, and integrated learning processes. As we
continue to explore and develop these innovative approaches, it is crucial to maintain a
focus on creating engaging, effective, and inclusive learning environments that prepare
students for the challenges and opportunities of the future. We hope that this Special Issue
serves as a valuable resource for educators, researchers, and policymakers interested in
understanding and implementing innovative pedagogies and technologies in the context
of STEAM education and the Intelligence Era.

Funding: This research was financially supported by the National Natural Science Foundation in
China (62237001; 62277018), Ministry of Education in China Project of Humanities and Social Sciences
(22YJC880106), the Major Project of Social Science in South China Normal University (ZDPY2208).
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Abstract: The main reason students drop out of online courses is often that they lose interest during
learning. Moreover, it is not easy for students to choose an appropriate course before actually
learning it. Course recommendation is necessary to address this problem. Most existing course
recommendation methods depend on the interaction result (e.g., completion rate, grades, etc.).
However, the long period required to complete a course, especially large-scale online courses in higher
education, can lead to serious sparsity of interaction results. In view of this, we propose a novel course
recommendation method named HGE-CRec, which utilizes context formation for heterogeneous
graphs to model students and courses. HGE-CRec develops meta-path embedding simulation and
meta-path weight fusion to enhance the meta-path embedding set, which can expand the learning
space of the prediction model and improve the representation ability of meta-path embedding,
thereby avoiding tedious manual setting of the meta-path and improving the effectiveness of the
resulting recommendations. Extensive experiments show that the proposed approach has advantages
over a number of existing baseline methods.

Keywords: online learning; heterogeneous graph; graph neural networks; course recommendation
system

1. Introduction

In recent ten years the growth rate of distance education has been impressive, enabling
students from all over the world to study courses at low cost. Many distance learning
platforms, such as Coursera and edX, provide a large number of online courses and
attract millions of registered users. The goal of users (students) is to master knowledge
through course learning. The ongoing surge in the number of courses requires effective
recommendation methods to help learners find suitable courses [1]. The recommendation
accuracy is very important in regard to improving the service quality of online course
platforms [2,3].

The purpose of course learning is to master new knowledge or improve the level of
mastery of previously learned knowledge. Course learning is different from reading or
browsing news, newsletters, and documents. The learning process is continuous (usually
a semester), and the interactive objects (e.g., teacher, course video, subject) are diverse.
For example, a higher education course on the XuetangX platform (xuetangx.com), e.g.,
Introduction to Machine Learning, lasts for 12 weeks and has 6–7 sections per week, while
Introduction to Psychology is a 12-week course with 5–7 sections per week. Another
example can be found in higher education courses on the edX (edx.org) platform, such as
Big Data and Education, each of which are 8 weeks long and require 6–12 h per week. The
Architectural Imagination course takes 10 weeks and 3–5 h per week. However, massive
online course resources place students in danger of becoming lost in the large amount of
information present at any time during the learning process [1]. In addition, the diversity

Appl. Sci. 2023, 13, 2404. https://doi.org/10.3390/app13042404 https://www.mdpi.com/journal/applsci5
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of interactive objects enables relationships between students and students, students and
courses, and courses and courses, even if these relationships are indirect or potential. The
network in the real world is complex, with maany different elements affecting each other.

The traditional methods of modeling the real world with homogeneous networks
neglect the impact of multi-source heterogeneous elements, while heterogeneous graphs
(abbr. HG) have proved to be an effective method for modeling graph structures composed
of multiple entities and relationships [4,5]. The advantage of HG is that it fully and
intuitively uses the heterogeneous network structure in the dataset [6]. However, the
main disadvantage is that it needs to manually design the meta-path, which is difficult
to achieve optimally in real practice. Unfortunately, most existing methods do not solve
these problems.

Faced with the aforementioned problems and issues, in this paper we propose a course
recommendation method based on an enhancement of HG meta-path embedding (abbr.
HGE-CRec). First, we use the skip-gram algorithm to generate the original meta-path
embedding. Then, Graph Convolutional Networks (abbr. GCN) are utilized to generate
simulated meta-path embedding based on the construction of the original meta-paths, en-
riching the dataset used for HG meta-path embedding. Third, we adopt a Graph Attention
Network (abbr.GAT) to aggregate the neighboring node information of each node on the
meta-path in order to enrich the semantics of node embedding. Fourth, a nonlinear method
is adopted to fuse all information in order to enhance the node embedding of the meta-
paths. Finally, the enhanced embedding is combined with a Matrix Factorization-based
model to predict ratings for students and courses. We compare and analyze HGE-CRec with
other existing Matrix Factorization-based recommendation models using two real-world
online course datasets and two general open datasets dealing with HIN embedding-based
recommendation research.

In brief, the contributions of this paper can be summarized based on the following
three perspectives:

• We propose a novel course recommendation method based on heterogeneous graph
embedding, and our experiments prove that the performance of this method is better
than existing methods.

• We propose a novel solution for enhancing the embedding of the meta-path in HG.
• Extensive experiments on four real-world datasets demonstrate the effectiveness of the

proposed approach. In addition, we show that the proposed approach can maintain
good performance even in the absence of meta-path data.

The rest of this paper is organized as follows. We briefly review related works in
Section 2. In Section 3, we introduce preliminaries and important notation. In Section 4, we
describe the framework and implementation of HGE-CRec. The extensive experimental
studies we conducted are described in Section 5. Finally, we provide our conclusions in
Section 6.

2. Related Work

In this section, we first review related research about course recommendation. Then,
we define and explain the meaning of exercise difficulty and revisit existing methods for
predicting exercise difficulty.

2.1. Course Recommendation System

In the educational domain, personalized learning recommender system have been
a research hotspot. Traditional recommendation methods have applications in person-
alized course recommendation, such as content-based filtering [7,8], collaborative filter-
ing [9,10], and Hybrid-based course recommendation systems [11]. Due to the hierar-
chical structure of knowledge concepts in curricula, research into ontology-based course
recommendations [1,12,13] have received extensive attention. Generally, an administrator
is required to operate an operational course recommender system. The administrator can
adjust the algorithm parameters to generate more accurate learning log-based recommen-
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dations, monitor user feedback on the courses recommended by the system, and adjust
the algorithm parameters according to actual situation to ensure the normal operation of
the system.

Traditional recommendation methods mostly come from the field of e-commerce. They
regard courses as commodities, students as customers, and course learning behaviors as
commodity purchase behaviors. However, course selection behavior is essentially different
from commodity purchase behavior. When comparing learning content to movies or books,
the cognitive state of the student and the learning content may change over time and
context [14–16]. Learning a course generally takes a relatively long period of time, and
constantly consumes students’ attention and energy. In addition, students intend to achieve
good grades through a course, which strongly affects students’ level of satisfaction towards
the course. Furthermore, due to changes in their level of knowledge mastery, students’
preference for courses is not persistent; that is, after completing a course and mastering
relevant knowledge, their preference for courses with similar knowledge concepts de-
creases. Student satisfaction with a course should not be equated with preference, as course
recommendation methods based on student preference have certain limitations. In [17], the
authors pointed out that student satisfaction with course learning is significantly affected
by teachers, course content, curriculum, and grades. Recently, the satisfaction of students
has become an important factor in research on course recommendation. In [18], course
recommendation based on learning performance prediction was proposed.

A number of course recommendation methods focus on the characteristics and behav-
ior data of students in the learning system. For example, [19] proposed a recommendation
method for learning objects based on the integration of social signals, interests, and learner
user preferences in an e-learning system. The authors of [20] proposed a course recom-
mender system that uses extracted rules to find suitable courses according to student
behaviors and preferences. In [21], a path that satisfies students’ limited time while maxi-
mizing their grades is used to make lesson-by-lesson recommendations.

Similar to other recommendation systems, course recommendation systems must
face the cold start problem, meaning that it is difficult to recommend courses for new
students. The literature [22] points out that when there are insufficient data in one domain
and relatively rich data in another, transfer learning can be used to overcome the cold-
start problem when the two domains are explicitly or implicitly related. In addition,
with sufficient data from the source domain, transfer learning and collaborative filtering
can be used in combination to extract knowledge in order to improve the accuracy of
recommendations in the target domain [23].

2.2. Heterogeneous Information Network Embedding-Based Recommendation

In natural and social systems, interacting components form interconnected networks,
which can be referred to as complex information networks. These networks are homoge-
neous, containing the same type of objects and links; however, most real systems contain
multiple types of interacting components, and as such can be modeled as heterogeneous in-
formation networks (abbr. HIN). HIN consist of multiple types of nodes and links, and have
been proposed as a powerful information modeling method [24] able to naturally model
complex objects and their rich relations. Figure 1 shows the HIN of two course datasets.
HIN embedding, which aims to embed multiple types of nodes into a low-dimensional
space, has received growing attention as well.

Heterogeneous information networks can naturally model complex objects and their
rich relations in recommender systems, as in such systems objects are of different types
and links among objects represent different relations. In [25], the authors propose an
approach to evaluate the similarity of items or users in HIN. In [26], the authors proposed
an MF-based recommendation method that uses the entity similarity calculated on a
heterogeneous information network based on a meta-path algorithm. In [27], a collaborative
filtering method on a weighted heterogeneous information network was proposed. This
method is constructed by connecting users and items with the same rating. It can flexibly
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integrate heterogeneous information to make recommendations through weighted meta-
paths and weighted integration methods. In order to take full advantage of the relationship
heterogeneity in information networks, the authors of [28] introduced metapath-based
latent features to represent the connectivity between users and items along different types
of paths.

The network embedding approach is more resistant to sparse and noisy data. Consid-
erable research has been done on representation learning for HIN. Broadly speaking, the
existing works on HIN embedding can be categorized into four types: random walk-based
methods, decomposition-based methods, deep neural network-based methods, and task-
specific methods. In [6], an HIN embedding-based approach for recommendation was pro-
posed. In [29], the authors exploited the attention-guided walk model in a heterogeneous
information network to selectively sample discriminative attributes and representative
explanation meta-paths to explain the recommendations.

(a) Network schemas of HIN for a Scholat dataset (2020–2021)

(b) Network schemas of HIN for a CNPC dataset (2014–2015)

Figure 1. Network schemas of heterogeneous information networks for the two course datasets.

3. Preliminary

The term Heterogeneous Graph is used uniformly in the descriptions in this paper.
Because the graph structure means that it contains more comprehensive information and
rich semantics, it has been widely used in many data mining tasks. In this section, we first
introduce several definitions used in this article, including the HG and the meta-path of the
HG. Then, we illustrate the working process of performance prediction using meta-path
embedding. Several important notations are listed in Table 1, and we present a more
detailed explanation of their role in this context.

Definition 1 (Heterogeneous Graph). (1) Given a graph G = {V, E}, where V and E are the
node set and relation set, respectively, if there is a mapping function φ(·) of node type and a mapping
function θ(·) of edge type which map the nodes v ∈ V and edges e ∈ E to the specific types A
and C, respectively, then this type graph is a heterogeneous graph. (2) If |A|+ |C| > 1, then G

8
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is a heterogeneous graph and G = {A, C} is called heterogeneous graph (abbr. HG) schema. The
schematic of a heterogeneous graph of a course is shown in Figure 1.

Definition 2 (Meta-path of HG). A meta-path is defined as a sub-path that links two different
nodes in a heterogeneous graph. In this study, a meta-path is denoted as a path in the form of

B1
C1−→ B2

C2−→ . . .
Cl−→ Bl which describes a composite relation C = C1 ◦ C2 ◦ · · · ◦ Cl between

entity B1 and Bi+1, where ◦ denotes the composition operator on relations.

Definition 3 (Reciprocal Relationship of HG Embedding). Given the HG embedding of a
course, denoted by�c, and a student, denoted by�s, the reciprocal relationship between them is an
interactive module Θ, e.g., R = Θ(�c,�s), where R is the representation of the interactive result.

Table 1. Important notations used in this paper.

Notation Description

G = (V, E) The heterogeneous graph
A The set of the types of node
P A meta-path
Γ The set of the meta-path
At The type of node t

|NAt (v)| The number of nodes of type At in the neighbor of node v.
Ma An adjacency matrix of HG.
e(l) A node embedding on the l meta-path.

e(U)
u , e(I)

i
The finally embedding of user u and item i.

r̂u,i The rating predicted by user u on item i.
uu, vi The potential factors for user u and item i

4. Proposed Approach for Course Recommendation

In this section, we propose a novel method for course recommendation based on HG
meta-path embedding. For simplicity, in the following presentation we use the short name
“HGE-CRec” for our proposed method. The framework of HGE-CRec is shown in Figure 2.
As shown in the figure, HGE-CRec is a triple-layer architecture model that takes students’
ratings of each course as the output. The first layer is named the Meta-path Embedding
Layer (MEL), the second layer is named the Embedding Weight Aggregation Layer (EWAL),
and the third layer is named the Matrix Factorization based Prediction Layer (MFPL). The
MEL generates meta-path embeddings for heterogeneous graphs and employs a GCN to
simulate more meta-path embeddings. The EWAL employs GAT to aggregate neighbor
node embeddings and concatenate them with the original embeddings. The MFPL uses a
matrix factorization framework to predict students’ ratings on courses. The details of MEL,
EWAL, and MFPL are illustrated in Sections 4.1–4.3.

Figure 2. Framework of HGE-CRec.
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4.1. Meta-Path Embedding Layer
4.1.1. Original Meta-Path Embedding

This module is used to generate the embedding of nodes on meta-paths of the het-
erogeneous graph. For this task, the meta-paths of the heterogeneous graph are generally
sampled first, then the nodes on the sampled meta-paths are embedded. This module uses
a meta-path based Deep Walk (abbr. MDK) to generate node embedding on each meta-path.
MDK combines the random walk and word2vec algorithms. First, the heterogeneous graph
is sampled and filtered for node sequences of various meta-paths, then the skip-gram
algorithm in word2vec is used to map the node sequences into low-dimensional space:

R(nt+1 = y|nt = x, P) =

⎧⎪⎨⎪⎩
1

|NAt+1
(x)| , (x, y) ∈ E, Φ(y) = At+1

0, (x, y) ∈ E, Φ(y) �= At+1
0, (x, y) /∈ E

where nt represents the t-th node of the walk, x is a set of the node type which includes At,
|NAt+1(x)| represents the number of nodes with node type At+1 among the neighbors of
node x, and R(nt+1 = y|nt = x, P) represents the probability for a given node x of selecting
a node y which represents the constraints of meta-path P. This regular sampling can ensure
uniform sampling of various heterogeneous types of nodes under the constraint of the
meta-path P to obtain the node sequence X = [x1, x2, x3, ..., xn] of various meta-paths. Next,
in order to improve the training efficiency of meta-path nodes, we filter X, that is, we keep
nodes of the same type as the starting node, map nodes of the same type to the same space,
form a new homogeneous node sequence X̂, and then pass embedding methods to generate
embedded representations of the filtered nodes.

Next, the skip-gram algorithm is used to generate node embeddings of x̂. The skip-
gram algorithm adopts the principle of similarity of adjacent nodes, uses the central
node to predict the context node, and obtains the embedding of the target node after
continuous iterative optimization. Skip-gram is a three-layer network structure consisting
of an input layer, hidden layer, and output layer. It first generates a node sequence
according to the size of the window, then takes the central node of the sequence as input
and continuously maximizes the occurrence probability of its neighbor nodes, and finally
obtains the embeddings of all nodes. The optimization objective of this algorithm is
as follows:

L = max
f

∑
u∈V

logPr(Nu| f (u)), (1)

where f is a function that maps each node u to a d-dimensional space vector, e.g.,
f = V → Rd, u is the current node, Nu is the neighbor node of the u node obtained through
the meta-path, and Stochastic Gradient Descent is used to optimize L.

4.1.2. Simulated Meta-Path Embedding

Using the method in the previous section, the embeddings generated under each
meta-path in the heterogeneous graph can be obtained. In order to gather more neighbor
information to improve the learning effect of node feature representation, this module uses
GCN to aggregate the information of neighbor nodes to generate more meta-path node
embeddings. As Figure 2 shows, a GCN model inside MEL is used to achieve this task; that
is, more meta-path node embeddings are simulated by using GCN to aggregate neighbor
embeddings for the node embeddings of the initial meta-path, thereby generating new
node embeddings. The schematic of this process is shown in Figure 3.
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Figure 3. Schematic of GCN simulated embedding.

For a heterogeneous graph G = (V, E), Ma denotes an adjacency matrix of G generated
from the set of filtered meta-path sampling sequences X̂; Ma is added as an identity matrix
I for extension, e.g., Ma = Ma + I. Then, we have a matrix D

Dii = ∑
j

Ma
ij, (2)

where D denotes a diagonal matrix of the node degree. Then, the GCN is used to generate
the embeddings of the simulated meta-path following the process in Equation (3):

êP = so f tmax(D− 1
2 MaD− 1

2 LeakyReLU(D− 1
2 MaD− 1

2 ePWP
0 )W

P
1 ), (3)

where êP denotes the simulated meta-path embeddings, eP denotes the original ones, and
WP

0 and WP
1 represent the trainable weight matrix.

4.2. Embedding Weight Aggregation Layer
4.2.1. Aggregation of Meta-Path Embedding Based on Attention Mechanism

In order to aggregate the neighbor information of each node, EWAL adopts a GAT
mechanism to update the embedding representation of each node to form a new node
embedding vector. For each meta-path embedding, including the original meta-path
embedding and the simulated meta-path embedding, Equation (4) can be used to generate
a new node embedding for each node under each meta-path:

t(l)v,j = LeakyReLU(η(l)T · [W(l)e(l)v ||W(l)e(l)j ]), (4)

where e(l)v represents the embedding of node v under the l-th meta-path, t(l)v,j represents the

contribution of features of neighbor j to node v under the l-th meta-path, η(l)T represents
the attention parameter vector under the lth meta-path, W(l) represents the trainable
weight matrix, and || represents the splicing operation between vectors. Then, we can use
Equation (5) for normalization:

a(l)i,j =
exp(t(l)vj )

∑k∈Nv
k=1 exp(t(l)vk )

(5)
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After the weighted average of the neighborhood features of node v is obtained ac-
cording to contribution a(l)i,j , a nonlinear conversion function σ is added to obtain the new

features of node v, i.e., ẽ(l)v . Equation (6) shows this process:

ẽ(l)v = σ( ∑
j∈Nv

a(l)vj W(l)e(l)j ) (6)

In order to better learn the correlation between nodes and neighbors, the module uses
the multi-header attention mechanism to perform K times attention operations, then splices
the K times of the results, as shown in Equation (7):

ẽ(l)v (K) =
K
||

k=1
σ( ∑

j∈Nv

[a(l)vj ]
k[W(l)]ke(l)j ), (7)

where [a(l)vj ]
k represents the normalized neighbor contribution weight to node v on the k

attention header under the l meta-path, and [W(l)]k represents the trainable weight matrix
on the k attention header under the l meta-path.

In order to retain the embedded information before and after updating the node, the
embedded information before and after the update is spliced, meaning that the final embedded
dimension after splicing is twice the previously embedded dimension. Both the user node
and the project node need to undergo graph attention network aggregation embedding.

The framework of GAT Embedding is shown in Figure 4.

Figure 4. Framework of GAT Embedding.

4.2.2. Fusion of Meta-Path Embedding

Next, we use nonlinear depth fusion method to fuse all of the different kinds of
embedded information of the meta-path into the embedded information targeted at a single
node. This embedding fusion transformation can transform the embedding into a more
appropriate form, improving the recommendation performance.

With a node v ∈ V, we can find the embedded representation set of v nodes {e(l)v }|Γ|l=1,
where Γ is a set of meta-paths that include the original meta-paths and the simulated
meta-paths, and e(l)v represents the embedded information of node v under meta-path l.
Taking the user node as an example, the nonlinear depth fusion function M(·) provided
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below can be used to fuse the embedded information of each user node u, as shown in
Equation (8):

M({e(l)u }) = σ(
|Γ|
∑
l=1

W(l)
u σ(M(l)e(l)u + b(l))), (8)

where M(l) ∈ RD×d is the conversion matrix under path l, b(l) ∈ RD is the offset vector
under path l, and W(l)

u is the preference weight of user v under meta-path l. The function
σ(·) is a nonlinear function. Here, the sigmoid function is used. For the fusion of embedded
information of project nodes, a fusion method consistent with the embedded information
of the user nodes is adopted. The algorithm for enhancing meta-path embedding is shown
in Algorithm 1.

Algorithm 1: Algorithm for enhancing meta-path embedding

Input: the heterogeneous graph G; the adjacency matrix Ma; the meta-path sets P(U) for
users and P(I) for items.

Output: the enhanced meta-path embedding set of users and items:

{e(l)u }|Γ(U) |
l ,{e(l)i }|Γ(I) |

l .

1: Get original meta-path embedding sets {e(l)i }|P(I) |
l and {e(l)u }|P(U) |

l of G by using skip-
gram

2: for e(l)i in {e(l)i }|P(I) |
l do

3: ẽ(l)i ← GCN(e(l)i , Ma). {Equation (3)}

4: Γ(I) ← {e(l)i , ẽ(l)i }. {Get a set including two types meta-path embedding.}
5: end for
6: for e(l)i in Γ(I) do

7: t(l)i,j ← GAT(e(l)i , e(l)j ). {e(l)j is the embedding of the neighbor node j. Equation (4)}

8: a(l)i,j ← normalize(t(l)i,j ). {Equation (5)}

9: ê(l)i ← F(a(l)i,j , e(l)j ). {Equation (6), Equation (7)}

10: e(l)i ← Con(e(l)i , ê(l)i ). Update e(l)i by connecting ê(l)i .
11: end for

12: for e(l)u in {e(l)u }|P(U) |
l do

13: ẽ(l)u ← GCN(e(l)u , Ma). {Equation (3)}
14: Γ(I) ← {e(l)u , ẽ(l)u }. {Get a set including two types meta-path embedding.}
15: end for
16: for e(l)u in Γ(U) do

17: t(l)u,j ← GAT(e(l)u , e(l)j ). {e(l)j is the embedding of the neighbor node j. Equation (4)}

18: a(l)u,j ← normalize(t(l)u,j). {Equation (5)}

19: ê(l)u ← F(a(l)u,j , e(l)j ). {Equation (6), Equation (7)}

20: e(l)u ← Con(e(l)u , ê(l)u ). Update e(l)u by connecting ê(l)u .
21: end for

22: return {e(l)u }|Γ(U) |
l ,{e(l)i }|Γ(I) |

l .

4.3. Matrix Factorization-Based Prediction Layer

The MFPL module uses Matrix Factorization to predict the grade of students on
courses. The HGE-CRec model proposed in this paper combines HG meta-path embedding
with Matrix Factorization, and further combines the embedded vectors of users u and
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items i obtained from MEL and EWAL into the Matrix Factorization model. The prediction
process of the rating is shown in Eqution (9):

r̂u,i = uT
u · vi + α · eT

u · γi + β · γT
u · ei, (9)

where r̂u,i, u, and i belong to the rating matrix R, eu is the embedding of the user after
merging the embedding vectors of different meta-paths, and ei is the embedding of the item
after merging the embedding vectors of different meta-paths, that is, the result of merging
function M(·) in Equation (8). In order to keep the form consistent, the hidden factors γi
and γu are introduced to multiply the embedding vectors eu and ei, respectively, while α
and β are adjustable parameters.

In order to provide the model with better generalization ability and prevent over-
fitting, regular constraints can be added to the loss function. For modeling scenarios of
heterogeneous information networks, heterogeneous regular terms need to be added. The
final optimization goal is shown in Eqution (10):

� = ∑
<u,i,ru,i>∈R

(ru,i − r̂u,i)
2+

λ ∑
u
(‖ Uu ‖2 + ‖ Vi ‖2 + ‖ γu ‖2 + ‖ γi ‖2 + ‖ Eu ‖2 + ‖ Ei ‖2),

(10)

where r̂u,i is the prediction score calculated using Equation (9), λ is the regularization
parameter, Eu is the parameter set of the function M(·) for users, and Ei is the parameter
set of the function M(·) for items. The model training uses Gradient Descent to obtain the
partial derivative, then updates the variables according to the direction of the negative
gradient. After multiple iterations, the low-dimensional matrix is updated continuously
until the algorithm finally converges; the parameters of Equation (10) are updated according
to the following formula:

Uu ← Uu − η((ru,i − r̂u,i)Vi + λUUu) (11)

Eu,l ← Eu,l − η(−α(ru,i − r̂u,i)γu∇(U) + λEEu,l), (12)

Vi ← Vi − η((ru,i − r̂u,i)Uu + λVVi) (13)

Ei,l ← Ei,l − η(−α(ru,i − r̂u,i)γi∇(I) + λEEi,l), (14)

∂e(l)i
∂Ei,l

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

W(l)
i σ(Xa)σ(X f )(1 − σ(Xa))(1 − σ(X f ))e

(l)
i , E = M;

W(l)
i σ(Xa)σ(X f )(1 − σ(Xa))(1 − σ(X f )), E = b;

σ(Xa)σ(X f )(1 − σ(Xa)), E = W,

(15)

The algorithm for training HGE-CRec is shown in Algorithm 2.
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Algorithm 2: HGE-CRec training algorithm
Input: the heterogeneous graph G; the adjacency matrix Ma; the rating matrix R; the

adjustable parameters α, β; the regularization parameter λ; the learning rate coefficients for

integrating embedding features; the enhanced meta-path embedding sets {e(l)u }|Γ(U) |
l for

users and {e(l)i }|Γ(I) |
l for items.

Output: r̂u,i, the users and items feature matrices U and V; the weights of users and
items HG embedding; the weights of feature interaction matrix and; the parameters in the
fusion function of embedding

1: Get enhanced meta-path embedding sets {e(l)u }|Γ(U) |
l and {e(l)i }|Γ(I) |

l by using Algorithm 1

2: Initialize U, V, γ(U), γ(I),Eu,Ei by standard normal distribution;
3: while termination criterion is not satisfied do
4: ru,i ← Randomly select a tuple < u, i >∈ R
5: Update Uu and Vi by a typical MF model;
6: for e(l)u in Γ(U) do

7: ∇(U) ← ∂e(l)u
∂Eu,l

{Equation (15)};
8: Update Eu,l by Equation (12);
9: end for

10: Update γ
(U)
u by Equation (11);

11: for e(l)i in Γ(I) do

12: ∇(I) ← ∂e(l)i
∂Ei,l

{Equation (15)};
13: Update Ei,l by Equation (14);
14: end for
15: Update γ

(I)
i by Equation (13);

16: end while
17: return U, V, γ(U), γ(I),Eu,Ei

5. Experiments

In this section, we conduct extensive experimental studies to verify the effective-
ness and advantages of our approach. To this end, we compare the recommendation
performance produced by HGE-CRec with several baselines on four datasets.

5.1. Datasets

In order to verify the effective of our proposed approach, the experiments are car-
ried on four real datasets: two large-scale online courses datasets, Scholat and CNPC,
and two other datasets, Yelp and Movielens, which are commonly used in research on
HIN embedding-based recommendation. CNPC, Yelp, and Movielens are public datasets.
Table 2 presents statistical information about the nodes and relationships in these datasets.

• Scholat
This dataset is from a real academic social course platform (scholat.com) which pro-
vides courses offered by Chinese universities, including undergraduate and graduate
courses. The courses involve computer science, economics, pedagogy, and other
disciplines. The student profiles include the school, grade, major, courses learned,
etc. The dataset used in our experiment contains 3168 courses, 150,563 users, and
1,237,485 course visit records for the 2020–2021 academic year. The frequency of stu-
dents’ attendance of courses represents information about student interest in the
course. In this experiment, we scaled the attendance frequency to an interval.
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• CNPC (https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/
26147, accessed on 28 September 2022)
This dataset consists of the Canvas Network Open Course (canvas.net), which hosts
open online courses, including Massive Open Online Courses (MOOCs) that are freely
available to participants around the world. The dataset used in our experiments is
from January 2014 to September 2015, including 224,914 users and 238 courses as well
as various attribute information on users’ social relations, forums, users, and courses.
The courses include ten disciplines, e.g., mathematics, statistics, and education.

• Yelp (https://www.yelp.com/dataset/documentation/main, accessed on 30 Septem-
ber 2022)
This dataset comes from the largest merchant rating website in the United States,
yelp.com. The dataset records user ratings of merchants, the users’ social relation-
ship, and attribute information on users and merchants, including 16,239 users,
14,282 merchants, and 198,397 ratings.

• Movielens (http://files.grouplens.org/datasets/movielens/ml-100k-README.txt,
accessed on 30 September 2022)
The Movielens dataset is a classic movie recommendation dataset from movielens.org.
Movielens-100k was selected for this experiment. This dataset has 943 users,
1682 movies, and 100,000 scores, and contains social relationship and attribute in-
formation between users and movies.

Table 2. Statistics for nodes and relationships in the datasets.

Datasets Relations (A-B) Number (A) Number (B) Number (A-B)

Student-Course 25,293 1670 53,988
Student-Unit_of_study 150,563 5753 150,563

Scholat Student-Research_field 150,563 6458 150,563
Course-School 3168 344 3168
Course-Type 3168 13 3168

Course-Teacher 3168 1060 7846

User-Course 224,914 238 325,199
User-Learner_type 32,719 7 32,719

CNPC User-Age 224,914 4 224,914
Course-Discipline 238 10 238

Course-Course_length 238 79 238

User-Business 16,239 14,284 198,397
User-User 10,580 10,580 158,590

Yelp User-Compliment 14,411 11 76,875
Business-City 14,267 47 14,267

Business-Category 14,180 511 40,009

User-Movie 943 1682 100,000
User-User 943 943 47,150

Movielens User-Occupation 943 21 943
User-Age 943 8 943

Movie-Movie 1682 1682 82,798
Movie-Genre 1682 18 2891

For the proposed model, the interactive data between students and courses is the most
important. In addition, we are concerned about the characteristics that are conducive to the
formation of the rich meta-paths from datasets, such as course type and teacher or student
school and type. Based on the statistical analysis in Table 2, we defined the meta-paths in
all four datasets, as shown in Table 3.
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Table 3. Meta-paths of the four datasets.

Scholat CNPC Yelp Movielens

S-C-S, C-S-C,
S-C-Te-C-S,

C-Te-C, C-Ty-C,
S-C-Ty-C-S,
S-C-Sc-C-S,

C-Sc-C

U-C-U, C-U-C,
U-C-D-C-U,

C-D-C,
U-C-Co-C-U,

C-Co-C

U-B-U, B-U-B,
U-B-Ci-B-U,

B-Ci-B,
U-B-Ca-B-U,

B-Ca-B

U-M-U, M-U-M,
U-M-G-M-U,

M-G-M,
M-M,

U-M-M-U

5.2. Experimental Setup

In this subsection, we first clarify the implementation details of the experimental setup
used for HGE-CRec. Then, we introduce the comparison baselines and evaluation metrics
used in the experiments.

5.2.1. Baselines

This experiment selects three baseline methods to carry out comparative experiments
with the proposed approach: PMF, SoMF, and HERec.

• PMF [30]: This is a recommended algorithm for classical probability matrix factoriza-
tion models which decomposes the scoring matrix into two low-dimensional matrices.

• SoMF [31]: In this algorithm, social relations have the characteristics of social regular-
ization items, helping to integrate social relations into basic recommendations in the
matrix factorization model.

• HERec [6]: This classical recommendation algorithm based on heterogeneous informa-
tion network embedding adopts the random walk strategy based on the meta-path
to generate the embedding, then integrates the embedded fusion into the matrix
factorization model for recommendation.

5.2.2. Evaluation Metrics

This experiment selects two indicators commonly used in research on recommendation
systems, namely, the Mean Absolute Error (MAE) and Root Mean Square Error (RMSE), as
the evaluation indicators of the model. MAE and RMSE calculate the prediction accuracy
by calculating the deviation between the predicted user score and the actual user score.
The smaller the MAE and RMSE, the higher the recommendation quality.

The MAE can be expressed by Equation (16):

MAE =
1

|Dtest| ∑
(i,j)∈Dtest

|ri,j − r̂i,j|. (16)

The RMSE can be expressed by Equation (17):

RMSE =

√√√√ 1
|Dtest| ∑

(i,j)∈Dtest

(ri,j − r̂i,j)2. (17)

where ri,j is the real rating of item j by user i, r̂i,j is the predicted score of user i on item j,
and Dtest is the test set of the scoring records.

5.3. Results of the Comparative Experiment

This subsection illustrates the comparative experimental results using the proposed
approach and baseline methods on four datasets.

For each dataset, the preference (or score) record data are divided into a training set
and a test set. For the Scholat, CNPC, and Movielens datasets, four training segmentation
ratios are set, namely, 80%, 60%, 40%, and 20%; For the Yelp dataset, because it is more
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sparse than the other three datasets, four larger training ratios are set, namely, 90%, 80%,
70%, and 60%. For each ratio, teen evaluation sets are randomly generated, then the results
are averaged to the final results, which as shown in Tables 4–7.

Table 4. Results on Scholat.

Training Rate Metrics PMF SoMF HERec HGE-CRec

80% MAE 0.4732 0.4685 0.4529 0.4435

RMSE 0.7199 0.7087 0.6596 0.6294

60% MAE 0.5023 0.4832 0.4627 0.4486

RMSE 0.7693 0.7303 0.6908 0.6516

40% MAE 0.5758 0.5090 0.4801 0.4608

RMSE 0.8988 0.7748 0.7185 0.6683

20% MAE 0.8302 0.5856 0.5677 0.5516

RMSE 1.4199 0.8048 0.7866 0.6976

Table 5. Results on CNPC.

Training Rate Metrics PMF SoMF HERec HGE-CRec

80% MAE 0.8998 0.9074 0.8775 0.8658

RMSE 1.2254 1.2293 1.1666 1.1361

60% MAE 0.9124 0.9248 0.8843 0.8695

RMSE 1.2504 1.2563 1.1761 1.1374

40% MAE 0.9335 0.9585 0.8955 0.8754

RMSE 1.2934 1.3092 1.1928 1.1403

20% MAE 1.0504 1.0236 0.9156 0.8805

RMSE 1.4053 1.4465 1.2273 1.1428

Table 6. Results on Yelp.

Training Rate Metrics PMF SoMF HERec HGE-CRec

90% MAE 1.0412 1.0095 0.8395 0.7723

RMSE 1.4268 1.3392 1.0907 0.9787

80% MAE 1.0791 1.0373 0.8475 0.7804

RMSE 1.4816 1.3782 1.1117 0.9884

70% MAE 1.1170 1.0694 0.8580 0.7817

RMSE 1.5387 1.4201 1.1256 0.9899

60% MAE 1.1778 1.1135 0.8759 0.7853

RMSE 1.6167 1.4748 1.1488 0.9928

Table 7. Results on Movielens.

Training Rate Metrics PMF SoMF HERec HGE-CRec

80% MAE 0.7324 0.7289 0.7103 0.6992

RMSE 0.9862 0.9851 0.9274 0.8980

60% MAE 0.7463 0.7450 0.7181 0.7041

RMSE 1.0121 1.0112 0.9369 0.8998

40% MAE 0.7661 0.7784 0.7293 0.7104

RMSE 1.0542 1.0650 0.9536 0.9033

20% MAE 0.8527 0.8451 0.7495 0.7179

RMSE 1.1641 1.1423 0.9881 0.9086
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Tables 4–7 show a comparison of the two indicators, MAE and RMSE, with respect
to the recommended results using the proposed approach and baseline methods on the
four datasets.

Figure 5 shows the results on the four datasets in terms of MAE. Compared with the
baselines, the line when using HGE-CRec is gentler in terms of MAE as the training ratio
changes from 80% to 20%. In other words, the MAE growth of HGE-CRec is lower than the
other three baselines. The same can be observed for all of the datasets.

Figure 6 shows the results on the four datasets in terms of RMSE. Compared with the
baselines, the line when using HGE-CRec is gentler in terms of RMSE as the training ratio
changes from 80% to 20%. In other words, as for MAE, the growth in RMS for EHGE-CRec
is lower than for the other three baselines. Again, this can be observed for all of the datasets.

(a) Comparison of MAE with the change in
the training rate on dataset Scholat

(b) Comparison of MAE with the change in
the training rate on dataset CNPC

(c) Comparison of MAE with the change in
the training rate on dataset Yelp

(d) Comparison of MAE with the change in
the training rate on dataset Movielens

Figure 5. Comparison of MAE with the change in the training rate on four datasets.

(a) Comparison of RMSE with the change
in the training rate on dataset Scholat

(b) Comparison of RMSE with the change
in the training rate on dataset CNPC

(c) Comparison of RMSE with the change
in the training rate on dataset Yelp

(d) Comparison of RMSE with the change
in the training rate on dataset Movielens

Figure 6. Comparison of RMSE with the change in the training rate on four datasets.
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Moreover, from Figures 5 and 6 it can be seen that the experimental results curves of
the proposed approach is flat compared to the baselines, indicating that the effectiveness of
the proposed approach is more stable than the baselines.

5.4. Ablation Study

In this section, we conduct an ablation study of the proposed approach through
two experiments.

5.4.1. Component Adjustment

The first experiment observes the changes in the performance of the various ap-
proaches by adjusting the model’s components. The HGE-CRec proposed in this paper
uses GCN and GAT to improve the meta-path embedding after generating the original
meta-path embedding. The first source of improvement is realized by using GCN to gener-
ate the simulated meta-path embedding, which enhances the meta-path embedding and
expands the range of sample feature distribution. The second improvement is to use GAT
to aggregate the various kinds of meta-path embedding based on neighbor weights. In
order to explore the effect of these two improvements on the model, an ablation study of
the component was set up using the following models for comparison:

• HGE-CRecGCN
Only the first part of the HGE-CRec model’s meta-path embedding is improved, that
is, while GCN is used to generate analog meta-path embedding, GAT is not used to
aggregate various kinds of meta-path embedding based on neighbor weight.

• HGE-CRecGAT
Only the second part of the HGE-CRec model’s meta-path embedding is improved,
that is, while GAT is used to aggregate the original meta-path embedding based on
the neighbor weights, GCN is not used to generate simulated meta-path embeddings.

The training ratio was uniformly 80%. The experimental results of the above models
on the four datasets are shown in Table 8.

It can be seen from the experimental results that HGE-CRecGCN has the weakest effect,
which means that only the first part of the improvement has no significant impact on
the model; slight jitter is observed during the training process, with a slight increase or
decrease. This further indicates that, based on the premise of there being sufficient of
original meta-path embeddings, more analog meta-path embeddings are generated by
aggregating neighborhood information, and there is little improvement on the model. That
is, when meta-path embedding reaches a sufficient amount, saturation occurs and it is of
little significance to add meta-path embedding. The effect of HGE-CRecGAT is significantly
improved, showing that the improvement in the second part has a good impact on the
model. Furthermore, this shows that using GAT to aggregate the neighbor embedding
information of each node based on weight can effectively improve the performance of the
model. That is, by learning the influence weight of different neighbors on nodes in the
meta-path, the node representation can be enriched and the accuracy of prediction can
be improved.

Table 8. Results of ablation study on component adjustment.

Dataset Metrics HGE-CRecGCN HGE-CRecGAT HGE-CRec

Scholat MAE 0.4528 0.4435 0.4435
RMSE 0.6598 0.6295 0.6294

CNPC MAE 0.8775 0.8658 0.8658
RMSE 1.1667 1.1362 1.1361

Yelp MAE 0.8479 0.7807 0.7804
RMSE 1.1111 0.9880 0.9884

Movielens MAE 0.7103 0.6992 0.6992
RMSE 0.9272 0.8981 0.8980
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5.4.2. Meta-Path Embedding Adjustment

From the above component adjustment experiment, it can be observed that the effect
of the first source of model improvement does not result in a significant effect. Our analysis
indicates that the reason for this is that the embedding of the selected meta-path from the
dataset becomes saturated. In order to verify this hypothesis, the simulation experiment
described in this section was designed to simulate whether the GCN can simulate the
embedding of meta-paths in the case of insufficient meta-paths in the dataset (i.e., the
embedding of meta-paths is not saturated), expand the range of feature distribution for the
meta-paths embedded in the sample, and improve the recommendation effect. The design
of the analog element path ablation experiment is described below.

Assuming that each dataset only provides one meta-path, a comparative experiment
was conducted to investigate whether GCN can be used to simulate the embedding of meta-
paths without considering the weight aggregation of GAT embedding. This experiment
adopted a unified meta-path; the type of meta-path was User-Item-User and the training
rate was 80%. The model that does not use GCN to simulate the embedding of meta-paths
is named HGE-CRecNone−OneMP, the model embedded by GCN analog meta-path is named
HGE-CRecGCN−OneMP, and the results of the analog element path ablation experiment for
the four datasets are shown in Table 9.

Table 9. Results of meta-path embedding enhancement.

Datasets Metrics HGE-CRecNone−OneMP HGE-CRecGCN−OneMP

Scholat MAE 0.4559 0.4533
RMSE 0.6719 0.6604

CNPC MAE 0.8808 0.8795
RMSE 1.1784 1.1682

Yelp MAE 0.8804 0.8529
RMSE 1.1607 1.1283

Movielens MAE 0.7136 0.7112
RMSE 0.9360 0.9298

The results of this experiment verify that in the case of insufficient meta-paths the use
of a graph convolution network to aggregate neighbor information to generate more analog
meta-path embedding can improve the experimental results. The method of adding small
sample data to GCN can generate more embedded data for recommendation, improving
the accuracy of small-sample training data in the final recommendation process. This
further shows that the HGE-CRec proposed in this paper can be applied to datasets with
insufficient meta-paths. In addition, the traditional predefined meta-path depends on the
manual definition provided by researchers. In order to find a better predefined meta-path,
a large number of experiments need to be carried out. HGE-CRec effectively expands the
range of the feature distribution of the meta-path embedding sample by using GCN to
generate more simulated meta-path embedding. For cases with only a small number of
meta-paths, the best effect that can be achieved by manually predefined meta-paths can
be obtained. From this point of view, the proposed model is conducive to relieving the
complexity and uncertainty of manually predefined meta-paths.

6. Conclusions

This paper proposes a course recommendation model, HGE-CRec, based on hetero-
geneous graph and Graph Neural Network and adopts a heterogeneous graph approach
to model multi-source heterogeneous information in the scenario of course recommen-
dation for distance education. The proposed HGE-CRec model uses GCN and GAT to
improve the meta-path embedding process in HG. Specifically, after using the skip-gram
algorithm to generate the original meta-path embeddings, GCN is used to generate new
embeddings to simulate more meta-path embeddings, effectively expanding the range
of feature distribution of the meta-path embedded samples. Next, GAT is used to learn
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the neighborhood contribution degree, aggregate the neighbor embedding information
of nodes, and obtain the node embedding vector with importance semantics. The node
embedding vectors of different meta-paths are weighted nonlinearly and aggregated to
form the low dimensional embedding vectors of each node, and the recommendation is
implemented under the framework of matrix decomposition.

Data sparsity is a difficult problem in large-scale online course recommendation. The
model proposed in this paper uses a heterogeneous graph structure to represent online
course learning and expands the relationship domain of entities (e.g., students, courses)
through the meta-paths, thereby alleviating the problem of data sparsity. This work can
expand recommendation methods for large-scale online courses from a local perspective
to a global perspective, providing a reference for further optimization of online course
platforms. On the whole, our proposed model fully considers the different contributions
of different neighbors and distinguishes the weight of different neighbor embeddings
in order to better model the heterogeneous graph and improve the recommendation
effect. Moreover, traditional meta-path generation methods rely on researchers manually
predefining the meta-path. In order to find a better meta-path, repeated experiments need
to be carried out. Using graph convolution network to generate new embeddings for
simulation of more meta-paths might be a good way to solve this problem, as defining
only a few meta-paths can already achieve a better effect than that achieved by manually
predefining the meta-path. In this way, the problem of tedious and uncertain manual
adjustment of predefined meta-paths can be solved. In our future work, we intend to
make our model more flexible and extensible. For example, by considering the prevalence
of streaming education as a global trend [32], this model can be adjusted to recommend
interdisciplinary and cross-domain courses by adding attribute variables to generate meta-
paths in the model. In addition, the extension of our framework into an advanced version
with further consideration of the multi-modal information of courses and the social network
behavior of learners [33] could potentially enrich the knowledge concept representation.
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Abstract: The development of intelligent information technology provides an effective way for
cross-modal learning analytics and promotes the realization of procedural and scientific educational
evaluation. To accurately capture the emotional changes of learners and make an accurate evaluation
of the learning process, this paper takes the evaluation of learners’ emotional status in the behavior
process as an example to construct an intelligent analysis model of learners’ emotional status in the
behavior process, which provides effective technical solutions for the construction of cross-modal
learning analytics. The effectiveness and superiority of the proposed method are verified by experi-
ments. Through the analysis of learners’ cross-mode learning behavior, it innovates the evaluation
method of classroom teaching in the intelligent age and improves the quality of modern teaching.

Keywords: educational evaluation; artificial intelligence; cross-modal collaborative analysis

1. Introduction

1.1. Educational Evaluation in the Age of Intelligence

With the development of science and information technology, contemporary education
has undergone a series of reforms and innovations with a focus on improving the quality of
education rather than increasing the level of its scale and speed. Establishing a high-quality
educational system has become the aim for the country and society as a whole.

In recent years, technologies such as big data, the Internet of Things, artificial in-
telligence, short video, virtual reality (VR), augmented reality (AR), and the metaverse
have been gradually applied to the field of education. The upgraded level of information
technology accelerates reform and innovation in education and profoundly affects the
connotation, method, and path of educational evaluation, making educational evaluation
transfer from a result-oriented, subjective direction to a process-oriented, concomitant, and
scientific direction. There is an emphasis on the innovation of evaluation tools and the
application of modern information technologies such as artificial intelligence and big data
to explore and carry out the longitudinal evaluation of students’ learning at all grades, such
as the horizontal evaluation of moral, intellectual, physical, aesthetic, and labor factors.

In accordance with the national aim and requirements of education, which lie in
the scientific, procedural, and intelligent standards of educational evaluation, and with
the use of advanced technologies in information and artificial intelligence, this paper
adopts an innovative teaching and learning evaluation model that focuses on intelligence
education evaluation methods. It is deemed essential for the development of education
reform in terms of the integration of information technology, intelligent technology, and
educational philosophy.
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1.2. Proposition of Research Questions

Education in the age of intelligence emphasizes the cultivation of students’ abilities in
terms of innovation, interdisciplinary problem-solving, teamwork, and other comprehen-
sive qualities through the process of hands-on practice. The biggest difference compared
with traditional education is that it focuses more on the process of learning than the ultimate
results. The emotional status generated by students during the learning process can, to
some extent, reflect their learning interests and the learning effects, and therefore form
the mechanism of learning eventually. The status can be recorded and analyzed through
cross-modal data such as facial expressions, actions, language, and heartbeat.

Cross-modal collaborative analysis and evaluation can provide an effective technical
solution for the construction of a teaching evaluation system in the Age of Intelligence.
Thus, the data analysis and conclusions from the evaluation system can shed some light on
research questions such as how to improve the quality of intelligent education.

In the smart education environment, based on technologies such as the Internet of
Things and artificial intelligence, as well as intelligent sensing devices such as eye trackers
and electroencephalographs, it is possible to monitor and record complex teaching processes
in real-time and form cross-modal data such as audios, texts, images, videos, etc. Based
on cross-modal learning analysis technology, collaborative analysis of student learning
behavior data is carried out to mine and restore the students’ learning emotional status
information implied by the cross-modal and accompanying behavioral information in the
classroom. A scientific model further reveals the implicit relationship between teaching
and learning process information and classroom education quality, and a new evaluation
model of classroom teaching and learning has been constructed. This evaluation method
is more comprehensive and scientific by eliminating the weaknesses of the traditional
educational evaluation model, which emphasized tests and grades, and by optimizing
teaching methods based on evaluation and improving the quality of classroom teaching.
The purposed method focuses on evaluating and developing students’ innovative thinking
ability, comprehensive quality, personality, and mental health.

Taking the cross-modal learning behavior data as the carrier, with technologies such as
artificial intelligence, big data, etc., this research collects students’ emotional status through
the whole process of learning, conducts a collaborative analysis of learning behavior, and
thus constructs a new evaluation method of teaching that links learning behavior with
learners’ emotional status. This research indicates significance in research and real-world
practice in terms of achieving a comprehensive and accurate assessment of a student’s
ability, cognitive level, personality traits, mental health, etc., explaining and exploring cross-
modal data-driven educational phenomena and educational laws, offering guidance on the
optimization of the teaching process, and improving the goal of classroom teaching quality.

2. Literature Review

Research on cross-modal learning analysis could be dated back a decade, and the
academic community continues to focus on its development. In 2012, scholars raised the
idea of applying cross-modal data such as text, video, and audio in the field of cross-modal
interaction research, a new direction for the research of cross-modal learning interaction,
which put cross-modal learning as the core status of educational evaluation. In 2012,
the International Conference on Cross-Modal Interaction (ICMI) established the frontier
status of cross-modal learning analysis by organizing relevant scholars to participate in the
seminar on “Cross-Modal Learning Analysis” for the first time in the form of workshops [1],
declaring that the aim of this research field is to combine cross-modal analysis technology
with learning science research to help researchers better understand the mechanism of
learning. Since 2014, with the gradual development of blended learning, learning analysis,
and big data technologies, a large amount of online and offline learning data have become
available for identifying patterns such as learning emotions by extracting and analyzing
cross-modal feature data. In 2016, the International Conference on Learning Analysis
and Knowledge (LAK) set up a data challenge workshop for cross-modal learning and
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analysis, organized relevant scholars to participate in the practical work of cross-modal data
analysis, and explored the development direction of learning analysis research supported by
cross-modal data [2]. The application of artificial intelligence technology has been widely
spread in cross-modal learning analysis since 2018. By applying artificial intelligence
to education, Li Songqing [3] proposed to use cross-modal machine learning to create
and replicate human cognition, analyze and design artificial artifacts based on artificial
intelligence technology through cross-modal learning, and ultimately support, help, and
expand human cognitive abilities. The American Educational Research Association (AERA)
annual meeting in 2019 proposed to use cross-modal data such as text, charts, audio, and
video to construct a research paradigm based on cross-modal narratives to seek evidence
of fairness in educational research [4].

In terms of specific research content, Hu Qintai et al. [5] analyzed the interpretability
problem of cross-modal learning behavior and used the HDRBM (Hybrid Deep Restricted
Boltzmann Machine), a deep neural network model, to obtain the implicit physiological
and emotional characteristics of students. This research used the Bayesian network and the
junction tree algorithm to analyze the interpretability of the results, which has a certain
effect on improving the interpretability of learning behavior analysis. From a cross-modal
measurement perspective, Kyllonen et al. [6] designed and developed a computational
model framework for assessing learning status. This framework is capable of capturing,
analyzing, and measuring complex human behavior as well as analyzing noisy, unstruc-
tured, and cross-modal data. The analysis process utilizes cross-modal data, including
audio, video, and activity log files, to construct an Analytic Hierarchy Process for modeling
the temporal dynamics of human behavior. Riquelme et al. [7] used transponders to col-
lect students’ voice data to analyze the continuity and motivation of group collaboration.
Poria et al. [8] used an ensemble feature extraction method to develop a new cross-modal
information extraction agent. In particular, the developed method exploited joint tri-modal
features (text, audio, and video) to infer and aggregate semantic and emotional information
on user-generated cross-modal data. In terms of analysis methods, Scherer [9] used a
cross-modal sequence classifier to analyze the expressions of laughter in the process of
multi-party dialogue in the natural environment. At the same time, multi-dimensional
data channels are used to extract the frequency and spectral features from audio streams
and motion-related behavioral features from video streams. On this basis, the Hidden
Markov Model and the Echo State Network are used to identify the paralinguistic behavior
in the communication process, and a classification model with a certain level of accuracy
is obtained. Researchers from the Norwegian University of Science and Technology col-
lected cross-modal data of learners in adaptive learning activities and used the fuzzy set
qualitative comparative analysis (fsQCA) method to describe the relationship between
learner participation patterns and learning performance [10]. Vicente et al. proposed a
Wearable Internet of Things in Education (WIoTED) system based on IoT technology and
real-time monitoring data from wearable devices and used machine learning techniques
and cross-modal learning analysis methods to build a model that could “explain” student
engagement. This study selects a decision tree and rule system based on a set of correlated
variables, and the obtained rules could be easily interpreted by non-professionals [11].

Overall, the research on cross-modal learning analysis has a rapid speed of develop-
ment in spite of its comparatively short history. In recent years, it has received extensive
attention from academic groups across different disciplines. The evolutionary process
covers knowledge model and framework design, cross-modal feature extraction and sen-
timent analysis, cross-modal representation learning, and in-depth learning. Its research
ideas and research results have further enriched the fields of learning analysis and learning
science. Major research teams in China are from normal universities such as Beijing Normal
University, East China Normal University, and South China Normal University. By ana-
lyzing cross-modal learning from the perspective of learning science, the research mainly
focuses on theoretical discussion (Such as Mu Su [12], Wang Weifu [13]) and framework
construction (Such as Zhou Jin [14], Zhang Qi [15], Mu Zhijia [16], Li Qing [17], etc.).
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Previous studies indicate that cross-modal learning analysis is an effective method
for analyzing learning behavior and obtaining learners’ status. However, current methods
rarely apply theories to practice from the perspectives of computer science and data science.
Meanwhile, the accuracy, comprehensiveness, and interpretability of analytical models
need to be improved. Based on deep learning and cross-modal learning, we established
a multi-modal sentiment analysis model for learning behavior, and the robustness of
the analytical model was improved using deep learning and pre-training, implying an
important research trend.

3. Research Method

3.1. Problem Definition

This paper processes and analyzes multi-modal data (visual, text, audio, etc.) through
in-depth learning algorithms such as neural networks and attention mechanisms. It also
constructs an intelligent analysis model of the emotional status of the learner’s learning
process, which can accurately capture the emotional changes produced by learners during
the learning process for collaborative analysis and evaluation.

3.2. Model Architecture

By studying cross-modal data processing, cross-modal data fusion, pre-training model
construction, and collaborative analysis of learner learning status, we propose an archi-
tecture to identify the mechanism of deep inquiry learning occurrence and improve the
accuracy of students’ emotional status analysis during the learning process. We term our
architecture ‘BLBA-MODEL’ (Bi-LSTM and Bi-Attention Mechanism Model). Its main
framework is shown in Figure 1, which can be divided into three modules: data feature
extraction, data fusion and parsing, and emotional status assessment of the learning process.
These three modules are illustrated as follows.

Text Visual Audio Video
...

Data alignment and normalization

Bi-LSTM Bi-LSTM Bi-LSTM Bi-LSTM...

BAM-model

Concatenate and Softmax

Attention Mechanism

Output

Text Data Visual Data Audio Data Video Data...

Classroom

Emotional State 
Assessment of 

Learning Process

Data Fusion and 
Parsing

Data Feature 
Extraction

Figure 1. Overall architecture diagram of a cross-modal collaborative analysis model.
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3.2.1. Representation, Normalization, and Alignment of Cross-Modal Learning
Behavioral Data

The data in the learning process includes multiple modalities such as video, text,
and audio. In multi-modal data, each modality provides specific information for other
modalities, and there is a certain correlation between the modalities. In this paper, the
text, audio, and visual in the video of the learner’s learning process are used as data for
processing, and the two techniques of batch normalization and layer normalization are used
to remove the dimension and realize the normalization of the training data. Formula (1) is
a specific representation of normalization. For input zl

i , after calculating its mean μ and
variance σ2, normalization is performed, where γ and β represent the learnable parameter
variables of scaling and translation, respectively. For each neuron, before the data enters the
activation function, the mean and variance of each batch are calculated along the channel
so that the data maintains a normal distribution with a mean of 0 and a variance of 1 to
avoid the disappearance of the gradient.

z̃l
i =

zl
i − μ√
σ2 +

′
o
× γ + β (1)

The aligned hidden vectors are spliced as the input of the subsequent module; it is
the LSTM-Attention (Long Short-Term Memory and Attention Mechanism) combination
module. The technical route of characterization, normalization, and alignment of cross-
modal streaming media data is shown in Figure 2.

 
Figure 2. Representation, normalization, and alignment of cross-modal learning behavioral data.

3.2.2. Fusion and Analysis of Cross-Modal Learning Behavior Data

After normalizing and aligning the cross-modal data, the information interaction
within and between modalities is identified by fusing the feature representations of various
modal information. This paper proposes the LSTM-Attention combination module to
realize this kind of information interaction and takes the interaction of three modalities
(audio, text, and visual) in the video as an example to illustrate in detail. Since we only
used text, audio, and visual as our inputs for subsequent experiments, we will no longer
regard video as a separate input.
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3.2.2.1. Unimodal Feature Information Interaction

Considering the video information as a set of several utterances, we use multiple
independent Bi-LSTMs (Bi-Directional Long Short-Term Memory) to capture the context-
related semantic information of each modality, and the output hij after the Bi-LSTM layer
can be obtained.

hij =
→

LSTM
(

xij, hj−1
)⊕ ←

LSTM
(
xij, hj−1

)
(2)

Among them, xij represents the input feature of utterance j in video i, hj−1 represents
the hidden layer state of utterance j − 1, and hij represents the output of Bi-LSTM layer.

Then the matrix of video i after the Bi-LSTM layer is expressed as:

Hsm
i =

[
hij : j ≤ Li

]
, Hsm

i ∈ R
q×d (3)

where d represents the feature dimension.
Through this layer processing, three modal feature representations with context-related

information in video i can be obtained: textual feature Hst
i , audio feature Hsa

i , and visual
feature Hsv

i .

3.2.2.2. Bimodal Feature Information Interaction

After obtaining the above unimodal feature representation, three modalities are com-
bined in pairs (text + audio, audio + visual, and text + visual) to obtain three sets of modal
pairs. Next, we proposed a BAM-model (Bimodal Attention Mechanism model) to capture
the interaction information between modalities and contexts. The model structure is shown
in Figure 3. The specific process and formula are as follows:

The first step is to multiply the feature representation matrices obtained in
Section 3.2.2.1 to obtain the cross-modal information matrix, where u, w = {t, a, y}:

Cuw
i = Hsu

i · Hsw
i

T (4)

Cwu
i = Hsw

i · Hsu
i

T , (5)

The SoftMax function (SoftMax logical regression) is used to model multiclass classifi-
cation problems where we want the output to be a probability distribution of the different
possible classes. The second step is to demonstrate a SoftMax calculation on the cross-modal
information matrix to obtain the attention score:

αuw
i = so f tmax(Cuw

i ), αuw
i ∈ R

q×q (6)

αwu
i = so f tmax(Cwu

i ), αwu
i ∈ R

q×q, (7)

In the third step, the attention score is multiplied by the feature matrix, and the modal
feature representations with information interaction are obtained, respectively:

Hd1u
i = (αuv Hu

i )·Hu
i , Hd1u

i ∈ R
q×d (8)

Hd1w
i = (αwu Hw

i )·Hw
i , Hd1w

i ∈ R
q×d, (9)

After the above operations, text feature representations Hd1t
i , Hd3t

i , audio feature represen-
tations Hd1a

i , Hd2a
i , and visual feature representations Hd2v

i , Hd3v
i can be obtained, respectively.
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Figure 3. BAM-model.

3.2.3. Assessment of Learning Emotional Status

The feature representation of each modality with contextual interaction information
can be obtained through the module processing in the first two sections. In this section, the
attention mechanism is used to weigh the importance of each modality of information to
filter out redundant information, classify emotions according to the final fusion information
and obtain students’ emotional status throughout the whole process of learning. The
specific process is as follows:

First, we use the fully connected layer to splice the above modal features and obtain
the feature representation to enter the attention mechanism to filter redundant information:

Rt
i = tanh

(
Wt

i

[
Hst

i ⊕ Hd1t
i ⊕ Hd3t

i

]
+ bt

i

)
(10)

Ra
i = tan h

(
Wa

i

[
Hsa

i ⊕ Hd1a
i ⊕ Hd2a

i

]
+ ba

i

)
, (11)

Rv
i = tan h

(
Wv

i

[
Hsv

i ⊕ Hd2v
i ⊕ Hd3v

i

]
+ bv

i

)
, (12)

where Wm
i is the weight and bm

i is the bias.
Then, the feature representation Rm

i of each modality is sent to the attention mechanism
model, and the multi-modal fusion feature representation is obtained by weighted summation:

�m = so f tmax(tan h(Wm
attR

m
i + bm

att)) (13)

Rm
i
∗ = ∑

m
Rm

i �m
T , (14)

Among them, Wm
att represents the weight, bm

att represents the bias, and �m represents
the normalized weight.

Finally, through the fully connected layer and using the SoftMax function for emotion
prediction and classification, the final original learned emotion and cognitive state of the
model are obtained:

yi = so f tmax
(
Wq·

(
tanh

(
Wp·Rm

i
∗ + bp

))
+ bq

)
(15)

Among them, Wp and bp are the weights and biases of the SoftMax layer, and Wq and
bq are the weights and biases of the fully connected layer.
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4. Results and Discussion

This section systematically analyzes the effect of the proposed model on the multi-
modal sentiment analysis task.

4.1. Experimental Datasets

Since the data set for students’ emotional behavior in the learning process involves
issues such as students’ privacy, no data set has been found as an experimental data set
for targeted model training and analysis. Therefore, this paper uses the universal public
data set CMU-MOSEI to conduct experiments. On the one hand, it can verify the sentiment
classification performance of the model. On the other hand, it can expand the scope of
application of the model and facilitate subsequent targeted work.

The dataset was collected from 1000 speakers and contains a total of 3228 videos with
23,453 annotated sentences and 250 different topics. In this dataset, males and females
make up about 57% and 43%. We divide the dataset into a training set and a test set;
the details are shown in Table 1. The dataset has six different annotations for sentiment,
namely Happiness, Sadness, Anger, Disgust, Surprise, and Fear. For classification pre-
diction, videos with sentiment values greater than or equal to 0 are marked as positive
sentiment classifications, and videos with sentiment values less than 0 are marked as
negative sentiment classifications.

Table 1. Training set and test set of the CMU-MOSEI dataset.

CMU-MOSEI
Dataset

Videos
Number of
Utterances

Positive
Sentiment

Negative
Sentiment

Training set 2250 16146 7869 8277
test set 679 4634 2541 2093

4.2. Ablation Experiment

This paper divides the feature input into different combinations to verify the importance
of multi-modal information and performs sentiment classification prediction, respectively.
This paper uses ACC (accuracy) and F1 indexes to evaluate algorithm performance:

Accuracy = (TP + TN)/(TP + FP + TN + FN) (16)

F1 = 2TP/(2TP + FP + FN), (17)

where TP is true positive, TN is true negative, FP is false positive, and FN is false negative.
The experimental results are shown in Figure 4.

 

Figure 4. Ablation experiment results.
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4.3. Comparative Experiment

This paper compares the proposed model with existing multi-modal sentiment analysis
models, and we use the same dataset to experiment with these methods. The benchmark
methods are as follows:

(1) SVM-MD: An SVM model using multi-modal features trained by early fusion.
(2) LF-LSTM: LSTM network with late fusion method.
(3) MFN: A neural network structure for multi-view sequential learning based on at-

tention networks and gated memory, which well models the interaction between
modalities.

(4) MARN: The method of combining a multi-attention module and a recurrent neural
network is adopted to obtain the interaction information between three modalities
through a multi-attention unit, and the recurrent network is used as a memory unit
for storage.

(5) Graph-MFN: Based on the MFN method, a method of combining the dynamic fusion
graph with it is introduced; that is, the multi-modal dynamic fusion graph is combined
with the context memory fusion network.

(6) MMMU-BA: A method that utilizes the correlation of contextual information of target
video segments between different modalities to assist multi-modal information fusion.

4.4. Experimental Results and Analysis

It can be seen from the ablation experiment results that the performance of text-based
sentiment analysis in unimodality is the best. The sentiment analysis performance of all
modal combinations in bimodality is generally better than that of the best unimodality
analysis type. The trimodal sentiment analysis model performed the best among all
models. Its accuracy was increased by 1.36% and 1.61% compared with the best models
in the unimodal and bimodal, respectively. Its F1 index is improved by 2.33% and 1.98%
compared to the best model in unimodal and bimodal, respectively. Therefore, the effective
combination of multiple modalities can well obtain sentiment classification prediction and
improve the model’s performance. Moreover, during the process of students’ learning, it
can accurately grasp the emotional status of students by capturing the information from
multiple modalities, adopting multi-modal emotional analysis, and presenting evaluation
results that could provide emotional guidance to students promptly or adjust the difficulty
level and teaching mode of the course to help students acquire knowledge much better and
achieve the learning aims much easier.

From the experimental data in Table 2, the proposed method has achieved excellent
results accuracy and F1 index. Compared with early fusion, the performance improvement
is the most obvious. Compared with recent more advanced deep learning and other
methods, the accuracy and F1 index are also 0.17% and 0.95% higher. Therefore, the model
can extract meaningful information from multi-modalities for fusion and accurately classify
and predict, which is helpful to apply to the scenarios where students learn emotional
status analysis in the process of learning.

Table 2. Comparative experimental results of different models.

CMU-
MOSEI

Method Model

SVM-MD LF-LSTM MFN MARN Graph-MFN MMMU-BA
BLBA-

MODEL

ACC (%) 68.34 80.61 77.13 76.8 76.9 80.27 80.78
F1 (%) 67.92 79.46 76.35 77.01 77.14 79.23 80.41

5. Conclusions

With the development of intelligence, the single source and simple structure of analyt-
ics data in the past have gradually become unsuitable for the era of rapid development.
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Based on deep learning, this paper proposes a multi-modal emotional analysis method
to obtain people’s sentiment status and make accurate evaluations of people’s behavior
processes. All the above experiments demonstrate this study method’s effectiveness and ex-
cellent performance. In future work, we will use emotional analysis in intelligent education
to build a learning analysis model between different subjects and find out the correlation
between them while studying the learning behavior of each subject. We will use different
dataset related to the student’s learning behavior process to build a complete cross-modal
collaborative analysis framework.
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Abstract: Instructional framework based on a knowledge graph makes up for the interdisciplinary
theme design ability of teachers in a single discipline, to some extent, and provides a curriculum-
oriented theme generation path for STEAM instructional design. This study proposed a dynamic
completion model of a knowledge graph based on the subject semantic tensor decomposition. This
model can be based on the tensor calculation of multi-disciplinary curriculum standard knowledge
semantics to provide more reasonable STEAM project-based learning themes for teachers of those
subjects. First, the STEAM multi-disciplinary knowledge semantic dataset was generated through
the course’s standard text and open-source encyclopedia data. Next, based on the semantic tensor
decomposition of specific STEAM topics, the dynamic generation of knowledge graphs was realized,
providing interdisciplinary STEAM learning topic sequences for teachers of a single discipline. Finally,
the application experiment of generating STEAM learning themes proved the effectiveness of our model.

Keywords: dynamic generation; knowledge graph; orthogonal iteration; STEAM instructional design;
tensor decomposition

1. Introduction

STEAM education involves the integration of multi-disciplinary instructional design
with specific themes. However, teachers trained in a single discipline can hardly meet
the requirements of STEAM multi-disciplinary theme design [1]. As a multi-disciplinary
instructional framework, the subject knowledge graph, with its rich semantic relevance, is
expected to solve the problem of STEAM multi-disciplinary theme design. However, the
current knowledge graph of disciplines is still unable to provide teachers with appropriate
STEAM learning topics according to the instructional requirements of the curriculum
standards, which leads to serious disconnection of the knowledge system of various
disciplines in STEAM education. Therefore, how to effectively support the generation of
appropriate STEAM learning topics through the dynamic cutting and completion of the
subject knowledge graph has become an important research question.

In recent years, since the tensor decomposition model has flexible computing capability
for potential semantic features, it is regarded by researchers as a key algorithm model
for developing the learners’ knowledge graph from the basic lower cognitive stages to
the higher panoramic cognitive stages [2]. Presently, the dynamic organization effect of
multi-disciplinary learning resources on STEAM learning topics is not appropriate enough,
and it has not been found that STEAM teachers can be configured with learning topics
that meet the learning requirements of the curriculum standards. The application of the
tensor decomposition model in the STEAM multi-disciplinary semantic association and
its completion of the panoramic knowledge graph provides relatively ideal support for
STEAM learning theme content organization. This method helps single-discipline teachers
to organize, discover, configure, and recommend appropriate themes of interdisciplinary
learning.

This study had three main objectives:
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(1) To propose the dynamic generation technology of subject knowledge graph technol-
ogy, which includes two types of technical solutions: knowledge graph generation
based on basic data sets, and STEAM subject knowledge graph completion oriented
to curriculum standards in order to achieve flexible STEAM subject generation and
design for single-subject teachers.

(2) To integrate multiple APIs to conduct multiple trainings on data sets to meet the
requirements for entity recognition and semantic modeling of the subject knowledge
graph under different personalized learning scenarios. Among them, the conditional
random field and tensor decomposition algorithm achieved the best semantic rela-
tionship modeling effect.

(3) To introduce the high-order singular value decomposition with orthogonal iteration
(HO-SVD-OI) for the tensor decomposition algorithm of a penalty function and the
high-dimensional orthogonal iteration mechanism to calculate the matches between
STEAM learning resources and learners’ cognitive styles in different stages. The simu-
lation results show that the algorithm optimization strategy had good computational
performance on the topic coverage of STEAM learning themes.

2. Related Works

2.1. The Interdisciplinary Instruction of STEAM Project

The research field of STEAM interdisciplinary project teaching, which originated
from the design and development of interdisciplinary medical courses in colleges and
universities, is very active [3]. Cuadrado and others were the first to introduce the STEAM
interdisciplinary teaching field supported by ICT [4]. Many studies have confirmed that
interdisciplinary teaching with ICT integration contributes to problem-solving and deep
exploration in real situations [5–7]. Chen et al. studied the design and application of theme
resources in STEAM interdisciplinary learning scenarios based on empirical research on
the application of an interdisciplinary online learning resource recommendation system [8].
Subsequently, interdisciplinary education supported by information technology has been
widely used in higher medical [9] and engineering education [10], aiming to cultivate
interdisciplinary professionals with good interdisciplinary teamwork and comprehensive
discipline quality. However, relevant research, such as knowledge graph and other cogni-
tive intelligence technologies, is still relatively rare in assisting teachers to carry out STEAM
theme designs.

2.2. Dynamic Generation and Completion of Knowledge Graph

With the algorithm performance improvement of machine learning and its wide
application in the field of natural language processing, some scholars have conducted
research on the construction methods of knowledge graphs. Based on intelligent algorithms
such as machine learning or deep learning, they have endeavored to dynamically build
entity data models, semantic relationship models, and graph quality control methods
of the subject knowledge graphs, in order to realize large-scale entity construction and
relationship organization of multi-modal unstructured data in the intelligent learning
environment [11,12]. The dynamic completion and division of a knowledge graph based on
representation learning and tensor decomposition is one of the frontier research fields in the
current computer science community for the intelligent and dynamic construction of subject
knowledge graphs. Common implementation methods include the model ConMask [13]
based on entity embedding, TansH [14], TansR [15], TansE [16] based on the distance
translation of neural tensor network structure, etc. However, if the number of entities or
their relationship links show an extremely uneven distribution, its completion performance
becomes not ideal enough. Some scholars also pay attention to semantic path sorting based
on feature space similarity [17], reinforcement learning [18], and small sample learning
algorithm [19], and they consider entity-embedded representation and local semantic
network sparsity to optimize the completion effect of a knowledge graph. Machine learning
makes this possible for large-scale entities of subject knowledge graphs and their semantic
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intelligent computing, thus promoting the transition of subject knowledge graphs from
extensive semantics to precise semantics in subject knowledge fusion and digital education
resource organization. However, due to the collaboration of learners’ cognitive states, their
preferences, and the process changes in multi-disciplinary learning activities, there is still a
broad research space to dynamically generate and complete discipline knowledge graphs
through machine learning.

2.3. Application of Knowledge Graph in Instructional Design

Presently, in the application of the international education knowledge graph in in-
structional design, natural language processing [20], data mining [21], visualization [22],
deep learning [23], and other artificial intelligence technologies are closely related to its
cutting-edge development. Chen et al. used machine learning algorithms to train hetero-
geneous data, such as teaching content and learning evaluation in the field of education.
They proposed an automatic construction method of an education knowledge graph based
on neural sequence markers and probabilistic association rule mining [24]. Jia and others
implemented a personalized learning recommendation service application based on the
semantic similarity calculation of a discipline knowledge graph [25]. Nayyeri and others
developed the semantic link prediction by embedding the model of Trans4E in an academic
resource knowledge graph based on AIDA, MAG, and other benchmark datasets [26].
Based on the knowledge graph model of science and technology resources, Chi and others
built an interdisciplinary, cross-domain, and multi-application academic resource retrieval
and analysis platform to help improve the intelligent organization and management of the
academic resources in colleges and universities [27].

3. Methodology

This section proposes a dynamic generation method for knowledge graphs of STEAM
themes, including three technical processes: the dynamic generation of cross-modal subject
knowledge graphs based on natural language processing, dynamic completion of sub-
ject knowledge graphs based on the tensor semantic decomposition model, and quality
evaluation of subject knowledge graphs for STEAM interdisciplinary curriculum standards.

3.1. Knowledge Graph Generation of STEAM Instructional Themes

The subject knowledge graph is the key cornerstone of interdisciplinary instructional
design for realizing the multi-disciplinary knowledge collaboration of STEAM. Machine
learning intelligence, with the semantic annotation of a large-scale knowledge corpus,
enables teachers of a single subject to design STEAM learning themes that are appropriate
for the curriculum standards. Based on our research of the key technologies of knowledge
graphs at home and abroad, this study proposed a dynamic generation framework of STEAM
subject knowledge graphs based on a multi-algorithm collaboration, as shown in Figure 1.

The data set for constructing a STEAM discipline knowledge graph comes from two
channels: (1) unstructured data based on national discipline curriculum standards, digital
textbooks, and texts; and (2) open-source semi-structured data, such as encyclopedia entries
on OpenKG. The knowledge system of unstructured data, such as national discipline
curriculum standards and digital textbooks in the atlas, is more precise and rigorous.
The open-source encyclopedia entry data are open and collaborative, and its knowledge
system in the atlas is more dynamic and extensive. The knowledge systems of the two
data channels complement each other, and together they form multi-disciplinary teaching
domain knowledge with strong integrity that conforms to the national discipline curriculum
standards and academic quality system. At the same time, it also has the same degree
of applicability for constructing the methodology of knowledge graphing for a single
discipline. From the above technical work summary, it can be seen that unstructured texts
on national subject curriculum standards or digital textbooks can be transformed into a
structured triplet of subject knowledge graphs only through the BERT model’s neural
network attention-mapping mechanism. The process and method of knowledge extraction

39



Appl. Sci. 2022, 12, 11001

in this link are relatively mature and also applicable to semi-structured data, such as
open-source encyclopedia entry data. Technically, it is still very difficult for us to map the
knowledge system space in the cognitive field, which is suitable for learning characteristics
in each academic stage. There are two specific possible solutions: (1) Under the metadata
design mode of the current subject knowledge graph, the open-source encyclopedia entry
data are manually marked, and an unstructured training set that matches the knowledge
ability level described in the national subject curriculum standard is built. It provides an
excellent, labeled training source for the supervised learning algorithm, but its labor cost
is obviously too high. (2) Based on the standardized corpus generated by the curriculum
standard or contents of digital textbooks, the remote semi-supervised learning method
is employed to generate the semantic data labels of some discipline knowledges. At this
time, algorithm intelligence is used to replace heavy repetitive work, reducing the cost of
artificial semantic labels for large-scale datasets. However, the semi-supervised learning
algorithm cannot ensure that the discipline semantic labels of the training set that was
constructed fully comply with the discipline curriculum standards in terms of knowledge
compliance. Therefore, strict requirements for accuracy, such as applicability, may affect
the further iterative training effect of machine learning algorithms.

Figure 1. A dynamic generation framework of STEAM knowledge graphs.

The dynamic construction of STEAM’s interdisciplinary knowledge graph is reflected
not only in the integration and openness of its encapsulation algorithm library API, but
also in its intelligent configurability of the knowledge graph of various disciplines, which is
specifically divided into the core stages of multi-disciplinary knowledge fusion, representa-
tion, completion, error correction, and update. Multi-discipline knowledge fusion refers to
entity alignment and attribute fusion of multi-group and multi-discipline knowledge data.
In addition to the above basic tuple elements such as “head entity—relational predicate—
tail entity”, the multi-group data processed by the multi-disciplinary knowledge extraction
algorithm also contain multi-group knowledge mixed with other language elements, such
as time, place, degree modifier, etc. In order to realize the standardized semantic storage,
linking, reasoning, etc., of the multi-group knowledge, it is necessary to regularize the ten-
sor decomposition of the mixed elements in the multi-group; the knowledge representation
is further matched with the triple representation in the current discipline knowledge graph
so as to build a discipline knowledge graph configuration unit with a standardized data
format, clear semantic association, and multiple reasoning paths. The representation of
multi-disciplinary knowledge refers to the problem of how to map the expression forms
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of various multi-disciplinary knowledge in different cognitive intelligence fields. The
multi-disciplinary knowledge in the learner’s cognitive intelligence development field is
represented as symbolic information, and the multi-disciplinary knowledge in the ma-
chine’s cognitive learning intelligent field is represented as vectorized information. The
disciplinary knowledge graph itself becomes the interface between the knowledge symbolic
representation and vectorized representation to meet the needs of knowledge flow and
integration in their respective fields. The completion, error correction, and updating of
multi-disciplinary knowledge is a mechanism for the collaborative optimization of multi-
disciplinary knowledge quality in the process of data fusion and the representation of
graph corpus between learners and machines during multi-disciplinary learning. On the
one hand, it dynamically updates the semantic relationship of associated conceptual entities
among disciplines by encapsulating and integrating various panoramic knowledge graph
completion algorithms’ API, and it promotes the configuration and integration of discipline
graphs. On the other hand, through the joint training and learning of large-scale corpus
semantic data, we can detect the logical fallacy of semantic relations between different enti-
ties and update knowledge cooperatively, so as to build a cognitive intelligence dynamic
architecture for the appropriate instructional design of STEAM themes.

3.2. Knowledge Graph Completion of STEAM Instructional Themes

The STEAM interdisciplinary knowledge graph has an interdisciplinary and multi-
level cognitive development path. It aims to cultivate learners’ multi-clue and multi-
dimensional problem-solving thinking and ability. The dynamic completion of the dis-
ciplinary knowledge graph provides an intelligent cognitive framework for teachers to
carry out interdisciplinary instructional design. It also enables learners to construct multi-
personalized meanings for multi-disciplinary learning tasks. The completion of the STEAM
knowledge graph refers to using the tensor decomposition model to convert the data of
various topic maps that are related to each other or have a learning order (before and
after knowledge) into a data form that is easy to be processed by the computer. Next,
the semantic relationship between the subject knowledge points is mined to predict and
embed the potential semantic relationship between new and old knowledge entities or their
attributes. Finally, the intelligent and dynamic completion of the subject knowledge graph
is realized. According to the knowledge learning path of different disciplines of STEAM,
the completion path of a STEAM knowledge graph also presents multiple dynamics.

Before introducing the tensor decomposition model applied to STEAM knowledge
graph embedding, the following symbol definitions were decided:

The knowledge triple is represented by (head entity, relationship type, tail entity),
which is denoted as (h, r, t) and abbreviated as ϕ. The Greek letter X represents the
three-dimensional knowledge tensor, and the elements in X are represented by Xi,j,k. The
capital letter A represents the matrices model, which is used to represent entity sets and
relationship type sets, whereas |A| represents the size of the matrices. The lowercase letter
a represents a vector, where item i is represented by ai. ×n represents the Tucker product,
which is used for the product of the three-dimensional knowledge tensor and matrix. The
operator “◦” represents the product of a vector.

In STEAM multi-disciplinary project-based instruction, the relationships among knowl-
edges are often numerous, and their semantics are connected; in addition, the representation
of the relationships is not unique. To simplify the principle introduction, the knowledge
semantic relationship is represented as a triple. Taking “Mendel’s Law of Inheritance”
as an example, the random combination of dominant genes and recessive genes of or-
ganisms determines various traits, and the corresponding probability can be obtained
through mathematical modeling. Therefore, its knowledge semantics can be represented
by a composite triple (Mendel’s law, mathematical modeling/material basis, and a random
combination of probability/DNA genetic information). When it is extended to the tensor
model, the knowledge triplet is constructed as a three-dimensional tensor, in which two
dimensions are composed of knowledge head and tail entities (such as Mendel’s law or a
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random combination of probability/DNA genetic information) and the third dimension is
the relationship between knowledges (mathematical modeling/material basis).

Take the classic algorithm of the Tucker decomposition [28] of a tensor model as an ex-
ample. For the three-dimensional tensor in the subject knowledge graph, the Tucker decom-
position can obtain the core tensor and three knowledge matrices, as shown
in Formula (1).

X ≈ �G; A, B, C� ≡ G ×1 A ×2 B ×3 C ≡
P

∑
p=1

Q

∑
q=1

R

∑
r=1

gpqr ◦ ap ◦ bq ◦ cr (1)

Among them, the core tensor G represents the level of semantic relationship between
knowledge entities and relationships, which can be used for a potential semantic analysis
of knowledge points and knowledge relationships. In essence, tensor decomposition is to
decompose the potential semantic relationship of new knowledge through the dimension
reduction processing of complex knowledge structures and the dimension reduction algo-
rithm of model structures, so as to generate new knowledge structures that do not exist in
the original graph spectrum and to promote the STEAM project to learn multiple observa-
tion perspectives and solve multi-clue problems. Therefore, the tensor model is suitable
for the dynamic completion of the subject knowledge map, and the semantic relationship
cohesion of the subject knowledge is improved through the dynamic embedded model.

Combined with the tensor decomposition algorithm, this study proposed a dynamic
completion model of a STEAM interdisciplinary knowledge graph as shown in Figure 2.
The main idea of the model is to reflect the hidden information of knowledge through tensor
decomposition into a low-dimensional matrix, which is used to estimate the incomplete part
of the original discipline knowledge graph. The model extracts knowledge triplets from the
knowledge graph of a single discipline to form a data set. The positive and negative samples
in the data set of a single discipline are constructed into a three-dimensional knowledge
tensor, which is decomposed into a low-dimensional knowledge matrix by Tucker and sent
to the scoring function. The embedded entities and relationships are constantly updated by
the optimizer, and the implicit relationships between knowledges are mined to supplement
the STEAM interdisciplinary knowledge graph as a newly generated knowledge connection.

Figure 2. Dynamic completion model of STEAM knowledge graph based on tensor decomposition.

In order to establish relationships among the knowledge entities with unknown relation-
ships, the model uses the replacement method to replace the correct knowledge triplet entities
into negative triples. For prediction, the Sigmoid function is used as the activation function to
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predict the correctness of the triple through probability. For optimization, the model uses the
logarithmic likelihood loss function to measure the quality of the model’s prediction.

3.3. Quality Assessment of STEAM Knowledge Graph Based on Curriculum Standards

The matching degree between the subject knowledge system and the subject accom-
plishment evaluation index in the STEAM curriculum standard is an important indicator
for measuring the quality of the generation and completion of the subject knowledge graph.
Whether it is the generation of the subject knowledge graph or the dynamic completion of
the subject knowledge graph based on different teaching objectives and teaching themes,
the quality evaluation index should focus on the teaching connectivity and teaching appro-
priateness of the map. The teaching connectivity is calculated by the dynamic performance
of the interdisciplinary knowledge of the atlas, while the teaching appropriateness is cal-
culated by the cognitive and evaluation matching degree of the discipline curriculum
standards related to the STEAM teaching theme of the atlas. Therefore, its quality evalu-
ation methods include the matching degree calculation methods of the knowledge atlas
completion performance based on tensor model and the academic quality evaluation indi-
cators based on the discipline curriculum standards. We evaluated whether the constructed
discipline knowledge graph had good dynamic embedding performance; that is, whether
the discipline knowledge graph met the dynamic embedding of entity relations with multi-
modal attributes. The test data selected multi-source heterogeneous data, such as digital
education resource library and public service resource metadata, through MRR, Hits@1,
Hits@3, and Hits@10 to calculate the matching effect between the subject knowledge graph
and the subject curriculum standard knowledge system.

The Mean Reciprocal Rank (MRR) is the average reciprocal ranking of embedded
entities in the discipline knowledge graph. The larger the index is, the better the matching
effect is, as shown in Formula (2).

MRR =
1
|S|

|S|
∑
i=1

1
ranki

=
1
|S|

(
1

rank1
+

1
rank2

+ . . . +
1

rank|S|

)
(2)

Hits@N is the average proportion of triples ranking less than N in the prediction of a
STEAM interdisciplinary knowledge link. The larger the index is, the better the matching
effect is, as shown in Formula (3).

Hits@N =
1
|S|

|S|
∑
i=1

I(ranki ≤ n) (3)

Conversely, we evaluated whether the constructed subject knowledge graph matched
the instructional requirements of the subject curriculum standards of each learning segment,
such as whether the generated and completed subject knowledge graph met the teaching
objectives, resource organization, and activity design of STEAM teachers based on interdis-
ciplinary curriculum standards while meeting the requirement of providing students with
cognitive support, resource recommendations, and learning path planning based on the
subject curriculum standards. Therefore, the matching data set of the evaluation method
was the text data of the curriculum standards of each discipline of STEAM. Through the
knowledge extraction, knowledge annotation, knowledge matching, and other links of
the curriculum standard text, the matching degree of the curriculum standard teaching
requirements of each discipline can be measured according to the phased output of each
link. Specifically, it includes the matching of the subject knowledge graph and the cognitive
level of the subject curriculum standard, and the matching of the academic quality with
literacy evaluation indicators.
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4. Experiments

4.1. Data Set Construction

(1) Source of data set: The data set selected for the experiment came from the subject
curriculum standard, digital textbook text, and open-source Chinese encyclopedias,
mainly including the concepts and relationships of biology, chemistry, geography,
and mathematics in middle schools. The resource data set came from the EdX MOOC
platform, which covers mathematical science, natural science, humanities and social
sciences, engineering technology, and other fields. From 2013 to 2019, 36,892 users
learned and browsed 528,536 course resource files, with 372 feature status tags in total.

(2) Data set preprocessing: First, we cleaned and removed learner and course resource
records with feature frequency lower than 50 to prevent the cold start of machine
learning. We then removed the user data whose feature frequency was less than
1000 to prevent the interference of the crawler. Finally, we removed the curriculum
resource records whose resource access frequency was less than 30 to prevent the
clustering effect from discretization caused by low-frequency tags.

(3) Segmentation of training set and test set: After the above preprocessing, 68,745
effective records of resource learning with feature annotation were obtained, 85% of
the data was randomly selected to construct the training set, and 15% of the data was
used to construct the test set.

(4) Model training and testing: In the training set, the random algorithm used at least
one marked learning situation feature tag as the learner’s cognitive state feature tag.
In the test set, the records of curriculum resources were fitted with tensor models to
calculate relevant evaluation indicators.

4.2. Analysis of STEAM Interdisciplinary Instructional Cases and Generation of Themes

The instructional case comes from the high school STEAM interdisciplinary instruc-
tional case of the experimental school of the research group. The instructional case takes
nutrition science, cultivation technology, horticultural culture, and related literary works of
peas as the instructional theme and carries out project instructions from the perspectives
of biological properties, geographical distribution, nutrient composition, modern farming
technology, landscape culture, historical literature, and other disciplines. The knowledge
points cover many basic education disciplines, such as chemistry, biology, geography, math-
ematics, physics, history, and literature; they include learning the principles of pea science
and technology, pea gardening culture and literary works, field research practice of pea
plantations, and the sharing and exchange of interdisciplinary learning achievements.

The learners are the first year students of the experimental high school. During the
course of project learning, they are divided into a pea science and technology research
group and a pea culture exploration group, according to the learners’ cognitive preference
style. Under the activity mode of group cooperation, they carry out personalized learn-
ing and research on the related scientific principles, agricultural technology, horticultural
culture, literary works, and other sub-topic keywords of pea, respectively, with the sup-
port of the subject knowledge graph. Its subject learning theme keywords take “pea” as
the central word, “scientific principles, agricultural technology, horticultural culture, and
literary works” as the clues of knowledge and resource organization and management, and
learners’ cognitive style preferences and state attributes as the sequence feature tags to
dynamically generate multi-disciplinary learning paths and resource allocation sequences
under different cognitive style tags. The knowledge structure system based on the cor-
responding subject curriculum standards dynamically retraces the semantic relationship
between the old knowledge and the new knowledge of learners, and it maps the hierarchi-
cal characteristics of cognitive ability between the learning sequence of learners’ knowledge
and the sequence of resource organization, so as to realize personalized multi-disciplinary
intelligent learning. Finally, under the support of the subject knowledge graph, the learners
are guided to dialectically understand the cooperative development relationship between
crop science and technology and human farming culture through group communication
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and sharing. This section takes the STEAM instructional activity of Exploring the Scientific
Principles of Peas as an example to show the dynamic generation effect of interdisciplinary
knowledge graphs based on the curriculum standards of chemistry, biology, geography,
and mathematics. The generated STEAM interdisciplinary thematic knowledge graph is
shown in Figure 3.

Figure 3. Interdisciplinary knowledge graph automatically generated based on keyword “peas”.

5. Results and Discussion

5.1. Performance Results of Comparison Simulation Experiment

In the training set data, the corresponding TopN list of each learner was calculated
by the multi-disciplinary semantic tensor decomposition algorithm HO-SVD-OI in this
section. The accuracy recall curve was used to reflect the changing trend of the accuracy
of the method in this paper and the mainstream classical algorithm in matching STEAM
learning topics with course standards, and the performance gap of different algorithms was
reflected by the harmonic mean F1 index [29]. In this section, we selected the Kmeans IDF
algorithm [30] based on semantic tags and K-means clustering of user access resources, the
classical tensor decomposition Co SClu algorithm [31] based on semantic tag co-occurrence
spectrum clustering, and the classical TD algorithm [32] based on original tensor decompo-
sition as the reference comparison algorithm.

The P-R curve and F1 index curve simulation results of the above four algorithms are
shown in Figure 4. In the P-R curve comparison chart, as the training scale of the data set
increased, the accuracy and recall rate of the algorithm showed a reverse proportion change
trend. The more the values gathered to the upper right side of the image area, the better the
matching effect of the digital learning resources organized by the algorithm on the learner’s
knowledge tag. In the F1 index curve comparison chart, the more values gathered above
the image area, the higher the accuracy of the learning topics generated by the algorithm
for the coverage of multi-disciplinary curriculum standards. In addition, whether it was
the HO-SVD-OI algorithm applied in this chapter or the high-dimensional semantic tensor
decomposition resource organization matching algorithm based on Kmeans clustering
or spectral clustering proposed by our predecessors, its performance was significantly
better than that of the simple tensor decomposition algorithm. By observing the F1 index
curve, we found that when the scale of STEAM learning topics approached about 20, the
four algorithms all achieved the best performance in the coverage accuracy of the STEAM
discipline curriculum standard.
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Figure 4. Simulation experiment results of the P-R curve and F1 index curve of the dataset under
four algorithms.

5.2. Discussion on Learning Path Based on STEAM Interdisciplinary Knowledge Graph

When learners complete STEAM project learning, they generally have a relatively
complete discipline knowledge structure in the lower learning stage. In the context of
STEAM interdisciplinary project learning, the dynamic completion of a discipline knowl-
edge graph is essentially a process of personalized meaning construction of learners for
high-level learning objects, thus promoting the gradual formation of high-level knowledge
and literacy of disciplines.

In the key words knowledge graph of the project theme shown in Figure 3, the
teaching goal of the project is to solve the problem of “the causes of the diversity of
pea genetic traits”, while the original knowledge structure of the learners is the relevant
scientific principle “Mendelian genetic law conducts mathematical modeling through the
probability learned in junior high school, and the expression of biological genetic traits
is determined by their DNA”. The new knowledge that learners need to master is that
“the deep reason for the establishment of Mendel’s Law is that biological genetic material
DNA has the random characteristics of free separation and combination, and the random
combination characteristics of genetic material lead to the diversification of genetic traits,
thus contributing to the diversity of biological genetics and evolution directions”. The
STEAM interdisciplinary knowledge graph supports single-discipline teachers to design
project learning path steps as follows:

Step 1: According to the high school biology curriculum standard, the triple of the
original knowledge graph is marked as the literacy evaluation index V(ij), indicating the
literacy level that learners should reach when learning corresponding knowledge (h, r, t),
where i represents the triple knowledge sequence, and j represents the literacy evaluation
level sequence.

Step 2: According to the quality evaluation index system of the subject curriculum
standards, the subject project teaching topics of different subject quality levels are presented.
For example, for the learning needs of mathematical logic computing quality evaluation,
teachers can build appropriate mathematical models for learners to deduce and verify
the “randomness of biological genetic material combination” according to the quality
evaluation index labels (junior high school, mathematics, event probability, mathematical
modeling, and problem-solving) and can support learners to understand the essence of
problem-solving from the evolution of mathematical variables. For the learning needs
of spatial structure analysis literacy, teachers can build “the combination and change
law of DNA microstructure in the genetic process” for it through spatial micro-analysis
according to the quality evaluation index labels (junior high school, chemistry, structure of
life macromolecules, scientific inquiry, macro-identification, and micro-analysis). Different
goal orientation will lead to different paths of STEAM project learning activities.

Step 3: When learners choose different ways to organize corresponding discipline
project resources, teachers will provide necessary assistance and intervention according to
their learning process and learners’ dynamic generation and completion direction of the
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discipline knowledge graph based on derived theme keywords, adjust the direction and
level of learners’ personalized meaning construction, and finally achieve the overall goal of
STEAM project teaching that meets the discipline curriculum standards.

6. Conclusions and Future Work

Presently, there are many kinds of mature natural language processing and machine
learning algorithms in the computer science field. The application of a single algorithm
cannot meet the context or scene adaptability requirements of the entity recognition accu-
racy and relational semantic modeling of the STEAM interdisciplinary knowledge graph
from different perspectives. It is necessary to integrate multiple APIs to conduct multiple
trainings on data sets to meet the needs of teachers in a single discipline for the design
of STEAM interdisciplinary teaching themes; among them, conditional random field and
tensor decomposition algorithms are relatively ideal for semantic relationship modeling.
On the one hand, the dynamic generation of a STEAM subject knowledge graph can enable
teachers of a single subject to flexibly organize instructional resources and improve teaching
efficiency in an intelligent learning environment. On the other hand, a STEAM subject
knowledge map can effectively plan personalized learning paths by adapting to learners’
cognitive characteristics, thus broadening learners’ multi-dimensional thinking ability.

Although the traditional tensor decomposition algorithm has good performance for the
generation of STEAM multi-disciplinary topics, it is easy to form a STEAM “topic cocoon
room” due to the long-term recommendation of high-frequency single discipline themes,
which are not conducive to the development of learners’ multiple cognitive abilities. The
HO-SVD-OI tensor decomposition algorithm, which introduces a penalty function and high-
dimensional orthogonal iteration mechanism, has good computational performance for
the matching and coverage of STEAM learning themes and multi-disciplinary curriculum
standards; it can effectively eliminate the problem of a “theme cocoon room” in STEAM
instructional design. Future research will focus on the interpretability mechanism of
knowledge graphs for STEAM interdisciplinary semantic learning.
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Abstract: The European Union is investing in the areas of digital skills, digital infrastructures,
digitisation of businesses, and public services to speed up numerous administrative processes and
to facilitate access to citizens from member countries and neighbouring ones as well. This study
provides a quantitative assessment of the efficiency gains that can be attained by the ongoing digital
transformation in the realm of Erasmus+, the European Commission’s programme for education,
training, youth, and sport for the period 2021–2027. This programme manages a sizable budget
allocated to education and training opportunities abroad for millions of students, teachers, and
other staff of Higher Education Institutions within the EU and beyond. The management of such
experiences has significantly grown in complexity over the last decades, entailing notable expenses
that the EC aims to reduce through the end-to-end digitalisation of administrative procedures. Our
analysis of the savings attained by the so-called Erasmus Without Paper project (EWP) was conducted
by taking a close look at the workload, resources, and money invested in Erasmus+ proceedings by
four universities from Spain, Italy, and Turkey. The analysis revealed significant savings in terms
of paper wastage (a reduction of more than 13.5 million prints every year for the whole Erasmus+
programme) and administrative time, which may translate into lower staff effort and increased
productivity, to the point of managing up to 80% more mobilities with the same resources and staff
currently available.

Keywords: digital transformation; Erasmus+; EWP; ICT; student mobility

1. Introduction

Digital transformation is defined as facilitating the work of individuals, improving
processes, increasing the efficiency of operation, and creating new business models with
the use of various digital technologies [1]. On the axis of this definition, it is seen that
the main components of digital transformation are the individual, the process, and the
technology. The change affects people, strategies, structures, and competitive dynamics
in many areas such as politics, health, society, economy, agriculture, and industry in line
with the needs of society. According to Pereira et al. [2], educational organisations that
do not take advantage of this moment to improve and transform themselves in digital
transformation are in danger of disappearing or being replaced by more agile organisations.
In addition to this, Căpus, neanu et al. [3] argue that to ensure the successful implementation
of digital transformation, organisations and companies need to guarantee that they are
fully aware of the failures or risks they face over a certain period of time, for which they
must identify the key influencing factors.

Higher education institutions (HEIs) draw attention as one of the areas affected by
digital transformation processes, which have been studied in many research works so
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far. According to Rodrigues [1], HEIs are under pressure to provide new and innovative
digital experiences for their stakeholders, which can only be achieved by using a frame-
work that enables them to manage all digital initiatives and approaches in a holistic and
integrated way. Benavides et al. [4] stated that digital transformation in higher education
institutions requires rethinking, restructuring, and reinventing, from its multi-purpose,
multi-disciplinary, multi-state, and multifactorial character. Their statement suggests that
the digital transformation inside institutions does not simply imply technological progress;
rather, it is more transcendental and generates changes of meaning, affecting the culture
immersed in the university, administration, formative activities and their evaluations,
pedagogical approaches, teaching, research, extension, and administrative processes.

According to a literature study by Mohamed et al. [5], digitalisation can provide a
competitive advantage to higher education institutions as long as it is implemented with a
correct combination and an integrated approach linking impactful changes. The level of
digital maturity, though, varies across countries and regions. A recent UNESCO report [6]
enumerated factors needed for a healthy digital transformation in the field of education
in the Asia Pacific, ranging from data security, strategy unity, equality of opportunity,
structural and sustainable digital technology requirements of educational institutions,
family support, blended learning strategies, etc. It was noticed that while 50% of high-
income countries in the region have an operational policy on digital remote learning, only
27% of low- and lower-middle-income countries do. According to the survey of Marks
et al. [7], a consolidated framework covering the aforementioned factors is missing also in
the context of the United Arab Emirates, where none of the examined institutions had a
stand-alone digital transformation vision or plan. In developing countries, on the other
hand, the discussion embraces the choice of online learning methods. For example, the
cross-sectional surveys carried out by Essel et al. in Ghana [8] and by Argüelles-Cruz
et al. in Latin America [9] showed that the choice might be largely influenced by the
availability of IT infrastructure and by the professors’ levels of IT skills. Finally, an OECD
Report on the Digital Transformation of Higher Education in Hungary [10] identified policy
recommendations to address persistent gaps in the current policy framework supporting
digitalisation, which is common in other EU countries as well.

Digital transformation processes call to rethink and plan international student and
academic mobility in HEIs in a multifaceted way. In this line, the Erasmus+ programme—
one of the largest student and academic mobility activities worldwide—faces a challenge
due to the significant size it has achieved. The number of HEIs that have the Erasmus
Charter for Higher Education has increased from a few hundred at the beginning of the
2000s to more than 5200 as of July 2022, from 33 countries (the 27 EU members plus
Iceland, Liechtenstein, Norway, North Macedonia, Serbia, and Turkey). Accordingly,
the number of students and staff benefiting from the Erasmus+ programme has been
growing by the day, entailing a plethora of challenges in management and coordination.
To overcome these challenges, the European Commission (EC) has decisively invested in
digitisation, launching the Erasmus Without Paper (EWP) project [11] to define common
interfaces, document types, and management procedures. On such foundations, it is
possible to develop an ecosystem of digital applications that will facilitate management
and participation. Integration of these developed digital platforms was declared among the
priority areas by the EC, which made it compulsory to complete the digitalisation process
for all HEIs by 2025.

This communication reports on an experiment conducted in the SUDTE project (“Sup-
porting Universities in the Digital Transformation in Erasmus+”) [12] to numerically reveal
the benefits of the digital transformation process by comparing traditional methods and
digital tools used in the execution of Erasmus+ mobility processes between HEIs. Knowing
that many processes are affected by institutional or national regulations and their pecu-
liarities and circumstances, the project’s partner institutions have surveyed such details
as paper wastage, workload, and time invested in managing mobility processes in their
respective countries (namely Spain, Italy, and Turkey) using different digital applications:

50



Appl. Sci. 2022, 12, 9804

three from different commercial providers and one built in-house. Thereupon, a statistical
analysis was conducted to characterise the savings that may derive from digitalisation,
providing the first quantitative evidence of savings in terms of paper wastage and adminis-
trative time, which may translate into lower staff effort, increased productivity, and greater
diligence from the point of view of the beneficiaries of the mobilities: fewer errors, shorter
or no delays, etc.

This study focuses on the savings in workload, paper, and time savings gained by
the digital transformation process that higher education institutions are going through
within the scope of the Erasmus+ programme for international offices. The structure
of this paper is as follows. The academic literature related to the study is discussed in
the background section after the introduction. Next, the methodology section presents
information and justifications of the processes used in the study. In the results section, the
data obtained from the intervening staff. The computed results are given for later analysis
in the discussion section. In the conclusion, a roadmap is drawn for new studies to be
carried out in the future.

2. Background

Since it was launched in 2016, the EWP project has made substantial progress in
the implementation of a framework supporting the electronic exchange of students’ data
by interlinking the databases of thousands of HEIs. Those databases may be hosted by
in-house systems or third-party providers that cater for different needs and resources, from
large universities with thousands of outgoing students every year to small institutions
that send just a few of them whenever a specific collaboration opportunity with a foreign
institution appears. In the short term, EWP is seen by the EC as a strategic means to more
efficiently manage a budget of 26,000 million euros allocated for international mobilities,
attaining time savings, reductions in paper usage and increases in staff productivity [13]. In
the longer term, it would provide the foundations to develop and implement far-reaching
digital transformation plans for all types of education and training institutions, all levels
and for all sectors.

Erasmus+ mobility management requires that activities that will take place over a
long period of time be recorded from beginning to end. In the process, the HEIs’ Interna-
tional Relationships Offices (IROs), the academic coordinators and the beneficiaries of the
mobilities must produce and manage many documents and substantial amounts of data.
In the paper-based process, even simple confirmations required several people in different
institutions to print out, sign, archive and transport tens of pages. Also, HEIs and NAs re-
quired extra documents to be transferred. A poll conducted by Jahnke in 2017 [14] –getting
1050 answers from HEIs of all types and sizes from 31 countries– showed that almost 90%
of the HEIs that sent out ~1000 students abroad on Erasmus mobilities per year considered
the management workload “very high” or “high”. Only 9.6% of the institutions answered
that the workload was “average”, and not even 1% answered that the workload was either
“low” or “very low”. Putting the workload into a historical context, the poll found that
more than 67% of the HEIs perceived the workload had increased since 2014, whereas only
8.1% perceived the workload to have decreased. In one study conducted two years later,
Mincer-Daszkiewicz [15] reported that the workload and the variety of documents required
for the management of mobilities were still increasing steadily and that the expectation for
the EWP solutions was that they would enable interoperability between more than 2000
in-house systems and more than 50 commercial systems to exchange data electronically
and securely, and concerning tens of thousands of mobility activities every year.

As of August 2022, the EWP project has almost reached the foreseen gigantic dimen-
sions, with thousands of HEIs, commercial providers and other organisations integrating
into the digital ecosystem and taking up the new tools that come with it. As the imple-
mentation deadlines set by the European Commission get closer, they are also working
together to detect and solve persisting integration and interoperability problems, make
the solutions available in all pertinent languages, fully train the management staff, and
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make the processes accessible and understandable by the beneficiaries of the mobilities.
At this point, it is necessary to conduct studies that numerically reveal the benefits of
digitalisation, as done in the recent past for other areas such as business, industry, justice
or healthcare [16–18]. As explained in [19], the agenda for HEIs has been complicated by
the COVID-19 pandemic and the sudden massive adoption of online learning schemes.
Numerical evidence will help strengthen the HEIs’ and NAs’ motivation to complete the
transition from paper-based processes, notwithstanding the cost that complex software
systems entail in terms of licensing, operation, maintenance and/or evolution.

This brief literature review covers almost the last six years in which the paperless
Erasmus studies have been launched. This communication gives novelty and added value
to the field since not much research has been conducted regarding the efficiency and gain
analysis of digital transformation in the Erasmus+ programme so far.

3. Methodology

As shown in the diagram of Figure 1, the starting point for our study was the ac-
quisition of numerical information about paper wastage, workload and time invested in
managing mobility processes during the academic years before the adoption of digital
processes.

Figure 1. Methodological steps followed in the study.

Specifically, the staff of the International Relationships Offices of the four HEIs in
the SUDTE consortium (SU—Selçuk University; IZTECH—Izmir Institute of Technology;
UVIGO—University of Vigo; UNINA—University of Naples Federico II) were asked to
provide the following data:

• The Average Numbers of Beneficiaries (ANB) of the four types of Erasmus+ mobilities:
SMS (Student Mobility for Studies), SMP (Student Mobility for Placement), STA (Staff
Mobility for Teaching Assignment), and STT (Staff Mobility for Training).

� This input yielded four variables for each HEI: ANB_SMS, ANB_SMP, ANB_STA,
and ANB_STT.

• The Number of Printed Pages (NPP) used for each one of the documents required by
each type of mobility (see Table 1), which would rely on templates provided by the
EU or models created by each HEI.

� This input yielded 59 variables for each HEI, corresponding to the 59 types
of documents listed in Table 1 (those in the rows of STA and STT are counted
twice): NPP_GA_SMS for the Grant Agreements of SMS mobilities, NPP_LA_SMS
for the Learning Agreements, etc.

• The Number of IRO Staff Members (NSM), their Yearly Hours of Work (YHW) per
person, the Percentage of the yearly hours taken by SMS/SMP/STA/STT PaperWork
(PMPW), the ‘M’ meaning ‘mobilities’, and the Percentage taken by Other Paper-
Work (POPW), such as interinstitutional agreements, visa letters, passport letters, and
internal communications.
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Table 1. Documents counted for the four types of mobilities (bold documents are used by some
institutions only).

Mobility Types Documents

SMS (Student Mobility for Studies)
• Grant agreement
• Learning agreement/work programme
• Outgoing application form
• Acceptance form
• Certificate of arrival
• Departure certificate
• Transcript of records
• Bank details form
• Social security/tax declaration
• Letter of acceptance to entrants
• Copy of incoming ID/passport
• Copy of incoming insurance
• University nomination
• Incoming application form
• Course recognition sheet
• Document for visa
• Course recognition confirmation
• Transcripts
• Student mobility survey
• OLS results
• Incoming learning agreement
• Incoming final transcript

SMP (Student Mobility for Placement)
• Grant agreement
• Work programme
• Outgoing application form
• Acceptance form
• Certificate of arrival
• Departure certificate
• Bank details form
• Social security/tax declaration
• Copy of incoming ID/passport
• Copy of incoming insurance
• Incoming application form
• Copy of outgoing ID/passport
• Grant payment to outgoing students
• Document for visa
• Academic recognition document

STA (Staff Mobility for Teaching
Assignment) and STT (Staff Mobility for

Training)
• Grant agreement
• Work programme
• Application form
• Invitation letter
• Letter of acceptance
• Certificate of attendance
• Report of expenses
• Certificate of participation
• Assignment letter
• Grant payment documents
• Work programme for incoming beneficiaries

From the initial data gathered from the IROs, the Average Processing Times (APT)
taken by each type of document were calculated for the different types of mobility (second
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stage of Figure 1), yielding 59 figures for each HEI from the inputs gathered in the first stage:
APT_SMS_GA for SMS Grant Agreements, APT_SMS_LA for SMS Learning Agreements, etc.

In the computations, a sum of the products of ANB and NPP variables determined
the workload, whereas NSM × YHW × (PMPW + POPW) determined the overall staff
effort. It was assumed that, given enough experience with the management procedures,
the figures to consider for paper wastage, workload, and time for each type of document
were proportional to its number of pages.

It must be noted that it was more convenient to compute the APT figures this way than
to ask the IRO staff directly for 59 time estimations because—due to well-known subjective
biases in the perception of workload [20,21]—the overall amounts resulting from the latter
approach would not match, by far, the yearly hours of work. It was much easier for the
staff to check whether the calculated APT values were good approximations of what they
experienced in their daily work. They did so with a level of agreement exceeding 92%,
which served to validate the abovementioned assumption in the computations.

Subsequently (third stage of Figure 1), the IRO staff were asked to estimate the time
savings that they would expect thanks to digitalisation, based on the type of information
included in the different documents and on their current familiarity with the EWP tools
used in their institutions. This yielded 59 Time Saving Factors (TSF) for each HEI, with
values between 0 and 1, equivalent to percentages. For example, a factor of 0.75 means that
a proceeding that has traditionally taken 4 min would be expected to take 4 × 0.75 = 3 min
with the fully-digital approach. The staff’s rationale was that fields such as personal
data would require little or no verification after they had been introduced once, and
university nominations and incoming application forms could be checked much more
quickly than former paper-based forms and photocopies. In contrast, learning agreements
and work programmes would still require careful examination because the catalogues used
for recognition of the education/training attained in a foreign institution are enhanced
with each new pairwise matching of sending and receiving institutions. The same goes for
highly sensitive data such as transcripts of records, and bank details.

It is worth noting that the IRO staff could provide negative figures at this stage if their
expectation was that some proceedings would take longer with the digital approach for
whichever reason.

With the time saving estimations, a statistical analysis was conducted with SPSS as
the last stage of Figure 1 and served to characterize the expectations in relation to paper
wastage, workload, and time which in turn yielded findings about environmental impact
and staff productivity.

4. Results

Following the methodological process explained in the preceding section, the consul-
tations with the IRO staff of the four participating HEIs took place from September 2021
to February 2022. Table 2 shows the amounts of paper used by SU, IZTECH, UVIGO, and
UNINA, both in total and per beneficiary of each type of mobility. It is noticeable that the
additional documents handled by the Turkish HEIs (presented in bold in Table 1) cause a
significant increase in the paper wastage per beneficiary. Most commonly, this is related to
the fact that beneficiaries from Turkey need to apply for a Schengen visa in order to enter
the EU countries.
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Table 2. Total and per beneficiary amounts of paper.

Paper Wastage
Number of Printed Pages (NPP)

SU IZTECH UVIGO UNINA

Per SMS beneficiary 45 79 31 39
Per SMP beneficiary 31 76 24 36
Per STA beneficiary 25 44 20 25
Per STT beneficiary 24 41 20 25
Total (including other
paperwork) 23,647 5664 24,339 43,757

Table 3 shows the calculated times–in minutes–spent yearly by individual IRO staff
members from SU, IZTECH, UVIGO, and UNINA with the different documents required
by the four types of mobilities.

Table 3. Total Average Processing Times for the different documents.

Mobility Types and
Documents

Total Average Processing Times (In Minutes)

SU IZTECH UVIGO UNINA

SMS and SMP

Grant agreement 15,016 2599 18,367 23,226

Learning agreement/Work
programme 25,377 28,214 18,239 30,613

Outgoing application form 31,497 21,279 6284 3974

Acceptance form 1797 743 2292 2285

Certificate of arrival 1797 743 3118 1852

Departure certificate 1797 6480 3118 1369

Transcript of records 2517 1772 3339 1750

Bank details form 1502 8809 1837 2183

Social security/tax declaration 2760 0 1837 3974

Letter of acceptance to entrants 275 101 1214 875

Copy of incoming ID/passport 295 1519 1281 5352

Copy of incoming insurance 591 1316 2562 1078

University nomination 275 4928 1214 2666

Incoming application form 295 1772 1281 977

Other documents 5640 13,753 0 0

STA and STT

Grant agreement 2428 1823 2793 1709

Work programme 2890 405 1648 2466

Application form 1465 405 410 802

Invitation letter 425 135 410 279

Letter of acceptance 470 34 349 279

Certificate of attendance 470 34 549 279

Report of expenses 1311 270 1396 773

Certificate of participation 328 135 349 279

Other documents 1410 1991 0 0

Table 4 lists the average time saving factors indicated by the consulted IRO staff for
the different types of documents.
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Table 4. Summary of the time saving factors (TSF) indicated by the consulted IRO staff for the
different types of documents 1.

Mobility Types and Documents
Time Saving Factors (See
Explanation In Section 3)

SMS and SMP

Grant agreement 0.7

Learning agreement/Work programme 0.3

Outgoing application form 0.3

Acceptance form 0.7

Certificate of arrival 0.3

Departure certificate 0.5

Transcript of records 0.3

Bank details form 0.1

Social security/tax declaration 0.2

Letter of acceptance to entrants 0.7

Copy of incoming ID/passport 0.2

Copy of incoming insurance 0.2

University nomination 0.8

Incoming application form 0.8

Other documents 0.8

STA and STT

Grant agreement 0.7

Work programme 0.7

Application form 0.6

Invitation letter 0.3

Letter of acceptance 0.7

Certificate of attendance 0.3

Report of expenses 0.8

Certificate of participation 0.2

Other documents 0.8
1 “Other documents” represent the additional documents used by some institutions only.

From these figures and the calculations of the workload implied by each document
type, Table 5 summarizes the overall savings foreseen for the four surveyed HEIs, in the
following terms:

• Total working weeks saved in managing their current yearly numbers of mobilities.
This was obtained by recomputing the total times invested in the management of the
four types of mobilities, computing the post-digitalization values of PMPW (Percentage
of the yearly hours taken by Mobilities PaperWork) and POPW (Percentage taken by Other
PaperWork) and taking into account the Time Saving Factors. The difference in minutes
from the original value, returned by the equation NSM x YHW x (PMPW + POPW),
was turned to working weeks by making the corresponding divisions.

• Reduction of workload experienced by the IRO staff members. This is simply a percent-
age value computed by comparing the original amount of time devoted to mobilities
paperwork and other paperwork with the updated amount that incorporated the
TSF values.

• Potential increase in the number of mobilities that could be handled by the current
staff under their current workload. This was computed as an updated value of the
variables Average Numbers of Beneficiaries (ANB) of each HEI, not considering the
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increase due to paperwork, but to additional efforts made in the preparation and
management of mobilities: advice on logistics (travel, accommodation, etc.), cultural
awareness, academic and linguistic support, monitoring of incidents and needs, etc.
The computation was a conservative one, assuming that the staff’s yearly hours not
invested in mobilities paperwork or other paperwork (i.e., YHW × (100 − PMPW −
POPW)) would be devoted to those efforts in the Erasmus+ programme.

Table 5. Overall savings foreseen for the four surveyed HEIs as a result of the digitalisation of
mobility management.

Productivity Gains Derived
from Time Savings

SU IZTECH UVIGO UNINA

Total working weeks saved in
managing the current yearly

numbers of mobilities.
185 240 128 220

Reduction of workload
experienced by the IRO staff

members (in % of time devoted
to paperwork).

56.6% 56.9% 53.2% 54.8%

Potential increase in the
number of mobilities that could
be handled by the current staff
under their current workload.

75.9% 75.7% 87.8% 82.5%

5. Discussion

Our analysis reveals a potential to achieve substantial gains as a result of digitalising
the management of Erasmus+ mobilities. The following are the key takeaways derived
from the results of the preceding section:

• With more than 300,000 higher education students participating annually in Erasmus+
mobilities, saving an average of 45 printed pages in management paperwork (see
Table 2) implies a reduction of more than 13.5 million prints every year, which entails
enormous environmental impact not only in relation to paper, but also transport,
packaging, ink, electricity, and storage. The mobilities of teachers and administrative
staff imply an extra 3.6 million prints saved yearly.

• In terms of staff productivity, the figures in Table 5 reveal an expectation of average
reductions above 55% of the time spent on paperwork, which would result in a
reduced workload for the IRO staff members, and contribute significantly to improving
management diligence from the point of view of the beneficiaries of the mobilities:
fewer errors, shorter or no delays, etc. The IRO staff would be able to use the saved
time on aspects that have traditionally stood out in the satisfaction polls as needing
improvements or more extensive coverage [22], such as the cultural preparations
and logistic support given to beneficiaries before their mobilities, the follow-up and
support offered during their stays abroad, and the dissemination of the attained results
after returning.

• From a different perspective, the time savings reveal an opportunity to manage an
average of 80% more mobilities with the same resources and staff currently available.
Effectively, this removes one bottleneck that has prevented HEIs from offering the
Erasmus+ experiences to a greater number of people, thus paving the road for more
effective usage of the programme’s budget and multiplication of the return from
the massive public investment, whose figures are already positive as reported by
D’Hombres [23].
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6. Conclusions

From the aforementioned figures, it is concluded that, although the digital transfor-
mation in the Erasmus+ mobilities of higher education seems difficult and costly, it would
provide a great convenience in the effective and efficient management of HEI processes,
fully in line with the Digital Decade targets of the European Union [24] in the areas of digital
skills, digital infrastructures, digitalisation of businesses, and public services. Nevertheless,
thinking about the long term, it is necessary to assess the environmental sustainability of
the paradigm shift taking into consideration the fact that, for every HEI that goes paperless,
there will be an expanding data centre footprint and significant amounts of e-waste [25].
Thus, as highlighted in a World Economic Forum report from 2019 [26], data centres may
lead to an unintentional but unchecked negative impact of digital technology, exacerbated
by quick technology obsolescence. It will therefore be necessary to assess the question of
whether it is possible to decouple digital transformation in higher education from e-waste
and the negative impact of digital technology.

In line with the aims of the European Commission, with this change of paradigm, the
administrative burden for the four HEIs participating in this study to manage Erasmus
mobilities has been reduced drastically by using digital tools. In relation to the specific
implications of these achievements on the Erasmus+ programme, the first highlight is
that it is possible to carry out more mobilities with fewer staff members, thanks to the
reduction in work intensity. Alternatively, in keeping the same staff, the saved extra time
could be devoted to improving the quality of the mobilities or to different focal points.
Beneficiaries are expected to show more interest in the programme thanks to the reduction
of bureaucratic procedures and the lower probability of administrative mishaps. It is
recommended to develop digital technologies like an Erasmus app to be used by academic
and administrative staff in the new Erasmus Without Paper programme, which demands
an investigation of expectations and possibilities.

This communication reports on one dimension of the digital transformation of HEIs,
which–as noted in the introduction–is an extremely complex endeavour that also touches
many different psychological, social, economic, and legal aspects. The literature on these
aspects is extremely scarce as of 2022, calling for intense research in the following years. As
part of our ongoing research, besides including the cases of more universities to further
substantiate the findings of this communication, it is planned to conduct research on the
points of view of students, professors, and other staff about the ease with which they go
through the new digital procedures, with a particular interest in recruiting a sufficient
sample of people who engaged in Erasmus+ mobilities both before and after digitalisation.
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Abstract: Learning-by-doing is a pedagogical approach that helps in learning skills through practice.
An online learning-by-doing tool, CodeLab, has been introduced to students undertaking the digital
design and creation bachelor’s degree program at the Universitat Oberta de Catalunya. The tool has
been used to facilitate and engage students, not well-acquainted with problem-solving techniques,
in an introductory programming course. The aim of this study was to examine the factors that
play vital roles in students’ acceptance of learning-by-doing tools that facilitate the development
of problem-solving skills. The Unified Theory of Acceptance and the Use of Technology (UTAUT)
model was used for this purpose and extended by adding the factor of motivation, which is essential
for educational contexts. The results highlight that there is a strong relationship between acceptance
and motivation, implying that students would use online learning-by-doing tools, such as CodeLab,
depending on the amount of motivation and engagement while practicing the learning activities. A
positive relationship between motivation and acceptance clearly supports the primary aim of using
learning-by-doing tools in problem-solving courses.

Keywords: learning-by-doing; practice-based tools; online learning tools; learning to code;
technology acceptance; UTAUT model

1. Introduction

Technology-enhanced learning (TEL) has changed the mechanism of acquiring edu-
cation [1]. From primary to higher levels of education, TEL has made it possible to learn
online, full-time as well as part-time [2]. Online learning has numerous benefits, ranging
from self-paced learning to exceptional circumstances when going to educational institu-
tions is not a possibility [3,4]. Despite the numerous benefits of online learning, there are
still many problems associated with it. One of the main problems is unsatisfactory edu-
cational models and teaching techniques leading to a lack of motivation and engagement
among students, resulting in less participation in online courses and, in extreme cases,
dropout from online education [5].

Numerous models and strategies have been presented for improving education over
time. An effective approach to disseminate education is learning-by-doing [6]. The learning-
by doing approach is defined as learning that is a result of ones’ own actions, efforts, and
experiences [7].

It requires students to be actively involved in the learning process. It is not just the
teacher who delivers the lectures; rather, students are expected to practice and participate
in learning [8]. The learning-by-doing education approach also plays a vital role in online
learning contexts. Students are expected to practice by performing learning activities as part
of their learning process, which are dependent on the nature of the course [9]. Similar to face-
to-face courses, memorization techniques are also usually applied in online courses that aim
to disseminate knowledge. On the contrary, online courses that require the development of
problem-solving skills, for example, in the cases of learning to program, learning to solve
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mathematical problems, and solving scientific problems, the learning-by-doing approach
has proven beneficial [10,11]. In the context of online programming courses, especially
for novice and non-steam learners, we believe that a virtual laboratory environment can
be used. This environment should facilitate learners to develop programming skills by
practicing, similar to the practice that can be performed in a face-to-face programming
laboratory. It should also help the learners to achieve their intended pedagogical goals.

An important factor in the evaluation of online learning tools is students’ acceptance
of and willingness to use the system [12]. Several studies have been conducted to evaluate
these systems for acceptance that consider various models of acceptance [13,14]. In addition
to students’ evaluations, teachers’ acceptance evaluations of online learning management
systems have been conducted [15]. A widely used and validated model is the Unified
Theory of Acceptance and Use of Technology (UTAUT) model, which takes into account
the essential constructs for technology acceptance and use [16]. A construct is an idea that
is based on theoretical explanations and is empirically verified [17]. Additionally, with
acceptance evaluation through UTAUT, the context of usage and the necessary constructs
specific to the context can also be evaluated [14].

Given the significance of the learning-by-doing approach and practice in the domain
of problem solving and online programming education, a learning tool has been introduced
to novice students to help them to learn to code. The tool, providing the opportunity to
practice, has been incorporated into an introductory programming course for the Design
and Digital Creation bachelor’s degree at the Universitat Oberta de Catalunya (UOC) with
the aim of helping and engaging learners. The learners of this degree program are less
familiar with programming and problem-solving concepts. The primary aim of this study
was to identify the major constructs for acceptance of learning-by-doing practice-based
tools in online education using the validated UTAUT model. The model was extended
by including the construct of motivation, which is vital for online learning tools and
systems. The results of the study highlight that motivation is an important construct
to consider when evaluating practice-based online tools regarding acceptance. When
exploring the relationships amongst the constructs included in this study, a statistically
significant relationship was found between facilitating conditions and motivation. There
was also a significant relationship found between effort expectancy, trust in the system,
and social influence. These significant relationships highlight the fact that online learning
tools based on practice, if designed by taking the significant constructs into account, can be
successfully accepted by online learners.

Online education, blended or fully online, has proven its advantages and was a ne-
cessity during the COVID-19 pandemic, when going to educational institutes was not
possible [18]. Students’ acceptance of and willingness to use practice-based online learning
tools in their courses is crucial, as it will help promote student engagement and willingness
to learn. Through successful acceptance of practice-based tools, students can experience
learning with great potential and achieve their learning goals associated with skill acquisi-
tions, such as learning to code. For instructors and institutions disseminating knowledge,
engaging students is important to ensure quality in online higher education.

2. Theoretical Background

Several theories have been proposed for learning and educational contexts. In online
education, basic learning theories, such as behaviorism, constructivism, humanism, and
connectivism, have been applied [19]. Additionally, other theories, such as social learn-
ing [20], transformative learning [21], and experiential learning, have also been used in
e-learning. In terms of learning skills, the approach of modern education is a feasible one
that encourages the use of creative techniques and problem-solving-based approaches for
learning [22]. The educational approach of learning-by-doing is aligned with the modern
educational approach. This approach is derived from experiential and active learning
and encourages learners to practice and acquire hands-on experience to learn rather than
relying on theory alone [23]. The approach of experiential learning, learning-by-doing,
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dates to John Dewey’s theory of progressive education and is still applicable in this era [6].
The idea is to learn by practice, that is, learning is to be achieved through one’s own
hands-on experiences, which could be mental or physical [24]. Learning-by-doing has
been applied in a variety of contexts and fields of education and has provided favorable
results. Learning-by-doing holds significance for scientific education, especially when
real-life simulations are considered [25]. In situations where learning skills are of interest, a
learning-by-doing approach proves to be feasible [24]. Knowledge about a domain can be
acquired by traditional means of education, such as reading theory and attending lectures,
but for the domains that require concepts to be developed as skills, practice is required [26].
Learning a concept by theory first, then applying it several times helps in acquiring a
skill. Problem-solving skills are also developed by practicing similar problems based on a
particular concept [27]. As for skills, learning to code is a skill that can be only developed
by virtue of practice [28].

In this context, Nantsou et al. have presented learning-by-doing for physics and
electronics education [29]. Similarly, in the domain of marketing education, experiential
learning and learning-by-doing has provided beneficial experiences [30]. George et al.
explored the effects of applying learning-by-doing in the field of criminal justice. The study
based on undergraduate students concluded that there are several benefits of learning-by-
doing in terms of professional development [31]. Niiranen also conducted a study that
assessed the use of the learning-by-doing approach in the field of craft and technology
education [32].

In online education, where there is a lack of face-to-face experience, learning-by-doing
has been used. Not only does it help develop skills and effectively teach concepts, it also
regulates student engagement [33]. For the learning of problem-solving skills in online
contexts, various tools have been discussed in the literature [34–36]. In the specific case
of online programming tools and environments, which also belong to the category of
problem solving and take into account the modern education perspective, several learning
tools and systems have been proposed for students, for various programming languages,
ranging from novice [37] to advanced levels [38]. Rossano et al. proposed a tool for the
programming of digital logic and design based on learning-by-doing and practice for high-
school students [39]. In another study, Hosseini et al. proposed a tool that aims to teach
Python to students in higher education through practice [40]. Minecraft is also a learning-
by-doing tool that helps learners develop problem-solving skills through the process of
gamification [41]. Similarly, w3school is an online learning platform that provides the
opportunity to learn to code by practicing [42]. Code.org [43] and CodeAcademy [44] are
also based on the ideas of experiential learning. However, not all tools and systems for
teaching and learning programming are built upon the idea of encouraging students to
learn to code through practice; rather, there is a limited set of activities and tools focusing
on assessment alone.

Acceptance of technology and systems has been a concern among the research com-
munity for many years now [45]. Several models and theories have been proposed for
this purpose [46–48]. Unified Theory of Acceptance and Use of Technology (UTAUT) has
been used in several domains to evaluate the acceptance of technological systems and
products [16,49]. Similarly, in the domain of education in general and online learning
in particular, UTAUT has been used extensively to evaluate the factors that lead to the
acceptance of systems [50–54]. In the case of a programming course, Morais et al. assessed
the introduction of programming practices in a degree program of arts and design [55].
However, most studies on UTAUT in the domain of e-learning and online education eval-
uate acceptance in terms of a system having the scope to be implemented in a particular
university or institution. The educational approach that the system uses is usually not
evaluated for acceptance by students. In this study, the focus was on identifying and
evaluating the factors that lead to acceptance of online learning tools that are based on the
educational approach of learning-by-doing and practicing—an approach that is essential to
learning to code and developing problem-solving skills.
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3. Research Methodology

3.1. The Study Context

This research centered on an online mandatory course taught as part of the online
bachelor’s degree program of “Design and Digital Creation” at the Universitat Oberta
de Catalunya (UOC)—a fully online university. UOC has over 70,000 students and more
than 4500 teaching and research staff and aims to provide online learners with quality
personalized learning for online higher education. To address these aims of UOC, the
CodeLab programming tool has been designed, developed, and incorporated into the
course [56]. The learning tool aims to facilitate and engage novice learners in their first
programming course of the degree, who typically have little to no programming experience.
The students are provided with the opportunity to practice the concepts continuously, as
learning to code requires practice and reflection. CodeLab considers the cognitive processes
and social interactions of the students as they experiment and test the ideas and concepts
and communicate with their peers.

CodeLab is based on a practice approach and contains a detailed set of learning
itineraries related to coding concepts using the P5.js language. Not only is it possible to
write and execute a piece of code, students can also visualize the executed code. First, the
students are introduced to programming concepts that establish a basic understanding,
and later they are expected to practice these concepts for the acquisition of programming
skills related to these concepts. Once they feel confident, they are encouraged to move to
advanced and complex concepts and to practice to continue learning. In the online course
considered in this study, five modules in the tool were defined based on specific concepts,
including several learning activities for assessment, recommended and complementary in
nature, the latter two encouraging the practice of concepts. In this study, the CodeLab tool
was used for one semester spanning 16 weeks, and each module was 3 weeks in duration.
The students could ask questions, discuss, and enhance their knowledge and experience
by interacting with teachers and peers through a communication channel provided within
the tool.

Taking into account the unique experience of an online course that mainly involves
interacting with an online programming tool, students’ acceptance evaluations of the
tool seemed vital. This paper discusses the acceptance evaluation of a pilot study of the
CodeLab tool and is part of the on-going research project on the learning-by-doing practice-
based e-learning systems. The research methodology that is applied in this context is the
“design and creation” methodology [57]. This research methodology helps in providing the
opportunity to recognize, articulate, reflect, and design artifacts to address the problems
at issue (Figure 1). The pilot study aimed to improve the educational and interaction
design of the tool and to elicit qualitative and quantitative data from the students and
teachers. The data generated through the usage of the CodeLab tool were also used for the
evaluation of student behavior and engagement. Several e-learning tools and systems were
evaluated for acceptance to help determine their continued usage by the students. The
acceptance evaluations in this paper were not only specific to the tools but would also help
to determine the factors that would need to be considered when developing and evaluating
similar e-learning systems that encourage practice for learning.

3.2. Research Model and Hypothesis Development

The UTAUT model takes into account the behavioral intention (BI) to use a product
or system for acceptance evaluation. Calder discusses that a construct is an idea that is
based on theoretical explanations; however, in most cases constructs are not limited to
theory alone; rather, they are empirically verified [17]. In this study, we considered this
point of view, similar to the original UTAUT model, i.e., theoretical explanations were
provided first and later we verified the constructs through statistical testing. To evaluate
BI, Venkatesh et al. took into account the constructs of performance expectancy (PE), effort
expectancy (EE), facilitating conditions (FCs), and social influence (SI) (Figure 2).
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Figure 1. Design and creation adapted for CodeLab.

Figure 2. Model adapted from [45].

Performance expectancy (PE) refers to the degree of belief of an individual that by
using a system they will attain benefits in their job or benefits associated with the intended
purpose of using the system. In the case of CodeLab, the intended purpose is to learn
effectively while being engaged in the course. As the students are encouraged to learn
to code by practicing the programming-based learning activities, it was to be inquired
into whether the tool helps them to learn. Based on the above discussion, the following
hypothesis was proposed:

H1. Performance expectancy has a positive effect on the behavioral intention to use CodeLab.

Effort expectancy (EE) is related to the degree of ease of use of the system. For e-
learning systems, ease of use is an important factor in acceptance and effectiveness [58].
In the specific case of CodeLab, the students were to be asked whether they thought and
whether they found that the CodeLab tool was easy to use and whether it was easy for
them to be skillful in learning to use CodeLab.

H2. Effort expectancy has a positive effect on the behavioral intention to use CodeLab.

Facilitating conditions (FCs) are the user’s perceptions of the factors in the environment
of the system that help to use the system. In addition to general e-learning systems, FCs
have also been used in studies related to tools for teaching programming [59]. The students
were to be asked if they were provided with the necessary resources and knowledge and
whether someone was available to help them in case they encounter difficulties when using
CodeLab.

H3. Facilitating conditions have a positive effect on the behavioral intention to use CodeLab.

Social influence (SI) is the perceived effect of the opinion of other people and affects
the intention to use. The construct of SI was evaluated by inquiring of the students whether
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the people who influence their behavior and are important, for example, their friends and
family, believe that they should use CodeLab.

H4. Social influence has a positive effect on the behavioral intention to use CodeLab.

Trust is an important construct that has been used and validated in the context of
e-learning systems [60], even though the original UTAUT model does not emphasize trust
as a factor that influences the intention to use. For the acceptance of mobile learning
systems, trust is an important construct [61]. The construct of trust has also been considered
for CodeLab, not in terms of security but in terms of trust in the system (TC) that it will
help them to learn to code. Trust is not a core construct of UTAUT; it has been used and
validated in e-learning [62]. In this study, we considered a mediating effect between TC
and EE and SI as the degree of ease of use of the system and that the people who influence
a person’s behavior can inculcate TC.

H5. Trust has a positive effect on the behavioral intention to use CodeLab.

H5.a. The positive effect of trust in CodeLab on behavioral intention to use will be mediated through
effort expectancy and social influence.

Motivation and engagement are considered essential constructs when it comes to
education [59] and e-learning tools [63]. Reports in the literature have strongly emphasized
the fact that the motivation and engagement of students is essential for learning and is a
primary concern of researchers and teachers [64]. As CodeLab is an online educational tool,
motivation is to be considered; motivated students will be able to learn productively by
being engaged. As this is one of the first studies on the evaluation of acceptance of the
tool, the construct of motivation has been taken into account by asking students if they feel
motivated to learn to program because they are using the learning tool. In addition to the
direct relationship between motivation (M) and BI, a mediating relationship with FCs was
also evaluated.

H6. Motivation has a positive effect on the behavioral intention to use CodeLab.

H6.a. The positive effect of motivation with respect to CodeLab on the behavioral intention to use it
will be mediated through facilitating conditions.

The behavioral intention to use (BI) a construct is the acceptance of the technological
system in the core UTAUT model. However, for various situations, depending on the
context of usage and the study, acceptance can differ. In the specific case of the CodeLab
tool, the meaning of acceptance is also related to the usage context. The students who
use the tool to study for the course will be using the CodeLab tool for one semester. The
acceptance in this scenario is twofold: firstly, the acceptance to use CodeLab during the
semester, and, secondly, to accept that they are willing to use similar tools that are based on
an approach of learning-by-doing.

3.3. Procedure for Data Collection

The questionnaire used in the study was based on UTAUT as this is a validated and
widely used model for examining users’ perceptions regarding the acceptance of a system
and one that has been used in several domains, including education [49], as mentioned in
Section 2. Other acceptance models could have been used, for example, TAM; however,
it was observed that UTAUT is validated in the field of education, and the constructs it
contains are relevant to this study. The UTAUT questionnaire uses the constructs of PE,
EE, SI, FCs, and TC and any additional ones that are vital for the context, and in this
case motivation was also used. The basic structure of the questionnaire was maintained;
however, where necessary, it was adapted to the CodeLab context. The questionnaire
consisted of 33 questions divided into 3 sections. The first section contained questions
based on the UTAUT constructs, the second was about the usability of the system, and the
third section captured demographic information. For the first section, a 7-point Likert scale
ranging from strongly agree to strongly disagree was used to capture the responses. The
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questionnaire was developed using Qualtrics software [65] and was sent to the students
via anonymous links on the classroom board, so that it was voluntary for them to answer.
Qualtrics has been used in this context as it provides a variety of features that facilitate
the development, distribution, and preparation of data for analysis as compared with
other survey creation tools, such as Google Forms and SurveyMonkey. Additionally, it
supports various languages and could easily be integrated with the learning environment
of the university, facilitating the questionnaire-based research. As for the timing of sending
the questionnaire out, it was sent in the final weeks of the semester, when the students
were finishing the last module of activities, such that a post-usage evaluation of UTAUT
was conducted.

3.4. Sample

The classrooms consisted of 116 students in total. There were 39 students in the Catalan
classroom and 77 in the Spanish classroom. Answering the questionnaire was completely
voluntary for the students. A consent form was first given to the students, and those who
consented took part in the survey. A total number of 87 responses were captured, making
for a 75% response rate. Later, the valid responses were evaluated that did not contain any
missing data. Of the valid responses, 38% were from male students, with the majority of
62% being from female students. The students were also asked about their course type,
i.e., full-time or part-time: 31% of the students were full-time; 69% of the students were
part-time. As regards age, 90% of the students were within the age group of 21 to 45 years.

3.5. Data Filtering Software and Techniques

To test the model and the stated hypotheses, partial least squares (PLS) was used [66].
As has been mentioned, our overall sample space comprised 116 enrolled students and the
total number of valid responses was 72, such that the sample size with respect to the context
of the study was significant, though it can be generally considered low in magnitude. For
this purpose, PLS was considered for the analysis as it has the potential to provide robust
results even with smaller sample sizes [67]. The most complex construct in the study had
3 items; therefore, the minimum sample size required was 30, i.e., 10 times the maximum
number of items in a construct [66]. The PLS analysis was performed using the smartPLS
tool, version 3.3.3. Data collected from the survey were filtered for valid responses, and
the partially completed responses were removed from the valid set of responses. The
descriptive statistics and data related to gender, age, and student type were evaluated
in SPSS.

4. Results

As the process for analysis with PLS-SME suggests, first, the measurement model was
created and evaluated. In the second step, the structural model was created to verify the
relationships between the constructs for statistical significance [66]. The model used in this
research was reflective in nature; taking the nature of the model into account, the consistent
version of the PLS algorithm was used [68].

4.1. Variance of the Endogenous Variable: R2 and Indicator Loadings

The coefficient of determination of variance, that is, the in-sample explanatory power,
for the target dependent variable, R2, for BI was 0.417, i.e., 41%. This implies that the
six latent variables PE, EE, SI, FCs, T, and M explained 42% of the variance in BI. For
the indirect effects, the coefficient of determination, R2, for FCs, the latent variable, was
0.461; this implies that M explained 46% of the variance in FCs. Similarly, for SI, 44% of
the variance of TC was explained by SI. However, for EE, 69% of the variance of TC was
explained by EE. The R2 values in the case of this study moderately explain the variance
for the respective dependent variables [69].

The standardized path coefficients for the outer loadings, M has the strongest effect
on BI, 0.466. FCs has a path coefficient of 0.155, EE one of 0.319, PE one of −0.192, SI one
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of 0.011, and TC one of −0.078. The path coefficients for FCs, EE, and M were statistically
significant; however, for SI, the path coefficient was insignificant, since it was lower than
0.1, and the path coefficients for PE and TC highlighted a negative relationship with BI [69].
For the mediated effects, the path coefficient of TC to EE was 0.843, and from TC to SI was
0.664; both in this case were statistically significant. The path coefficient from M to FCs was
0.679, and was significant too. Regarding the total indirect effects, the path TC-EE-BI was
0.0228, and was significant. The path TC-SI-BI was −0.004, showing insignificance and a
negative correlation. The path M-FCs-BI was 0.128, which was close to a significant value.

4.2. Indicator Reliability

For indicator reliability, the squares of all the outer loadings of the items were con-
sidered; a value ≥0.7 was preferred, while 0.4 was acceptable [69]. Table 1 highlights the
indicator reliabilities for all the constructs in the UTAUT study for CodeLab within the
range. Internal consistency reliability depicted in smartPLS as composite reliability and
evaluated by Cronbach’s alpha should be equal to or higher than 0.5 [70]. In the case of this
study, the composite reliability was greater than 0.7 and reasonably high for all the latent
variables. Another view about the reliability of PLS constructs was proposed in [68]—that
the rho_A value should be ≥0.7 and ≤1. In the case of this study, the rho_A value for all
the latent variables was also within this range (Table 1).

Table 1. Indicator and composite reliability: AVE values.

Variables Indicators Loadings Indicator Reliability Composite Reliability AVE rho_A

PE
PE_1 0.889 0.790

0.964 0.899 0.964PE_2 0.930 0.865
PE_3 1.021 1.042

EE
EE_1 0.677 0.458

0.759 0.517 0.777EE_2 0.671 0.450
EE_3 0.843 0.711

SI
SI_1 1.041 1.083

0.935 0.829 0.954SI_2 0.910 0.828
SI_3 0.795 0.632

FCs
FC_1 0.791 0.625

0.872 0.694 0.873FC_2 0.869 0.755
FC_3 0.836 0.698

TC
T_1 0.867 0.751

0.889 0.728 0.891T_2 0.884 0.781
T_3 0.807 0.651

M
M_1 1.067 1.138

0.893 0.813 0.966M_2 0.698 0.487
BI BI_1 1.000 1.000 1.000 1.000 1.000

4.3. Convergent and Discriminant Validity

As for convergent validity, it depends on the average variance extracted (AVE) values.
The AVE values should be greater than 0.5 [71]. In the case of this study, the AVE of
values of all the constructs were greater than 0.5; however, for EE the AVE was equal to 0.5
(Table 1), highlighting convergent validity for all the constructs except EE. Discriminant
validity was shown by the AVE values and the correlation of latent variables. F is used to
evaluate discriminant validity, which suggests that the square root of AVE for each latent
variable should be greater than its correlation with other latent variables. For this study,
the criterion of [72] was satisfied for all the latent variables except EE, i.e., the square root
of each latent variable was greater than its correlation (Table 2).
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Table 2. Discriminant validity: the bolded values are AVE squares.

EE FC BI M PE SI TC

EE 0.179
FC 0.788 0.833
BI 0.592 0.528 1.000
M 0.738 0.641 0.586 0.901
PE 0.695 0.633 0.453 0.812 0.948
SI 0.582 0.491 0.390 0.627 0.648 0.911
TC 0.840 0.776 0.558 0.836 0.771 0.648 0.853

4.4. Hypothesis Testing

The measurement model was evaluated for statistical significance through the process
of bootstrapping [67]. t-statistics and p-values were generated for the paths between the
items of each latent construct and amongst the constructs. When performing bootstrapping
in smartPLS, the sub-samples used were 5000, and the one-tailed test with a 0.05 significance
level was used. As for the interactions between the latent constructs, four paths that were
significant are highlighted in Table 3.

Table 3. Structural model results (bold rows highlight significant paths).

Path t-Statistics p-Values

EE-BI 1.243 0.107
FC-BI 1.000 0.159
M-FC 6.965 0.000
M-BI 1.715 0.043
PE-BI 0.593 0.277
SI-BI 0.121 0.452

TC-EE 12.616 0.000
T-BI 0.176 0.430

TC-SI 8.247 0.000

The path from motivation to behavioral intention was significant. It can be concluded
that motivation is an important factor in the intention to use the CodeLab tool (Table 4).
For the indirect effects, the measurement model was also bootstrapped to identify the
statistical significance and as per the results the total indirect paths were not significant.
The relationship between motivation (M) and the intention to use (BI) was positive and
significant (Table 3), verifying H6. It can be concluded that motivation is an important
construct when evaluating the intention to use e-learning systems that encourage learning-
by-doing. As this was the first UTAUT evaluation of CodeLab, in the future, studies on
other online learning systems that encourage learning-by-doing, not just CodeLab, can
consider educational factors, such as student engagement, which is a positive outcome of
student motivation.

Table 4. Hypothesis testing summary.

Statement
Measurement Model

(Preliminary Significance)
Structural Model

(Statistical Significance)

H1 Performance expectancy (PE) Reject (negative relationship) Reject
H2 Effort expectancy (EE) Accept Reject
H3 Facilitating conditions (FCs) Accept Reject
H4 Social influence (SI) Reject Reject
H5 Trust in CodeLab (TC) Reject (negative relationship) Reject

H5.a TC, EE, and SI Accept Accept
H6 Motivation Accept Accept

H6.a M and FCs Accept Accept
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Additionally, there was a positive and significant relationship between motivation
(M) and facilitating conditions (FCs) (Table 3), partially supporting H6.a, implying that the
presence of facilitating conditions contributes to the motivation of students when using
the system. Facilitating conditions, as previously mentioned, are personal qualities or
factors that contribute positively to the learning process. For future evaluations of CodeLab
and similar e-learning tools, in-context facilitating conditions can also be considered, for
example, course forums, teachers’ feedback, and channels for peer communication that
facilitate the learning process.

Similarly, the relationships between trust (TC) and effort expectancy (EE) and between
TC and social influence (SI) were positive and significant, partially supporting H5.a, since
the total indirect effect was not significant. Regarding the degree of ease of use, EE does
inculcate trust in CodeLab. e-learning systems that are easy to use can be relied upon and
trusted in several respects, including those specific to education.

Taking into account the hypothesis for the PE construct, for H1 there was a negative
and a non-significant relationship. As for the degree of ease of use, effort expectancy (EE)
was positive but insignificant for CodeLab (H2). Similarly, in the case of the facilitating
conditions, the effect was positive yet insignificant, highlighted by H3. For the construct
of social influence represented in H4, the relationship between SI and acceptance was
non-significant.

5. Discussion

Learning-by-doing promotes students’ motivation and engagement [32]. In this study,
similar to the study conducted by [47], the relationship between motivation and acceptance
was found to be prominently positive [52]. The CodeLab tool motivated the students
to learn and actively participate in the course. This implies that if e-learning systems
are designed with innovative educational strategies that keep students motivated and
encourage their involvement, students are likely to willingly accept the e-learning tools
and learn. As this was the first UTAUT evaluation of CodeLab, in the future, studies not
just on CodeLab but on other online learning systems that encourage learning-by-doing
can consider educational factors, such as student engagement, which is a positive outcome
of student motivation.

Regarding the non-significant relationships determined in this study, an interesting
study by Williams concluded that 23 out of a total of 116 studies on UTAUT did not find
significant impacts of PE on students’ acceptance [45]. As has been mentioned, skills such
as programming are acquired by learning-by-doing [28], and even though CodeLab helped
the students to acquire programming skills, the non-significant relationship between PE
and acceptance can be explained by an observation reported by the course teachers. In
the classrooms using CodeLab, the students were only performing learning activities of a
mandatory nature and not of the recommended and complementary nature, signifying that
there was less practice being performed by the students to learn to program. For the next
semester, it has been considered that the students should be made aware of the fact that the
purpose of the CodeLab tool is to help them to learn to code by practicing. The more they
do, i.e., practice the programming-based activities provided in CodeLab, the more they
will learn.

Similarly, several studies have found an insignificant relationship between the inten-
tion to use and effort expectancy [45]. Additionally, as suggested in a UTAUT for computer
programming, effort expectancy can improve overtime and could be low for novice learn-
ers [55]. In the case of the CodeLab tool, it can be claimed that there were some technical
issues of a minor nature that were encountered by some students which could possibly
have led them to believe that the EE for CodeLab was lower than it actually was. For
example, the option to save the code did not work as expected for some students.

For the non-significant relationship with FCs, in the case of CodeLab, as it is an e-
learning programming tool, a person, more specifically, a teacher, can be considered a
facilitator who is available to help the students. Additionally, as the development of the
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CodeLab tool progresses, other ways and measures can be incorporated that facilitate the
students in terms of learning to code using the tool. For example, a communication channel
that encourages asynchronous communication not just between teachers and students but
also encourages peer-to-peer interaction could be helpful and facilitate the students in
using CodeLab in the course and enhance their learning.

In the case of online learning tools, the social aspect is vital, as highlighted in [20].
The relationship between social influence and acceptance in this study having been found
to be insignificant, it could be argued that the items of SI used in this study are the core
items of SI that are considered by the core UTAUT model. These items did not coincide
well with the context of CodeLab. The SI items suggest that friends and family could
influence the intention to use (BI) among the students. However, reflecting on the results
for SI, we may consider context-specific people involved. In the case of CodeLab, the
context-specific people could be the teachers teaching the course, friends, or colleagues in
related or similar domains, including those who have studied online courses that encourage
the learning-by-doing model and alumni of the course in which CodeLab was used. In
future studies related to CodeLab and similar tools that encourage learning by virtue of
practice, context-specific people and persons who have social influence on students should
be considered.

6. Conclusions and Future Work

Learning-by doing is an educational approach that helps in the acquisition of skills in
face-to-face, blended, and fully online contexts. The approach encourages students to learn
by practice. The purpose of this study was to identify the factors that play an important
role in successful acceptance of the practice-based online learning tools that are based on
the pedagogical approach of learning-by-doing. As learning to program is a skill that is
acquired by practice, the CodeLab tool, based on the learning-by-doing approach, has been
incorporated into a programming course for a bachelor’s degree program. The learners are
new to programming concepts and the tool is likely to help them acquire problem-solving
skills. The UTAUT model was used for the evaluation of the CodeLab tool to identify the
factors that lead to students’ acceptance of it and similar e-learning tools and systems that
encourage learning-by-doing.

The core constructs of UTAUT—performance expectancy (PE), effort expectancy (EE),
social influence (SI), and facilitating conditions (FCs)—were not significant according to
the results of our study. The factors that possibly could have led to insignificant results
for the mentioned constructs have been discussed and recommendations for the design of
e-learning tools that encourage practice have been provided. It cannot be claimed that these
constructs are not important in the context of e-learning systems; however, the design of
the e-learning system should be supportive enough for these constructs to play a significant
role in the acceptance of the systems. The results highlight that motivation is an important
construct for practice-based tools that should be taken into account for the acceptance of
these systems. In the specific case of learning-by-doing and practice-based tools, such
as the case of CodeLab tool, these tools and systems are designed and incorporated into
online courses with the aim of enhancing student motivation and engagement. The aim of
incorporating CodeLab into an online programming course was to indeed help the students
become involved and engaged actively in the course, which is supported by the results of
this study.

In future, additional constructs that determine the successful acceptance of practice-
based tools can be used. As this was the first pilot study on the CodeLab tool, the results can
be acknowledged as important, yet additional pilot studies with more than one course could
help determine the factors leading to acceptance more precisely. The relationship between
student motivation and acceptance and willingness to use is interesting, as signified by this
study; however, more insightful relationships, for example, between student engagement
and its various dimensions, student performance and grades in online classrooms, and
satisfaction, can be examined as determinants of successful acceptance of online learning-
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by-doing tools and systems. Additionally, apart from determining the factors that lead
to successful adoption and acceptance, other important factors, for example, student
engagement and student awareness of progress in the course and learners’ experiences
can also be considered for the evaluation of learning-by-doing tools and systems. Another
important aspect concerning such tools and systems could be to take into account teachers’
perspectives on the practice-based tools and to enhance the teaching experiences that would
consequently positively impact the entire educational process.
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Abstract: Pedagogical innovation involving information and communications technology (ICT) may
offer teachers the opportunity to create engaging learning environments in engineering courses. In
this paper, we present a gamification teaching experience whose primary objective is to improve
motivation, and we obtained results for students of a mathematics course during their first year at
university. For this case study, we used Classcraft®, which is a role-playing game supported by a
digital platform and a mobile application that has been developed to answer teachers’ classroom
management needs. We hypothesized that using this application as ICT could enhance learning and
promote the development of the four “super skills” (or the Four C’s): critical thinking, communication,
collaboration, and creativity. In order to explore the educational effectiveness of the methodology,
a comparison between a gamification group of students and a control group was carried out. Our
results showed that the mean mark obtained by the control group students was lower than that
obtained by the gamification group students. In addition, the Nemenyi test showed that the Four C’s
were improved thanks to the Classcraft® activities and group project. Overall, course participants
positively evaluated the use of the gamification platform.

Keywords: 21st century skills; gamification; motivation; digital platform; mathematics

1. Introduction

Today, a review of education quality is strongly required so that we can provide
instructions that enable effective learning in the future [1]. In this sense, governments
should encourage innovation in educational techniques, methodologies, and strategies in
order to promote the competencies adapted to the emerging knowledge-based societies of
the 21st century [2]. Critical thinking, communication, collaboration, and creativity were
established as the most important skills for education in the 21st century by the Partnership
for 21st Century Skills (also called P21) in 2002. Therefore, curricula should be changed
to ensure that what students learn is important for them as individuals and members of
modern society [3]. This matter is already being considered in mathematics [4].

As previously mentioned, critical thinking, communication, collaboration, and creativ-
ity (the Four C’s) are important aspects of modern teaching and education. The National
Council for Excellence in Critical Thinking defined critical thinking as an intellectually disci-
plined process of actively and skillfully conceptualizing, applying, analyzing, synthesizing,
and/or evaluating information gathered from or generated by observation, experience,
reflection, reasoning, or communication as a guide to belief and action [5]. In this sense,
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critical thinking involves clarity, accuracy, precision, consistency, relevance, sound evidence,
reasoning, depth, breadth, and fairness. Another key skill is communication, which has
not attracted the same amount of attention as critical thinking, creativity, and collaboration.
This skill can be divided into mediated, digital, written, and oral communication. In order
to assess whether students gain communication competences, educators should effectively
teach how to communicate. In this sense, educators should focus on building a stronger and
more empirically grounded framework for teaching by learning these skills. Collaboration
is attracting more and more attention as an important educational outcome and a key
educational skill; it is important for not only school but also for career and life success. This
ability is critically important to effectively work with others and to facilitate team building
and team-based work. Finally, creativity is well-known for being a key 21st century skill.
Recently, it has been shown to be integral to a wide range of skills, including scientific
thinking, designed thinking, and mathematics [6]. In 2010, more than 15,000 CEOs from
33 industries and 60 countries were interviewed for a study about leadership qualities. The
results showed that the most important quality needed to meet the challenge of increasing
complexity and uncertainty in the world was creativity [7]. According to Mihaly Csikszent-
mihalyi, “Most of the things that are interesting, important, and human are the results of
creativity” [8].

The implementation of information and communications technology (ICT) in class-
rooms through mobile applications is intended to improve students’ learning, motivation,
and participation [9–11]. To support the aforementioned skills through gamification, re-
searchers have proposed the use of Classcraft®, which is a web and mobile application that
allows an educator to manage a role-playing game with students [12,13]. This application
enables the creation of student teams, with an avatar assigned to every student. In this way,
students can obtain experience points as rewards for positive achievements and can even
be penalized with negative points in the case of faults. It is important to mention the ease
of use of Classcraft®, including for non-technical educators. The relevance of this use is
supported by its success in some studies [5] and the importance of using new technologies
to teach 21st century skills [7].

The main goal of this paper was to determine how the use of Classcraft® could
motivate students in a mathematics course during their first-year engineering degrees at
Universidad Loyola Andalucía. For this purpose, we conducted a comparison of marks
obtained by students who followed a traditional teaching methodology and by students
who used the Classcraft® application. Furthermore, the reliability of this method was
assessed using different statistical methods.

2. Materials and Methods

2.1. Methodology
2.1.1. Participants

The participants of this study were students from Universidad Loyola Andalucía
(Spain), which is a private university with sites at Seville and Córdoba. This study was
carried out in the 2021/2022 academic year. Undergraduate and postgraduate programs
can be studied in both Spanish and English at this university. Different degrees related to
engineering, education, social sciences, law and economics, and business can be obtained.

The participants were the 38 students enrolled in the courses of Mathematics I and
Mathematics II during their first-year engineering degrees. These degrees are degree in
electromechanical engineering, engineering degree on industrial organization, degree in
mechatronic and robotic engineering, and degree in computer engineering and virtual
technology. From a descriptive point of view, 18.42% of the participants were women and
81.58% were men. The age range of the participants was from 19 to 21. The mean age was
20.12, and the coefficient of variation of the age was 0.0543.
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2.1.2. Procedure

We intended to compare the marks obtained by the students who followed a traditional
learning model (control group) with those obtained by students who used the innovative
methodology (gamification group). To conduct this comparison, we designed five different
tests to be solved by students at the end of each chapter of their study. In addition,
students had to form groups and deal with some projects. All students (control group
and gamification group) completed the same activities but in different forms. Control
groups worked in class using paper and pen, while the gamification group used the
Classcraft® platform.

Firstly, students in the gamification group had to choose a character: warrior, mage,
or healer.

To build motivation, students were able to obtain experience points if they showed
different class behaviors. For example:

- Asking an interesting question in class;
- Correctly answering a question in class;
- Correcting a mistake in class;
- Showing positive attitudes in one of the Four C’s;
- Helping another student with a class task;
- Passing a class test;
- Finishing a project before its deadline.

Students could also lose experience points if they demonstrated the following behaviors:

- Arriving late to class;
- Using a mobile phone or laptop during class;
- Using inappropriate language;
- Showing weakness in one of the Four C’s;
- Failing a class test;
- Finishing a project after its deadline.

As a consequence of these points, students were able to learn in-game powers, level
up, and fall down in battle [14]. Their final marks were calculated by adding the score
obtained in an exam (70%) and the points obtained by their behavior in class (30%).

Furthermore, the promotion of Four C-related behaviors in students was analyzed
as follows. A real-world problem in the field of engineering regarding a vibration model
was explained to the students, who then had to complete a research study and solve some
problems related to this matter. They had to search for information about the problem,
collect data of previous knowledge on the problem, and apply the techniques explained
during the course in order to solve the problem. Moreover, they participated in the
evaluation process of their classmates’ projects. Each group had to present its work,
and another group acted as reviewers, describing the strengths and weaknesses of the
project in order to develop their critical skills. Finally, each group also evaluated their
own participation in the process. Related to communication skills, students had to write a
technical report and explain their research and obtain results from their classmates. For
the gamification group of students, all of these steps were conducted with the Classcraft®

platform. Concerning the communication skill, students had to collaboratively choose the
name and the banner of their groups on the Classcraft® platform such that the students of
each group had different characters. Moreover, students had to distribute all potentially
learnable powers and abilities to each member of each group. Consequently, students were
encouraged to have a collaborative attitude. Regarding creativity, students were asked
to design new real-life problems similar to the one that they had to solve. We also asked
students to propose new characters and powers for the Classcraft® platform. We submitted
all their ideas to the official forum so that our students could receive some feedback on
their initiatives. For the control group, the research study used to evaluate the students’
aptitude for the Four C’s was carried out as a traditional writing work.
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2.1.3. Likert Scale

Different statistical tests were applied in order to study the influence of the Classcraft®

platform on the marks and motivation of our students. The Wilcoxon signed-rank test was
carried out to evaluate the differences in the median mark, and the Friedman test and the
Nemenyi test were conducted to assess the differences in the Four C’s scores. A level of
significance of α = 0.05 was considered in all performed tests.

A satisfaction questionnaire was provided to the students in order to understand
what they thought about this innovative methodology and the use of the Classcraft plat-
form. They had to complete the questions by assigning a number to each of the ten
statements where

- 1 means strongly disagree;
- 2 means somewhat disagree;
- 3 means neither agree nor disagree;
- 4 means somewhat agree;
- 5 means strongly agree.

3. Results and Discussion

Table 1 summarizes the basic descriptive statistics of the marks obtained by the stu-
dents who followed the traditional learning methodology (control group) and those who
learned using Classcraft® (gamification group). It is important to note that the mean mark
obtained by the gamification group was higher than that obtained by the control group,
suggesting that the use of gamification enhanced the learning ability of the students. In
addition, according to the Shapiro–Wilk test, the distribution of the marks of the gamifi-
cation group followed a normal model but those obtained by the control group did not.
These results were validated the Shapiro–Wilk p-values and the level of significance of
α = 0.05. Moreover, considering the values of the standard deviation and the coefficient of
variation, it seems that the data were more heterogeneous in the gamification group than
in the control group. Considering these results, students who used Classcraft® showed
generally better learning capabilities than those who followed a traditional methodology.

Table 1. Descriptive statistics about the mark obtained by the students using a traditional methodol-
ogy (control group) and using Classcraft® (gamification group).

Statistic Control Group Gamification Group

Number of cases 38 38
Minimum 0.6 1.5
Maximum 9 10

Arithmetic Mean 4.69 5.63
Standard Deviation 2.60 2.06

Coefficient of Variation 0.56 0.37
Shapiro–Wilk Statistic 0.92 0.96
Shapiro–Wilk p-value 0.0098 0.2687

After this descriptive study, the Wilcoxon signed-rank test was applied to analyze the
median difference of both samples. Considering that the sample size was 38, which was
large enough for us to use normal approximation (Z-statistic), the results of this test are
shown in Table 2.

Table 2. Results of the Wilcoxon signed-rank test.

Sum of positive ranks (W+) 133
Sum of negative ranks (W−) 608

Test statistic 103
Z-statistic −3.4444
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Since the significance level was α = 0.05, the critical value was 1.96, and the null
hypothesis assuming that the medians of the two samples would be the same was rejected.

The average marks regarding the Four C’s obtained by students of the gamification
and control groups are shown in Figure 1. All marks were higher than 2.5 for all stu-
dents except for those regarding communication for the students of the control group;
the maximum score was five. There was a substantial improvement in the results of the
gamification group in comparison with those of the control group, proving that the use of
gamification in a classroom can enhance behavior related to the Four C’s. The predominant
improvement following the use of Classcraft® was in creativity (from 2.45 to 3.42), followed
by communication (from 2.96 to 3.90). It should be also highlighted that critical thinking
seemed to be the best skill in both groups.

Figure 1. Average Four C’s marks: (1) critical thinking, (2) communication, (3) collaboration, and
(4) creativity.

The significance of the results was analyzed by using the Friedman test and the
Nemenyi statistical test. The Friedman test assesses whether the differences in a group
of results are significant, while the Nemenyi test evaluates which comparable pairs have
significant differences. A significant level of α = 0.05 was used. The results of the Friedman
test proved that there were statistical differences among the obtained Four C-related marks.
The results of the Nemenyi test showed that the students’ Four C-related skills were
improved thanks to the activities and group project. The Nemenyi test also revealed that
critical thinking was better promoted than other skills.

A satisfaction questionnaire was filled in by the students at the end of the course.
Table 3 shows the average marks for every question in the survey. Generally, the Classcraft®

platform was very positively evaluated by students. They also highlighted that the use of
this platform provoked an increase in their motivation. In addition, they liked working
in groups, especially in comparison with the control students. Finally, students thought
that Classcraft® could be used in other courses. These results show that it is a good
idea to implement this information and communications technology (ICT) in classrooms,
regardless the subject.

Finally, some answers to question 10 (Do you have any additional comments?) are shown.

• “I have enjoyed very much using the Classcraft platform, and it has helped to improve
my marks in Mathematics. However, I think that the powers should be revised and
configured in a better way”.

• “It was great to deal with Classcraft. It allowed me to improve my interest and
motivation in Mathematics”.

• “Our teachers, by using Classcraft, have been able to get my attention and recover my
interest in Mathematics”.
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• “I have had some problems dealing with my groupmates. I think that teachers should
design the groups in the future”.

• “I think that the game of Classcraft has been useful, and I got a better mark after
using it”.

• “I wish that other teachers used Classcraft”.
• “We have had some disagreements working in groups to prepare the oral presentation”.

Students pointed out two areas that should be revised: some aspects of the configu-
ration of the game and some communication issues when working in groups. In a future
study, all recommendations provided by students in order to improve their motivation and
results will be considered.

Table 3. Average marks of the quantitative questions of the opinion questionnaire.

Question
Average Mark

Control Group Gamification Group

The use of Classcraft platform has increased my
interest and motivation for the course. - 4.5

My implication in the use of this tool has been
appropriated. - 4.12

I am satisfied with the results I have obtained after
using Classcraft. - 3.96

I think that this platform is attractive and advisable
for teaching purposes. - 4.02

The behaviors designed has been useful for my
study and progress in the course. - 3.18

The battles and sentences dealt with have helped me
during the course. - 3.97

The experience points have been configured
properly. - 4.21

I have enjoyed working in teams with my
classmates. 3.18 4.38

I would like that other courses during my degree
use this platform. - 4.62

4. Conclusions

In this study, the use of Classcraft® as an ICT to improve student education in two
courses during first-year engineering degrees resulted in a measurable increase in knowl-
edge. An analysis of the results illustrated that the gamification group’s students’ critical
thinking, communication, collaboration, and creativity (the Four C’s) skills were improved
following the use of the aforementioned platform in comparison with a control group.
In addition, the platform was well-received by students. Therefore, Classcraft® can be
considered to be a promising new tool for the classroom implementation of active learning
strategies, as well as an evaluation system in engineering degrees.
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Abstract: As research progresses, integrating computational thinking (CT) and designing interdisci-
plinary activities to teach various disciplines have gradually emerged as new ideas and important
ways to develop the CT of students. This paper introduces the concept of design-based learning
(DBL) and analyzes the internal connections between DBL and CT teaching. In this study, an inter-
disciplinary activity design model was constructed based on an analysis of existing design-based
scientific cycle models and research into STEAM education, which is an approach to learning that
uses science, technology, engineering, the arts, and mathematics as access points for guiding student
inquiry, dialogue, and critical thinking. Next, specific activities with a focus on CT were designed to
teach graphical programming to fifth grade students using Scratch. This quasi-experimental research
was carried out to test the promotion effects of interdisciplinary activity design and traditional
programming activities on the CT of students. Finally, the results showed that the proposed interdis-
ciplinary activity design could develop the CT levels of students more effectively than traditional
programming activities.

Keywords: computational thinking; design-based learning; interdisciplinary activity design; graphical programs

1. Introduction

With the development of artificial intelligence, big data, and other emerging technolo-
gies, exploring practical paths for the development of the high-order thinking abilities of
students has become a research hot spot in the study of school education. Computational
thinking is regarded as a necessary skill for the intelligent era, which has been studied and
defined by many researchers. CT was first introduced by Papert in 1996. Wing outlined the
basic definition of CT as a way of “solving problems, designing systems and understanding
human behavior by drawing on the concepts of computer science” [1]. Since then, CT
has been considered by a growing number of researchers, especially within elementary
education. The International Society for Technology in Education (ISTE) and the Computer
Science Teacher Association (CSTA) defined the vocabulary for CT as: data collection,
data analysis, data representation, problem decomposition, abstraction, and four other
words [2]. CT has become a key digital literacy skill that digital citizens must master in
the 21st century. Its popularization in K–12 education represents the inevitable trend of
globalization [3].

As an element of the core information technology literacy discipline, CT has been
included in the curriculum standards of senior high schools in China since 2017. Through
the teaching reform of information technology courses in primary and secondary schools,
researchers from China have gradually explored effective ways to develop CT in prac-
tice. With reference to the example of CT training in British school computing curricula,
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Xie Zhong-Xin and Cao Yang-Lu analyzed how to realize CT training in Chinese school
information technology curricula [4]. Combined with the use of App Inventor, Guo Shou-
Chao et al. proposed learning models for the processes of problem posing, abstract descrip-
tion, reduction, decomposition, modular methods, and module splicing programming to
help students to solve problems in class [5]. Liang Yun-zhen et al. took Brennan’s frame-
work of CT [6] as a theoretical reference for sixth grade information technology classes in
primary school, and proposed a human–computer collaborative precision teaching mode
that was oriented toward the cultivation of CT. They used a computational thinking test,
Dr. Scratch, evaluation scales, and other tools to test the levels CT among students [7].

With the in-depth study of STEAM education in recent years, how to organically
embed CT into interdisciplinary teaching practice has gradually emerged as a new idea and
an important way to develop CT. For example, in language learning, Burke used Scratch
to develop the writing skills of students [8]. Zhou Ping-hong et al. developed a STEM
engineering design teaching model that integrated CT. The application of this model to
teaching the STEM course “Plant Factory” showed that the integration and practice of CT in
each step of STEM engineering design could significantly improve the attitudes of students
toward STEM and their CT ability [9].

In CT education, learners can create games to help them to learn more effectively.
Specifically, since CT education is based on algorithms and programming education, learn-
ers acquire skills and knowledge through the process of making programs or games
themselves [10]. SooJin Jun et al. considered how CT education could create learning envi-
ronments by actively using DBL. They performed an experiment and the results indicated
that DBL improved CT in their sample of elementary school students [11].

Therefore, on the basis of our systematic analysis of the internal connections between
DBL and CT, we constructed an interdisciplinary activity design to develop the CT of
students. We then verified the effectiveness of our design through quasi-experimental
research. The research questions of this study were as follows:

1. How can interdisciplinary activities be designed to develop the CT of students?
2. How do interdisciplinary activities promote the CT of students?

2. Background

Different from traditional linear and centralized learning, interdisciplinary STEAM
learning emphasizes the integration and application of knowledge from different sub-
jects. STEAM focuses on problem-oriented cooperation and communication, as well as
forming solutions to develop innovative talents [12]. The development of CT has offered
the dual attributes of computational science and education, which not only reflects the
characteristics of interdisciplinary learning, but also highlights the development modes of
innovative talents.

2.1. The Evolution of the Concept of CT

Since Papert first put forward the concept of “procedural thinking” in 1996, CT has
developed over more than 20 years. During this period, many scholars and research
institutions have defined this concept. In addition to the definitions from Wing, the ISTE,
and the CSTA, Brennan and Resnick also proposed three key dimensions of CT, which
are widely accepted. In summary, Brennan, Resnick, and other researchers expounded
CT using an operational definition: the framework of CT includes concepts (sequences,
loops, parallelism, events, conditionals, operators, and data), practices (being incremental
and iterative, testing and debugging, and reusing and remixing, as well as abstracting and
modularizing), and perspectives (expressing, connecting, and questioning) [13]. However,
Fraillon, Ainley, and Schulz expounded CT using a more general definition: CT refers to an
individual’s ability to recognize aspects of real-world problems that are appropriate for
computational formulation, and to evaluate and develop algorithmic solutions to those
problems so that the solutions can be operationalized using a computer. This definition
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involves concepts such as conceptualization, data collection, data representation, planning
evaluation, and implementation [14].

CT originated from the discipline of computational science, and its definition has
mainly evolved from programming education. With the rise of STEAM education, inter-
disciplinary concepts have been introduced to the definition of CT. CT parallels the core
practices of science, technology, engineering, and mathematics (STEM) education, and is
believed to effectively support the learning of scientific and mathematical concepts [15].
In a system of Computational Thinking in STEM, CT includes modeling and simula-
tion practices, computational problem-solving practices, and data practices and systems
thinking practices, which are used to evaluate students’ mastery of CT within the STEM
discipline [16]. Until now, the concept of CT has been integrated into various disciplines.

2.2. The Strategy and Mode of Developing CT

How to effectively develop CT has become the focus of current research. The authors
of [17] conducted a meta-analysis of CT research in SSCI/SCI (Social Sciences Citation
Index/Science Citation Index) journals from 2006 to 2017 and identified 13 kinds of CT train-
ing strategies. These strategies included problem-based learning, collaborative learning,
project-based learning, game-based learning, scaffolding, storytelling, systematic computa-
tional learning, aesthetic experiences, concept-based learning, human–computer interaction
teaching, embodied learning, universal design for learning, and design-based learning.

Researchers have carried out in-depth studies on these strategies. Farris [18] intro-
duced music and ViMAP, combined with experiential teaching, into the teaching of fifth
grade physics to train students’ physical concepts and aesthetic experiences, and to train
students to master CT methods and steps. Soleimania [19] used CyberPLAYce to organi-
cally integrate digital stories and physics, and verify its role in promoting CT. In addition,
Mustafa [20] compared the effects of DBL activities and programming tasks on CT skills
through similar experimental studies, and found that DBL activities were similar to pro-
gramming tasks in terms of playing a positive role in promoting CT. In recent years, DBL
has been considered as a critical approach to improving CT [21].

3. Methodology

3.1. DBL and CT Development

DBL and CT development represents the relationship between means and objectives.
They both emphasize the diversification of the teaching process: firstly, practical teaching
content is helpful for the deep understanding of abstract concepts in CT as practical and
interdisciplinary practices can help to make CT more concrete and visual; secondly, com-
prehensive interdisciplinary problems help students to deeply understand the process of
problem-solving, since DBL focuses on “design” as the intermediary of inquiry learning,
with the goal of changing existing situations into learning situations, thereby helping learn-
ers to carry out interdisciplinary problem-based learning and not only helping with the
deeper understanding of abstract concepts, but also with experiences of problem-solving sit-
uations; thirdly, iterative learning processes are helpful for mastering CT methods; fourthly,
product learning results are helpful for the visual expression of CT; finally, diversified
teaching evaluations contribute to the comprehensiveness of CT evaluation, and the mul-
tiple teaching evaluations advocated by DBL provide a variety of ways to evaluate and
improve CT.

3.2. Interdisciplinary Activities and CT

Interdisciplinary activity design is a research trend within CT training. CT has broken
through the boundaries of computational science and has started to be developed more
extensively within other disciplines. Computational thinking should not be limited to
computer programming, but should instead become one of the necessary skills for daily
life, as with reading and writing [22,23]. CT can be transferred to fields other than pro-
gramming (e.g., science, social sciences, humanities, etc.) [22,24], and can be combined

85



Appl. Sci. 2022, 12, 11033

with various disciplines [25], such as English [8,26], art [27], biology [28,29], and mathemat-
ics [30]. Snodgrass [31] introduced Scratch into primary school mathematics to promote
complex mathematical problem-solving among disabled students and to develop their CT
ability. Matsumoto and Cao applied Excel to high school chemistry teaching, and trained
students’ CT ability through simulations and modeling, experimental data analyses, and
coding/programming and algorithm reasoning, as well as statistics and probability activi-
ties [32]. In addition, the development of the CT of students through the STEM teaching
process of “determine the problem, plan, propose solutions, modify and communicate” has
been proposed [33]. In terms of interdisciplinary curriculum design, different countries
have explored new forms of CT curricula through interdisciplinary ideas. For example,
the Finnish National Education Council turned programming into a whole discipline and
formed a “computing” course to develop the CT of students [34], while Malaysia [35]
incorporates CT, problem-solving, and information technology into all subjects in primary
schools, and encourages students to use tools to solve complex practical problems so as to
develop their CT and problem-solving abilities.

3.3. Design-Based Scientific Cycle Model and CT

The design-based scientific cycle model was proposed by Kolodner, Paul, and David [36]
according to the iterative cycle characteristics of DBL. In this model, there are two cyclic
and iterative processes, namely design/redesign and investigate/explore. The process of
design/redesign includes the understanding of the challenge, the planning process, and
the design (using science). The process of investigate/explore mainly involves conducting
investigations, including design investigations, and more. It should be noted that “need to
do” and “need to know” are the links between the iterative processes of design/redesign
and investigate/explore.

These iterative learning processes are the core features of the design-based scientific
cycle model. Helping students to identify, analyze, and solve problems through the de-
sign/redesign and investigate/explore processes is the key element of the model. Different
from traditional inquiry learning, DBL starts with projects and tasks and then promotes
students’ mastery of problem-solving processes through the iterative cycle of planning,
designing, understanding the challenge, etc.

3.4. CT-Oriented Interdisciplinary Activity Design

Combined with the training goal of CT and under the guidance of STEAM interdisci-
plinary teaching, we constructed an interdisciplinary activity design based on DBL [37],
which took active learning as the goal and the cycle of discovery, design, and expression
practices as the main teaching approach. In this model, the teacher’s activities included
proposing tasks and offering support and guidance, while the students’ activities included
clarifying, modifying, and optimizing those tasks. See Figure 1 for more detail.

Discovery practices are involved in the beginning of learning activities, and are key to
determining benign problems. To facilitate discovery practices, teachers need to design and
issue learning task sheets according to the teaching objectives. Different from traditional
learning task sheets, these not only include the information technology subject knowledge
required to solve the preset problem but also other subject knowledge related to the problem.
Then, according to the task sheets, students complete previews before class. The teachers
determine the students’ original levels using these previews, answer questions in class to
set up a gradient and real problem situation, and then help the students to solve the real
problem. The purpose of this process is to help teachers to understand learning situations
through self-study before class and to help students to develop the habit of autonomous
learning and problem awareness.

The main purpose of design practices is to develop the problem-solving abilities of
students. Firstly, teachers are required to guide students to decompose the problems that
need to be solved and use multidisciplinary knowledge to design solutions. Secondly,
teachers are required to organize groups to carry out research, employ creative learning,
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and share and exchange solutions; then, they need to guide students to optimize their
solutions. If the solutions cannot solve the specific problems, then the students must return
to the task decomposition stage, carry out the design practice again, and form new solutions
through exploration and practice.

Figure 1. Our interdisciplinary activity design for the development of CT.

Expression practices require teachers to guide students to choose the appropriate tech-
nology implementation tools (e.g., Scratch, APP Inventor, etc.) for independent program-
ming creations, and provide technical guidance to realize visual expressions of creativity.
After developing independent programming creations, teachers must organize students
to carry out group research and creative learning to allow them to share ideas with each
other and put forward points to be improved. After that, the students should revise their
creations according to the feedback. If students cannot complete their programming work
according to solutions based on multidisciplinary knowledge, then they need to return
to the design, exhibition, and sharing stages, and complete many design practices until
they can complete their programming work. It should be noted that the knowledge of
non-information technology disciplines that is required by students to solve these problems
should not prevent them from carrying out scheme designs and work implementations. The
main purpose of expression practices is to help students to combine information technology
with other disciplines and develop their CT on the basis of enhancing a deep understanding
of the application of subject knowledge by solving real and comprehensive problems using
their subject knowledge and information technology literacy.

4. Implementation and Practice

4.1. Practice Plan

Taking a Scratch course from an information technology textbook from Guangdong
Education Press as an example, we were able to design and develop a teaching resource
package for this study. The package served as an interdisciplinary activity to develop
CT. A quasi-experimental study of 10 class hours was carried out to compare the effects
of this interdisciplinary activity design and traditional programming activities on the
CT of students. In the design of the teaching content, the experimental class adopted the
interdisciplinary activity design that was oriented to the development of CT by reorganizing
and integrating the teaching content of Scratch into five interdisciplinary themed activities:
“I’m the story king”; “I’m the little test king”; “I’m the little operator”; “I’m the explorer”;
and “I can get the average”. The same knowledge points were used for the control class. See
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Table 1 for more detail. The teaching for the control class was based on Scratch curriculum
content for traditional programming design and teaching. The CTt and Dr. Scratch were
then selected as the evaluation tools for the practical effects.

Table 1. Teaching content of experimental class and control class.

Class Type Teaching Content
Required

Disciplines
Cycle of

Instruction

1. I’m Story King: use Scratch to complete Chinese composition writing Information
Technology

2 class hours, 10
class hours in total

2. I am quiz king: use scratch to complete the English self test Chinese
Experimental

Class
3. I am an arithmetic expert: using Scratch to realize the design of

addition, subtraction, multiplication, and division English

4. I am an explorer: use Scratch to draw regular polygons Mathematics
5. I can calculate the average: use Scratch to complete the program of

average of a group of data

1. Little magician: role and appearance

2. Happy Bouncing: Background, Rotation, and Moving 1 class hour, 10
class hours in total

3. Funny shooting game: positioning and translation
4. Cool Cat Playing Football: Repetitive Execution and Control

Control Class 5. Happy Pig Race: keyboard control and condition detection Information
Technology

6. IQ challenge: keyboard information acquisition and detection
7. I’ll pick apples: role control and variables

8. Remote control helicopter: role orientation and stop execution
9. Interesting graphics: brush command

10. Making promotional films: broadcasting and receiving broadcasting

Among them, the CTt (computational thinking test) is a set of CT test questions
designed by Román-González et al., based on basic psychological and problem-solving
abilities, which mainly involves the concepts of sequences, cycles, events, conditions,
parallelism, operators, data, etc. [38]. It contains 28 items and takes 40 min to complete.
Before the experiment, a CTt pre-test was carried out and the Cronbach’s alpha reliability
of the CTt was calculated as 0.815. The KMO validity (Kaiser–Meyer–Olkin) value was
found to be 0.829, which indicated that the overall reliability and validity of the CTt was
acceptable. The reliability and validity were good, so the test data were reliable.

4.2. Design and Practice of Teaching Activities

Our design highlighted “interdisciplinary teaching” and “DBL processes”. It aimed
to improve the programming and logical thinking of students as they solved complex
problems, by guiding the students to use computer programming and multidisciplinary
knowledge to develop their CT abilities. Combined with the interdisciplinary activity
design for CT and according to the characteristics of the physical and mental development
and learning levels of the students, specific activities on specific topics were designed to
carry out the teaching activities for CT development. The following example is the specific
activity for the teaching theme “I am an explorer: Discovering the mystery of regular
polygons” (Figure 2).
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Figure 2. The specific activities for the teaching theme, “I’m an explorer: Discovering the mystery of
regular polygons”.

1. Students determine the theme, investigate its background, explore independently, clarify the
task, and initially form an awareness of the identified problems: The core of our interdis-
ciplinary activity design was to create real interdisciplinary application situations.
Under the guidance of the teachers, the students independently found and proposed
situations related to regular polygons. Through task decomposition, they used rele-
vant mathematical knowledge, such as finding the degrees of internal angles and the
perimeters of regular triangles and squares. The students also shared and communi-
cated in group research and creation, and the teachers answered questions about the
problems to be solved.

2. Students draw up a plan, brainstorm ideas about the task, experience problem-solving processes,
and develop their logical thinking: After clarifying the task, the teachers needed to
encourage the students to carry out self-exploration around how to solve the problems
and use Scratch learning content to decompose problems, and design and improve
solutions. Under the guidance of the teachers, the students learned certain knowledge
points, such as cycles and sequence control, and used mind mapping tools to design
solutions that promoted the visualization of their thinking process. After designing
their solutions, the students were organized into groups to share their ideas and
communicate with each other to optimize the solutions, thus stimulating the students’
awareness of the importance of sharing and communication in developing abstract
and logical thinking.

3. Students creatively express, share, display, and perfect their works in combination with peer
communication and teacher guidance, so as to promote their programming thinking and
creativity: After determining the optimal solution, the next task was to operate. The
teachers helped the students to complete the tasks by providing technical guidance
and solutions for students who were having difficulties. Next, the results were
reported, with the students organized in groups to discuss the decomposition and
form problem-solving ideas, which could not only provide guidance for students
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with learning difficulties, but also help students to find the shortcomings and points
to be improved in other works. Then, according to the feedback from the student
groups, they revised and improved their works until the learning task was completed
successfully. Finally, the teachers summarized the class content. After learning
each topic, the teachers needed to summarize what the students had learnt, paying
attention to student participation and the completion of tasks to help the students to
understand their learning situations. Figure 3 shows the effects of some completed
works, including modules built using Scratch and a schematic diagram of regular
polygon rotation.

Figure 3. The effects of the work of students in the experimental class.

4.3. Research Results
4.3.1. CT Performance

To explore the differences between the experimental group and the control group, the
CT scores of the two groups were analyzed before and after the experiment, as shown in
Table 2. It can be seen from the results that the CT levels of the two groups before the
experiment were basically the same, and that there was no significant difference between the
students’ CT scores (Sig. = 0.899). After the experiment, there was a significant difference in
CT score between the experimental group and the control group (Sig. = 0.018), with the CT
score of the experimental group being significantly higher than that of the control group.

Table 2. Descriptive statistics and independent sample t-test of students’ CT performances in
experimental class and control class.

Group N Mean Standard Deviation t Sig (Bilateral)

CT (pre-test) Experimental Class 44 5.924 3.326 −0.128 0.899Control Class 40 6.008 2.675

CT (post-test) Experimental Class 44 9.23 3.75 −2.404 0.018Control Class 40 7.50 2.69

To further explore the changes in the CT scores of the students in the experimental
and control groups before and after the experiment, the pre-test and post-test CT scores of
the two groups were analyzed. The results are shown in Table 3. A paired sample t-test
was carried out on the pre- and post-test data from the experimental group and it was
found that the CT performance of the experimental group significantly improved after the
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experiment (Sig. = 0.000). At the same time, a paired sample t-test was carried out on the
pre- and post-test data from the control group, and it was found that the CT performance
of the control group also significantly improved after the experiment (Sig. = 0.027).

Table 3. Paired sample t-test of students’ CT performances in experimental class and control class.

N Mean Standard Deviation df t Sig (Bilateral)

CT (Control Class) pre-test 40 5.92 3.33 39 −2.294 0.027post-test 40 7.50 2.69

CT (Experimental Class) pre-test 44 6.01 2.68 40 −4.938 0.000post-test 44 9.23 3.75

A comparison of the changes in CT knowledge levels between the experimental class
and the control class was performed using the post-test data (Figure 4). Scores closer to the
edges indicated that the students had higher levels of mastery of CT, and scores that were
closer to the middle indicate that the students had lower levels of mastery of CT. Through
this analysis, we found that after the teaching experiment, the students in the experimental
class had a better grasp of the orders, cycles, events, conditions, and other dimensions from
the same level of pre-test CT.

Figure 4. The results of post-test data on CT scores.

4.3.2. Practical CT Skills

Through the Dr. Scratch analysis of the students’ completed works, we could measure
the students’ influence on their practical CT skills. The results showed that the parallelism
(multiple scripts), loops (repeated execution), abstraction (defining new blocks), data repre-
sentation (no operation on variables and tables). and synchronization (no simultaneous use
of background and broadcast blocks) scores were very low. In the case of the same level
of pre-test CT knowledge, after the teaching experiment was completed, the students in
the experimental class had a better grasp of the abstract, problem-solving, logical thinking,
synchronization, parallelism, and sequence control dimensions, among others. However,
on the whole, these students achieved low scores in data representation, user interaction,
and other dimensions. The reason for this might depend on the difficulty and emphasis of
the interdisciplinary activity design. The themed design of the example teaching content
focused on the preliminary integration of interdisciplinary activities, and the combination
of subject knowledge and Scratch was not emphasized enough (Figure 5).
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Figure 5. The results of post-test data on CT practices.

5. Conclusions and Discussion

5.1. Teaching Suggestions
5.1.1. Enhance the Practices in Existing Models or Strategies, and Enrich Research on the
Development of CT

In-depth research into CT can be carried out for different audience groups, occupations,
and classroom environments, as well as to explore the impacts of CT on daily learning and
life [20]. Deepening the horizontal and vertical comparative study of existing models and
strategies would be conducive to the further development of CT education. In terms of CT
training activities, teachers need to choose the appropriate training modes according to the
needs of their students, determine the teaching content and the teaching organization form,
scientifically design teaching and learning activities, and then deliver CT education.

5.1.2. Improve the Educational Resources for CT and Promote the Collaborative
Development of Disciplines

According to collaborative theory, as a universal basic skill that can develop students’
problem-solving and creativity, CT is the key to promoting the collaborative development of
disciplines [39]. STEAM, interdisciplinary design, digital stories, and visual programming
have been proven to be important strategies for developing CT, but CT resource systems
are not perfect. In the future, CT education teachers should seize opportunities from the
development of STEAM, use programming courses to build interdisciplinary teaching
resources for CT, construct programming courses, gradually explore the “block-based
programming to text-based programming + subject teaching” teaching resource system,
and promote the application and popularization of CT in K–12 education, and even in
higher education.

5.1.3. Build a Multimodal Evaluation Method to Support Personalized Learning and
Accurate Teaching

Domestic research into CT assessment has mainly focused on two aspects: the devel-
opment of CT assessment scales, such as the CT scale based on programming [40] and the
self-efficacy scale based on programming [41]; and the reference and application of the
existing evaluation tools. Taking 1015 Chinese middle school students as a research sample,
Bai Xuemei et al. [42] conducted a localization study on the CT scale (CTS) developed
by Korkmaz et al. Through their data analysis, they verified that the scale could also be
used to measure the CT levels of K–12 students in China. It is not difficult to see that
although there are scientific measurement tools and scales for the evaluation of CT, how to
automatically record and collect dynamic process data in CT education is still a dilemma.
In the future, we should explore the functions of technology, such as the coding of CT
learning behavior, the development of CT teaching data acquisition and analysis systems,
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and the automatic collection and analysis of the CT behaviors of students. Examining
these areas could help to improve the accuracy of teaching and lead to the development of
personalized recommendations.

5.2. Conclusions

The experimental group was taught using an interdisciplinary activity design that
was oriented to CT, and the control group was taught using traditional programming
teaching activities. From our statistical analysis of the independent sample t-test and the
paired sample t-test, we found that there were no significant differences in CT knowledge
between the experimental group and the control group before the experiment. After the
experiment, both the interdisciplinary activity design and the traditional programming
teaching activities had significant effects on promoting the students’ CT performances,
although the former had a greater impact than the latter. By further analyzing the post-test
knowledge levels of these two groups, we found that the knowledge of the experimental
group was significantly higher than that of the control group regarding the dimensions
of orders, cycles, events, and conditions. This showed that the interdisciplinary activity
design could better promote student learning in those knowledge dimensions.

Following a Dr. Scratch analysis of the students’ completed works, the results showed
that after the experiment, knowledge of the dimensions of abstract thinking, problem-
solving, logical thinking, synchronization, parallelism, and sequence control was signifi-
cantly higher in the experimental group than in the control group. This showed that the
interdisciplinary activity design could better promote student learning in those knowledge
dimensions; however, neither strategy significantly promoted knowledge of the dimensions
of data representation or user interaction.

5.3. Discussion

The research found that an interdisciplinary activity design based on the concept
of DBL could significantly promote the CT of students, especially in the dimensions of
abstract thinking, problem-solving, and logical thinking. A study by Mustafa Saritepeci
in 2020 also proved that DBL activities had an “intermediate” effect size on the creativity
and problem-solving dimensions [20]. At this point, our findings seemed to show that
DBL could be of utmost importance in students’ CT skills when they solve problems
creatively. This correlated fairly well with the findings of Wing, who suggested that two of
the key issues in the acquisition and development of CT skills are formulating solutions for
technological problems or contexts and achieving creative processes, including presenting
concrete products. Zhang Yi et al. [43] also performed a similar experiment and their results
showed that DBL teaching in STEM courses could significantly improve the calculation
thinking and problem-solving abilities of primary school students, and play a certain role
in improving their logical thinking. Therefore, DBL teaching could significantly improve
the creativity of pupils.

6. Limitations

This research was an exploration and an attempt to apply interdisciplinary activities to
the development of CT. However, some limitations should be noted. First, only two classes
of students participated in this research because of the limitations of the implementation
conditions, so the sample size was small, which could have affected the final results.
Secondly, the integration of subject knowledge and Scratch into the interdisciplinary activity
design was not emphasized enough. The specific teaching content for the experimental and
control groups needed to be improved. Thirdly, the reasons for why our interdisciplinary
activity design based on the concept of DBL could significantly promote students’ abstract
thinking, problem-solving, and logical thinking need further investigation and research.
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Abstract: The objective of our research is the implementation of STEAM (Science Technology Engi-
neering Art Mathematics) learning in the bachelor of Engineering in industrial design and product
development at CEU Cardenal Herrera University through the EXPLORIA project. This article
implements and develops the proposal for the first year of this bachelor, which includes 24 students
aged 18–20. This article focuses on how to integrate STEAM learning within the EXPLORIA project
for the improvement in the learning of the physics subject, and in particular, regarding the part of
the syllabus related to mechanical engineering through different projects, challenges and milestones
that allow the student to see the use in the design and development of products. The EXPLORIA
project connects the competencies of the different STEAM subjects included in the bachelor, designing
a learning process as a logical, sequential and incremental itinerary. Through concepts on which
the fundamentals of design are based: shape, volume, color, space and structure. In particular, this
article shows the adaptation made in the physical part to be able to teach the integrated mechanics
part in this learning process. The complete learning was carried out through several challenges
and two milestones the students had to overcome through the application of the physical knowl-
edge learned in class. To validate the effectiveness of the proposed methodology, at the end of the
paper, an ad hoc questionnaire is carried out showing the students’ assessment regarding the new
teaching methodology.

Keywords: STEAM; active methodologies; project based learning; challenge-based learning

1. Introduction

STEM learning (Science, Technology, Engineering and Mathematics) was developed
at the beginning of the 90s, focused on non-university studies, mainly for middle and
high school. STEM is a curriculum based on the idea of educating students in four specific
disciplines: science, technology, engineering and mathematics, by using an interdisciplinary
and applied approach. Rather than teaching the four disciplines as separate and discrete
subjects, STEM integrates them into a cohesive learning paradigm based on real-world
applications [1].

The United States has historically been a leader in these fields in trying to motivate
high school students to choose STEM careers. This decline in student interest regarding
this type of bachelor is not unique to the United States, it is a global problem, as recognized
in [2]. In this context, the STEM approach becomes important since this term refers, in
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a generic way, to the development of initiatives and projects that promote and develop
scientific-technological skills and competencies and involve the participation of STEM
disciplines [3]. From an educational perspective, we seek the intentional integration of the
four disciplines used to solve real-world problems [3]. In this comprehensive and interdis-
ciplinary approach, sciences provide the scientific method. Technology and engineering
provide the techniques and tools to build objects and solve technological problems, and
mathematics provides a way of expression and representation that allows interpreting the
environment and applying strategies to solve problems as well as promoting logical and
critical thinking [4].

The implementation of STEM learning generated a deep debate on how the four
disciplines should be integrated, whether independently or according to an integrated
approach [5]. Of the two approaches, the integrative approach is currently the most widely
accepted, in which the four disciplines constitute a single teaching–learning practice [3].
Still, there are researchers who believe that a fair interaction is the right thing to do [6],
while others place one discipline above the other [7]. In [3], they observed that, although
the disciplines were treated jointly, there was no true connection among them, and [8]
considered that educational institutions did not agree on how the four disciplines should be
established or connected. To solve this problem, in [5] a proposal has been made to include
Art as a new discipline in the STEM context, which was renamed STEAM. In STEAM
learning, Art, in addition to promoting interdisciplinarity, facilitates communication and
understanding of reality and provides creative strategies and solutions [9]. The concept of
Art proposed by [5] is a very broad concept that encompasses, in addition to the so-called
fine arts, other fields such as language and social sciences. The combination of scientific
and artistic disciplines, apparently opposed, provides “the variety and diversity necessary
for innovative product design”, and they complement each other because “science provides
a methodological tool in art and art provides a creative model in the development of
science” [10]. The European Parliament [11] considers the inclusion of art essential, as it
leads to the acquisition of key competencies. They consider that art in STEAM is primarily
concerned with creativity, and creativity includes divergent thinking [12], which leads to
multiple solutions for a single problem.

1.1. Active Methodologies

In general, STEAM projects promote the use of so-called active methodologies, en-
couraging the student’s active participation, who becomes the protagonist of the teaching–
learning process and develops his/her own knowledge [13]. In [14], the importance of the
activities carried out in STEM projects is demonstrated as a fundamental part to enhance
attitudes, scientific creativity and motivation, generating positive emotions in learning.
Active methodologies place students at the center of this process and make them protago-
nists of the discovery, rather than passive recipients of information [15]. There are different
teaching strategies for creating an active learning environment and engaging students in it.
The most common ones are project-based learning, problem-based learning, collaborative
learning, etc. [15]. These methodologies allow the development of practical knowledge and
critical thinking through formal analysis and creative thinking through empirical analysis
and complete active learning.

1.1.1. Project-Based Learning

Project-based learning starts from an initial question or challenge and raises the
objective of generating a final product, generating learning through the tasks that are carried
out to develop it [13]. If any of these tasks, in addition to being part of the project, pose a
new challenge or problem to solve, we will need to overcome these by using techniques
taken from another methodology: problem-based learning. Both methodologies, project-
based learning and problem-based learning, use the large methodological umbrella of
cooperative learning, and therefore for their implementation we need a new organizational
structure of the classroom, a different way of managing times and evaluation systems as
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well as changing the role of teachers and their training. Project-based learning is being
used in many educational programs at university level, also including physics subjects,
see [16,17].

1.1.2. Challenge-Based Learning

One of these active methodologies is challenge-based learning, which, based on an
initial and global question or challenge, sets out the objective of guiding the students’
learning to focus them on an achievable and upcoming challenge, which allows them to
get personally involved in the search for effective and plausible solutions [13]. Learning
is based on a complete process of research, ideation, documentation and communication,
also enhancing personal skills such as teamwork, consensus, negotiation and leadership, as
key elements of emotional intelligence. Challenge-based learning allows the process to be
approached in a creative and innovative way, so that the process allows the detection of
other challenges or problems to be solved. It therefore implies a broader vision than project-
based learning. Challenge-based learning is being widely researched for its application in
a multitude of Bachelors, and also as an integrating argument between mathematics and
physics, see for example [18].

2. The EXPLORIA Project, a New Learning Approach for University Students

The implementation of this type of learning techniques, STEAM projects, in which
active methodologies such as project-based learning and challenge-based learning are
promoted, is a subject of debate among researchers in education, since for it to be successful
there must be cooperation between and integration of, at least, professors of engineering,
mathematics and sciences and the Institutions’ management [19]. It also implies a change
in the teachers’ attitude since they not only have to make an effort to interconnect subjects,
but also become facilitators of knowledge [20].

2.1. Integrating STEAM Projects in Bachelor Degrees

The integration of STEAM projects in bachelor degrees is not easy since there are a
wide variety of Bachelor degrees in which this integration is complex or almost difficult.
In Bachelors such as law, literature, history, etc., it is very hard to develop these projects.
The Bachelors most likely to adapt to this methodology are the engineering ones since
scientific principles are used to design and build machines, structures and other entities.
We can take advantage of the accumulation of technological knowledge for innovation,
invention, development and improvement of techniques and tools to satisfy the needs and
solve technical problems of both people and society [21].

The engineer relies on the basic sciences (fundamentally mathematics and physics) to
later apply them to his/her field of study (electronics, mechanics, product design, etc.) in
which all STEAM areas and active methodologies can be used. However, currently, STEAM
areas are treated separately, generating serious consequences in student performance.

2.2. University Students’ Attitudes towards Maths

In [22], an in-depth study is carried out on the rejection of mathematics and negative
attitudes towards it from primary education to the first year of university studies. The
results show a high taste for mathematics in the initial levels, 87%, however, the taste for
mathematics decreases as students go up in level, showing a 57% when they reach the first
year of university. The results obtained in [22] were later corroborated in [2], which showed
that 67% of the students disliked mathematics and they did not fully understand it. On the
contrary, only 38% of them showed an interest and liking for this discipline.

Recently, in [23] a study has been carried out on attitudes towards mathematics in
university students. We tested 1293 students in the study (830 women and 453 men) from
different bachelors, Agri-food Engineering, Biology, Food Science and Technology, Pre-
school and Primary Education, IT and Tourism. As a result, the average percentage in
attitude obtained was 54% which shows that, in general, men have a more positive attitude
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towards mathematics, agreeing with other existing studies in this regard, such as in [24,25].
Additionally, in [23], it was found that students in engineering Bachelors showed a better
attitude towards mathematics than the rest, agreeing with other studies such as in [26].
These bachelors tend to have a greater number of men than women.

2.3. University Students’ Attitudes towards Maths and Their Effect in Physics

The rejection towards mathematics has direct consequences in the rest of the subjects
and especially in the other basic subject, physics, since, as indicated in [27], the role of
mathematics is to be the language of physics. Thus, the success or failure of students
in physics subjects can be predicted taking into account their math skills [28–33]. The
research results show that having insufficient skills in mathematics, such as analytical skills,
algebraic processing skills, geometry, calculation skills, tables and graph interpretation
skills, etc., required to solve physics problems, is the cause of low student performance in
physics subjects.

2.4. Basic Subjects vs. Engineering Subjects

In the same way, Math and Physics results predetermine the results of the engineering
subjects. Poor performance in mathematics may be the cause of a downward trend in
student performance in engineering subjects [34]. In [35], a study is carried out on how it
affects the performance of basic subjects (mathematics and physics) related to engineering
subjects (Machines, Electrical Engineering, Topography and Building). In this study we did
not find a direct relationship between the grades obtained in the basic and specific subjects,
but we found a relationship between the years it takes students to pass the basic subjects
and the number of years it takes to complete the bachelor. Another important conclusion
drawn from the study presented in [35] shows that students do not usually perceive a solid
relationship between the basic and applied subjects analyzed in the study.

In this context, STEAM projects applied to the university environment, together
with active methodologies such as challenge and project-based learning and collaborative
learning can be the way to generate positive emotions in the students who will be able to
change their perception and improve their academic performance.

2.5. The EXPLORIA Project

The EXPLORIA project was born from the need to update university learning method-
ologies to the new trends and requirements of the labor and professional market.

In this sense, the CEU Universities (CEU San Pablo, CEU Cardenal Herrera and CEU
Abat Oliva), are developing different pilot projects for bachelor degrees such as Advertising,
Political Science, Business Administration, Journalism and Engineering in Industrial Design
and Product Development to rethink the learning processes of university students for a
context as the current one. Among the pilot projects for bachelors, we have the bachelor of
Engineering in Industrial Design and Product Development which integrates subjects that
coincide with the STEAM classification.

The EXPLORIA project aims to develop an integrated competency map of the learning
process in which the subjects are no longer considered as isolated contents, by elaborating
an integrated learning process in which the competencies and learning outcomes of the
subjects are considered as a whole, that is, as global and comprehensive learning.

The pilot project makes use of integrated learning and temporal sequences focused on
different learning objectives linked to Bloom’s taxonomy, see [36]: understanding, applying,
experimenting and developing. In this way, through active methodologies, the students
address all levels of learning and they “learn by doing”. They develop critical and creative
thinking, through formal and empirical analysis, and they also develop creativity and
innovation, and the capacity for global and multidisciplinary analysis, essential in the
current context.

The teacher assumes the role of a learning guide who accompanies students in their
personal and professional development process. The teacher leaves the instructor role,
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encouraging students to discover, motivating them to learn and making them aware of
the need to learn from each challenge, stage or new situation that may arise. In this way,
the student is prepared to deal with difficult problems in changing, unstable and equally
complex contexts.

In the previous work [37], we explain the effect that this methodology may have on the
perception and predisposition of students towards mathematics from previous cycles. In
this case, mathematics is linked with the rest of the subjects through active methodologies
that generate positive stimuli and emotions in the students.

3. Research Objectives

Our research objective is the implementation of STEAM learning in the bachelor
of Engineering in industrial design and product development through the EXPLORIA
project. In our previous work [37], we showed the efficiency of STEAM learning within the
EXPLORIA project to improve learning in mathematics and change students’ perceptions.
This paper focuses on how STEAM learning can be integrated within the EXPLORIA
project to improve the learning of physics, in particular, the part of the syllabus related
to mechanical engineering. The proposal is to do it through different projects, challenges
and milestones that will allow the student to see the use in the design and development
of products.

4. Materials and Methods

4.1. Participants

The participants in the study were the students of the bachelor of Engineering in
Industrial Design and Product Development from the academic year 2020/2021 at the
University CEU Cardenal Herrera. The number of students included was 24, which was the
total number of students registered in the first year of the bachelor, so we did not need to
select any participants for the study. Most of the students were from Spain, except for three
who came from South America (El Salvador, Colombia and Honduras). The participants’
age ranged between 18 and 20 (similarly distributed), except for one of them aged 24.

4.2. Scope of Application

STEAM learning has been planned and applied to the first year in which the following
subjects are included, see Table 1.

This article focuses on the second semester when engineering mechanics is taught.
The syllabus of the physics extension course is, see Table 2.

Table 1. First-year subjects of bachelor of engineering in design and their classification into STEAM
categories (Science, Technology, Engineering, Art, Math).

Semester 1 STEAM Classification Semester 2
STEAM

Classification

Physics S, T, M Physics Extension S, T, M
Maths M Maths Extension M

Art History A Anthropology S
Basic design A, S, T Design Extension A, S, T

Shape representation A Descriptive geometry A, S, T

Table 2. Syllabus of the physics extension subject.

Item Contents

1 Newton’s laws
2 Moment of forces.
3 Kinematics
4 Friction
5 Centroid and center of gravity
6 Free body diagram
7 Equilibrium of a particle
8 Equilibrium of a rigid body
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4.3. Tools

An experimental design was carried out through a qualitative analysis following
experts in this field [38] in which multiple-question Likert scale questionnaires are reli-
able [39]. In our experiments, data collection was obtained through an ad hoc questionnaire,
following other validated methods found in the scientific literature, such as [38]. There
are 21 items in the questionnaire. The first 20 questions follow a Likert-type scale within a
range of five points (from 1 = Strongly disagree to 5 = Strongly agree). The last question,
item 21, is an open-ended question. The questions are shown below in Table 3.

Table 3. Questions asked in the students’ questionnaire.

ID Question

1 I know what the center of gravity is and how to apply it in product design
2 I know Newton’s laws and how to apply them in product design
3 I know what the moment of a force is and how it affects product design
4 I know what friction is and how it affects product design.
5 I know what the free-body diagram is and its usefulness in product design
6 I know what equilibrium equations are and their usefulness in product design
7 I know the usefulness of integral calculus in product design
8 I know the types of traditional wood joints applied in the design of products and their physical restrictions.
9 I understand that the decision to cut a product determines it, both from the physical/functional point of view, as from the aesthetic one.
10 I recognize the aesthetic impact and the added value, in detail, that can determine the choice of any traditional wood joint applied in the product design.
11 The Pringles ring exercise helped me understand how the gravity center of friction works
12 The “Equilibrium challenge” exercise helped me understand how the center of gravity works and is calculated
13 The letter design exercise helped me understand how joints work
14 The letter design exercise helped me understand the usefulness of equilibrium equations
15 The letter design exercise helped me understand the importance of integral calculusl of several variables applied to design.
16 The letter design exercise helped me model mathematically and visualize the triple volume concept
17 The letter design exercise helped me relate the concepts of transversal section and volume
18 The letter design exercise helped me understand the importance of the center of gravity.
19 The letter design exercise helped me understand the importance of the value of detail incorporated into the design.
20 The letter design exercise helped me understand which graphic system/s to use to render them according to the required objective.
21 What do you think about the physics, Pringles ring, Equilibrium challenge and letter design exercises?

5. Design and Implementation of the EXPLORIA Pilot Project

The EXPLORIA project was born from the need to improve university methodologies
to solve the deficiencies found in the use of the traditional system. In this sense, CEU
University has started different pilot projects in different bachelors, including the bachelor
of engineering in industrial design and product development. This bachelor in particular
includes subjects easily classifiable according to the STEAM model, see Table 1.

The EXPLORIA project connects the competencies of the different STEAM subjects,
in which the standard subjects disappear, designing a learning process as a logical, se-
quential and incremental itinerary. In this learning process, teachers do not have a fixed
weekly schedule, and therefore it is designed based on the learning sequence planned at
each moment.

The EXPLORIA project is designed from the concretion and synthesis of the specific
and general competencies of each subject included in the curriculum for the bachelor of
Engineering in Industrial Design and Product Development. It was considered appropriate
to group these skills following a learning process based on Bloom’s Taxonomy according to
the verbs understand, apply, experiment and develop.

The EXPLORIA project for the 1st year of the bachelor of Engineering in industrial
design and product development was designed by the teachers of the subjects included
in the first year of the bachelor, and by part of the Faculty’s management team, including
multidisciplinary profiles of mathematics, engineering, fine arts and designers. The design
was based on five concepts derived from the fundamentals of basic design used for the
itinerary of this course and these are: shape, volume, color, space and structure. In order to
adjust to the academic year of two semesters, we divided the learning itinerary of design
fundamentals into two modules. These in turn are divided into three acts as shown:
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MODULE I

• Act I: Shape
• Act II: Volume
• Act III: Color

MODULE II

• Act IV: Space
• Act V: Structure
• Act VI: Project

In addition, we decided to introduce a milestone at the end of each Act to strengthen
the objective of each of the fundamentals worked on and obtain a global vision of the related
competencies. This milestone is a challenge-based methodology in which students, actively
and autonomously, and based on a general topic raised by teachers, respond to their own
concerns through a challenge. This is formalized and sustained through the application
in a project of the skills and learning acquired by the student during the weeks for each
act. In this activity, the teacher role is to accompany and guide the student according to the
needs required by each phase of the project, being flexible when intervening and adapting
to the team requirements depending on their specialization.

Since one of the pillars that sustain the EXPLORIA program is the creation and con-
solidation of the learning community, it is therefore appropriate to develop the milestone
within a team. That is how transversal competencies such as decision-making, communica-
tion, critical thinking, etc., are integrated. In addition, the group is changed for each Act,
which allows the students to vary their role depending on the idiosyncrasy of the team and
obtain different experiences. The project developed based on the challenge is presented by
each team to the community (other teams and teachers) and evaluated on the one hand
by the teaching staff, who will determine the cohesion of the acquired competencies and
the learning results established for the Act through a rubric designed for this activity. The
other teams, by using the Post Motorola tool (Questionnaire with 4 questions: What has
gone well? What has gone bad? What have I learned? What could improve?), will quali-
tatively evaluate what items worked, what can be improved and what has been learned,
determining a quantitative score based on the responses. Finally, the team itself, based
on an attitudinal and aptitude rubric, carries out a self-evaluation and co-evaluation. The
weighting of all these results will be the final grade of each student.

6. Physics (Mechanical Engineering) in EXPLORIA

Physics, as a basic subject for the first year of engineering, is part of the EXPLORIA
project, which required analyzing the subject role and its connection with the students’
learning. Physics is a core element that not only provides the necessary knowledge for
the learning of other subjects, but also guarantees the functionality of the students’ de-
signs. This article focuses on mechanical engineering, which is particularly important in
product design.

The physics sessions can be of two types, sessions of theoretical concepts (master
class) and work sessions in the classroom. In any of these, there is a challenge the student
must overcome. Four challenges are proposed, two for act IV and two for act V where,
through the resolution of the challenge, the student must understand, apply, experiment
and develop the concepts of physics, linking them to the contents from other subjects such
as mathematics, geometry and design. The milestone makes it possible to evaluate the
acquired physics competencies, applied to real problems and designs proposed by the
students, who must also establish a link with the other competencies developed in the
other subjects.

6.1. Description of Sessions and Timing

The sessions carried out and the subjects included in Act IV and V are shown below
(EXPLORIA project module II).
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6.1.1. The Transportation Challenge

The challenge involves transporting an object in a LEGO EV3 robot, from an initial to
a final position without falling, by using a Bézier curve for the robot’s path, see previous
work [40]. Students select an object and calculate, through the force moment, the accelera-
tion limit so that the object does not fall. Subsequently, the students design a Bézier curve
using an application developed in Geogebra where, by moving the control points, they
design the trajectory so that it does not exceed the calculated acceleration limit. Finally,
the students test the trajectory generated in the LEGO EV3 robot through an application
programmed in Matlab, see [40]. Figure 1 shows the Geogebra application used for the
design of the Bézier curve, see Figure 1 (left) as well as photos of the test with the LEGO
EV3 robot, Figure 1 (right).

Figure 1. The transport challenge.

The development of each of the 7 challenge sessions is specified below:

• Session 1. The project begins with a motivational session explaining the problem to be
solved from the point of view of mobile robotics, AGVs (Automated Guided Vehicle),
AMR (Autonomous Mobile Robot), autonomous robots used to transport materials in
industry and society.

• Session 2. A theory session is held in which Newton’s 3 laws are explained. Inertial
frames of reference are defined and the limitations of Newton’s laws are explained.

• Session 3. A math session is held in which students work on the vector and
scalar product.

• Session 4. A Physics session is carried out in which the force moment (M = D × F)
is explained and a practical exercise is carried out on how to calculate it on a bottle
of water.

• A mathematics session is held in which parametric curves, Bézier’s curves, Frenet’s
Diedro, etc., are explained.

• Session 5. A physics session is carried out in which kinematics is explained, the
accelerations suffered by a moving object when it follows a curved path and cen-
tripetal/centrifugal acceleration. After, all this is linked to the reference frames in
which the centrifugal force is a fictitious force found in the non-inertial frames. Here,
we explain how to calculate the limit centrifugal acceleration when an object is trans-
ported. The ability of parametric curves to approximate any curve, circle or clothoid is
also explained, the latter being explained in depth given its mathematical properties
and therefore its application in road design and in the generation of mobile robot
trajectories [41]. Students select an object and calculate the centripetal acceleration
limit. The condition of moment equilibrium and the centroid are indirectly introduced
for their calculation.

• Session 6. A mathematics session is carried out in which the developed Geogebra
applet is explained and the students design the path the robot will follow, with the
centripetal acceleration limit calculated in the previous session, moving the control
points of the Bézier curve and simulating it to verify that the restriction of centripetal
acceleration limit is met.
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• Session 7. A test session of the trajectories designed by the students is carried out in
which they verify whether the designed trajectory manages to transport the object to
the destination. Otherwise, the students will redesign the trajectory until the selected
object is transported to the destination.

6.1.2. The Equilibrium Challenge

The objective of this challenge, inspired by similar tests carried out in architecture [42],
is to make a sculpture by using everyday objects we can find at home, such as forks, spoons,
knives, shoes, etc., and also diverse rigid objects. By completing this challenge, students
will begin to learn about static balance in space and its importance in the design process.
Through the exploration of the tangible materiality and the physicality of the objects, the
students were implicitly advancing until reaching a series of hierarchical rules for the
assignment of the objects in the space in order to achieve the global static balance of the
compositions under the effect of the gravity. To finish the test, students must calculate
the gravity center of each object, either by coincidence with the centroid or by alignment
with the balance point. Once each object has been calculated and weighed, the student
must calculate the sculpture’s gravity center. Figure 2 shows one of the tests in which
Figure 2 (left) shows the composition and position of the gravity centers of each object and
Figure 2 (right) shows a table with the measurements of distances and masses, as well as
the calculation of the gravity center of the proposed composition.

Figure 2. The equilibrium challenge.

The development of each of the 2 challenge sessions is specified below:

• Session 1. A physics session is held in which the centroid and gravity center are ex-
plained. We explain how to calculate the centroid and gravity center both analytically
and experimentally in irregular objects, by finding the equilibrium point. Finally,
we explain how to calculate the gravity center of composite objects and tests are
carried out.

• Session 2. The students bring objects from home to make the sculpture and firstly they
calculate the gravity center of each object and their weight. Later, they make their
sculpture in equilibrium, measure it and calculate the composite center of gravity of
the composition.

6.1.3. The Pringles Ring Challenge

The objective of this challenge, inspired by the viral challenge with the same name
found on the internet, is to let students experiment with the gravity center, friction, and
warped surfaces, in particular the hyperbolic paraboloid and its geometric and physical
properties. Figure 3 shows the development of one of the exercises by a student. Figure 3
(left) shows the construction at its intermediate point where you can see the importance
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of the base and how the Pringles chips on the side of the ring are supported thanks to the
friction and normal force they exert between them. Figure 3 (right) shows the finished ring.

Figure 3. The Pringles challenge.

The development of each of the 3 challenge sessions is specified below:

• Session 1. A descriptive geometry session is carried out explaining the warped
surfaces, including the hyperbolic paraboloid, its mathematical formulation and its
properties.

• Session 2. The concept of friction is introduced and exercises are carried out in
class with different objects using a ramp and throwing different objects over it to
demonstrate that the challenge is met.

• Session 3. The students bring at least 2 Pringles cans and the basic concepts are
explained to them to be able to carry them out. These include:

1. Object stacking: we explain to them what happens when objects are stacked, how
much space can protrude from an object to another and how it affects the gravity
center of composites.

2. Friction: The side walls of the ring are supported by friction between the Pringles
and the normal force they exert on each other.

3. Gravity center of composites: One of the keys to overcoming the challenge is to
generate a good base of the ring and force the gravity center of composites to
remain in that area.

6.1.4. The Letters Challenge

The objective of this challenge is to encourage students to design and manufacture the
initial letter of their name with 3.2 × 3.2 cm strips by using joints. The present challenge
involves reformulating the concept of joints for rigid body mechanics that is usually
explained in traditional physics lessons, see for example [43] (Table 5.1, pp. 210–211), and
regarding the specific needs of designers who are using wood joints, see for example [44].
Thus, the classic roller, pin or rocker type joints are replaced by “butt”, “miter” joints, and a
great diversity of wood joints as we can see in [44]. The challenge consists of designing the
letter with certain restrictions, which are:
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1. The letter must include at least 3 different joints (from an initial list provided by the
teachers), in this challenge the use of one of the joints will be mandatory and assigned
through a first draw.

2. The letter must be self-supporting, that is, it must be able to stand upright and must
be able to be transported, by grabbing it from a higher point and moving it from one
point to another without dismounting.

3. The use of glue or any other element to anchor or fix the joints is not allowed.

• Session 1. A basic design extension session is held in which the concept of structure is
explained from the design point of view and real objects and sculptures are analyzed.

• Session 2. A physics session is carried out in which the equations of equilibrium and
the calculation of the free-body diagram are introduced. The same real objects and
sculptures from session 1 are used for analysis from the physical point of view.

• Session 3. Students are proposed to do research and analysis. They must check the
websites of famous designers, select a product and obtain:

1. The free-body diagram of the selected product.
2. Dimensions and information from their designer.
3. Proposal for design improvements, both from a physical and design point

of view.

• Session 4. Combined session with the Design and Physics teachers in which an elevator
pitch is held: a 2-min short presentation in which each student explains his/her results
from session 3 to the rest of their peers. This session is used to share the results but
also used as an evaluation for the teacher.

• Session 5. Basic design extension session in which the different types of joints used in
design are explained, the challenge is defined and the draw for the mandatory joint to
be used is carried out for each student.

• Session 6. Physics session in which the equations of equilibrium are explained and
their calculation from the free body diagram.

• Sessions 7 and 8. Work session in the combined classroom with design and physics
teachers in which students design their letters, calculate their free body diagram and
equilibrium equations to guarantee the viability of the challenge.

• Session 9 and 10. Workshop session. The students go to the workshop and mechanize
their letters. Figure 4 shows the students working in the workshop.

Figure 4. The letters challenge. Pictures of the building process.

• Session 11. Combined session with the Design and Physics teachers in which an
elevator pitch is held: a 2 min short presentation in which each student presents
his/her letter design, calculations, manufacturing problems and they perform the
self-support test on-site, moving the letter from a table to the center of the classroom.
Figure 5 shows the resulting letters placed in a vertical position on a table. In the
elevator pitch session, each student takes his/her letter with one hand from a point
chosen by him/her and moves it to the central table where the student will explain
his/her design and manufacturing process. Figure 6 shows details of some designs in
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which we can see how the student, in the case of the letter “P”, has used the calculation
of the center of gravity to calculate the angle at which the base should be cut in order
to keep the P in balance.

Figure 5. The letters challenge. Letters made by students.

Figure 6. The letters challenge. Examples of results and calculations.

6.1.5. Milestones

At the end of act IV and act V, a Milestone week was carried out. In the Milestone, a
topic is proposed on which the students have to provide solutions. In the Milestone of Act
IV, the topic Community “Alfara del Patriarca” was proposed, this is the name of the town
where the ESET (Technical School of Engineering) of CEU Cardenal Herrera University is
located. In this Milestone, the students had to propose design solutions for the inhabitants
of the town and the space where they coexist, with the aim of improving common spaces,
coexistence, the well-being of the elderly, etc.; and always under the project implementation
from the learning and skills obtained in Act IV: Space.

In the Milestone of Act V, Structure, the topic was The Trip, in which the students
generated design proposals related to this theme, and in the same way as they did in the
previous Milestone, they applied competencies obtained in the previous weeks which were
linked, in this case, with the learning outcomes from Act V, Structure. Figure 7 shows one of
the resulting works where the students proposed to make a suitcase with drawers. In this
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case, the students used what they had learned in physics, taking into account the weight
limit of the suitcase, the maximum opening of the drawers and the distribution of masses
so that in the event that the user had all the drawers open, the suitcase would not overturn,
see Figure 7.

Figure 7. Example of one of the results of Milestone V. The trip.

7. Results

Table 4 shows the answers to the Likert-type questions.
The questionnaire was answered by 95.8% of the enrolled students.
If we focus on the first six questions related to knowledge of physics, in question 1

related to the center of gravity, 100% of the students agree or strongly agree. In question
2, Newton’s laws, 91% agree or strongly agree, in question 3, moment of a force, also 91%
agree or strongly agree. In question 4, friction, 95% agree or strongly agree. In question 6
related to the free-body diagram, 82.6% agree or strongly agree, and in question 7 related
to the equations of equilibrium, 69% agree or strongly agree.

Regarding the usefulness of the challenges for learning physical knowledge, in ques-
tion 11 related to the challenge of the Pringles ring and in question 12 related to the
equilibrium challenge, 82.6% of the students agree or strongly agree, in question 13, under-
standing how the joints work in the letter, 100% agree or strongly agree and in question 14,
the letter exercise and the equilibrium equations, 82.6% agree. Finally, question 18 asks if
the exercise of the letter helped them understand the importance of the gravity center, in
which 100% of the students agree or strongly agree.
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Table 4. Student’s questionnaire responses, Likert-type questions.

Question SD D N A SA

1 0 0 0 8 15
2 0 0 2 12 9
3 0 0 2 13 8
4 0 0 1 11 11
5 0 0 4 9 10
6 0 0 4 15 4
7 0 2 5 9 7
8 0 0 0 4 19
9 0 0 1 6 16
10 0 0 1 5 16
11 0 1 3 12 7
12 0 0 5 8 10
13 0 0 0 5 18
14 0 0 4 15 4
15 0 0 5 12 5
16 0 0 6 9 8
17 0 0 3 13 7
18 0 0 0 10 13
19 0 0 0 9 14
20 0 0 3 9 11

With regard to learning related to other subjects, in questions 7 and 15, related to the
usefulness of integral calculus in product design, 69% and 73%, respectively, agreed or
strongly agreed. In question 8, related to knowledge of traditional joints and their physical
restrictions, 100% agreed or strongly agreed, and in questions 9 and 20, related to cutting
and graphic representation, 95.6% and 86.9%, respectively, agreed or strongly agreed. In
questions 10 and 19, related to the aesthetic and added impact of the joints, 95.6% and 100%,
respectively, agreed or strongly agreed.

Here are some of the answers given to open question 21:

• “These are exercises that help you understand the syllabus in a very dynamic way. It’s
a good way to learn theory while putting it into practice”.

• “When we carry out this type of projects, we are learning and understanding the
lesson explanations”.

• “The most interesting exercise is the Pringles ring since with common food you
can realize the importance of shape for calculating balance. On the other hand, the
balancing exercise was more about calculation of structure. Finally, the letter seems to
me a very complete exercise to bring together all the subjects in the same work”.

• “When it comes to doing it in a practical way, you learn better”.
• “They are examples that perfectly convey the theory taught”.
• “They help us to really realize the usefulness of physics in any type of project”.
• “I think it was an exercise that allowed us to understand in a practical way how

friction and gravity act and how to use these factors to our advantage”.
• “These exercises are a very good way to learn, since you understand what you are

studying because you can check it at the same time”.
• “Very useful exercises, since you can see how to apply physics and mathematics in

specific things such as for example the pringles exercise, this helps you see how the
content taught in class is reflected in reality and helps you understand the contents
much better”.

8. Discussion

The EXPLORIA project implemented in the bachelor of Engineering in Industrial
Design and Product Development produces a great impact on the learning process. As
can be seen in the questionnaire results, the vast majority of students agree or strongly
agree that learning all the subjects in an integrated way through challenges and milestones
has been very helpful and above all, being participants in the learning process through
knowledge discovery.

The feedback given by the students in the questionnaire reinforces the idea that steam-
based learning improves the understanding of basic concepts through their implementation
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in projects and challenges. We can see that a first-year student has not yet received a
project subject and therefore he/she will need more knowledge to be able to develop a
project, although we think that the students are able to develop their own ideas and put
into practice what they have learned so far. So, this is where they are able to apply what
they have learned, and their knowledge can be consolidated.

The evaluation of this type of project is an important handicap since, in the end,
teachers must assign grade reports for each subject. In this case, in each project or challenge,
teachers must independently take the part corresponding to their subject and grade it.
The hardest part found by teachers is separating the subject grading from the project
applicability or, being able to qualify it as a design project itself. It is important to know
how to grade students at the point of learning in which they are. It is not the same
grading a first-year student who develops the trip challenge as grading a final-year student.
Regarding student evaluation and grades, in our previous work [37], we compared the
grades obtained by students in mathematics from the first semester with respect to last
year when the improvement was significant, not only in the number of pass grades, but
also in the grades obtained. The results of the physics subject are similar compared to
those of the previous year: only one of the students failed, and there was an increase
in the level of grades obtained. However, this comparison is not included as a result in
the paper since the teacher for the year 20/21 was a different one. Understanding the
concepts of mathematics and physics applied to projects should solve the problems noted
in the research studies by [23,26,27,34,35]. As demonstrated in our previous work [37], the
inclusion of this methodology improves students’ perception of mathematics by solving
the problem indicated in [23,26] and indirectly in the subject of physics, as indicated in [27].
The improvement in physics and mathematics has direct consequences in the rest of the
subjects of the same course, and so will have in higher courses, as demonstrated in [34,35].

Regarding the results of the post-test, it can be noted that the proposed challenges help
students to understand the concepts of physics, see questions 11–14, 18, and to apply them
to design, questions 1–6. As can be seen also in the post-test results, with the questions
related to the letter challenge, which involved all the subjects, it has not only served to
help in learning the concepts of physics, but also for the rest of the subjects, see questions
15–20. However, although questions 1–20 show how useful the proposed challenges can
be, the most important thing is their perception of the activities, see question 21, since, as
demonstrated in our previous work [37], the affective domain is key to generate knowledge
that is maintained over time and that students do not forget what they have learned.
Observing the comments they make, this positive attitude can be denoted with respect
to the challenges proposed since they see the physical concepts reflected in the product
designs, generating a positive reinforcement that strengthens their learning.

The construction of the learning process could be a problem for the university because
a significant effort is required on the part of the teachers since in order to carry out the
integration of subjects, a broad knowledge of the rest of the subjects is needed. In this paper,
the challenges of the pringles ring exercise and the letter exercise have required the physics
teacher to understand ruled surfaces and wood joints. The latter are especially relevant
since to achieve an integration of the physical part with the design part, the concept of
traditional joints explained in rigid solid mechanics has been adapted to the wood joints
used in design.

Another important limitation of the present methodology is that the teachers’ schedule
is not fixed and is determined by the learning sequence. Additionally, if a student fails
a part of the test, it is not easy to pass that part because the whole learning process is
intertwined. This could lead to organizational problems for the university.

9. Conclusions and Further Developments

This article shows the design and evaluation of the EXPLORIA project, based on
STEAM learning in the bachelor of engineering of product design. The development of an
integrated competency map of the learning process, in which the subjects are no longer
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considered as isolated contents and the elaboration of an integrated learning process in
which the competencies and learning outcomes of the subjects are considered as a whole,
that is, a global and complete learning, have allowed a comprehensive learning of the
basic and specific subjects of the first year, which has offered great advantages. Students
can see the application of basic subjects in problems related to their profession which
generates positive emotions and reinforces the learning process and the motivation to
continue learning.

On the negative side, this integral learning process requires an extra effort from the
teaching staff since to be able to achieve perfect integration they need to know the rest of
the subjects and we also find problems at organizational level, since the schedules are not
fixed but influenced by the learning sequence.

As future works, we intend to implement the EXPLORIA methodology in other
bachelors related to STEAM learning, such as Architecture.
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Abstract: The current trend in industry is the digitalisation of production processes using modern
information and communication technologies, a trend that falls under the fourth industrial revolution,
Industry 4.0. Applications that link the world of information technologies (IT) and operational
technologies (OT) are in particular demand. On the basis of information from practice, it can be
stated that there is a shortage of specialists in the labour market for the interconnection of PLCs with
information and communication technologies (cloud, web, mobile applications, etc.) in Slovakia and
neighbouring countries. However, this problem is beginning to affect other countries in Europe as well.
The main objective of the work was to prepare case studies suitable for educational purposes, which
would address the modelling and control of a virtual discrete-event system using a PLC program and
its subsequent interfacing to a cloud application. Within the scope of the work, three case studies were
prepared to demonstrate the control of discrete-event system using different programming systems
and their communication with the developed cloud applications. These applications are to be used
for data monitoring and emergency intervention of the discrete-event system. The characteristics of
the prepared case studies, which combine operational and informational technologies, predestines
them for use in the sphere of education of engineers for digitalisation of production processes. They
can also be helpful in research on the creation of digital twins, which represent a type of symmetry
between real and virtual systems.

Keywords: discrete-event system; Industry 4.0; digital factory; system control; cloud computing;
engineering education; OPC UA; Node-RED

1. Introduction

The digitalisation of production systems with the help of modern information and
communication technologies is one of the trends of our time. These technologies are becoming
indispensable tools for the necessary digital transformation of industrial processes. They
can strengthen the performance of a company, optimise available capacities and improve the
quality of final products. Recently, the merging or convergence of information and operational
technologies has begun to be mentioned, a trend linked to the Fourth Industrial Revolution,
which brought about the concept of Industry 4.0 [1].

To teach interdisciplinary knowledge in study programmes focused on applied and engi-
neering informatics, it is necessary to update the curricula [2]. Educating engineers for digitised
production for a world that requires new, multifunctional professions is not an easy task. It is
therefore necessary to prepare new educational materials also in cooperation with practice [3].

PLCs (Programmable Logic Controllers) are an important control element in manufac-
turing systems and there are many specialists on the market who can interface and program
such industrial computers. However, very few of them know how to connect PLCs to
the IT world (e.g., cloud, augmented reality, mobile or web applications, etc.). Therefore,
in this paper, we will deal with interfacing a PLC with a cloud solution and implementing a
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service application. This paper and project responds to the demand of practice and consists
of three case studies that will be used for the development of educational modules for
engineers for Industry 4.0.

2. Background

The presented topic is closely related to the convergence of information and opera-
tional technologies.

Information technology is an integral part of our times. It make work easier and save
time for us people in today’s world in several fields of work such as education, healthcare,
transport and others. That is why information technology is constantly advancing. Thus,
by information technology (IT), we can imagine that it deals with computer technology
including hardware, software, telecommunications and generally anything related to the
transmission of information or systems that facilitate communication [4].

Operational technologies, as opposed to information technologies, focus on the control
and diagnostics of physical devices. The term operational technology (OT) is hardware and
software that detects or causes change through direct monitoring and/or control of industrial
equipment, assets, processes and events [5].

Very briefly, it could be said that the basic difference between information technology
and operational technology is that information technology deals with information and is
often associated with software, and operational technology deals with machines and is often
associated with hardware. Until recently, these technologies worked separately, but the
Industrial Internet of Things (IIoT) has changed a lot of things and blurred the imaginary
line between where IT ends and OT begins. Complex machines have begun to integrate with
network elements and are driven by advanced analytics software [6].

The idea of the convergence of IT and OT (Figure 1) is not new, but the concept is only
now beginning to be put into practice. With the advent of new technologies, we can generally
improve efficiency, reduce errors and costs, but also improve workflows and gain competitive
advantages. In short, we would say that we are trying to bring physical technology into the
digital realm. We are able to do this thanks to advances in, for example, machine-to-machine
communication, as well as the introduction of sophisticated sensors and IoT elements that
can be mounted on physical devices. These devices can use wireless communication over
standardised network protocols to communicate relevant data from each physical system back
to a central server for monitoring and analysis. The results of this analysis can then be relayed
back to the physical system to enable more autonomous operation, increase accuracy, improve
maintenance and improve uptime [4]. So the question certainly arises as to why convergence
between IT and OT is important. There are of course a number of reasons, whether it is the
aforementioned blurring of the imaginary line between IT and OT or creating a strategy that
will improve operational performance. The convergence of IT and OT is a prerequisite for the
development of cyber-physical systems, which are a pillar of the Industry 4.0 concept [6]. One
of the important concepts for Industry 4.0 brought about by the convergence of IT and OT is
the digital twin. The digital twin represents a kind of symmetry between the real system and
its virtual model. New technology areas such as Industrial Internet of Things (IIoT) and the
Internet of Services (IoS) are also closely linked to convergence of IT and OT.
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3. Related Works

In this section, we will address the need to educate the next generation of engineering
experts, of which there is still a shortage.

3.1. Urge for Education of Industry 4.0 Technologies

Research and computer laboratories need to be updated in engineering programs to
teach interdisciplinary knowledge. The process must include both complex modules and
elements from the outside world. This trend in teaching methods is evident in the use
of individual HW and SW modules for modelling, testing, and the creation of optimal
production lines, cognitive robots, communication systems, and virtual reality models to
demonstrate the functionality of individual processes as well as to assess process reconfig-
uration and the effect of smart features and embedded control systems on the design of
production processes [7].

Universities emphasise their role as testbeds of innovation and teachers of the next
generation of technologists. The current levels of industrial development and technical
advancement are greatly influenced by traditional education. However, it is crucial to take
into account how Industry 4.0 will affect higher education institutions if higher education is
to impart the necessary skills and knowledge to future generations. As a result, integrating
Industry 4.0 concepts into engineering curricula is one of the top concerns for universities
and other academic institutions [8].

Given the prevalence of cyber-physical systems, the inclusion of sensors in nearly
all industrial components and machinery, and the analysis of all significant data [9], En-
gineering 4.0 education should concentrate on developing the skills necessary for the
digitalisation of the manufacturing sector [10]. Industry 4.0 calls for the development of
new, multifaceted professions [11]. These new professionals will need to increase their
knowledge of information technology and the procedures that must and should be followed
in order to implement it. The report “High-tech skills and leadership for Europe” estimates
that there was a shortage of 500,000 IT professionals in Europe by 2020 [12].

The importance of artificial intelligence and computer vision has increased recently
due to their contributions to intelligent manufacturing systems [13].

Due to technological advancements and the realisations of Industry 4.0, smart factories
require a high degree of precision and accuracy in the measurements and inspection of
industrial gears. Machine vision technology enables image-based inspection and analysis
for such demanding applications. The level of human expertise in computer vision is
rising quickly. Due to the comprehensiveness of image information, visual sensors—unlike
other types of sensors—can theoretically span the entire amount of information needed for
autonomous driving, the recording of traffic violations, numerous medical tasks, and so
forth. The need for experts in computer vision is growing every day. It is crucial to teach
experts in various application domains the fundamentals of computer vision at the same
time [14].

3.2. Training Programmes for Industry 4.0 and Education 4.0 Concept

In the context of the information presented in the previous subsection, the require-
ment for specialised training of engineers for the introduction of innovations within the
Industry 4.0 concept has arisen in several countries.

The majority of the industry is developing at an incredibly fast rate thanks to Indus-
try 4.0. The education sector has been driven to the Education 4.0 revolution in order to
keep up with the industries. The use of automated processes has caused education to
shift away from traditional teaching methods and toward a more contemporary model,
leading to co-relational research with business that has the potential to alter the entire
paradigm of education. It is necessary to evaluate and put into practice the technological
developments of this era. The paper compares the revolutions that were led in the fields
of industry and education by explaining the ideas of Education 4.0 alongside the study of
Industry 4.0 [15,16].
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In order to achieve a high degree of production flexibility (individualised mass pro-
duction), higher productivity rates through real-time monitoring and diagnosis, and a
lower rate of material wastage in production, Industry 4.0 was originally a future vision
described in the high-tech strategy of the German government. It is conceived upon in-
formation and communication technologies such as cyber-physical systems, Internet of
Things, Physical Internet, and Internet of Services. The authors of this work present a road
map with three pillars that outlines the improvements/changes that will be made to the
curriculum development, lab concept, and student club activities. They discuss how they
used this road map at the Turkish German University in Istanbul as well [17].

How the business or industry operates and develops has been completely altered by
the emergence of Industry 4.0. Its expanding emphasis on automation, decentralisation, sys-
tem integration, cyber-physical systems, etc., can be attributed to this. The staff is expected
to develop computational, cognitive, and adaptive thinking abilities, primarily in the field
of information technology, data analytics, etc. The result of this study made in Saudi Arabia
is an outcome that the universities that created the foundation for societal trends or future
talents must adapt and update their current programs, facilities, and infrastructure. There
are opportunities and challenges associated with this transformation of higher education
in line with the Industry 4.0 vision. Of course, there are many variables at play, and it
takes a fair evaluation to strategically plan this transformation. This research examined
the transition from traditional universities to Universities 4.0 and identified the difficulties
that lie ahead. There are risks and opportunities associated with the modernisation of
higher education in line with the concept of Industry 4.0. SWOT-AHP methodology was
subsequently used in this study to analyse this transformation and investigate its likely
effects. The importance of practical knowledge and exposure to digital technologies at the
university level is highlighted by this study [18].

Due to the requirements for implementing the Industry 4.0 concept, employers will
need to hire people with new skills and abilities, particularly in the digital realm. All types
of schools, including nontechnical ones, need to change their teaching and educational
methods, and rather than narrowly specialising in one area, education should focus on
a much broader overview. People also need to be educated in systemic and interdisci-
plinary thinking at all types of schools. The study’s primary objective is to pinpoint areas
where educational content should be concentrated in the future in light of Industry 4.0.
A questionnaire survey was carried out in Slovak businesses as one of the research meth-
ods. According to the research findings, changes in workforce qualification structures
related to the implementation of the Industry 4.0 concept should have a positive impact on
boosting companies’ competitiveness and boosting production effectiveness. Based on the
findings, it is suggested that the anticipated positive changes be implemented as structural
changes within the Slovak educational system and the enforcement of vocational training
in businesses [19].

Ingenjör4.0, a Swedish initiative, is a noteworthy educational project. It is a cutting-
edge, web-based upskilling program that 13 Swedish universities collaborated to create.
The modules can be mixed and matched by the participant, making it simple to tailor the
upskilling to the particular requirements of the company and the individual. For business
professionals, Ingenjör4.0 offers a singular, cutting-edge, extensive, and lifelong learning
experience. It is targeted at professionals with engineering backgrounds as well as other
professionals with an interest in connected and smart production, including operators,
technicians, and management [20].

It was the Swedish initiative Ingenjör4.0 that started the discussion at our university
on the possibility of implementing a similar programme in Slovakia.

3.3. State-of-the-Art Summary and Task Definition

Today’s industry requires professionals in many academic and practical fields. Educa-
tional institutions and universities are required by practice to incorporate new Industry 4.0
trends and methods into the current curriculum. This will ensure that future graduates are
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not caught off guard by changing expectations in the industry. Cyber-physical systems are
just one of many major agents of change in the education of engineers and technical profes-
sionals.

Education in the field of automation (operational technologies) and in the field of
computer science (information technologies) was until recently, and often still is, carried
out strictly separately and in different study programmes. However, the convergence of IT
and OT described in the previous section of the paper brings about the necessity of new
perspectives on the curriculum, whereby knowledge in the fields of ICT, automatic control
and mechatronics must be synergistically combined.

Therefore, the presented work deals with the creation of case studies usable for
teaching experts for the field of digitalisation of manufacturing processes with emphasis
on modern forms of communication in manufacturing systems (from the field level to
the cloud) using virtual lines, softPLC and freely available platforms for IIoT (e.g., Node-
RED [21]).

4. Basic Theory

This section introduces the basic theoretical aspects and software tools that are used in
educational case studies in this article.

Since the studies deal with the control of systems, an environment for running the
control system is needed. An industrial computer that has been ruggedised and adapted
for the control of manufacturing processes, such as assembly lines, machines, robotic
devices, or any activity that requires high reliability, ease of programming, and process
fault diagnosis is known as a programmable logic controller (PLC) or programmable
controller. Any industry-PC can be turned into an automation system by a PLC runtime
system, also known as a runtime system, which allows you to cyclically automate and
control technical operations, process sequences, and similar procedures [22].

Node-RED, which is based on flow-based programming, is used in the studies. Ac-
cording to the flow-based programming paradigm, applications are networks of “black box”
processes that communicate by passing messages across predefined connections, where
the connections are determined externally to the processes. Without requiring internal
modification, these “black box” processes can be connected in an infinite number of ways
to create various applications. Therefore, flow-based programming is by nature component-
oriented. Node-RED is a programming tool for tying new and intriguing connections
between hardware components, APIs, and online services. By offering a browser-based
flow editor, Node-RED makes it simple to connect flows using the variety of nodes available
in the palette. Then, flows can be instantly deployed to the runtime. The event-driven,
non-blocking model of Node.js, on which the lightweight runtime is based, is fully utilised.
Because of this, it can run both in the cloud and at the network’s edge on inexpensive
hardware such as the Raspberry Pi [23].

The on-demand availability of computer system resources, particularly data storage
(cloud storage) and processing power, without direct active management by the user is
known as cloud computing. Functions in large clouds are frequently dispersed among
several locations, each of which is a data centre. Cloud computing relies on resource sharing
to achieve coherence and typically uses a “pay-as-you-go” model, which can reduce capital
expenses but also result in unexpected operating expenses for users who are not aware of
them [24].

5. Research Methods

The article deals with the problem of modelling, simulation and control of a discrete-
event system. A controlled discrete-event system in real practice consists, for example,
of a series of production lines. In a school environment for educational purposes, various
physical models (e.g., from Fischertechnik [25] or LEGO [26]) are used. Virtual discrete-
event systems are also a suitable alternative, which can be implemented using, for example,
Factory I/O [27], and this application is used in the present work.
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The use of a virtual/simulated discrete-event system brings several advantages. Since
the output of the project is in the form of case studies usable for the field of education of
professionals in the field of applied and engineering informatics, it was necessary to ensure
that such materials are easily accessible to those interested. The virtual model does not
need to be purchased, serviced and does not occupy any physical space, and thus can be
offered to a wider group of interested parties.

In order to control the virtual system, we need a control system. In the case of
discrete-event systems, which manufacturing systems inherently are, programmable logic
controllers (PLCs), which are small computers that have input/output pins, are used. We
can plug in appropriate sensors or actuators (e.g., controlled drives). We can also simulate
the PLC operation on a computer (softPLC), so it is not necessary to own a real hardware
PLC to run the created case studies, which is again very advantageous for educational
purposes. PLC runtime is implemented by the PLC runtime engine, which is mostly a
standard part of PLC editors, such as Siemens TIA Portal, CODESYS or OpenPLC. We can
connect PLC runtime and Factory I/O using a communication protocol.

6. Educational Case Studies

This section contains a description of realised case studies.

6.1. Case Study No. 1: OpenPLC Linked with Node-RED and Microsoft Azure

In the first case study (Figure 2), we would like to demonstrate the use of the freely
available open-source application system OpenPLC [28] instead of the traditional paid PLC
editors and runtimes. However, OpenPLC does not support the modern communication
standard OPC UA [29], but only the conventional Modbus protocol. Although OpenPLC
can communicate with Factory I/O using this protocol and implement control processes
using it, we also want to send data to the cloud and possibly provide it to other clients
via OPC UA. Therefore, we need a Node-RED intermediary (middleware), which is not
needed for control, but we also have it there for sharing data to the cloud via MQTT and
also via an OPC UA server to which we can connect a wide variety of clients. In our case,
we will be testing the OPC UA client UAExpert.

Figure 2. OpenPLC linked with Node-RED and Microsoft Azure
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6.1.1. Discrete-Event System Specification and Behaviour

Discrete-event system could generally be defined as a system that can take on multiple
states, with transitions between states being event-driven. In this case, we consider a virtual

model of a discrete-event system in the form of a manufacturing system consisting of a
production belt and a machining centre (Figure 3).

The model consists of several parts that should dynamically respond to events that
occur in the system. At the input (emitter), pieces of material (semi-finished products)

are generated at certain time intervals and need to be transported to the machining centre.
Here, they are transformed by the machining process into products ready for dispatch to
customers. The material and products are moved by conveyor belts. We have six of them
(C1–C6). Seven retro-reflective sensors (R1–R7) ensure the functionality of the conveyors.
Using the emitter, we send the material onto the belt, where it is detected by the sensor
R1 and then the belt C1 is started. When the product is detected by sensor R3, the corner
belt C2 is triggered and then the belt C3, which takes the material to the machining centre.
Here it is processed into the final product, which is passed on to belt C4, which is triggered
when sensor R5 detects it. Subsequently, sensor R6 starts belts C5 and C6. The final product
is recorded by sensor R7, which should also provide a count of the number of finished
products. It is advisable to use an aligner to ensure that the product enters the machining
centre correctly. It is also necessary to ensure that there are no collisions between pieces of
material in the system and also between finished products.

Figure 4 shows an overall view of the virtual model of the production line.
To create the above production line at Factory I/O, we needed a number of parts. They

will be listed in the following paragraphs.

1. Belt conveyor (Figure 5)—used for transporting light loads. They are available in
lengths of 2, 4 and 6 m and in analogue (we can adjust the speed of the conveyor) and
digital versions;

2. Curved belt conveyor—used for transporting light loads and available in analogue
and digital versions;

3. Aligners—metal structures that are attached to the conveyor to prevent the product
from falling during transport. There are four types;

4. Chute conveyor—mostly used for dispatching items from conveyor belts;
5. Raw Material—metal or plastic material for the manufacturing of lids or bases. In our

case we understand it as a semi-finished product that needs to be machined into a
finished product;

6. Retroreflective Sensor and Reflector (Figure 6)—the sensor is used together with the
reflector, it detects the presence of an object on the belt.

7. Emitter (Figure 7)—it is the entry point of the production line, which ensures the
supply of production parts/raw materials to it. Raw materials are automatically
generated at time intervals according to the emitter settings.

8. Remover (Figure 8)—removes one or more items from the scene.
9. Machining Center—a robot used for the production of pedestals.

6.1.2. Control of Discrete-Event System

In order to control the discrete-event system, we use the open-source OpenPLC editor
and runtime in this case study. In OpenPLC, we use the Ladder logic. It is necessary to
define the variables that are required for the creation of the control program. The variables
will also be sent to the cloud later.

We use global RetroreflectiveSensor variables from 1 to 7 to sense the product on the
belt, based on which we turn the belt on or off, or count the number of semi-products or
products. The product values and subsequent calculations are handled through global vari-
ables Result1 to 3. Result1 counts how many semi-finished products have been dropped
on the belt. Result2 expresses how many finished end products there are and Result3

expresses how many products are currently in production. For running the production
conveyor belts, we use Conveyor variables 1 to 6. We also use various timers and mathe-
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matical functions. We use timers to ensure that there are no collisions. And with sensors
we also count the time of the products on the belt to avoid further collisions again.

Figure 3. Scheme of production system.

Figure 4. Overall view of the virtual production line.

Figure 5. Belt conveyor.

122



Appl. Sci. 2022, 12, 8802

Figure 6. Retroreflective sensor and reflector.

Figure 7. Emitter.

Figure 8. Remover.

6.1.3. Communication between OpenPLC Runtime and Node-RED Middleware

The communication takes place first between OpenPLC and Factory I/O (Figure 9).
The communication is provided using the Modbus protocol because OpenPLC does not
support more modern protocols (e.g., OPC UA). In this case, OpenPLC behaves as a
Modbus server and Factory I/O behaves as a Modbus client. Since we want to send the
data to the cloud or provide it to other clients using the OPC UA server, we need an
intermediary in the form of Node-RED. Thus, Node-RED is not needed for production
control itself, but we use it for the possibility of sharing data for the OPC UA server and to
the cloud. We communicate from Node-RED to Microsoft Azure cloud and back using the
MQTT communication protocol.

In order to properly connect the OpenPLC runtime with Node-RED, it is necessary to
understand how the Modbus protocol works and what is a server and what is a client in
our case. OpenPLC can even work as a server and a client at the same time, which we will
not actively use. Modbus offers four types of transmitted data.
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• Discrete Input—A single bit (BOOL) that is used for binary input (e.g., from sensors).
In our case, these are addresses of type %IX. It can only be written by the Modbus server;

• Coil—A single bit (BOOL), which is mostly used for binary output. In our case it is
addresses of type %QX. It can be written not only by the server but also by the client;

• Input Register—A 16-bit read-only register. It is kind of like Discrete Input, except it
is not BOOL, but it is a 16-bit INT that can be unsigned or signed;

• Holding Register—A 16-bit register designed for both read and write. It is kind of
like Coil, except it is not a BOOL, but it is a 16-bit INT that can be unsigned or signed.

As mentioned, OpenPLC can act as both a Modbus client and a Modbus server.
In these modes it works simultaneously, but a different address is reserved for each. For the
OpenPLC server mode we are using, it has the following addresses (see Table 1).

Figure 9. Sequence diagram for the first case study.

Table 1. Modbus server variables in OpenPLC engine [30].

Modbus Table Usage
PLC

Address
Modbus

Data Address
Data
Size

Range Access

Discrete Output
Coils

Digital
Outputs %QX0.0–%QX99.7 0–799 1 bit 0 or 1 RW

Discrete Input
Coils

Digital
Inputs %IX0.0–%IX99.7 0–799 1 bit 0 or 1 R

Analog Input
Registers

Analog
Input %IW0–%IW1023 0–1023 16 bits 0–65,535 R

Analog Output
Holding registers

Analog
Outputs %QW0–%QW1023 0–1023 16 bits 0–65,535 RW

Next, you need to set the Factory I/O on the Modbus client. We set the localhost where
we are running OpenPLC, which is 127.0.0.1. Next, we need to set the digital inputs to be
used on Coils. It would be more logical to use Inputs, but since Modbus client can only
write to Coils, we have to use Coils for the inputs. And last we need to set up I/O Points
and there we set the inputs and outputs according to how much space we need.

In Factory I/O, the input and output variables need to be assigned correctly to the
Factory I/O components (Figure 10). The addresses must be identical to those in OpenPLC.

The control program from OpenPLC editor needs to be loaded into OpenPLC runtime
and run. Figure 11 shows how values are read from the OpenPLC runtime and how
OpenPLC connects to Node-RED using Modbus protocol. The ability to communicate via
Modbus can be obtained by installing the node-red-contrib-modbus 5.14.1 library.
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Figure 10. Factory I/O—Modbus client.

We read inputs (from sensors) via the node called Modbus Read-%QX0.0-7 and
read outputs (actuators) via Modbus Read- %QX0.7+ node. We start with inputs from
address 0, i.e., %QX0.0. The outputs start from address %QX1.0. The Modbus node
always reads a whole byte, which is alright in this case since we have exactly eight
input variables. The variables are of type BOOL (true/false). Modbus Read works
as a client and we need to connect it to the server. We will connect it to a server that
we have called OpenPLC local and set the corresponding address 127.0.0.1 and port
502. Next, it is needed to specify that we are going to read coils, which is a standard
Modbus protocol command (FC1: Read Coil Status). In the case of our input variables,
we set the address to 0, since we are reading from %QX0.0 (so in the case of %QX1.0, it
would be 8). We set the quantity to 1, since we are reading 1 byte. We set the poll rate
to 2 s, which means that the value is read every 2 s.

We used a similar procedure on Modbus Read- %QX0.7+, where we read output
variables from PLC address %QX1.0 and our Modbus address is 8.

In PLC program there are also 3 values of INT type, which are stored in registers
that have different addresses than the coils (these are of BOOL type). These are, for ex-
ample, the number of finalised products. These values are read using the Modbus Read

Holding node.
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Figure 11. Node-RED as Modbus client.

6.1.4. OPC UA Server and Client

Since we want to offer the values from the production line to other users who may
have OPC UA clients, it was necessary to implement an OPC UA server in Node-RED to
provide these data.

As already mentioned, OpenPLC runtime cannot function as an OPC UA server, as it
is a free open-source tool. This is the domain of more advanced PLC solutions such as
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CODESYS or Siemens TIA Portal. Therefore, the OPC UA server will be created using
Node-RED, to which the data arrive from OpenPLC runtime via Modbus protocol.

Library node-red-contrib-opcua 0.2.256 was used to create OPC UA server.
To create a server, it is necessary to use the OPC UA server node, where the port

(in our case 53,880) and optionally its name are set. We use the default name. It is also
possible to set authentication options, as OPC UA communication standard supports
multiple security profiles. We use anonymous access for clarity (and since we are running
on localhost).

The creation of the server is also related to the creation of address space, i.e., variables
that will initially be empty or have a predefined value, and later we will fill these variables
with values that OpenPLC runtime sends using Modbus protocol.

To keep our inputs and outputs clearly separated in the address space, we have created
folders FIOOutputs and FIOInputs in it.

It should be noted that the individual directives that we send to the OPC UA server
node are sent using the Inject node type. Thus, these directives need to be set to execute
automatically when the Node-RED program is started, and it is logical that the timing
needs to be set so that the directives that create the folders are executed first, and then
the variables are created. This will successfully create an OPC UA server with the desired
address space.

We will use the following directives (but there are several supported): addFolder,
setFolder and addVariable.

The directives are bound to the msg.payload of messages in Node-RED and the content
itself to the msg.topic of messages. This can be seen in Figure 12, which shows the creation
of the FIOOutputs folder. In msg.payload there is a command to add the folder and in
msg.topic there is the defined namespace and folder name.

Figure 12. Creating OPC UA server and its address space in Node-RED.

Adding the RetroreflectiveSensor1 variable would look like this, and it is obvious that
the variable’s data type is also set:

• msg.payload: {”opcuaCommand“:”addVariable”};
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• msg.topic: ns=1;s=RetroreflectiveSensor1;datatype=Boolean.

In order to be able to populate variables with data, we needed to create a custom
function in JavaScript, since in Node-RED it is not necessary to use only the built-in nodes,
it is also possible to create your own.

Notice in Figure 11 the node named Function: Modbus to OPC UA namespace,
i.e., the node representing our own function. Specifically, we will describe the node that is
connected to the node Modbus Read- %QX0.0-7. The Modbus Read- %QX0.0-7 node sends
an array of 8 values (of type BOOL) to the Function: Modbus to OPC UA namespace node.
Figure 13 shows the contents of the node. For each value received from Modbus, we have
pre-prepared an empty variable (msg0, msg1, msg2,. . . ) where we store the elements of the
array. In their payload we store the value itself (of type BOOL), but the more interesting
part is msg.topic. Here, according to the documentation of the OPC UA client installed in
Node-RED, we need to define which variable in the OPC UA address space the variable
will go to. Thus, we have defined the namespace ID (abbreviated ns), the variable name
and the data type that matches the input variables obtained from Modbus server.

Figure 13. Function for filling OPC UA server with values obtained using Modbus protocol from
OpenPLC—Function: Modbus to OPC UA namespace.

Then the Function: Modbus to OPC UA namespace node is connected to OPC UA client

node, which stores the values in our OPC UA server.
We can also provide values from our OPC UA server to clients other than the client

installed in Node-RED. Theoretically, this could be a client that does not have to run only
on a computer, but also on a smartphone, tablet, in the cloud, etc.
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6.1.5. Application in Microsoft Azure Cloud

One of the main objectives of the work was the implementation of a cloud application,
which could be used to monitor discrete-event production system—to monitor the values
of selected variables, to visualize the data appropriately, to process them efficiently and,
if necessary, to intervene in the system.

At the beginning, it was necessary to determine what should be in the cloud applica-
tion. The functional requirements were then determined:

• Display of read values and action buttons in a dashboard;
• Communication with Node-RED using the MQTT protocol;
• Display of the number of manufactured (final) products handed over for dispatch;
• Displaying the number of semi-finished products (pieces of raw material) that have

entered production;
• Displaying the number of semi-finished products/finished products that are currently

on the conveyors (or in the system as such);
• Graphical representation of the current temperature in the production hall;
• Simple processing of the current temperature values in the production hall in order to

raise an alarm if the temperature rises above a certain value;
• Possibility of emergency intervention in the system-suspension and start-up of the

production line.

The characteristics defined above are intended to describe what the application system
(cloud application) being created will be able to accomplish. However, it is necessary
to identify a second set of requirements that will not address the functionalities of the
application. These will be the so-called qualitative, i.e., non-functional requirements:

• The cloud application should have a simple and intuitive user interface;
• Individual displayed variables should be part of a suitable object model, assuming

appropriate use of Microsoft Azure cloud components;
• The application should allow for easy extensibility by displaying additional variables,

or the possibility of adding additional production lines, each with its own panel;
• In terms of language internationalisation, the application should use English.

After the design, it was necessary to move on to the actual implementation. The most
effective way is to use PaaS (Platform as a Service) services, i.e., to use ready developer tools
to create your own cloud applications. The original plan was to bundle together multiple
PaaS services, such as Azure IoT Hub for monitoring and connecting devices [31], Power
BI for data visualisation [32], Azure Stream Analytics for data analytics [33], and Azure
Functions for event callbacks [34], for example. During the course of the work, it was deter-
mined that the most effective solution would be to use the relatively new comprehensive
aPaaS (application Platform as a Service) service Azure IoT Central [35], which combines
the aforementioned functionalities.

Microsoft Azure IoT Central is used to connect and manage devices on a large scale
and provides reliable data for business statistics, so it can be classified as an enterprise
resource planning (ERP) system. It incorporates multiple PaaS services to create easily
configurable, comprehensive and secure IoT solutions. A web-based user interface allows
you to quickly connect devices, monitor device status, create rules, and manage millions of
devices and their data throughout their lifecycle [35].

Azure IoT Central works similarly to Azure IoT Hub based on device twins, with each
device based on a template. Device template is a so-called blueprint that defines the
characteristics and behaviour of a device type. We then connect these devices to our
application. For example, we can define the telemetry that a device sends so that IoT
Central can create visualisations that use the right physical units and data types.

The device template we created is called template-factoryio. It contains the device
models that we define for integration with our application. Each model has a unique ID
and we also implement capabilities or semantic type for each model. The semantic type
enables IoT Central, which can make some kind of assumption about how to treat the value.
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The capabilities we can assign to our models are:

• properties—data fields that represent the state of the device;
• telemetry—telemetry (measurements) from sensors;
• command—methods that users can execute on the device (e.g., control commands).

The structure of our device named conveyor-system1 is as follows, where the first
entry is the system name and the second entry is the capability type: turnOn (command),
turnOff (command), produced (telemetry), entered (telemetry), on_line (telemetry), temperature
(telemetry), location (property).

The device connection is handled using SAS (Shared access signature) authentication.
We connect our device model in the cloud to Node-RED using scope ID, Device ID and
Primary key data.

We can then view the data that our cloud application receives. Notice Figure 14, where
we can see three values that our cloud is receiving—Totally produced, Entered on line and
Currently on line. Totally produced means how many products have been produced and
submitted for shipment. Entered on line is the number of semi-finished products (pieces
of raw material) placed on the conveyor belt. Currently on line is the number of actual
semi-finished and finished products on the belt. There is also a map that can show where a
given production is taking place. Next to it is a graph that shows us the air temperature
in that factory. Since our production line is not real, we just simulate the temperature by
generating random values in Node-RED in the range of 18 to 25. We can also send a signal
from Node-RED during the application run that the air temperature is 100 degrees Celsius.
In this case, we have implemented an event (alarm) on the Azure IoT Central side, which
ensures that an email is sent to the authorised personnel. This demonstrates the basic
form of data processing and evaluation based upon which the event is executed. Events
in Azure IoT Central can be selected from predefined types or custom functions can be
programmed using Azure Functions (serverless architecture).

Figure 14. Dashboard in Azure IoT Central.

We will briefly describe how the data are sent in Node-RED, using the example of
the generation of temperature values (Figure 15). We start by using the timestamp node,
which provides us with the cyclic execution of a given program flow. Next, we use the
random node (named Temperature in Figure 15), which generates random integers from
18 to 25. This node goes into its own temperature function, where we insert an identifier
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into the msg.payload of our message that is identical to the identifier of the temperature
variable in the cloud on the given device model (twin). We also have an inject 100 node
ready, which we can manually push to send a temperature value of 100 degrees Celsius to
simulate a fire on the production floor. Finally, the whole branch goes into the Azure IoT
Central node where the device ID on the cloud and the access key is defined. In addition to
this, the communication protocol is also defined here, in our case it is MQTT. One can also
communicate over AMQP or HTTPS. We use the azure-iot-central 1.6.0 library.

Figure 15. Node-RED data sending flow (air temperature).

We can also intervene in our virtual production system using the cloud application.
We demonstrated this by implementing the ability to emergency pause and start the line.
In Figure 14, we can see the buttons in the upper right corner that provide this.

First of all, it is needed to configure in Azure IoT Central node what commands
this node listens for. In our case, these will be turnOff and turnOn. Another important
element is the JavaScript functions that will respond to these commands from the cloud
application (Figure 16). These functions must be registered in the context of our Node-
RED flow (flow context). This is carried out (in the case of line suspend) using command
flow.set(’turnOff’,turnOff);. The Azure IoT Central node takes care of the rest. Af-
ter the JavaScript functions, we have other nodes connected to provide us with pause or
start links. The command is sent to OpenPLC runtime using Modbus protocol, so we use
nodes of type Modbus Write.

Figure 16. Flow in Node-RED ensuring the pause and start of conveyor belt.

6.2. Case Study No. 2: CODESYS Linked with Node-RED and Microsoft Azure

In the second case study (Figure 17), instead of using a free and open-source PLC
editor, we decided to use a comprehensive automation solution called CODESYS, which
provides us with a connection to Factory I/O using the modern OPC UA communication
standard. OPC UA server will run through CODESYS runtime and Factory I/O will act as
OPC UA client. For control purposes, we do not need an intermediary (middleware) in
the form of Node-RED. However, we will use Node-RED for capturing data and sending
it to the cloud and it will also be used to provide emergency stop and start of production
line that can be made by the user through the cloud application. The cloud application will
again be implemented using Microsoft Azure and the communication will be secured by
MQTT protocol. CODESYS can be used for academic purposes, but the limitation is that
the runtime can only run continuously for 1 h in free mode, which would be very limiting
in production.

The specification and behaviour of discrete-event system is the same as in the first
case study.
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Figure 17. CODESYS linked with Node-RED and Microsoft Azure.

6.2.1. Control of Discrete-Event System

As in the first case study, we need to control discrete-event system. In our first case
study, we used open-source and runtime OpenPLC. Now it is replaced by CODESYS. We
use the Structured text language to declare variables. The control program is written by
Ladder diagram.

The main variables in the control program are the same as in the first case study.
However we have also added additional variables that are related to the runtime mea-
surement of the control system. In addition, compared to the first case study, we have the
CYCLE_TIME block, which is of type “Function module”. We inserted this CYCLE_TIME
using the external library OSCAT_BASIC version 3.3.4.0. We use it to measure how long
the control system has been running for us.

6.2.2. Communication

The most important aspect of communication (Figure 18) in this case is the communi-
cation between CODESYS and Factory I/O, as it provides the control process. The com-
munication is provided by the modern OPC UA protocol. CODESYS will now behave as
OPC UA server and Factory I/O will behave as OPC UA client. Thanks to the existence of
OPC UA server, we can view the variables in any OPC UA client. We will use Node-RED
again in this case to share data to the cloud, but it is not needed for system control. We will
communicate with the cloud via MQTT protocol.
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Figure 18. Sequence diagram for second case study.

6.2.3. OPC UA Server in CODESYS

CODESYS is relatively easy to work with. It is important to note that we need to
name the variables so that Factory I/O can easily identify them and filter out the ones
it needs. The entire OPC UA address space also contains a large number of different
configuration and status variables that come with the CODESYS runtime. That is why
all our useful variables have FIO prefix. We do this in order to be able to recognize our
variables and make them easier to read, and most importantly, to be able to retrieve them
easily in Factory I/O. In the Symbol configuration of the CODESYS project we select these
variables, which actually specifies that they will be offered by the OPC UA server. Then
we initialize CODESYS Control Win PLC, which is a softPLC running under Windows.
Then, in the CODESYS project, we connect to this runtime and load a program into it.
The connection is made by scanning the network and selecting the control unit, which can
be the aforementioned softPLC or also a classic hardware PLC unit.

In Symbol configuration, we can click on our entire PLC_PRG program to mark all
variables (Figure 19). In this way, all the variables we use are available in the OPC UA
server. We then build and run the program.

In Factory I/O we open our scene and set the OPC Client DA/UA as driver in
the configuration. We will specify opc.tcp://localhost:4840 as the server and set “FIO” as
the variable filter, this will obtain our variables from the OPC UA address space as we
mentioned above. We assign all the variables and the communication between Factory I/O
and CODESYS is implemented (Figure 20).

6.2.4. Connection between CODESYS and Local Node-RED

After creating and running OPC UA server using CODESYS, we want to obtain the
data using OPC UA to Node-RED, which runs on localhost (like OPC UA server). This will
be provided by OPC UA Client node, where we set the same address as in the previous
text (opc.tcp://localhost:4840). This way Node-RED acts as the OPC UA client. We accept
all the variables we want to work with (Figure 21). On the left in Figure 21, we see nodes of
type Inject querying each variable every second, defining the variable name in the msg.topic
of the given message. The variable name is quite complex in the CODESZS OPC UA
address space. We can see the names, and also the data, clearly in any OPC UA client,
for example. There we can read that the ID of one of the variables is ns=4;s=|var|CODESYS

133



Appl. Sci. 2022, 12, 8802

Control Win V3 x64.Application.PLC_PRG.FIO_I_RetroreflectiveSensor1 and based on this ID
we can query the variable in Node-RED.

Figure 19. Symbol configuration.

Figure 20. OPC UA Client Factory I/O.
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Figure 21. Local Node-RED—OPC UA client.

It should be clarified the reason for running Node-RED on localhost. Similar to the
previous case study, we want to use the cloud for discrete-event system monitoring and
emergency intervention. Since our OPC UA server is running locally and we do not have a
public (static) IP address, we will use localhost Node-RED to send data to the cloud and
receive data from the cloud.

We will send our variables to the cloud using MQTT protocol. We will use MQTT-in
node (acting as a subscriber) and MQTT-out node (acting as a publisher). These nodes
will connect to the broker (server) that is implemented in the cloud. Specifically, this is
the Aedes MQTT broker [36]. We will read our variables in the local Node-RED using
OPC UA client, from which we extract individual data (variables) using our own Fil-
ter functions and send them to the cloud using MQTT. When sending data via MQTT,
we need to set the corresponding MQTT topic for it. For example, for us it looks like
inputs/FIO_I_RetroreflectiveSensor1.

6.2.5. Node-RED Dashboard in Microsoft Azure Cloud

In the first case study, we implemented a dashboard for system monitoring and
emergency intervention using Azure IoT Central aPaaS service. In the second case study,
we opted for a different approach. Node-RED also provides the possibility of implementing
a dashboard, so as suitable option turned out to be to deploy Node-RED also in the cloud
and create a dashboard using it.

Deploying Node-RED to the cloud is relatively easy, as it is actually an application
running on the Node.JS runtime. So we used a virtual machine, specifically the Azure
Virtual Machine IaaS service [37]. Azure Virtual Machine is one of several types of scalable
on-demand compute resources that Azure offers. Before we create one, we need to think
about a few things such as the application name, where the resources are stored, virtual
machine size, operating memory, maximum number of virtual machines, operating system,
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configuration, and related resources. Further, it gives us the flexibility of virtualisation
without having to buy and maintain the physical hardware on which it runs. We used a
Linux-based operating system, specifically Ubuntu Server 20.04 (Focal).

Thus, we send data from the local Node-RED to the Node-RED in the cloud using the
MQTT protocol. Here, we read the data, i.e., receive it using the MQTT protocol, and then
display it in the dashboard. We use the node-reddashboard 3.1.6 library and node-red-contrib-
ui-led 0.4.11 to display the data in the dashboard, since the nodes that allow us to do this
are not part of the base installation and need to be installed separately. Table 2 gives us a
more detailed description of Figure 22, where we can display data in the dashboard using
these nodes.

Figure 22. Node-RED in cloud.

Table 2. Variables in local Node-RED.

Node Type Node Name

led S1–S7, C1–C6
gauge Totally produced, Entered on line, Curently on line

text Systime
chart Temperature

button Turn On/Off
date picker date
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Our final dashboard is shown in Figure 23. It is important to note that we can not
only monitor the variables, but again we can also intervene in the production process in
an emergency.

Figure 23. Dashboard in Node-RED (cloud).

6.3. Case Study No. 3: OpenPLC Linked with Node-RED Acting as a Software IIoT Gateway

In the third case study (Figure 24), we will again use the free OpenPLC tool. However,
let us imagine a situation where we want to use OpenPLC to control a system that can be
remote (accessible via a local network or Internet). OpenPLC only supports the old protocol
Modbus, but we want to access this remote system via the modern OPC UA standard for
security reasons. Network elements are used for this - for example IIoT gateways, which,
in simple terms, provide translation of Modbus messages into the OPC UA address space
(and vice versa). In our case study, we will show a software implementation of an IIoT
gateway using Node-RED, which can be implemented, for example, using a Raspberry Pi
microcomputer. Thus, Node-RED will act as an OPC UA server and at the same time as a
Modbus client. Factory I/O will be the OPC UA client and OpenPLC runtime will be the
Modbus server.

Figure 24. OpenPLC linked with Node-RED acting as a software IIoT gateway.

Of course, such communication cannot be considered as real-time, so such a solution
is only suitable for non-time-critical systems (e.g., in a smart home). The control of systems
over a network, where substantial delays can occur, is the subject of a special area of control
theory focusing on networked control.

For simplicity and greater clarity, we have chosen only a fragment of the production
event system for demonstration (Figure 25). It is a simple system that contains parts from
both case studies. In the case study, we will use OpenPLC, which will communicate using
Modbus. Then the Modbus data will be converted using Node-RED to communicate via
OPC UA to Factory I/O.
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Figure 25. Fragment of discrete-event system.

6.3.1. Control of Discrete-Event System

As in the previous case studies, we will need to control discrete-event system. In this
third case study, we use open-source editor and runtime OpenPLC. In OpenPLC, we again
use Ladder logic. However, in this case study we use only four global variables named
Sensor_1 and Sensor_2, Conveyor_1 and Conveyor_2.

Sensor_1 checks if the product is on the conveyor belt, based on which we switch on
the Conveyor_1 belt. Sensor_2 stops Conveyor_1 by sensing the product on the belt. We
have the Conveyor_2 variable for the purpose of checking if we are communicating, so it is
set to TRUE by default. So we can think of the whole process as moving the product from
point A to point B, where it stops.

6.3.2. Communication

The communication will be between OpenPLC and Factory I/O. However, we want to
communicate with Factory I/O using the modern OPC UA protocol. As we already know
from previous case studies that OpenPLC cannot communicate with modern protocols,
so we will need a so called intermediary (middleware). The intermediary in this case will
be Node-RED. OpenPLC will communicate with Node-RED using the Modbus protocol
and Node-RED will further communicate with Factory I/O using the OPC UA protocol.
Node-RED will provide us with the encapsulation of Modbus data to OPC UA address
space as we mentioned above.

6.3.3. Creation of OPC UA Server in Node-RED

In the local Node-RED, we first need to create an OPC UA server using the OPC
UA server node (Figure 26) and the procedure already mentioned in the previous sec-
tion. At the beginning, we create folders in the address space in order to have separate
inputs and outputs in the address space. Next, we create 4 variables. These variables
are the same as in OpenPLC and we named them fio_Sensor_1_Q1-0, fio_Sensor_2_Q1-1,
fio_Conveyor_1_Q0-0 and fio_Conveyor_2_Q0-1.

6.3.4. Communication from OpenPLC to Factory I/O

First we need to describe how the communication from OpenPLC runtime towards
Factory I/O works. From OpenPLC, Factory I/O needs to read the values of the outputs.
Therefore, we need to read the outputs using the Modbus Read- %QX0.0-7 node, since the
PLC program in OpenPLC evaluates whether a given Conveyor should be started or not.
We connect this Modbus Read to our server, which we have called OpenPLC local, where we
have again (as in the first case study) set the corresponding address 127.0.0.1 with port 502.
Next, we again set the quantity to 1 (because we are reading 1 byte), the address to 0 (the
outputs are available from address %QX0.0). This is a reading, so we set the function to FC:
Read Coil Status.
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Figure 26. OPC UA server.

Once we have read the values, we need to obtain them to OPC UA server so that
Factory I/O can read them from it. Using the Conveyors: Modbus to OPC UA namespace

custom function (Figure 27), we assign a specific msg.topic to the Modbus messages to
ensure that the Modbus data are placed in the correct variable in the OPC UA address
space. Sending the data to the OPC UA server is handled by the OPC UA client node.

The nodes at the bottom of Figure 27 are for program testing purposes only and
specifically return the current value of the inputs from the Modbus server (addresses
%QX1.0 and %QX1.1).

In Factory I/O, the input and output variables of the address space of the OPC UA
server must be correctly assigned to the Factory I/O components (Figure 28).

Figure 27. Communication from OpenPLC to Factory I/O.

Figure 28. Factory I/O—connection.
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6.3.5. Communication from Factory I/O to OpenPLC

In this subsection, we will show how the communication from Factory I/O towards the
OpenPLC runtime takes place. Factory I/O needs to send values to the OpenPLC runtime
from inputs, i.e., from sensors that detect the presence of a product. For this we need
the variables fio_Sensor_1_Q1-0 and fio_Sensor_2_Q1-1, which we will send to OpenPLC.
In Figure 29 we see on the left two nodes of type Inject named after specific variables. These
nodes are queried every 500 ms for the values of these variables by the OPC UA client node.
This node then returns the value of the first or second sensor, and this is detected using the
custom functions that follow in the flow (functions starting with the word if ). Depending
on the type of value, the value is written using Modbus Write to address %QX1.0 (address 8
in Modbus) or %QX1.1 (address 9 in Modbus) in OpenPLC runtime.

Figure 29. Communication from Factory I/O to OpenPLC.

In a similar way, a program in Node-RED could be extended to control an entire
production line.

7. Discussion of Results

The presented work dealt with the current issue of convergence of information and
operational technologies, which is related to the digitalisation of production processes.
For the development of complex information systems in digital enterprises, it is necessary
to use modern development tools (e.g., Node-RED), communication standards (OPC
Unified Architecture) and also cloud technologies. Consequently, they need to be effectively
interfaced with discrete-event systems. The case studies presented in this paper dealt with
the modelling and control of virtual discrete-event systems implemented in Factory I/O
and their communication with implemented cloud applications. The addressed issues
are thus fully in line with the requirements of the industry regarding the creation of new
educational materials for Industry 4.0 engineers. An advanced application for Industry 4.0
(that is also related to the convergence of IT and OT) is a digital twin. Digital twin creates a
type of symmetry between real and virtual system.

It is essential for students to acquire knowledge and especially practical skills and
competences in the field of technologies related to the digitalisation of products, produc-
tion and related processes, which they can then use highly effectively as experts in the
digitalisation of the enterprise in modern manufacturing companies of a wide range of
focus. The evaluation of the module will be made possible by cooperation with partners
from industrial practice, who will define the content needs of the implemented modules,
which they will also use for the training of their experts. Such an approach will provide
highly valuable feedback that will be used to modify both the formal and the content of
the modules. This will ensure that the University’s students have up-to-date and required
knowledge for industrial practice.

The courses will be designed for two groups of people, based on the nature of the
convergence of IT and OT:

• People focused on IT—computer engineers, software engineers, programmers, etc.
• People focused on OT—automation engineers, mechatronics engineers, PLC program-

mers, etc.

The two groups will attend the courses together. The groups will therefore be mixed.
This will ensure that they learn to work together and also acquire the necessary soft skills.
Everyone will improve in the area (IT or OT) that is their weaker side.
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The course can be divided into four parts and consists of a motivational introduction,
basic IT concepts, basic OT concepts and finally the core of the course—the convergence of
IT and OT.

1. Motivational introduction

• Importance of IT and OT convergence, key aspects.

2. Basic IT concepts

• Review of basic programming paradigms, functions, objects;
• Object-oriented programming;
• Cloud computing—basic aspects.

3. Basic OT concepts

• Systems theory, overview of different types of cyber-physical systems, discrete-
event systems;

• Programming languages for PLC;
• PLC programming.

4. Core of the course—convergence of IT and OT

• Simulation tool Factory I/O;
• Industry 4.0 concept, Reference Architectural Model Industrie 4.0 (RAMI 4.0);
• OPC Unified Architecture;
• Node-RED: basic programming;
• Node-RED: communication with cloud and using OPC UA and MQTT;
• Cloud computing—Microsoft Azure.

8. Conclusions

In conclusion, it can be stated that three educational studies have been created, which
will be the basis for the creation of pilot courses for Industry 4.0 education. Their nature
is to explain to the participants the convergence of information and operational technolo-
gies using practical examples. The case studies focus on the monitoring and control of
virtual manufacturing systems, using two types of PLC runtimes, Node-RED flow-oriented
programming tool, and cloud technologies.

The application benefits of the article can be summarised in the following points:

• Modelling and control of virtual discrete-event system

A virtual model of a production discrete-event system was created within the work,
which was inspired by a real model available at the Institute of Automotive Mechatron-
ics FEI STU in Bratislava, Slovakia. The control programs were created using ladder
diagrams and were implemented using two development environments—OpenPLC
and CODESYS.

• Design and implementation of cloud applications

Two cloud-based applications were designed and implemented for monitoring and
emergency intervention of the production discrete-event system. The cloud applica-
tions were implemented in different ways. In the first case, the aPaaS service Azure IoT
Central was used and in the second case, the IaaS service Azure Virtual Machine was
used. This is an Ubuntu Linux based virtual machine where a dashboard (graphical
user interface) created using Node-RED was deployed.

• Implementation of a software IIoT gateway applicable for edge computing

In the last case study, it was necessary to encapsulate data arriving via the Modbus
protocol in the address space of OPC UA. This is commonly handled using hardware
IIoT gateways or similar network elements. However, our solution is to implement a
software IIoT gateway using the flow-oriented programming tool Node-RED, and this
type of application can also be implemented in affordable microcomputers (e.g.,
Raspberry Pi). We can then place such a microcomputer at the edge of the network as
an edge device.
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• Creation of the basis for pilot projects for the creation of educational materials for

the training of engineers for Industry 4.0—pilot Engineer 4.0 programmes

The nature of the prepared case studies, which combine operational and information
technologies, predestines them to be used in the sphere of the education of engineers
for the digitalisation of production processes.

In conclusion, the results are beneficial and can be further modified for the develop-
ment of educational materials and technical practice in Industry 4.0.
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Abstract: Design thinking is regarded as an essential way to cultivate 21st century competency
and there has been a concomitant rise of needs and interest in introducing K-12 students to design
thinking. This study aimed to review high-qualified empirical studies on design thinking integrated
learning (DTIL) in K-12 education and explore its future research perspectives. After a systematic
search in online database via a keyword search and snowballing approach, 43 SSCI journal papers
with 44 studies were included in this review. The results indicate that: (1) There has been a growing
popularity of integrating design thinking into K-12 education over the past decade, and most em-
pirical studies target middle school students with small group size and a short period; (2) Studies
tend to pay more attention to STEM related curriculum domains by incorporating non-unified design
thinking models or processes, and the core concepts of design thinking in K-12 education have been
frequently valued and pursued including prototype, ideate, define, test, explore, empathize, evaluate,
and optimize; (3) The mostly evaluated learning performances are design thinking, followed by
emotional/social aspect, subject learning performance and skill. For evaluation, qualitative assess-
ments are used more frequently with instruments like survey/questionnaire, portfolio, interview,
observation, protocol analysis, etc. (4) interventions with non-experimental study, formal classroom
setting, collaborative learning, and traditional tools or materials have been mainly applied to the
open-ended and challenging activities in real situated DTIL. Overall, the 43 papers suggest that
design thinking shows great educational potential in K-12 education, however, the empirical evidence
that supports the effectiveness of DTIL is still rather limited. Research gaps and future directions
derived from reviewed papers are also discussed.

Keywords: design thinking; systematic review; K-12 education; educational method;
transdisciplinary issue

1. Introduction

Originating from design field, design thinking has attracted considerable interest from
practitioners and academics alike, as it offers a novel approach to innovation and problem-
solving [1,2]. In the artificial world, design plays an indispensable role in the progress
of human society by realizing “the transformation of existing conditions into preferred
ones” [3]. In the field of design, design thinking is associated with the understanding
of expertise in design, such as what constitutes expertise in design, and how to assist
novice students to gain that expertise so that they can become expert and outstanding
designers [4]. According to Jonassen’s typology [5], design problems are usually among
the most complex and ill-structured kinds of problems that are encountered in practice.
Therefore, with their creative ways of solving problems, expert designers are seen as
one group of innovative problem solvers, then they and their thinking have something
important to offer for wider areas [1].

As an innovative problem-solving method, the concept of design thinking has grad-
ually expanded from a professional concept to a more general one. Nowadays, “Design
Thinking” is identified as an exciting new paradigm for dealing with problems in many
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sectors such as IT, Business, Education and Medicine [6]. Practitioners and researchers
have put forward their views on design thinking. For example, in the fast-moving world
of business, design thinking is defined as “a discipline that uses the designer’s sensibility
and methods to match people’s needs with what is technologically feasible and what a
viable business strategy can convert into customer value and market opportunity” [7]. A
similar definition was proposed by the Kelley brothers, in which design thinking is seen as
“a way of finding human needs and creating new solutions using the tools and mindsets
of design practitioners” [8]. Researchers also explore design thinking’s role and teaching
in school. According to [9], design thinking is rooted in abductive reasoning and is the
next competitive advantage. Some researchers in this cluster advocate that design thinking
could (and should) be learned and adopted by non-designers [2]. For this reason, there is a
growing interest in teaching design for business or management settings [1,10].

In addition to being valued in the adult world and higher education, design thinking
has also been introduced into K-12 education as an innovative teaching approach [11]. K-12
is an American expression for kindergarten to 12th grade school students. For younger
students, design thinking is usually introduced by integrating with other subjects, such
as science, engineering, technology, STEM, etc. [11–14]. Consequently, rooted in design
thinking, design thinking integrated learning (DTIL) refers to a new paradigm in non-
professional design fields that aims to develop students’ innovative problem-solving ability
through design practice [15,16]. Through DTIL, students are expected to develop practical
and thinking abilities, as well as domain knowledge. Moreover, design thinking is applied
to prepare students for their future life and career by fostering competences such as
creativity, collaboration, communication, and critical thinking, or the so called 21st century
skills [16]. To help students better engage in the design thinking process and understand
the core tenets of design thinking, more profound, different design thinking models are
employed. Typical models, like the Stanford d.school’s five iterative stages (Empathize,
Define, Ideate, Prototype, Test) [17], the IDEO process model (Discovery, Interpretation,
Ideation, Experimentation, and Evolution) [18], the four-step Double Diamond model
(Discover, Define, Develop and Deliver) [19], etc., have been adopted in education.

Overall, as an innovative methodology, design thinking has been employed within
an extensive field as high-leverage practice and K-12 education is no exception. However,
there are also some persistent questions, such as the “design-science gap”, whereby projects
focus more on building successful design products rather than on the learners and relevant
scientific principles [20–22], and the question of whether design thinking training can really
boost creativity, or just generate unfounded confidence not accompanied by real gains in
creativity [23]. More evidence using empirical research is required to show whether ‘design
thinking’ is an effective approach for K-12 education and how it is applied in the teaching
context. Therefore, a systematic literature review is needed to present the current research
status of design thinking in K-12 education.

Some researchers have synthesized the work related to design thinking. Razzouk and
Shute [16] identified the features and characteristics of design thinking and discussed its
importance in promoting students’ problem-solving skills in the 21st century. By referring
to the processes and methods that designers use to approach problems, a design think-
ing competency model was constructed, but the search in their review was not limited
to experimental studies. Micheli et al. [2] concentrated on design thinking in manage-
ment discourse, by reviewing the knowledge and conceptualizations of design thinking,
they identified 10 principal attributes, including abductive reasoning, ability to visualize,
blending analysis and intuition, creativity and innovation, gestalt view, interdisciplinary
collaboration, iteration and experimentation, problem solving, tolerance for ambiguity and
failure, user-centeredness and involvement. Besides, eight tools and methods of design
thinking were summarized. Zhang, Markopoulos and Bekker [12] presented a review of
literature that referred to K-12 children’s emotion while involving in design related learning
activity. Rusmann and Ejsing-Duun [11] summarized the design competence framework
in the K-12 school context: reasoning, problem setting, empathy, ideation, modelling, and
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process management, among which, the skills of reasoning and process management were
stated to be needed at every step of the design process. But they did not assess the qual-
ity of the reviewed papers and included both review articles and primary theoretical or
empirical studies.

Considering these limitations, our study aims to systematically review DTIL research
in more detail than previous reviews. In particular, our review focuses specifically on the
empirical studies that apply DTIL for the educational levels from kindergarten to secondary
education (K-12). The purposes of this study are: (1) to systematically review high-quality
empirical studies on DTIL in K-12 education, and (2) to explore future research perspectives
of design thinking based on the reviewed papers. The following research questions (RQ)
formed the basis of this review:

RQ1: What is the current research status of DTIL in K-12 education?
RQ2: What kind of curriculum domains are taught in DTIL?
RQ3: How to evaluate students’ learning in DTIL?
RQ4: What intervention approaches are employed in DTIL?

2. Method

In order to conduct a reliable systematic review on this topic, we followed the three-
stage guideline provided by Tranfield et al. [24]: stage I—planning the review, stage II—
conducting a review, stage III—reporting and dissemination. Additionally, in stage II, we
mainly used the snowball method [25] to select relevant studies.

Under stage I, as discussed in the previous section, we identified the need and goal of
this review based on the scoping study surrounding the field.

Under stage II, to select useful and high-quality papers, we performed a keyword
search in an online bibliographic database ISI Web of Science. The main reasons for selecting
this database were: (1) to retrieve authoritative research articles that were of sufficiently
high quality for analysis, (2) to draw more representative and reliable conclusions of this
systematic literature review.

After the initial search, we utilized a snowball method [25] using the references
in the selected articles before 14 March 2022 to search more literature. A snowballing
approach refers to using the reference list of a paper or the citations to the paper to identify
additional papers for a literature review [25]. The following inclusion criteria were used to
select papers:

(a) Full peer-reviewed English paper published in SSCI journals.
(b) Empirical study conducted for K-12 students, the term “empirical study”, which

means either quantitative or qualitative, and not a literature review, framework, or
proposal.

(c) Papers involved in DTIL (using “design thinking” in any part of the paper, such as
title, abstract, keywords, or main text).

(d) The DTIL featured in the study targets students rather than pre-service/in-service
teachers.

2.1. Keyword Search

Considering searching for relevant and mainstream papers that lie within the scope
of this study, we used representative search terms to capture articles in the field. The
keywords consisted of two clusters: design thinking and K-12. We adopted the keywords
such as K-12, middle school, high school, and children, etc., to ensure that the target age
levels of this study could be obtained. Initially, we used the search string “design thinking”
AND (K-12 OR K12 OR middle school OR high school OR secondary school OR primary
school OR elementary school OR kindergarten OR preschool OR children OR child) to
identify SSCI journal papers in the ISI Web of Science. The results returned 99 papers. We
quickly analysed the titles, abstracts, and methods sections of these papers with reference
to the above four inclusion criteria. As a result, 27 papers were left.
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2.2. Snowball Approach

After finishing the keyword search, we employed the first-round snowballing ap-
proach with the 27 papers as seeds to search papers in the ISI Web of Science. A total of
1485 references from backward snowballing and 236 citations from forward snowballing (a
total of 1721 papers) were found. Using the above four inclusion criteria, 12 new papers
were selected.

In the second round, 12 papers were identified as new seeds for the snowballing
approach from the results of the aforementioned searches. A total of 703 references from
backward snowballing and 123 citations from forward snowballing (a total of 826 papers)
were examined. As a result, three new papers were singled out.

We then launched the third-round snowballing approach. This time three papers were
used as new seeds and we retrieved 186 papers (173 references from backward snowballing
and 13 citations from forward snowballing). Only one new paper was selected for review.

At the end, the fourth-round of snowballing was conducted, and no more papers were
found, thus the iterative process of snowballing approach could be ended.

After four rounds of the snowballing approach, as depicted in Table 1, 43 papers were
selected as samples for the subsequent literature review.

Table 1. Results of paper search.

Selection Strategy Papers Resulting from the Search Selected

Keyword search 99 27
First-round snowballing approach 1721 12
Second-round snowballing approach 826 3
Third-round snowballing approach 186 1
Fourth-round snowballing approach 37 0
Total 2869 43

Under stage III, to compare the features of the sample papers, a coding form was
created (see Tables A1 and A2 in Appendix A). To address the above four research questions,
information on the author, publishing year, educational level, sample size, duration, subject,
and the implemented design thinking model is presented in Table A1. Table A2 summarizes
each study’s research design, course type, group size, design task/challenge, learning
tools/materials, dependent variable, and evaluation instrument. The coding of the papers
was initially done by one author, another author was responsible for checking, and the
two authors studied together in ambiguous cases. Finally, the coding was analysed to
draw conclusions.

3. Results

3.1. What Is the Current Status of DTIL in K-12 Education?
3.1.1. Distribution of Articles on Design Thinking over Time

The yearly publication distribution of the 43 articles on empirical studies on design
thinking illustrated in Figure 1 reveals an upward trend from 2010 till now, consistent
with the growing popularity and importance of design thinking [2]. Although we did
not limit the publication period of papers in the literature retrieval process, in the K-12
education context, design thinking has attracted increasing attention since about ten years
ago. Specifically, only 2 (4.7%) of the 43 papers were published before 2015, and related
research has increased year by year. Especially, after 2017, it shows a steady upward trend,
and subsequent years’ publications peaked in 2021 (12 or 27.9%).
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Figure 1. The publication year of design thinking papers.

3.1.2. Sample Group Level, Size, and Duration

Considering one paper included two experiments, we identified a total of 44 studies
from the 43 papers. Figure 2 shows the results for the different categories of educational
levels. Researchers conducted studies across various educational levels. In total, design
thinking in the middle school setting accounted for the largest proportion (23 or 52.3%),
or more than half of the reviewed studies. There were 10 (22.7%) studies for elementary
school students, seven (15.9%) studies for high school students, two (4.5%) for kindergarten
children, and two (4.5%) studies for mixed level students; one is mixed with kindergarten
and primary school students, another is middle and high school across categories.
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Figure 2. The educational level of design thinking papers.

Among the 44 empirical studies, 43 mentioned the number of participants. Nineteen
(44.2%) of the papers were for studies that recruited less than 40 participants (see Figure 3).
Only 11 (25.6%) of the papers involved more than 100 participants. This indicates that the
sample sizes were not large in the K-12 educational research of design thinking. Promisingly,
three papers distanced themselves from a small sample size: [26] surveyed 613 high school
students who experienced a 16-week engineering design training course; [27] collected
data from 576 children that participated in STEM Learning via 3D technology-enhanced
makerspaces; [28] analysed data from 350 eighth and ninth graders.
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Figure 3. Sample size in the reviewed papers.

Among the 44 studies, 38 reported duration of the research on design thinking. As
can be seen in Figure 4, the largest proportion of studies (9 or 23.7%) were conducted
over a duration less than one month. While the second largest proportion of studies
(8 or 21.1%) lasted for less than 2 months. Besides, five (13.2%) of the studies were one-off
tasks, which lasted for less than 1 day. Only four studies were conducted for more than
6 months. Overall, the duration of most studies was comparatively short (i.e., typically for
one semester).
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Figure 4. Duration of the reviewed papers.

3.2. What Kind of Curriculum Domains Are Taught in DTIL?
3.2.1. Distribution of Studies on Curriculums

We examined the curriculum domains of the reviewed studies. Overall, there were four
main categories of curriculum domains involved in the research, including STEM-related,
design-related, non-STEM multidisciplinary and other curriculums. As shown in Figure 5,
among the 44 studies, 41 reported the subjects or curriculums, and science (11 or 26.8%)
was the subject/curriculum matter most often researched, followed by STEM/SETAM
in eight (19.5%) studies, and engineering in seven (17.1%) studies. Five (12.2%) studies
covered multiple disciplines (non-STEM), three (7.3%) studies mentioned design related
subjects/curriculums, such as design, design and research, design, and technology. The
technology curriculum also had three (7.3%) studies. And the number for the remain-
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ing four curriculums was one (2.4%), including science and engineering, technology and
engineering, robotics, and geography. Overall, subjects or curriculums related to STEM,
such as Technology and engineering (1), technology (3), STEM/STEAM (8), science and
engineering (1), science (11), robotics (1), engineering (7), accounted for the largest propor-
tion (32 or 78.0%). In other words, in the K-12 educational context, design thinking was
mostly integrated with STEM/SETAM subjects or curriculums. To compare the application
of subjects by different educational levels, the number of empirical papers is shown in
Figure 6. This shows that engineering was most popular in the high school level, while
science was most popular in the middle school and elementary school levels. Engineering
and STEM were applied in kindergarten. STEM/STEAM was applied in the two mixed
level papers.
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Figure 6. The number of empirical papers by educational level and curriculum.
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3.2.2. Design Thinking Model Implemented in the Empirical Studies

Among the 44 studies, 37 mentioned the design or design thinking phases or ele-
ments. The authors described design thinking in different ways and associated a variety
of attributes with the concept, and different terms and sequences of action were also em-
ployed [2]. Thus, models varied in the sample of empirical studies. For example, the
typical five-stage model proposed by Stanford was adapted to integrate within the K-12
educational context (7 or 18.9%), see for example [29–33]. Some studies drew on other
design thinking models, such as the model proposed by IDEO, see for example [27].

There also existed varied vocabulary in expression of the models [11]. For exam-
ple, prototype was expressed in words as “modelling”, “making”, “create”, “producing”,
“building”. Ideate was also described by “brainstorming”, “develop possible solutions”,
“generate design ideas”, “product ideation”, etc. Define also meant “clarify problems
and constraints”, “identify problem”, “understanding and defining the problem”, “Un-
derstand” etc. It was not easy to identify all the models that applied. Despite this, some
elements among these were employed more regularly, suggesting a level of concurrence [2].
Therefore, we summarized the mostly mentioned design thinking competences in the
selected studies, including prototype, ideate, define, test, explore, empathize, evaluate, and
optimize. Explanation and codes are also listed (see Table 2).

Table 2. The frequently mentioned design thinking competences among the empirical studies.

Design Thinking Competence Frequency in the Data Set Codes Explanation

Prototype 32

Prototype
Modelling
Build
Create
Make
Fabrication

Creating the original or early solution
model, it can be a sketch, or other
physical or virtual structure
that designed.

Ideate 31

Ideate
Design
Brainstorming
develop possible solutions

Generating alternative ideas that may
lead to solutions.

Define 18

Define
Understand
Problem definition
Identify problem
Clarify problems and constraints

Actionable problem statement based on
insights into the problem situation.

Test 15 Test Experimenting and gathering feedbacks.

Explore 14

Explore
Collect information
Data collection
Discovery
Field Studies
Observe

Questioning and collecting information
to gain deep understanding of
the problem.

Empathize 13

Empathize
Human-centeredness
Needs-finding
Sensitizing
Feel

Carrying out design around the needs of
users, highlighting human-centred design.

Evaluate 9 Evaluating
Appraising

Checking if the design meets the
user’s needs.

Optimize 8

Optimization
Improve
Evolution
Iteration
Redesign

Refining solution based on
user’s feedbacks.
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3.3. How to Evaluate Students’ Learning in DTIL?
3.3.1. Dependent Variables

All the dependent variables assessed across all the studies are included in Table 3.
The measured competences mainly covered four aspects of students’ learning in the DTIL
context: subject learning performance, design thinking, emotional/social aspect and skill.
(1) Subject concepts like scientific knowledge (e.g., [34–37]) were discussed. (2) The design
thinking concept, such as the understanding of design thinking (e.g., [35,38–40]), and design
thinking practice, such as the design thinking process (e.g., [21,26,31,41–46]) or the design
thinking work (e.g., [31,43,45,47–49]), were assessed. (3) Emotional/social aspects, like
attitude, desire, engagement, or collaboration, etc, were tested in some reviewed studies
(e.g., [27,49–52]). (4) Other skills, such as creativity, productive thinking, problem solving,
and critical thinking, were also evaluated (e.g., [23,26,29,34,53,54]).

Among these dependent variables assessed (see Figure 7), 31 (or 70.5%) studies tested
the design thinking, 17 (or 38.6%) discussed the emotional/social aspect, nine evaluated
the subject learning performance, and eight tested skills (or 18.2%).

Table 3. Dependent variables evaluated in the empirical studies.

Dependent Variables Construct

Subject learning performance Subject concept
Subject skill

Design thinking Design thinking concept
Design thinking process
Design thinking work

Emotional/social aspect Attitude
Interest
Satisfaction
Desire
Acceptance
collaboration

Skill Creativity
Critical thinking
Problem solving
Productive thinking
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Figure 7. Dependent variables of the reviewed empirical studies.

3.3.2. Evaluation Instruments

Despite the variability in students’ learning performance assessed for DTIL, multi-
ple measurement instruments emerged from the literature, including the qualitative and
quantitative assessment types. The results of each instrument were revealed in Figure 8.
Among the 44 studies, 11 (25.0%) just adapted one kind of measurement instrument. Some
employed more than one assessment instrument to collect multidimensional evidence of
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students’ learning performances. Thirteen (29.5%) used two measurement instruments,
and twenty (45.5%) combined three or more evaluation methods.

For the measurement instruments, 23 (52.3%) of the studies adopted a survey/questionnaire
for measuring the students’ learning performances in the design thinking integrated con-
text, which is the one with the largest proportion (see Figure 8). The second-largest method
adopted was portfolios (14, or 31.8%), followed by interview, observation, protocol analysis,
and test categories, which all accounted for a frequency of 11 (25.0%). Next was design
work evaluation and video recording, and the frequency was 10 (22.7%) for both. Audio
recording (6 or 13.6%) and journal (5 or 11.4%) were also included in the measurement
instruments. Explanation and examples are also presented in Table 4. Because some
studies used a combination of evaluation methods, the sum of the numbers was greater
than 44 (or 100%). Overall, qualitative measurement instruments were used more than
quantitative ones.
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Figure 8. Measurement instruments adopted in the empirical studies.

Table 4. Measurement instruments adopted in the empirical studies.

Measurement Instrument Explanation and Examples

Survey/Questionnaire Surveys or questionnaires are often used for investigating skills or emotional/social dispositions towards
DTIL (e.g., [27,32,35,55,56]).

Portfolio Collecting and evaluating students’ design products purposefully and systematically (e.g., [26,33,52]).

Interview Researcher adopted interview to probe participants’ understanding of DTIL (e.g., [30,41,57]).

Observation Observation is usually employed to explore participants’ procedural performance in greater detail
(e.g., [33,41,58]).

Protocol analysis
Protocol analysis is often adopted to understand the thought process of individual or groups in a natural
way, the object of its analysis includes the coded verbal communication, or the thought process being
asked to speak out (e.g., [41,46,59]).

Test To estimate students’ mastery of relevant knowledge, test or examination is usually adopted
(e.g., [23,35,43,60]).

Design work evaluation Design work is seen as a direct way to reflect students’ learning outcome, and it is widely implemented in
the evaluation of DTIL (e.g., [31,35,48]).

Video recording/Audio recording In DTIL, researcher recorded the design activities by video or audio so that to understand the participants’
learning process more fully (e.g., [38,44,61,62]).

Journal Journals or diaries from participants is analysed to help understand the process by which learning occurs
(e.g., [27,29,38]).
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3.4. What Intervention Approaches Were Employed in DTIL?
3.4.1. Study Design

According to the existing taxonomy framework [63], we divided the research designs
of these empirical studies into three types: experimental (using random assignment), quasi-
experimental (no random assignment but with a control group or multiple measures),
and non-experimental (no random assignment, no control group or multiple measures).
Among the 44 studies, most used a non-experimental design (31 or 70.5%) (see Figure 9).
These studies usually presented one or more cases where an intervention was applied and
measured student performance through various instruments. Seven (or 15.9%) studies
used quasi-experimental designs, and six (or 13.6%) used experimental designs.
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Figure 9. Study design of the reviewed empirical studies.

3.4.2. Course Type

Apart from some unclear research contexts, we summarize the course types from
40 studies. Results (see Figure 10) show that 34 (or 85.0%) studies conducted empirical
research in the formal K-12 school courses, like the regular or elective courses offered
during the conventional teaching schedule. Six (or 15.0%) were conducted in the informal
course environment, for example, conducting the experiment during a period of school
holidays [23], or the study was conducted as an afterschool program which was not
applicable within the conventional school hours [37,53].
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6

Course type

Formal Informal

Figure 10. The frequency of studies by course type.

3.4.3. Grouping

Twenty-nine of the forty-four studies mentioned grouping in the empirical research.
Four studies mentioned that students used group learning but did not specify the size:
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one study used both individual and collective design activities [64], and students in an-
other three studies were organized in groups [48,55,57]. In the remaining 25 studies (see
Figure 11), the group size varied in the research. Six studies employed a group size of
3–4 students per group [30,33,34,39,45,52], five employed a group size of three students per
group [21,44,46,51,59], followed by four students per group (4) [29,50,54,61] and individual
group (4) (e.g., [41,65]). Next was the size of 2–4 (2) [36,47]. There were also four studies
with group sizes of 2–3 [62], 4–5 [38], 4–6 [58], and 5–6 [53], respectively.
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Figure 11. Group size of the empirical studies.

3.4.4. Design Thinking Task/Challenge

The design tasks or challenges used in these empirical studies are summarized in
Appendix A. It can be found that these tasks or challenges are usually real situated, open-
ended, challenging, and cooperative.

On one hand, most of these design activities were based on authentic situations, which
are close to the real-life experience of students. Challenges were carried out around topics
related to social life, such as to identify and redesign systems that existed at school [38]; the
design of an escape room for the local fire department to allow participants to playfully
and interactively improve awareness of fire safety in and around the house [30]; working
revolved around interviewing senior citizens and creating prototypes that met their needs
on the background of the aging society [32]; to create a secure environment for the elderly
without taking away their freedom [40]; or designing a heat retaining food container
for street food vendors at a taxi depot [46]; designing a water filter system for the city’s
wastewater management plant to help prevent the pollution of a local river [34]; to develop
sustainable food products for peer group [55]; designing and constructing shoes [21]; the
design theme on preventing bullying in the social context of the class [58]; or targeting on
more local or social problems that could be solved with new products, services, or other
solutions [33,50,66], etc.

On the other hand, for all design activities, there were no unified answers. Students
were encouraged to design as many creative solutions as possible and choose the relatively
optimal solution to solve the problem. Many tasks were engineering, such as the marsh-
mallow tower activity and the trebuchet design activity [45], the design of toys [39,43], the
engineering design activities of musical instrument, simple machines, and bio-inspired
flower [47], or the design of water filters, bridges, circuits in maglev vehicles and windmills,
and pollinators and knee braces [62], etc. In another study, students were asked to design a
3D model and print a 3D artefact [57].
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In addition, the design activities were usually challenging and cooperative. The
problems addressed by designers are wicked problems, such as the design of complex
systems or environments for living, working, playing, and learning, and the wicked
problems theory of design was explained in [67]. In school education, an important
goal is to develop cooperative citizens, which helps to equip students with the ability
to collaboratively solve wicked problems in social life. Therefore, to help students solve
these complex and wicked problems, some activities were game-based and aimed to create
interesting design situations for learners. Especially for the younger children, the fun of
activity design is especially important. Thus, some activities were role-playing, such as
the design of castle according to an imaginary engineering situation [64]; or storytelling,
such as reading the narrative content of the books and solving the engineering problems
presented in the books, and finally rewriting the story [52]. Others also employed computer
games to study students’ learning based on the design process [60,68].

3.4.5. Design Tools and Materials

Among the 44 studies, 20 mentioned the design tools or materials used. Six provided
students with conventional design tools or materials, such as paper, pencil, glue, tapes,
scissors, etc., [36,42,44,46,50,51]. Specially, one of these studies employed a reverse engi-
neering teaching context, in which students learned from already designed products rather
than started from scratch [51]. By dissecting the product’s components and structures, it
helps students understanding how those components function and work together, and
then students can redesign or build their own product to properly solving a design chal-
lenge with micro-innovation or applying the scientific concept they had learned during the
learning process.

Fourteen studies employed digital platforms as teaching aids of designing and mak-
ing in the class. For example, some studies organized design activities with open-source
hardware and software. Kim, Seo, and Kim [52] provided students with Arduino Leonardo-
based device to solve the engineering problems, by which artifacts can be made through
assembly of various blocks with sensors and actuators, and also be driven by the pro-
gramming language based on Scratch and app inventor. In [49], Raspberry Pi with pro-
grammable microelectronics, adapted versions of SNaP and Tiles toolkits, and Google’s
Design Sprint Kit techniques were combined to help IoT design across generations. Another
platform, such as the mobile telepresence robot called KT, which is controlled over the
internet through a web interface, was used to design human-centred robots that served a
need in the local environment and allowed remote peers to explore the local spaces [61].
Christensen et al. [40] also explored middle school students’ design literacy who had expe-
rience with digital technology in maker settings (e.g., FabLabs).

Lin, Chang, and Li [31] studied virtual reality (VR) teaching application on engineer-
ing design creativity. In their study, the junior high school students experienced design
teaching with VR devices used as teaching tools. The VR box (for a 360◦ view), zSpace
built-in software Franklin’s Lab (for detailing motor operation), Cyber Sciences-3D (for
explaining circuits), and Leopoly-3D (for modelling simulation) (created by zSpace, Inc.,
San Jose, CA, USA) were used to design an electric model vehicle capable of automatically
avoiding obstacles.

There were other tools, meant for prototyping or concept understanding, for example,
the 3D design and printing tools, that were employed in some reviewed papers. In [26], the
design stage used computer-aided design to create a three-dimensional model of the toy.
Forbes et al. [27] studied children’ STEM learning performance in 3D technology-enhanced
makerspaces by using iPad and 3D design software and print device (Makers Empire,
created by Makers Empire Pty Ltd., Adelaide, Australia). Leinonen et al. [57] discussed
the digital fabrication in elementary school education. The 3D model design by Tinkercad
software (created by Autodesk, Inc., San Francisco, CA, USA) and 3D artefact printing by
Ultimaker printer were adopted to aid the design activities, such as designing and printing
a name tag, a floor plan, and a game piece. In [43], the teacher explained the mechanical
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functions and STEM knowledge via physical and 3D virtual simulation models, and then
in the inquiry experiment stage, students were asked to assemble the LEGO to design a
movable toy with various mechanical structure types.

Besides 3D modelling tools, other design platforms were also employed. Four studies
involved students in the poster design activities, and three of them used poster design
games on computer [60,65,68], while another one used WPS Writer® to complete the new
year poster design [48].

A tool dedicated to assisting design communication was also mentioned. Won et al. [56]
reported on the ways that middle school students appropriated a social networking forum
(Edmodo) as a part of the iterative design process in an informal learning environment. In
their study, the forum was utilized for the purpose of collaborative design by interaction in
progression of the design process.

4. Discussion

4.1. The Current Status of DTIL
4.1.1. Research Trend

Among the selected 43 empirical papers, most were published after 2017 and most (12)
in 2021 (see Figure 1). It was concluded that the growing trend of high-quality empirical
studies on DTIL in K-12 education was significant in the past five years. “The proper study
of mankind is the science of design, not only as the professional component of a technical
education but as a core discipline for every liberally educated man” [3]. According to the
rapid development of empirical research, we can predict that more evidence-based research
will focus on this topic in the future, and the potential value of design thinking in K-12
education will be further explored.

4.1.2. Educational Level

Considering the uneven distribution of the age groups in K-12 education, more re-
search is needed to engage the younger (like kindergarten and primary school students)
and older learners (high school students) into DTIL. As shown in Section 3, the research
covered students of all levels in K-12 education, aged between 3 and 18 years. Students
from kindergarten to high school were all involved, and among them, the papers studied
middle school students’ learning accounted for the largest proportion (23 or 52.3%). It
shows that the distribution of existing studies was uneven across educational levels. As
a methodology for innovative problem solving, the design thinking intelligence is not
necessarily something that comes naturally, it needs to be nurtured and developed in
pedagogical approach. According to [69], design must be nurtured from early beginnings,
as building design capital is a visionary and long-term job. Wells [70] also pointed out that,
similar to language learning, design thinking is something that should be carefully nurtured
from an early age and be included in all areas of education. However, in comparison with
the studies conducted in university or other adult learning scenarios, there is still a lot of
room for research in K-12 education.

4.1.3. Samples and Duration

Among the 44 studies extracted from the 43 papers, many selected small samples or
short periods to carry out the empirical research. The reason may be that the activities
integrating design thinking had higher requirements for teachers and students. First,
teachers need to spend more time preparing various sources for class teaching, such as the
design tools and materials. Second, during the lesson, support and guidance are required
for student activities. Especially in the hands-on activities, teachers are also concerned
about the safety of their students. Third, the diversification of evaluation, such as the
evaluation of the design process and design works, also requires teachers to spend more
time on observation, interviews, surveys, etc., to obtain and analyse multi-dimensional
learning data. The limited energy of teachers makes it difficult to carry out large-scale class
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teaching for a long time. Fourth, for students, the design thinking tasks are usually more
challenging, which require a longer cycle to constantly iterate and optimize.

However, for DTIL in K-12 education, empirical studies with longer periods and
larger samples are still expected to provide more sufficient and convincing evidence to
demonstrate the application effect. Despite the difficulties, researchers and teachers could
try to solve these problems with relevant technologies, thereby expanding the sample size
and extending the experimental period. For example, teachers could try to use intelli-
gent teaching assistants to assist in monitoring students’ learning, real-time feedback and
forewarning of learning, etc., so that they can better communicate with students, guide
them according to students’ needs, and realize personalized teaching. Students could use
intelligent technologies such as intelligent learning partners to carry out learning, reduce
their learning burden and increase their interest, so that they can actively participate in
longer-term learning activities. In addition, multiple subjects are encouraged to partici-
pate in teaching and research related to DTIL in K-12 education. In addition to research
institutions (e.g., university), K-12 schools, and government departments, more social
forces are also expected to join, such as communities, science and technology museums,
enterprises, etc., to jointly provide support for DTIL, thus ensuring larger scale and longer
cycles teaching practice.

4.2. Curriculum Domain in DTIL
4.2.1. Curriculum

More research is needed to explore the integration of design thinking with single or
multiple disciplines from a wider subject range. As the social movement of design thinking
has called for the involvement of design thinking into K-12 classrooms, we put together
the disciplines mentioned in the reviewed empirical studies. The results revealed that the
implementation of design thinking in non-design classrooms is increasingly concerned.
Although design thinking by its nature originated from design field in an effort to encourage
people to think and practice like an expert and prepare future designers [70], it is now
become a simplified version of “designerly thinking” or a way of describing a designer’s
methods that is integrated beyond the design context [7,9,15]. In addition to design-related
courses, most researchers employed the design thinking integrated teaching and learning
in the STEM related subjects, such as science, STEM/STEAM, engineering, technology, etc.,
which is consistent with previous findings [11]. While other researchers have extended
design thinking to non-STEM subjects, such as geography [38]. This has a lot to do with
the rise of STEM education in recent years. There is societal recognition of the role played
by STEM education in preparing students for college and career readiness, and design
challenge exactly provides a pathway for the STEM disciplines to work together [14].
Additionally, it has adopted the stance that design and technology should be embedded in
various school subjects [71].

How is design thinking integrated into these curriculums? Despite the differences in
the curriculums themselves, there are some common threads of DTIL. First, for the purpose
of DTIL, it mainly responds to the need for interdisciplinary and innovative talent cultiva-
tion in the age of intelligence. Therefore, design thinking is integrated by enabling students
to learn and connect multidisciplinary knowledge and skills via involving the design pro-
cess/skills. Second, for the learning content, it is usually embedded inside the open-ended
and authentic problem context, in which students’ learning content stems from real life,
not those hypothetical questions. That is, the integration of design thinking provides ideas
for the reframing of teaching content or topics. Third, for the organization of learning, the
curriculums adapted DTIL are characterized by student-centred and co-creative. Teachers
act as coach to enable active learning, while students can communicate and collaborate
with peers and even with stakeholders so that be able to solve problems creatively.
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4.2.2. Design Thinking Model

The design thinking models should be aligned with the complex teaching situations.
It was found that the core concepts of design thinking are valued and pursued in the field
of K-12 education. However, in terms of the design thinking model, there is no panacea for
all situations, that is, there is no unified framework or process in academic. For example,
when talking about the design process and characteristics of a certain design activity (e.g.,
the technology and engineering design), it does not mean that there is just one process [14].
Researchers have also pointed out that if teachers rely too much on the confined procedural,
pre-determined process structure, it may strangle the qualitative forms of intelligence
inherent in design thinking [70]. In fact, in the human-made world, different fields or
disciplines have their applicable design processes, the process of design thinking is surely
not deterministic [44]. Therefore, the key ideas of the existing studies for design thinking
provide a foundation for understanding the capabilities related to design. On this basis,
teachers can adjust the design thinking model reasonably according to the actual situation.

In this study, based on the evidence of the reviewed empirical papers, it reveals
that the highly concerned aspects of design thinking are the following: prototype, ideate,
define, test, explore, empathize, evaluate, and optimize. These key elements provide a
holistic outline for students to solve problems with design thinking. Overall, the results
of this study are consistent with previous studies. For example, ITEEA [14] elaborated
eight key ideas of design in the PreK-12 technology and engineering education, including
a fundamental human activity, open-ended and can always be improved and refined,
iterative, a range of skills, universal principles and elements, making, optimized by criteria
and constraint, and diversity of approaches. In [11], design thinking in the K-12 educational
context was noticed, and they organized the multiple codes of design thinking competences
into six areas, including reasoning, problem setting, empathy, ideation, modelling, and
process management.

4.3. Learning Evaluation in DTIL
4.3.1. Dependent Variables

Knowledge, skills, and dispositions are all covered by the dependent variables re-
ported from the reviewed papers. For example, the existing empirical studies measured
students’ knowledge of relevant subject concepts, e.g., physics concepts of acceleration,
Newton laws of motion, velocity, motion, energy, etc., [37], or the understanding of the
mechanical concepts [43]. Some studies also checked students’ understanding of design
thinking (e.g., [39]). Various skills, like creativity, productive thinking, problem solving,
and critical thinking, are evaluated as crucial learning effects. Except for the concepts and
skills, students’ performance on design thinking practice (including the design process and
design work) has been paid close attention, and it is the most frequently evaluated one.
This exactly confirms the practical orientation of design, or the non-verbal competence [15]
that is required. Besides, many studies surveyed students’ dispositions, as there exists a
bi-directional relationship between emotion and design-based learning [12]. To sum up, in
the DTIL context, design thinking is considered in many studies as both a dependent vari-
able and partly as an independent one. Results of the learning effects indicate optimistic
learning outcomes of students; additionally, the competences cultivated by the design
thinking activities were often associated with the 21st century skills, like communication,
collaboration, creativity, and critical thinking [11,27,29,40].

4.3.2. Evaluation Instruments

Considering the benefits of applying design thinking into other subjects, more ob-
jective and apt evaluation instruments need to be developed to emphasize the alignment
between design thinking competences and domain knowledge. The evaluation instruments
used in the existing empirical studies include survey/questionnaire, portfolio, interview,
observation, protocol analysis, design work evaluation, test, video recording, audio record-
ing, and journal. Qualitative and quantitative assessments are both included, and the
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qualitative assessments are used more frequently. However, it was found that most of
them were self-designed measures, such as portfolio, survey, interview, observation, design
work evaluation. These assessments were highly subjective. To better serve the trending
integration of design thinking into STEM and non-STEM subjects in K-12 education, it calls
for more objective and apt design thinking-embedded evaluation instruments that evaluate
comprehensive performance for researchers and educators to adapt in their interventions or
classrooms. Researchers have pointed out the shortcomings of current evaluation methods,
for example, Blom and Bogaers [46] indicated that current verbal protocol analysis methods
and theoretical frameworks did not explain how internal and external information sources
contribute to novice designers’ moment-to-moment thought processes, and they employed
a protocol analysis method—Linkography—to investigate the nature of novice designers’
thought processes. Furthermore, given that DTIL is usually suggested to be involved in the
complex problem-solving situations, more timely evaluation and feedback are needed to
help students gain a better learning experience. In the era of intelligence, there is also an
urgent need to explore assessment supported by various intelligent technologies.

4.4. Interventions in DTIL
4.4.1. Study Design

Most of the studies tended to report the DTIL via non-experimental case study in
K-12 context [16], the number of which far surpassed that of the quasi-experimental and
experimental studies. In the educational context, samples were usually restricted by the
original class settings, therefore, it was relatively more difficult to carry out rigorous
experimental research that emphasizes the randomization of samples. In this instance,
the application of case studies does have value and facilitates the introduction of concrete
practical experiences. However, the problem that ensues is the difficulty in identifying
the certain competences can be developed by participating in design thinking integrated
activities [11], so that a compromise approach is to conduct quasi-experimental study
design. According to [63], a study with no random assignment but a control group, multiple
measures can be classified into the type of quasi-experimental design to examine whether
such a design thinking integrated intervention, as the independent variable, influences
students’ learning, as the dependent variable. In the future, more rigorous research with
quasi-experimental or experimental study design is needed to strengthen the learning
effect verification.

4.4.2. Course Type

Most studies were conducted in a formal educational context (i.e., classrooms). The
high proportion of studies conducted in the formal educational setting appeared to align
with the move of involving design thinking into educational context. Besides, it is also
consistent with the finding of large number of research conducted in standard courses,
such as science, engineering, technology, etc., (see Section 3). In the future, more studies
should be conducted for design thinking integrated interventions or activities applied in
informal educational scenarios, such as the design workshops or makerspaces, so that it
can be a complementary way to highlight the educational value of design thinking.

4.4.3. Grouping

Most research defaults to a collaborative learning approach to design thinking embed-
ded activities. Collaborative learning has the potential to foster students’ understanding of
various subject domains, help complex problem solving, and master social skills [58,72].
The group sizes typically employed were between two and four people and were usually
randomly grouped or arbitrarily appointed by the teachers. It lacked detailed research to
explain the specific reasons or rules. A few studies have looked at the impact of gender
differences on design thinking embedded learning [31,34,37]. More in-depth studies are
needed to explore applicative collaborative strategies, such as group size, grouping meth-
ods like role assignments, dynamic grouping or fixed grouping, gender combination, etc.
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4.4.4. Design Thinking Task/Challenge

The design thinking embedded activities were usually comprehensive, transdisci-
plinary, and integrate a variety of learning methods, such as project-based learning [55],
problem-based learning [21], inquiry-based learning [36], game-based learning [60], sto-
rytelling [64], etc. It was in line with the characteristics of transdisciplinary learning such
as STEM. Additionally, process-oriented design (design-no-make) and product-oriented
design (design-and-make) were both adopted to produce various creative solutions, object
models, smart products, engineering devices, etc. For example, while involved in the activi-
ties of poster design [48,65], playground design [41,42], or the design of smart-things ideas
for an outdoor park environment [49], students were encouraged to propose creative ideas
to meet certain needs. When participated in the product-oriented design tasks, students
were also required to construct artifacts, such as designing and constructing a device that
was engineered to provide electricity to a third world community scenario [36]. Results of
this study should inspire researchers and teachers to develop design thinking embedded
activities that are reality situated, open-ended, challenging, and cooperative, to engage
younger students to better develop their domain knowledge and thinking skills, activities
that are fun and hand-and-brain on will be in greater need. In future, the integration
of design thinking in project-based learning and STEM/STEAM education can be more
diverse, and it would be more expected if it can be combined with local cultural charac-
teristics. For example, in one study [73], the “Chinese Wooden Arch Bridges’ Intelligent
Monitoring system “ project was developed to explore the integration of cultural education,
scientific inquiry and design thinking. In this STEAM project, the integration of design
thinking is believed to not only promote transdisciplinary learning, but also help cultural
understanding and inheritance.

4.4.5. Learning Tools and Materials

The tools and materials employed are expected to help students formulate and express
creative design ideas. For example, the design cards are convenient for students to sort out
the design process and carry out reasoning [49]. The 3D design and printing platforms can
help students design and visualize prototypes [27,57]. Conventional design and construct
tools, as well as the digital fabrication kits, provide students with hands-on opportunities
to materialize ideas. According to the reviewed articles, there were more applications
of conventional tools and materials than intelligent ones. Researcher argued that the
functions of design are making better what is inadequate and delivering a value that has
not yet been delivered, thus technology is a key driver of the project as a whole and will
play an important role in that [74–76], likewise, design can promote technological literacy.
Future study could be conducted to further explore the technology-enabled design thinking
activities in K-12 context.

Especially, in the emerging digital lean manufacturing paradigm [77], the advent of
Industry 4.0 (I4.0) technologies such as Artificial Intelligence (AI), Internet of Things (IoT),
Virtual Reality (VR), and Mixed Reality (MR), etc., have provided significant enlightenment
to education. On one hand, new technologies can be used to enable better performance. For
example, during the COVID-19 pandemic, technologies make such large-scale online teach-
ing activities possible. In particular, for experimental or hands-on courses, the technology
application like the online simulation platform (i.e., IRobotQ3D) [78], the integration of VR
and motion capture system [79], etc., can solve the problems of interactivity and presence
to a certain extent. On the other hand, the essence of I4.0 is also to better meet the needs of
users, which coincides with the human-centred concept emphasized by design thinking.
As we enter the era of intelligence, customers require new and customised products more
and more often, and companies have hence to be able to easily follow these requirements in
order to survive in today’s competitive market [79]. The implication for education is that to
integrate technology into DTIL activities may help students collect and analyse data more
scientifically, open up broader design space, and enrich the ways and forms of design work
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presenting, so as to promote the cultivation of innovative intelligent manufacturing talents
that meet the needs of the era.

In conclusion, the implications and suggestions for DTIL in K-12 context are: (a) The
potential value of design thinking in K-12 education needs to be further explored with
larger samples and longer durations, in particular, more attention needs to be paid to
students at the preK-elementary and high school levels. (b) Design thinking models be
aligned with the domain learning situations are needed to expand the application of DTIL
in a wider range of disciplines, especially non-STEM disciplines. (c) DTIL is expected to
facilitate the acquisition of higher-order learning achievements, correspondingly, more
objective and apt evaluation instruments are needed. (d) The educational value of design
thinking does not arise spontaneously, more targeted interventions are expected to reach its
full potential, such as rigorous study design in the pre-post mode or with control groups,
more focus on learning in informal settings, intensive grouping strategies that consider
gender, group size, role, etc., pertinent design thinking tasks/challenges what are both
fun and challenging, and finally, support design activities with appropriate technical tools
or materials.

5. Conclusions and Implication

In the wake of the popularity in design thinking, this literature review analyses
43 high-quality empirical papers on DTIL in K-12 education. The current status and future
directions are identified to narrow the gaps. The major findings are summarized as follow.

First, as deduced from the publication trend (see Figure 1), a positive picture of design
thinking emerges. However, the empirical evidence to support the effectiveness of DTIL is
still rather limited. The results indicate that although samples from preschool to high school
are all involved, it shows an uneven distribution of the age groups in K-12 education, which
calls for more research to engage the younger learners (like kindergarten and primary
school students) into DTIL. If possible, studies with longer periods and larger samples
are expected.

Second, DTIL has the potential to deepen students’ learning with diversified models
in various subject domains, including that of STEM and non-STEM, while the most men-
tioned applications are the fields of STEM, which is consistent with the result of previous
study [12]. In addition, the design thinking models applied varied among studies, which
suggests inconsistency in current perceptions of design thinking. On one hand, a prevailing
view was to apply design thinking from a thinking model of designer or designer’s mind-
sets (e.g., [40,49–52]), in other words, think of it as a unique problem-solving methodology
(e.g., [33,35,37,42,44,48,53]). Our study also supports this view. The theoretical basis of
design thinking has been propositioned to be interconnected to Dewey’s notion of prag-
matist inquiry and aesthetic experience [23,36]. The corresponding training goals were the
abilities required to solve the complex and open-ended problems, such as communication
skills, cooperation skills, creativity, and critical thinking, etc. On the other hand, however,
there were differences in the focus of studies on the application of design thinking, leading
to the emergence of different models or competence frameworks. For example, some
studies focused on inquiry and experimentation in the early stages of problem solving
(such as discover, define, empathy), others focused on modelling or prototyping during the
problem-solving process, and still others discussed the impact of emotions, etc.

How do teachers choose or construct a design thinking model or framework that
meets the needs of the teaching situation? In fact, it is difficult to construct a universal
design thinking model to deal with a variety of complex educational scenarios. Therefore,
to meet the teaching needs of more subject domains, future study needs more exploration
of the design thinking models that could be compatible with teaching practice in K-12
education. Referring to the existing empirical research, it may be necessary to comprehen-
sively consider related factors such as students, teachers, and the school environments.
In addition, although existing research claims that design thinking has great educational
value, it is difficult to cover all aspects at once. Therefore, it is a feasible way to develop
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various competencies by stages or disciplines. Future study could bring design thinking
into both STEM and non-STEM curriculums to further verify how design thinking will help
students build knowledge and skills in a wider range of domains. Furthermore, teachers
can make targeted combinations or adjustments of elements in a design thinking model or
framework to better meet teaching needs.

Third, in response to the many existing design thinking models and subject domains,
various dependent variables were measured by different instruments. Mostly, the empirical
studies evaluated students’ performance on design thinking, such as the design processes
and design works. Another two types of learning performances that were paid close at-
tention were emotional/social aspects and subject concepts. Besides, the design thinking
concept and other skills like creativity, problem solving, critical thinking, etc., were also in-
volved in the measured variables. For assessment, qualitative and quantitative assessments
were both included, and the qualitative assessments were used more frequently, which
highlights the practice-orientation and process-orientation of design thinking.

Implications for instruction include: (1) for the dependent variables, both process
performance and learning outcomes should be emphasized. In particular, it is helpful to
explore the development process of students’ thinking by analysing the process of students’
design activities. (2) Besides, the culture competency also needs to be included in the assess-
ment. Design was seen as an important force driving the development of the artificial world,
so one of the core characteristics of design thinking is that it is human-centred [1,7,32,80,81].
Every citizen should have a certain quality of cultural understanding and inheritance,
which emphasizes the practical implementation of these values contained in the excellent
culture at the behavioural level [82]. On this basis, we can better solve the problems faced
by human beings through design thinking activities, to promote the benign development
of human society. (3) To verify the design thinking embedded learning more scientifically
and efficiently, more objective and apt evaluation instruments are needed. In addition to
conventional subject knowledge and skills, for the evaluation of design thinking, existing
research has provided some experience for reference. For the understanding of design
thinking concepts, it can be assessed by test [35], survey [39], questionnaire [40], or other
qualitative method, such as interview, video/audio recording, etc. [38]. For design thinking,
evaluation instruments that can be used are portfolio (e.g., [21,33,42,55,61]), observation
(e.g., [45,64]), survey (e.g., [31,33,55,56]), protocol analysis (e.g., [21,42,44,46,59,62]), design
work evaluation (e.g., [31,35,45,47,58,60]), interview (e.g., [55]), etc. (4) Furthermore, there
is more room for development of relevant evaluation methods supported by technology. In
the existing studies, evaluation instruments supported by technology are rarely used. In
the future, the application of artificial intelligence technology, multimodal data collection
and analysis, real-time evaluation and feedback technology in the classroom still needs to
be explored to promote the improvement of teaching quality.

Finally, interventions including study design, course type, grouping, design task/challenge
and teaching tools and materials are summarized from the empirical studies. Results
show that most research reported DTIL by conducting non-experimental studies in formal
classrooms. In the reviewed studies, collaborative learning was frequently used, through
which students were usually arranged in groups of 2–4 people. Except for cooperative,
the design tasks or challenges employed in the empirical studies were also characterized
as real situated, open-ended, and challenging. Moreover, conventional tools or materials
were used more often, technical tools and materials were relatively lacking. Overall, at
present, the development of design thinking intervention in K-12 education is not sufficient.
We are inspired to pay more attention to the application of rigorous study design, balance
between formal and informal classrooms, intensive grouping strategies, applicative tasks
or challenges, and technical materials in the future. For instruction, because the situations
vary among schools, the DTIL intervention should vary accordingly. Moreover, in the
selection of design materials or tools, it is also necessary to pay attention to the application
of technical materials or tools, to help students understand the technological world in
which they live and learn to use technology to innovate and shape the world.
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6. Limitations

As this study mainly focuses on students’ learning in a design thinking integrated
context of K-12 education, there are some limitations. First, we selected the reviewed papers
only from SSCI journals, which ensured the representativeness and quality of sample but
lacked comprehensiveness. Second, the school levels were limited to preschool to high
school, while colleges and other adult learners were not included, so that the conclusions
are only applicable to K-12 education. Third, teachers were considered crucial for learning;
separate study is needed to amply elaborate the role of teachers in DTIL. In future, it is
expected that more research on teaching, learning and evaluation of DTIL will be carried.
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Appendix A

Table A1. General information of the papers.

Paper Sample Size Educational Level Duration Curriculum
Design Thinking Model
(Competence)

Aflatoony, Wakkary,
Neustaedter (2018) [33] 39 high school 9 weeks design and

technology

A five-step design process
including empathise, define,
ideate, prototype and test

Aranda, Lie, Guzey
(2020) [54] 26 middle school 6 days science

Stage 1: plan a design: cognitive
memory, divergent thinking,
evaluative thinking. Stage 2:
redesign: evaluative thinking.
Stage 3: communicate to the
client: cognitive memory,
divergent thinking

Blom and Bogaers (2020) [46] 18 middle school 2 h technology N/A

Carroll et al. (2010) [38] 24 middle school 3 weeks geography

The components of the design
thinking process include the
following: understand, observe,
point of view, ideate,
prototype, test

Chin et al. (2019) [68] 197 middle school 5 weeks multidisciplinary N/A

Christensen et al. (2019) [40] 246 middle school 2 years design

Six phases: (1) design problem;
(2) field studies; (3) ideation;
(4) fabrication; (5) argumentation;
(6) reflection

Cutumisu, Chin, Schwartz
(2019) [60] 97 middle school N/A multidisciplinary N/A
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Table A1. Cont.

Paper Sample Size Educational Level Duration Curriculum
Design Thinking Model
(Competence)

Cutumisu, Schwartz, Lou
(2020) [65] 80 middle school 5 weeks multidisciplinary N/A

Derler et al. (2020) [55] 117 high school 2 years multidisciplinary

Three phases: (1) exploration,
(2) product ideation, and
(3) product prototyping and
optimisation

English (2019) [21] 34 elementary school N/A STEM

The inclusion of design processes
involved students in learning
through design involving
planning, sketching, and testing

Fan, Yu, Lou (2018) [43] 103 high school 15 weeks technology and
engineering

Clarify problems and constraints,
collect information, develop
possible solutions, predictive
analysis, selection solutions,
modelling, and testing, evaluating
and revising, optimization

Fleer (2021) [64] 13 kindergarten 7 weeks engineering Designing, making, appraising

Forbes et al. (2021) [27] 576 Kindergarten and
Primary School N/A STEM

Five phases of discovery,
interpretation, ideation,
experimentation, and evolution to
scaffold the ‘design process’ (The
IDEO model)

Gennari, Melonio, Rizvi
(2021) [49] 8 middle school N/A technology

(1) exploration and
familiarisation, (2) ideation and
conceptualisation,
(3) programming and prototyping

Gomoll et al. (2018) [61] 16 middle school 5 weeks robotics

Ask questions (define problem),
imagine (brainstorm ideas),
collect information,develop, and
test solutions, improve (how did
this work? How can we make
it better?)

Guzey and Jung (2021) [34] 27 middle school 15 days science
Cognitive memory, convergent
thinking, divergent thinking,
evaluative thinking

Kelley and Sung (2017) [47] 91 elementary school 1 year science N/A

Kelley, Capobianco, Kaluf
(2015) [59] 21 elementary school 1–2 weeks science

Cognitive processes identified by
Halfin’s (1973) study of high-level
designers: Analysing, computing,
defining problem(s), designing,
interpreting data, modelling,
predicting,
questions/hypotheses, testing.

Kijima and Sun (2021) [32] 26 middle school 3 days STEAM

Five iterative stages (Stanford
d.school), including: empathise,
define (capture needs), ideate
(brainstorm solutions), prototype
and test (seek feedback)

Kijima, Yang-Yoshihara,
Maekawa (2021) [50] 97 middle and

high school 3 days STEAM

Five stages of—from
empathy-building to
needs—finding, brainstorming,
prototyping, and testing

Kim, Seo, Kim, (2022) [52] 28 elementary school 3 weeks engineering Explore, empathize, ideate,
create, test
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Table A1. Cont.

Paper Sample Size Educational Level Duration Curriculum
Design Thinking Model
(Competence)

Ladachart et al. (2021) [51] 38 middle school 4 weeks STEM

Six aspects of design thinking,
namely (1) collaboratively
working with diversity, (2) being
confident and optimistic to use
creativity, (3) orientation to
learning by making and testing,
(4) mindfulness to process and
impacts on others, (5) being
comfortable with uncertainty and
risks, and (6) human-centeredness

Leinonen et al. (2020) [57] 64 elementary school 2 months multidisciplinary N/A

Lin et al. (2020) [48] 62 middle school 7 weeks technology

Three phases: Inspiration:
real-world problem, ideation:
design scheme, implementation:
digital work

Lin, Chang, Li (2020) [31] 169 middle school 8 weeks engineering
Five stages of engineering design
thinking (empathize, define,
ideate, prototype, and test)

Marks and Chase (2019) [35] 78 middle school 4 weeks science Iterative make-test-think process

Marks and Chase (2019) [35] 89 middle school 3 weeks science Iterative make-test-think process

Mentzer, Becker, Sutton
(2015) [42] 59 high school 3 h engineering

8 stages: problem
definition,information gathering,
idea generation, modelling,
feasibility, evaluation, decision
making, communication

Mentzer, Huffman, Thayer
(2014) [41] 20 high school 3 h engineering

Problem definition, gathering
information, generating ideas,
modelling, feasibility, evaluation,
decision, communication

Nichols et al. (2021) [36] 159 elementary school 12 weeks science Defining, designing,
producing, evaluating

Parikh, Maddulety, Meadows
(2020) [53] 70 middle school 5 months N/A N/A

Rao, Puranam, Singh (2022)
[23] 195 middle school 4 days science Four stages called ‘feel’, ‘imagine’,

‘do’ and ‘share’

Simeon, Samsudin, Yakob
(2022) [37] 89 high school 3 months science

The five-stage model proposed by
the Hasso Plattner Institute of
Design at Stanford: empathy,
define (the problem), ideate,
prototype, and test

Sung and Kelley (2019) [44] 27 elementary school 1 year science

Identify problem, share and
develop a plan, create, and test,
communicate results and gather
feedback, improve and retest

Tsai and Wang (2021) [28] 350 middle school N/A STEAM Four phases: empathize, define,
ideate and prototype

Van Mechelen et al.
(2019) [58] 49 elementary school 1 day N/A

The Collaborative Design
Thinking (CoDeT): introduction,
sensitizing, scaffolding
collaboration, defining a design
goal, reflection on collaboration,
ideation, grouping and selection,
elaboration through making,
presentation and peer jury,
iteration or wrap up
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Table A1. Cont.

Paper Sample Size Educational Level Duration Curriculum
Design Thinking Model
(Competence)

Wendell, Wright, Paugh
(2017) [62] N/A elementary school 1 day science

Reflective decision making:
articulate multiple solutions,
evaluate pros and cons,
intentionally select solution, retell
performance of solution, analyse
solution according to specific
evidence, purposefully
choose improvements

Won et al. (2015) [56] 44 middle school N/A STEM

Articulation of the learning
phenomenon, design, data
collection, actual
construction, redesign

Yalcin and Erden (2021) [29] 39 kindergarten 8 weeks STEM

Five stages used by the Hasso
Platter Institute at Stanford:
Empathize, Define, Ideate,
Prototype, Test

Yu, Wu, Fan (2020) [26] 613 high school 16 weeks engineering Observing, predicting, creating,
analysing, and evaluating

Zhang et al. (2022) [30] 30 middle school 3 months Design &
Research

Empathize Design User (EDU),
Define Design Problem (DDP),
Ideate Design Solution (IDS),
Make Prototype (MP), Test
Prototype (TP)

Zhou et al. (2017) [39] 24 middle school 2 weeks science and
engineering

Nine coding categories: sketching,
prototyping, design goals,
inference/predictions about
design, generate design ideas,
design of structure, design of
system/process, materials,
and collaboration

Zhou et al. (2021) [45] 27 middle school 2 weeks engineering Design cycle of planning,
building, and testing

Zupan, Cankar, Cankar
(2018) [66] 146 elementary school 17.5 weeks N/A

The process was divided into five
interrelated phases:
understanding and defining the
problem, observation, ideation,
prototyping and
testing, implementation

Note: N/A—Not available.
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61. Gomoll, A.; Tolar, E.; Hmelo-Silver, C.E.; Šabanović, S. Designing human-centered robots: The role of constructive failure. Think.
Ski. Creat. 2018, 30, 90–102. [CrossRef]

62. Wendell, K.B.; Wright, C.G.; Paugh, P. Reflective Decision-Making in Elementary Students’ Engineering Design. J. Eng. Educ.
2017, 106, 356–397. [CrossRef]

63. Trochim, W.M.K.; Donnelly, J.P. Research Methods Knowledge Base (3rd ed.). Available online: http://www.socialresearchmethods.
net/kb/ (accessed on 9 June 2022).

64. Fleer, M. The genesis of design: Learning about design, learning through design to learning design in play. Int. J. Technol. Des.
Educ. 2022, 32, 1441–1468. [CrossRef]

65. Cutumisu, M.; Schwartz, D.L.; Lou, N.M. The relation between academic achievement and the spontaneous use of design-thinking
strategies. Comput. Educ. 2020, 149, 103806. [CrossRef]

66. Zupan, B.; Cankar, F.; Cankar, S.S. The development of an entrepreneurial mindset in primary education. Eur. J. Educ. 2018, 53, 427–439.
[CrossRef]

67. Buchanan, R. Wicked Problems in Design Thinking. Des. Issues 1992, 8, 5–21. [CrossRef]
68. Chin, D.B.; Blair, K.P.; Wolf, R.C.; Conlin, L.D.; Cutumisu, M.; Pfaffman, J.; Schwartz, D.L. Educating and Measuring Choice: A

Test of the Transfer of Design Thinking in Problem Solving and Learning. J. Learn. Sci. 2019, 28, 337–380. [CrossRef]
69. Csikszentmihalyi, M. Good Business: Leadership, Flow, and the Making of Meaning; Viking: New York, NY, USA, 2004.
70. Wells, A. The importance of design thinking for technological literacy: A phenomenological perspective. Int. J. Technol. Des. Educ.

2012, 23, 623–636. [CrossRef]
71. International Technology Education Association. Standards for Technological Literacy. Content for the Study of Technology (3rd ed.).

Available online: https://www.iteea.org/42511.aspx (accessed on 9 June 2022).
72. Laal, M.; Ghodsi, S.M. Benefits of collaborative learning. Procedia-Soc. Behav. Sci. 2012, 31, 486–490. [CrossRef]
73. Wu, Q.; Lu, J.; Yu, M.; Lin, Z.; Zhan, Z. Teaching Design Thinking in a C-STEAM Project: A Case Study of developing the Wooden

Arch Bridges’ Intelligent Monitoring system. In Proceedings of the 13th International Conference on E-Education, E-Business,
E-Management, and E-Learning (IC4E), Tokyo, Japan, 14–17 January 2022; pp. 280–285. [CrossRef]

74. De Bono, E. New Thinking for the New Millennium; Viking Adult: New York, NY, USA, 1999.
75. Australian Curriculum, Assessment, and Reporting Authority. The Australian Curriculum: Technology. Available online:

https://www.australiancurriculum.edu.au/umbraco/Surface/Download/Pdf?subject=Digital%20Technologies&type=F10
(accessed on 9 June 2022).

76. Australian Curriculum, Assessment, and Reporting Authority. ACARA STEM Connections Project Report. Available online:
https://www.australiancurriculum.edu.au/media/3220/stem-connections-report.pdf (accessed on 9 June 2022).

77. Peron, M.; Alfnes, E.; Sgarbossa, F. Learning Through Action: On the Use of Logistics4.0 Lab as Learning Developer. In
Proceedings of the 7th European Lean Educator Conference, ELEC 2021, Online, 25–27 October 2021; Powell, D.J., Alfnes, E.,
Holmemo, M.D., Reke, E., Eds.; Springer: Trondheim, Norway, 2021; Volume 610, pp. 205–212. [CrossRef]

78. Zhan, Z.; Zhong, B.; Shi, X.; Si, Q.; Zheng, J. The design and application of IRobotQ3D for simulating robotics experiments in
K-12 education. Comput. Appl. Eng. Educ. 2021, 30, 532–549. [CrossRef]

79. Simonetto, M.; Arena, S.; Peron, M. A methodological framework to integrate motion capture system and virtual reality for
assembly system 4.0 workplace design. Saf. Sci. 2021, 146, 105561. [CrossRef]

80. Carlgren, L.; Rauth, I.; Elmquist, M. Framing Design Thinking: The Concept in Idea and Enactment. Creativity Innov. Manag.
2016, 25, 38–57. [CrossRef]

81. Buchanan, R. Human Dignity and Human Rights: Thoughts on the Principles of Human-Centered Design. Des. Issues 2001, 17, 35–39.
[CrossRef]

82. Yan, L.; Xiaoying, M.; Jian, L.; Rui, W.; Lihong, M.; Guanxing, X.; Qiuling, G. Cultural Competence: Part I of the 5Cs Framework
forTwenty-first Century Key Competences. J. East China Norm. Univ. Educ. Sci. 2020, 38, 29–44. [CrossRef]

178



Citation: Zhao, J.; Wijaya, T.T.;

Mailizar, M.; Habibi, A. Factors

Influencing Student Satisfaction

toward STEM Education: Exploratory

Study Using Structural Equation

Modeling. Appl. Sci. 2022, 12, 9717.

https://doi.org/10.3390/app12199717

Academic Editor: Krzysztof Koszela

Received: 6 August 2022

Accepted: 24 September 2022

Published: 27 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Factors Influencing Student Satisfaction toward STEM
Education: Exploratory Study Using Structural
Equation Modeling

Jingbo Zhao 1,†, Tommy Tanu Wijaya 2,*,†, Mailizar Mailizar 3,* and Akhmad Habibi 4

1 Key Laboratory of Data Science and Smart Education, Ministry of Education, Hainan Normal University,
Haikou 571158, China

2 School of Mathematical Sciences, Beijing Normal University, Beijing 100875, China
3 Mathematics Education Department, Universitas Syiah Kuala, Banda Aceh 23111, Indonesia
4 Fakultas Keguruan dan Ilmu Pendidikan, Universitas Jambi, Jambi 36122, Indonesia
* Correspondence: 202139130001@mail.bnu.edu.cn (T.T.W.); mailizar@unsyiah.ac.id (M.M.)
† These authors contributed equally to this work.

Abstract: Learning satisfaction has a relationship with student outcomes. Furthermore, this has
prompted many governments to increasingly implement STEM education-based learning. Many
studies have examined the improvement of STEM education by teachers. However, the studies have
not analyzed STEM education’s effect on students’ learning satisfaction. Extending the planned
behavior theory, this study aimed to predict high school students’ learning satisfaction with STEM
education. The questionnaire developed from the TPB model was filled out by 174 high school
students in Indonesia. Furthermore, AMOS and SPSS 23 software were used for structural equation
model analysis. The results showed that seven of twelve hypotheses were supported. Subjective
norm and playfulness factors of STEM education positively relate to students’ attitudes toward STEM
education. Attitude is the most important factor influencing student satisfaction and acceptance
toward STEM education. Therefore, this study provides a theoretical and practical contribution to
improving learning satisfaction in technology-based STEM education.

Keywords: STEM education; senior high school; TPB; learning satisfaction

1. Introduction

The study of Science, Technology, Engineering, and Mathematics (STEM) education
has increased in the last decade, showing its importance in improving students’ abilities
in the 21st century [1,2]. However, its implementation in Indonesia has many challenges.
First, the teacher does not understand STEM education and how to implement it for
students. Second, it combines interdisciplinary science, a challenge for schools and teachers
accustomed to single-subject teaching. Other problems are class hours, communication on
interdisciplinary science, teaching materials, and its relationship with Indonesia’s standard
curriculum [3].

Indonesia’s learning curriculum is centralized, where the government monitors and
evaluates teachers’ school activities. The government has advised some schools in big
cities to use STEM education-based learning. STEM education entered Indonesia in 2014,
with Syiah Kuala University becoming one of the largest centers. In collaboration with
SEAMEO and QITEP (https://www.qitepinscience.org/, accessed on 30 June 2022), the
STEM education research center focuses on improving STEM education quality. They
conduct various workshops and develop education-based learning to assist its implementa-
tion in schools. Examples of experiments include electroplating, aquaponics technology,
electrical installation, and others related to technology and engineering from elementary
to high school levels. Although STEM implementation has been running for more than
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five years, only a few studies measure its success [4–6]. The previous study primarily
used cognitive learning performance to measure the quality of its implementation [7,8].
Additionally, several college studies have examined the effects of STEM education, though
there is limited literature that focuses on K-12 students.

The success of implementing STEM education is measured in many ways. Previous
studies used the perspective of student academic performance [9,10]. Other studies stated
that academic performance is less effective in determining the success of implementing
a new learning approach. Furthermore, several studies recommend analyzing student
satisfaction as an alternative to successfully implementing a new learning model [11,12].
Student satisfaction reflects their perceptions of the learning experience with STEM educa-
tion [13]. Student satisfaction is also an important outcome affecting motivation, ability, and
the desire to participate in learning activities [14,15]. Furthermore, this study considered
student satisfaction with STEM education as the dependent variable because it strongly
relates to the perception of learning quality. Besides the importance of STEM education and
its integration of various fields of science, unsatisfied students may be influenced by its
difficulty to implement, impact, and inadequate facilities. Therefore, further studies should
identify the predicted determinants related to student satisfaction with STEM education.

This study aimed to develop a new model to explore factors related to student satis-
faction toward STEM education through attitude and acceptance. The following section
elaborates on the theoretical background of predictors that may relate to student satisfaction
with STEM education.

2. Literature Review

2.1. STEM Education in Indonesia

Common teaching and learning approaches used by teachers in Indonesia are problem-
solving. Where learning activities are teacher-centered, students have less opportunities to
participate. Furthermore, teachers rarely use technology-based learning media to explain
the material. When STEM education was implemented in Indonesia, the shifting was
established. Teachers with STEM education connect science, technology, engineering, and
mathematics materials in instruction. The increase in the use of technology-based learning
media influences pedagogical and technological knowledge.

STEM education was introduced in Indonesia by SEAQIS in 2015 through the 2015
IBSE-STEM Policy concerning cooperation agreements to organize training in STEM as-
sisted by ATSE Australia. Cooperation between countries is encouraged to implement
projects to strengthen the curriculum based on STEM education [9]. SEAQIS is one of the
institutions appointed by UNESCO partners to make this program a success [16].

At the beginning of 2018, batch one STEM education training began to be pursued,
containing teachers in West Java, Indonesia. In mid-2018, the achievements of technology-
based experimental STEM products from batch one became the start and initial guideline
for batch two training. This training is currently growing with the support and cooperation
of PPPPTK IPA.

From August to October 2018, technology-based STEM experiments were imple-
mented at various school levels. The experiments are mostly at the secondary school level,
where students are more mature, careful, and knowledgeable than in elementary school.
The experience of implementing teachers and product results are displayed in the STEM
workshop. In 2019 and 2020, large-scale training was conducted to learn STEM-based
education evenly distributed in Indonesia.

The Indonesian Ministry of Education monitors and supports collaborations and big
plans to socialize STEM education [17]. It also hopes that the learning steps could be
gradually combined with the national curriculum [9]. Therefore, teaching and learning
activities in the future would be more scientific and fun, avoiding the lecture learning
model mostly used by teachers [18,19].

Indonesia’s STEM education training that produces pre-service and in-service teachers
is technology- and project-based correlated with everyday life. Many studies have shown

180



Appl. Sci. 2022, 12, 9717

that project-based learning is student-centered and makes students more participative. This
approach is suitable to be combined with STEM education, where learning is experiment-
based. In line with this, several studies found that STEM education learning in the first
week was filled with engineering design and theory cycles. It provided students with
preparation for using STEM education experiments with technology, as well as discussing
and formulating hypotheses about the product. The teacher provides brainstorming,
experimental plans, and product goals before the scientific unit learning with engineering
design begins.

Since 2014, several universities in Indonesia have been working to form lesson plans
for experimental schools. Some studies conducted are the development of workbook-
based STEM education, which improves students’ abilities in every meeting, technology
literacy, and outcomes. In contrast, this study focused more on the importance of student
satisfaction in learning with STEM education than only technology literacy and outcomes.

After introducing the STEM education for more than five years and its implementation
running in schools for approximately three years, it is necessary to understand students’
acceptance, attitude, and satisfaction. Therefore, this study aimed to explore the factors
related to students’ attitudes and satisfaction toward STEM education. The results may
help the Indonesian government develop STEM education-based learning. They could also
provide deeper knowledge about important considerations when implementing learning
in schools.

2.2. Theoretical Foundation and Hypotheses Development

This study proposed a comprehensive model to solve the problem and the need for
further study on student satisfaction with STEM education. Figure 1 shows that the pro-
posed model examines perceived usefulness, perceived convenience, facilitating conditions,
subjective norm, playfulness, attitude, and collaborative learning. These predictors may
affect student satisfaction with STEM education at the high school level. They are the com-
bined results of previous studies derived from the theory of planned behavior (TPB) [20]
and several theories about the acceptance model affecting student satisfaction [11,12,21].
The technology acceptance model theory was used because this study defined STEM edu-
cation as a learning approach that integrates technology with other sciences. According to
Zou [22] and Zobair [23], this theory could be used to analyze a person’s intentions and
acceptance of learning models related to new technology.

Figure 1. The proposed model with initial hypothesis.
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2.3. Perceived Usefulness (PU)

PU with technology is how people believe that learning with technology-based
STEM education helps them achieve learning goals. Previous studies found that PU
positively and significantly relates to student attitudes and acceptance of the new learn-
ing approach [24,25]. Similarly, there is a positive relationship between PU and student
satisfaction [26]. High school students may be highly satisfied with STEM education with
technology-based learning when they believe technology helps them gain new knowledge.

2.4. Perceived Convenience

For students, determining convenient learning depends on time and effort [27]. Learn-
ing is convenient when it is fast, short, clear, and reduces the students’ emotional and
physical burden [28]. Joo [29] stated that convenience is similar to the TAM model’s ease of
use. It is felt by students when conducting STEM education to gain new knowledge.

From the self-determination theory perspective, perceived convenience is how people
believe a model could help them achieve the desired goal [30]. Liao [31] found that
perceived convenience affects one’s motivation and intention to use technology-based
learning models. Additionally, Yoon and Kim [31] extended TAM by adding a perceived
convenience variable to analyze the acceptance of new technology.

2.5. Facilitating Conditions

Facilitating conditions (FC) are facilities and environmental factors affecting the per-
ception of doing a task [32]. FC facilitates support, including technical assistance, teacher
knowledge, and knowledge about STEM education. It could influence students’ attitudes
toward technology-based STEM education learning. According to Wijaya [33], technical
support was the highest factor influencing teachers to implement new technology. Other
studies also found FC related to the intention to use technology-based learning mod-
els [34–36]. Teo [37] stated that FC affects user satisfaction, and Ngai et al. [38] found that
it affects attitudes toward computer use. Therefore, the FC factor may influence student
satisfaction toward STEM education.

2.6. Subjective Norm

Subjective norm is the acceptance of social pressure to perform a behavior [39]. It is
also a perception that important people support or do not support one’s behavior [40]. In
this study, the subjective norm is where people around students believe technology-based
STEM education is important learning. Previous studies found that these norms affect
technology acceptance and student attitudes [37,41]. Therefore, subjective norms relate to
student attitudes and acceptance toward technology-based STEM education.

2.7. Playfulness

Perceived playfulness may also influence students’ attitudes toward STEM education.
Studies on technology show that user playfulness is the strongest determinant associated
with using new technology-based learning approaches [42,43].

Perceived playfulness is the mindset with three dimensions, including how individuals
feel their attention is focused on STEM education with technology experiments, curiosity
when conducting experiments, and learning is fun and interesting. Students have a pleasant
experience when conducting the experiments in groups. Experiment-based learning is
sometimes liked by students and provides intrinsic motivation. Extrinsic motivation is
the desire to do something because it is fun, clear, and valuable [44]. In contrast, intrinsic
motivation is the desire to be seen in an activity driven by passion [45].

Perceived playfulness when using learning or objects is related to technology in
previous studies. Davis [46] found that playfulness positively influences a person’s attitude
toward new systems and learning. Therefore, the higher the perceived playfulness students
feel in learning technology-based STEM education, the better their attitude [47].
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2.8. Attitude toward STEM Education

Attitude is the desire to do or use something and positive or negative feelings toward
an action or system [48]. This study defined attitude toward STEM education as the level
at which students have negative or positive feelings toward technology-based STEM ed-
ucation lessons. Previous studies found that attitude toward using embodies successful
implementation [24,49,50]. Attitudes toward conformity affect behavior intention, technol-
ogy acceptance, and perceived learning [51,52]. Therefore, this study hypothesized that
attitude affects student satisfaction with technology-based STEM education.

2.9. Collaborative Learning

Compared to traditional classroom settings, collaborative learning in STEM education
transforms the learning environment with ICT-assisted experimentation. It enables stu-
dents to encourage collaboration and build higher knowledge [53]. Collaborative learning
embeds the integrated power of many sciences into learning through large-scale networked
education [54,55]. It also encourages students to work together to solve life problems [56,57].
In this case, the teacher is only a tutor helping students overcome difficulties conducting
experiments and group discussions. Therefore, collaborative learning may relate to student
acceptance of technology-based STEM education.

2.10. STEM Education Acceptance

STEM education acceptance is the willingness to learn using STEM education. Many
people have used and developed acceptance, such as Venkatesh [58] and the TAM model [59],
to understand the technology acceptance phenomenon. This study synthesized the technol-
ogy acceptance theory in the UTAUT model [32] into technology-based STEM education.
Many studies have modified the UTAUT model in psychology, information systems, mar-
keting and banking, and education [22,60–62]. In the UTAUT model [32], technology
acceptance is influenced by performance expectancy, perceived convenience, subjective
norms, and facilitating conditions adopted in this study. Therefore, this study hypothesized
that STEM education acceptance is influenced by PU, PC, SN, and collaborative learning,
and it affects student satisfaction with technology-based STEM education.

2.11. Satisfaction toward STEM Education

Student satisfaction is the emotions after having a learning experience with technology-
based STEM education. This implies the importance of helping students’ post-adoption
behavior [63,64]. Student satisfaction is an important factor affecting learning interest
and outcomes [65,66]. It is widely used to measure the success or failure of a learning
model or approach, especially in education, where student satisfaction is prioritized [67].
Student satisfaction toward technology-based STEM education strongly relates to their
learning outcomes. Therefore, various studies examine the factors affecting student satis-
faction [14,68,69].

This study used the perceived dimensions of internal factors and educational dimen-
sions as variables to predict the factors related to student satisfaction with STEM education.
It used six independent variables, two intermediate variables, and one dependent variable
connected into twelve initial hypotheses shown in Figure 1 and Table 1.
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Table 1. Initial hypotheses about the factors related to student satisfaction toward technology-based
STEM education.

Hypothesis Hypothesis Description

H1 Perceived usefulness has a relationship with STEM education acceptance.

H2 Perceived usefulness has a relationship with student attitude toward technology-based STEM education.

H3 Perceived convenience has a relationship with STEM education acceptance.

H4 Facilitating conditions have a relationship with student attitude toward technology-based STEM education.

H5 Subjective norm has a relationship with STEM education acceptance.

H6 Subjective norm has a relationship with student attitude toward technology-based STEM education.

H7 Collaborative learning has a relationship with STEM education acceptance.

H8 Collaborative learning has a relationship with student attitude toward technology-based STEM education.

H9 Perceived playfulness has a relationship with student attitude toward technology-based STEM education.

H10 Student attitude toward STEM education with technology has a relationship with STEM education acceptance.

H11 Student attitude toward STEM education with technology has a relationship with student satisfaction toward
technology-based STEM education.

H12 STEM education acceptance has a relationship with student satisfaction.

2.12. Participants

This study aimed to build a model to determine the factors related to student satisfac-
tion toward STEM education at the high school level. Based on the theoretical foundation,
eight determinants were examined for their relationship with student satisfaction. All
students were informed that this online questionnaire was only used for study data, and
their identity would be protected. The questionnaire was distributed at the STEM education
experimental school guided by the SK university. Furthermore, this study used purposive
sampling and the google questionnaire platform for the online questionnaire distribution.
Therefore, the identity of the questionnaire filler was ascertained anonymously.

A total of 174 valid responses were collected from May to June 2022. The respondents
comprised 118 female and 56 male students participating in teaching and learning activities
with STEM education at least once. Furthermore, most teachers were divided into groups
of more than three for STEM education. Complete data are shown in Table 2.

Table 2. Basic student information.

Data Demographic N Percentage

gender female 118 67.8%

male 56 32.2%

class 10 70 40.2%

11 83 47.7%

12 21 12.1%

Ever carried out a STEM
education 1 x 104 59.7%

2–3 x 30 17.2%

More than 3 x 40 22.9%

The number of group members
when conducting the STEM

education experiment
2 students 47 27.0%

3 students 35 20.1%

More than 3 students 92 52.9%
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2.13. Instrument

This study used online google questionnaires (see Appendix A) and conducted a vol-
untary and anonymous survey. The first part of the questionnaire indicated students’ basic
information, experiences with STEM education and the predictors related to satisfaction
with STEM education. It used a five-point Likert scale ranging from one (strongly disagree)
to five (strongly agree) [70]. The scale indicated the student’s level of agreement with
the statement on the questionnaire. The original questionnaire had nine latent variables,
including perceived usefulness (three items), perceived ease of use (three items), and fa-
cilitating condition (three items). Other latent variables were playfulness (three items),
subjective norm (three items), attitude toward STEM education (three items), behavior
intention toward STEM education (three items), collaborative learning (four items), and
student satisfaction toward STEM education (three items), resulting in twenty-eight items.

The questionnaires were sent to three experts on STEM education studies to check the
appropriateness and clarity of all items and constructs. They were corrected, discarding
two items (play two and SN1) because they were unclear and inappropriate in the construct.

2.14. Data Analysis

An initial analysis was conducted using AMOS and SPSS software to show whether
the data could answer the study objectives. Structural equation modeling (SEM) was
also applied because it allows simultaneous analysis of many variables needed and tests
the relationship with factor analysis [71]. Confirmatory factor analysis (CFA) testing
was first performed to confirm the variables’ validity and reliability, which estimated the
instrument’s internal consistency before processing data using SEM [72]. The Cronbach
alpha value must exceed 0.6 to meet the convergent validity criteria [73]. Second, the factor
loadings of observed items must exceed 0.5 [74]. Furthermore, the overall fit model in SEM
is usually assessed based on the goodness-of-fit indices (GFI) value exceeding 0.90. The
parsimonious goodness-of-fit index (PGFI) must exceed 0.50 [73]. RMR must be smaller
than 0.08, including the minimum Chi-square value (CMIN) and the ratio of Chi-square
to degrees of freedom (where 2/df must be less than 5.0) [75]. The hypothetical model is
supported when all the value requirements for SEM are met.

3. Results

This section presents the proposed SEM model’s verification to determine the factors
related to student satisfaction with STEM education. First, it displays descriptive statistical
data and normality tests, followed by the reliability and validity tests. The last section
presents the results of SEM and initial hypothesis testing.

3.1. Descriptive Statistics and Normality Test

Table 3 shows descriptive statistics of all observed items in this study. Based on the
definition from Kline [76], the data normality is measured based on the skewness and
kurtosis, which must be at the limit of ±3. In this study, the highest and lowest kurtosis
values were 2.985 and 0.198, respectively, while the skewness ranged between −1.229 and
−0.280. Therefore, the skewness and kurtosis values met the normal distribution criteria
and were useful parameters in SEM.
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Table 3. Descriptive statistics and normality test.

Variable Mean
Standard
Deviation

Excess Kurtosis Skewness

PU1 4.221 0.791 2.437 −1.167

PU2 4.129 0.752 2.136 −1.090

PU3 4.202 0.800 2.113 −1.109

PEU1 3.638 0.813 1.435 −0.351

PEU2 3.798 0.800 1.832 −0.487

PEU3 4.031 0.779 2.902 −0.841

SN1 3.699 0.800 2.145 −0.491

SN2 3.681 0.757 2.214 −0.333

SN3 3.896 0.788 2.153 −0.571

FC1 3.902 0.867 1.204 −0.607

FC2 4.239 0.797 2.362 −1.192

FC3 3.712 0.804 1.582 −0.356

PLAY1 3.908 0.790 2.322 −0.664

PLAY2 3.466 0.824 1.395 −0.390

PLAY3 3.902 0.785 2.405 −0.669

CL1 4.012 0.775 2.345 −0.978

CL2 4.006 0.787 2.985 −1.154

CL3 4.037 0.782 2.326 −1.229

CL4 3.724 0.809 1.463 −0.296

ATT1 3.957 0.786 2.425 −0.689

ATT2 3.748 0.762 2.218 −0.377

ATT3 3.859 0.798 2.231 −0.690

ACC1 3.951 0.820 2.282 −0.852

ACC2 3.914 0.839 2.293 −0.841

ACC3 3.761 0.835 1.288 −0.417

SAT1 3.870 0.763 0.198 −0.280

SAT2 3.773 0.754 2.489 −0.463

SAT3 3.865 0.795 1.903 −0.491

3.2. Reliability Analysis

Data reliability was seen from the Cronbach alpha value to measure each construct’s
internal consistency. Table 4 shows that the Cronbach alpha value is between 0.705 and
0.889. According to Hair et al. [73], the Cronbach alpha value must be greater than 0.70.
Therefore, the questionnaire items have high reliability and internal consistency between
variables. The next step checked the loading factor, composite reliability (CR), and AVE
value to analyze convergent validity. The loading factor, CR, and AVE must be higher than
0.5, 0.7, or 0.5 [74]. In this study, the lowest factor loading, CR, and AVE values were 0.75,
0.90, and 0.76, respectively. Therefore, the proposed model has good convergent validity.
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Table 4. Measurement construct validity with the factor loading, CR, and AVE.

Construct Items Factor Loading CR AVE Cronbach Alpha

PU

PU1 0.86 0.94 0.84 0.875

PU2 0.91

PU3 0.88

PEU

PEU1 0.86 0.93 0.81 0.853

PEU2 0.81

PEU3 0.80

SN
SN1 0.79 0.94 0.88 0.705

SN2 0.83

FC

FC1 0.75 0.94 0.84 0.764

FC2 0.79

FC3 0.87

PLAY

PLAY1 0.93

0.92 0.85 0.886

PLAY3 0.90

CL

CL1 0.87

CL2 0.94 0.94 0.83 0.853

CL3 0.90

ATT

ATT1 0.89 0.95 0.87 0.857

ATT2 0.91

ATT3 0.90

ACC

ACC1 0.97

ACC2 0.95 0.93 0.81 0.889

ACC3 0.87

SAT

SAT1 0.91

SAT2 0.83 0.90 0.76 0.887

SAT3 0.87

3.3. Validity Analysis

Hair [73] suggested checking convergent and discriminant validity. Convergent
validity is seen in the average variance extracted (AVE) value. Table 5 shows that all
AVE values exceed 0.5, indicating that all constructs are acceptable and useful for further
analysis.

Table 5. Discriminant validity result and root of average variance extracted.

PU CL PLAY FC SN PEU ATT ACC SAT

PU 0.310

CL 0.235 0.346

PLAY 0.275 0.313 0.374

FC 0.242 0.258 0.295 0.320

SN 0.222 0.259 0.269 0.249 0.304

PEU 0.264 0.257 0.314 0.272 0.288 0.344
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Table 5. Cont.

PU CL PLAY FC SN PEU ATT ACC SAT

ATT 0.276 0.269 0.338 0.278 0.278 0.315 0.383

ACC 0.298 0.311 0.358 0.288 0.276 0.296 0.372 0.442

SAT 0.259 0.250 0.318 0.262 0.265 0.302 0.352 0.355 0.373

The discriminant validity was analyzed by assessing the square root of AVE for all
variables. Table 5 shows that the AVE value is greater than the inter-construct correlations,
implying that discriminant validity is accepted [77].

3.4. Model Fit Assessment

The initial model tested was concluded to identify and interpret the results of the fit
index from the model estimation. There are many ways to interpret the fit model tested by
looking at CMIN/df, RMSEA, GFI, and AGFI [78]. The model is also tested by evaluating
TLI, NFI, and CFI, as well as parsimonious fit with PNFI and PGFI reference indicators [61].
This study used the three methods to test model fit (Table 6).

The data processing results using AMOS software showed that the Chi-square value
is 429,521 with 248 degrees of freedom. This indicates that the CMIN/df value is 1.75 in the
limit between 1 < x < 3. Furthermore, many studies suggest checking the goodness-of-fit in-
dex by considering the variance and covariance predicted in the reproduced matrix [65,79].
A higher GFI value of 0.80 is acceptable because it indicates a better model fit. In this study,
the GFI value reached 0.88. Unlike the Chi-square, the RMSEA reference indicator considers
the estimated parameters but not the sample size. Therefore, an RMSEA value less than
0.08 indicates an accepted model [80], and an RMSEA value smaller than 0.05 indicates
a perfect model. This study’s RMSEA value is 0.06, implying an acceptable model. For
incremental fit measurement, the values of NFI, CFI, and AGFI must be greater than 0.8
to achieve an acceptable fit model [81]. In this study, the values of NFI, CFI, and AGFI
exceeded 0.8. Some of the literature uses parsimonious fit measurement to determine model
fit. A parsimonious model is the simplest and sharpest model to explain the analyzed
phenomenon [82]. In this study, the entire parsimonious fit index exceeded 0.05, signifying
the model is suitable. These three fit model tests confirm that the proposed structural model
in Figure 2 is acceptable and appropriate for analyzing and interpreting the factors related
to student satisfaction toward STEM education.

Table 6. Absolute, incremental, and parsimonious fit measurement.

Measurement Indicator p-Value Recommended Criteria

Absolute fit CMIN/df 1.75 1 < x < 3

GFI 0.88 >0.8

RMSEA 0.06 <0.08

RMR 0.05 <0.08

NFI 0.85 >0.8

Incremental fit CFI 0.80 >0.8

AGFI 0.82 >0.8

Parsimonious fit PNFI 0.29 >0.05

PGFI 0.60 >0.05

The linear correlation coefficient (R2) [83] is the most important value for determining
whether the proposed structural model strongly explains the factors influencing student
satisfaction toward STEM education. Cohen [84] stated that an R2 value greater than 0.26
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(26%) was strong enough to explain a model. In this study, the R-value for acceptance
toward STEM education was 78.4%, student attitude toward STEM education was 73.0%,
and student satisfaction toward STEM education was 70.4%. Therefore, the proposed
model explains the factors related to student satisfaction with STEM education.

Figure 2. Whole set observation of the measurement model.

3.5. Structural Model and Hypothesis Testing

This study examined the statistical significance of the 12 initial hypotheses about the
relationship with student satisfaction with STEM education. It determined the standardized
regression coefficients between the dependent and independent variables. Furthermore,
the study analyzed the significance of the p-value on each coefficient derived from the
SEM output. The accepted hypothesis is where a statistically significant relationship in
the predicted direction is confirmed. Table 7 and Figure 3 show three hypotheses with
a significant level reaching 0.01 and at a significant level of 0.05 and 0.10 against seven
hypotheses.

Table 7. Coefficient and hypothesis testing. ***: p < 0.001.

Hypothesis Parameter
Path

Coefficient (β)
SE CR p-Value Interpretation

0.1 0.05 0.01

H1 PU → ACC 0.190 0.137 1.385 0.166 Rejected Rejected Rejected

H2 PU → ATT 0.184 0.130 1.417 0.156 Rejected Rejected Rejected

H3 PEU → ACC −0.539 0.239 −2.262 0.024 Accepted Accepted Rejected

H4 FC → ATT −0.054 0.154 −0.352 0.725 Rejected Rejected Rejected

H5 SN → ACC −0.022 0.227 −0.096 0.923 Rejected Rejected Rejected

H6 SN → ATT 0.398 0.188 2.119 0.034 Accepted Accepted Rejected

H7 CL → ACC 0.295 0.140 2.109 0.035 Accepted Accepted Rejected

H8 CL → ATT −0.324 0.153 −2.117 0.034 Accepted Accepted Rejected
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Table 7. Cont.

Hypothesis Parameter
Path

Coefficient (β)
SE CR p-Value Interpretation

H9 PLAY → ATT 0.796 0.199 3.992 *** Accepted Accepted Accepted

H10 ATT → ACC 1.149 0.178 6.437 *** Accepted Accepted Accepted

H11 ATT → SAT 1.101 0.252 4.361 *** Accepted Accepted Accepted

H12 ACC → SAT −0.150 0.198 −0.759 0.448 Rejected Rejected Rejected

Figure 3. Final model with a coefficient (β) and p-value; a dotted line means an insignificant
relationship. **: p < 0.01; ***: p < 0.001.

The findings showed that PU did not significantly correlate with STEM education
acceptance or student attitude (p > 0.05), hence H1 and H2 were rejected. PEU had a
relationship with STEM education acceptance (β = −0.539, p < 0.05), supporting H3 (PEU
→ ACC). Furthermore, FC had no significant relationship with attitude toward STEM edu-
cation (p > 0.05), denoting H4 was rejected. SN does not significantly affect STEM education
acceptance (p > 0.05), thereby H5 was rejected. In contrast, SN significantly correlates with
attitude toward STEM education (β = 0.398, p < 0.05), supporting H6. Collaborative learning
on STEM education has a relationship with STEM education acceptance (β = 0.295, p < 0.05)
and attitude toward STEM (β = −0.324, p < 0.05), supporting H7 and H8. Moreover, the
playfulness variable had the strongest relationship with students’ attitudes toward STEM
(β = 0.796, p < 0.01), supporting H9. The attitude had significant relationships with STEM
education acceptance and student satisfaction toward STEM education (β = 1.149, p < 0.01)
and (β = 1.101, p < 0.01), also supporting H10 and H11. Based on the coefficient, students’
attitude strongly correlates with STEM education acceptance and satisfaction. Additionally,
STEM education acceptance has no significant relationship with student satisfaction toward
STEM education, meaning H12 was rejected.

4. Discussion

This study focused on integrating high school STEM education by predicting factors
related to student satisfaction. It proposed a model based on the theory of planned behavior
(TPB) added with predictors from the literature review.
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Students might assume that when they feel the STEM education with technology
experiment is relatively easy, their acceptance decreases, as shown by the PEU coefficient
of acceptance of −0.184. High school students think experimental STEM education with
technology should integrate several science fields with certain difficulties. When the STEM
education experiment is too easy, high school students may feel they cannot improve their
abilities. They are not challenged to experiment with technology-based STEM education.
Moreover, students feel they are more accepting of learning commonly used by teachers.
This finding supports previous studies which showed that easy activities did not improve
student outcomes [85,86]. However, further understanding using qualitative studies is
needed to explain these findings.

Subjective norms affect students’ attitudes toward STEM education. The success
of implementing learning aids is inseparable from the help of the people around the
users [41,87]. Similarly, the success of technology-based STEM education depends on the
role of the government, schools, and teachers. Students assume that their attitude cannot
be separated from the support of the people that think it provides many opportunities to
develop 21st century skills and knowledge to apply in life daily. The stronger the subjective
norm, the better the student’s attitude toward technology-based STEM education.

Collaborative learning in STEM education encourages students to communicate and
increase their satisfaction in teaching and learning activities [88]. It allows them to talk,
discuss, and convey their ideas in groups. Furthermore, collaborative learning relates to
the acceptance of technology-based STEM education. Students assume that learning has a
relationship with their acceptance of technology-based education. This education is a series
of experiments difficult to conduct individually. Furthermore, students think that success in
conducting experiments on technology-based STEM education requires collaboration. This
implies they think collaborative learning is related to their acceptance of technology-based
STEM education. However, students believe collaborative learning reduces their attitude
toward STEM education. This is because learning in Indonesia mostly used a scientific
approach or individual- and teacher-centered methods before STEM education. Therefore,
students are not accustomed to working in groups and prefer individual- to experiment-
based learning that requires cohesiveness. In some cases, groups with more members
increase the possibility of conflicts of ideas, making the students emotional. This aspect
provides input for teachers to guide and monitor experiments and student discussions. The
teacher must mediate and provide a way out with deliberation when there are differences
in opinions within the group during technology-based STEM education experiments.

Perceived playfulness is an advantage of technology-based STEM education. The
findings showed that perceived playfulness has the strongest relationship with student
attitudes. It has the largest positive indirect effect on student satisfaction toward technology-
based STEM education. The model allows students to experiment inside and outside
the classroom, making the learning process flexible. Unconsciously, students learn to
solve complex problems related to everyday life as a team. The joy of experimenting
increases their attitude toward technology-based STEM education, supporting previous
studies [89,90].

Students’ attitudes toward technology-based STEM education are the strongest deter-
minants compared to acceptance and satisfaction. This implies the importance of improving
the effectiveness of STEM education implementation in Indonesia. When students’ atti-
tudes improve, they easily accept STEM education-based learning. Similarly, they are
more satisfied with experimental STEM education-based learning with technology. This
supports a previous study finding that attitude toward a learning model or new technology
significantly affected the intention to use the technology [91,92].

Students’ acceptance of technology-based STEM education indirectly significantly
increased their satisfaction. High school students feel that their satisfaction is more influ-
enced by their attitude. However, further studies should examine other predictors affecting
student satisfaction with technology-based STEM education.

191



Appl. Sci. 2022, 12, 9717

Facilitating conditions did not significantly correlate with high school students’ atti-
tudes toward technology-based STEM education-based learning. These include teachers
ready to help students overcome difficulties experimenting and schools that provide the
needed facilities. The schools in question are equipped with complete laboratories to
conduct STEM experiments. Furthermore, high school students feel confident and able to
conduct their STEM experiments, indicating that their attitude is not influenced.

5. Theoretical and Practical Implications

This study provided theoretical and practical implications for increasing student
satisfaction with technology-based STEM education. First, it is to develop a model to
explain the factors related to student satisfaction with technology-based STEM education.
The proposed model provides empirical evidence of student satisfaction. Second, this study
provides new knowledge about the theory of student satisfaction in STEM education. The
information from this new model’s development contributes to STEM education’s future
development. This is useful for school governments and teachers to identify the factors to
be considered when implementing STEM education in schools.

Practically, this study showed the relevance of student attitude and satisfaction by
analyzing the factors significantly affecting the two variables. Student attitude could
be improved by increasing the effectiveness of STEM education learning. This study
found that subjective norms significantly affect student attitude toward STEM education.
Therefore, educational institutions and teachers should create a conducive environment
and spearhead the use of STEM education-based learning. The finding of playfulness
implies that schools and teachers should integrate fun and exciting activities that generate
pedagogically satisfying interest among students when learning with STEM education. It
is also important to incorporate new innovations in experiments conducted by students.
Although STEM education is rarely applied to learning activities in Indonesia, the existing
experiments may always be interesting for students.

Learning using STEM education has challenges and problems. However, this ap-
proach is accepted by students because they are happy with learning activities that require
teamwork. In today’s era, knowledge should be balanced with the ability to work in a team.
The important collaborative skills should be possessed in the 21st century. Therefore, this
finding is expected to spur teachers to continue using STEM education-based learning. It
could also promote students to collaborate when experimenting in STEM education than
traditional or individualized teacher-centered learning.

Student attitude significantly affects their acceptance and satisfaction with STEM
education. They feel that they recognize the benefits of STEM education on their learning
outcomes. Furthermore, this study is beneficial to the government and academics that
focus on developing STEM education in Indonesia. It could help them understand various
important factors concerning student acceptance and satisfaction with STEM education.
The findings provide a basis for evaluating student attitude, acceptance, and satisfaction
with STEM education. Additionally, they contribute to the development of a model to
analyze student acceptance.

6. Conclusions

This study tested the proposed model developed from the modified TPB model with
literature review predictors to understand the determinants related to student satisfaction
toward technology-based STEM education in Indonesia. Increasing student satisfaction
may increase the effect of STEM education learning on student outcomes. Therefore, this
study provides a better understanding of the factors to be considered to increase student
satisfaction toward STEM education for governments, institutions, and teachers. Although
STEM education is sustainable, it does not automatically increase student acceptance and
satisfaction. The most important thing is to improve students’ attitudes through support
from schools and teachers. This could help students become more familiar with technology-
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based STEM education. The success of increasing student satisfaction is influenced by
internal and external factors.

7. Limitations and Future Directions

Although this study achieves the research objectives and provides several valuable
implications, this study has several limitations. First, the study was limited to the school
experiment at the senior high school level in collaboration with the Syiah Kuala University
in Indonesia. Therefore, the findings should be generalized with caution. Future studies
should use larger samples from various countries. Second, this study also used TPB as the
base model, while student satisfaction toward STEM education could still be analyzed in
many models. Additionally, it was a quantitative study, implying the need for qualitative
and longitudinal studies in the future.

The results showed how attitude and collaborative learning in STEM education affect
student satisfaction. However, future studies could consider constructs such as student
academic achievement, intention to use, and actual use of STEM education. The findings
could provide additional knowledge on marginal processes and situations that describe
STEM education’s effect on student satisfaction.
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Appendix A

Table A1. Questionnaire items.

Construct Items Items (Indonesian Version) References

Perceived useful STEM learning helps me to gain more
knowledge through experiments.

Pembelajaran STEM membantu saya untuk
mendapatkan lebih banyak ilmu melalui
experiment

[59,93]

Learning by doing in STEM lessons is
very useful for me.

Learning by doing pada pelajaran STEM
sangat bermanfaat bagi saya

I feel STEM learning is very useful for my
future.

Saya merasakan pembelajaran STEM sangat
berguna bagi masa depan saya

Perceived easy to
use

I do not find it difficult to learn with
STEM-based learning.

Saya tidak merasa kesulitan belajar dengan
pembelajaran berbasis STEM [59,94]

I can follow directions and experiments
easily.

Saya dapat mengikuti arahan dan melakukan
experiment dengan mudah

I easily obtain much useful knowledge
from STEM activities.

Saya dengan mudah mendapatkan banyak
ilmu yang bermanfaat dari kegiatan STEM
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Table A1. Cont.

Construct Items Items (Indonesian Version) References

Subjective norm My teacher uses STEM-based learning
when teaching.

Guru saya menggunakan pembelajaran
berbasis STEM saat mengajar [40]

The government has a program to
encourage STEM-based learning.

Pemerintah mempunyai program untuk
mendorong pembelajaran berbasis STEM

The school has a STEM-based learning
program.

Sekolah mempunyai program pembelajaran
berbasis STEM

Facilitating
conditions

I do not need to provide tools for
experimentation, and the school already
provides them.

Saya tidak perlu menyediakan alat untuk
berexperiment, sekolah sudah
menyediakannya

[58,95]

The teacher is ready to help me if I have
trouble doing experiments.

Guru siap membantu saya jika saya kesulitan
untuk melakukan experiment

My team and I have enough knowledge
to experiment.

Saya dan tim mempunyai pengetahuan yang
cukup untuk melakukan experiment

Perceived
playfulness

I feel happy learning at school using
STEM-based learning.

Saya merasa senang belajar di sekolah dengan
menggunakan pembelajaran berbasis STEM [96]

I spend my free time at home continuing
unfinished experiments at school.

Saya menghabiskan waktu luang saya di
rumah untuk melanjutkan experiment yang
belum selesai di sekolah

Collaborative
learning

I feel STEM learning effectively gets
students to work together while
conducting experiments.

saya merasa pembelajaran STEM efektif untuk
membuat para siswa bekerjasama saat
melakukan experiment

[43,97]

I feel STEM learning is effective for
making students discuss conducting
experiments.

saya merasa pembelajaran STEM efektif untuk
membuat para siswa berdiskusi untuk
melakukan experiment

STEM learning improves my knowledge
and skills through group discussions.

Pembelajaran STEM meningkatkan
pengetahuan dan kemampuan saya melalui
diskusi kelompok

Collaboration in STEM learning is better
than traditional learning.

Kerjasama pada pembelajaran STEM lebih baik
dibanding pembelajaran tradisional

attitude I like it when teachers use STEM learning. Saya senang jika guru menggunakan
pembelajaran STEM [92,98]

I prefer learning that uses STEM learning. Saya lebih menyukai pembelajaran yang
menggunakan pembelajaran STEM

I think using STEM learning is a good
idea.

Saya pikir menggunakan pembelajaran STEM
adalah ide yang baik

STEM education
acceptance

I am happy to accept STEM-based
learning.

Saya senang untuk menerima pembelajaran
berbasis STEM [99,100]

I will be happy if the teacher can continue
to use the STEM approach next semester.

Saya akan senang jika guru dapat terus
menggunakan pendekatan STEM pada
semester depan

I will advise teachers; therefore, we will
learn with a STEM approach.

Saya akan memberikan saran kepada guru agar
kita dapat belajar dengan pendekatan STEM

Learning
satisfaction

I am very satisfied with learning with
STEM learning.

Saya sangat puas belajar dengan pembelajaran
STEM [21,63]

My team is very satisfied with the
experiments in STEM learning.

Tim saya sangat puas dengan experiment pada
pembelajaran STEM

The teacher directs each team to learn to
experiment well.

Guru mengarahkan setiap tim untuk belajar
melakukan experiment dengan baik

I am very satisfied if the teacher uses
STEM learning in the classroom.

Saya sangat puas jika guru menggunakan
pembelajaran STEM di kelas.
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Abstract: Teachers are the key factors in ensuring the effectiveness of STEM education, and their
intentions deeply influence their teaching practices. The existing research about the influencing factors
of teachers’ intentions to implement STEM education has some problems, such as small sample sizes,
being limited to teachers of a single subject, and the need for optimization of the theoretical model
relied on. This research, based on the decomposed theory of planned behavior combined with
the readiness of teachers, formed an assumption model of the factors influencing teachers’ STEM
education intentions from the aspects of attitudes, subjective norms, and perceived behavioral control.
Questionnaires were sent to 532 K12 general teachers in China. A structural equation model (SEM)
was used to analyze recycled data and verify the assumption model. The results show the following:
(1) The educational readiness of K12 teachers in China was at an upper–middle level. Among them,
the level of emotional readiness was the highest, while the level of behavioral readiness was the
lowest. (2) The STEM behavioral intention of teachers was at an upper–middle level, and attitudes
and perceived behavioral control had direct significant impacts on teachers’ intentions to engage
in STEM education. Perceived usefulness, self-efficacy, and behavioral readiness were the three
strongest indirect impact factors. (3) The emotional readiness of the teachers directly affected their
intentions to implement STEM education. Behavioral readiness and cognitive readiness indirectly
had an impact on teachers’ intentions to implement STEM education by influencing self-efficacy.

Keywords: STEM education; teachers’ readiness; teachers’ intention; decomposed theory of planned
behavior

1. Introduction

STEM is the abbreviation of the initials of four disciplines, including science, technol-
ogy, engineering, and mathematics. STEM education aims at solving problems such as
technological competitiveness and manufacturing dilemmas [1]. STEM education, which
has an interdisciplinary integration orientation, has attracted the attention of international
research institutions and scholars [2]. STEM education requires students to use knowledge
and skills from multiple disciplines to complete learning tasks in the background of com-
plex thematic life [3]. Proven by many empirical studies, STEM education helps students
develop creative problem-solving skills and competencies to adapt to the future [4]. These
skills and competencies include research inquiry, problem solving, critical and creative
thinking, entrepreneurship, collaboration, teamwork, and communication [3,5,6], which
are helpful for personal study and work, as well as long-term development. After STEM
education was put forward, STEAM education appeared, as well as I-STEAM, STEAMx,
and so on derived from STEAM education. For ease of expression, this research uses STEM
education to refer to STEM, STEAM, and so on, which are the same types of concepts as
STEM education.
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Under the background of fierce global competition, STEM education contributes
greatly to the development of innovative talents with high-order thinking skills and 21st-
century skills [7,8]. STEM education can help students acquire 21st-century skills such
as problem solving [9] and creativity [10,11]. It is considered an important cornerstone
for the realization of 21st-century skills [12]. Therefore, STEM education has been widely
promoted by countries around the world, including China. The importance attached
to STEM education has been reflected in national policies and researched in practical
areas. The Ministry of Education of the People’s Republic of China put forward that
the country should actively explore the application of information technology in new
educational models such as interdisciplinary learning (STEM education) [13]. The China
STEM Education White Paper suggested that STEM education should be involved in
the national strategy for training innovative talents. Teachers are a crucial medium in
the implementation of STEM education in schools [14]. Their understanding of STEM,
knowledge reserve of related disciplines, STEM teaching competence and experience, etc.,
directly determine the effectiveness of STEM teaching.

Behavioral intention is described as an important indicator of performing given behav-
iors. It is also the core predictive variable of behavior [15]. Unless the teacher has both the
skills to use the most complex method and the desire to implement them, they cannot use
the most complex method to help students learn [16]. As front-line education practitioners,
teachers play a vital role in implementing STEM education [17]. Nikolopoulou et al. [18]
put forth that teachers’ acceptance of and disposition for instructional technology indi-
cated their interest and deeply influenced their teaching practice. As a result, professional
development programs for STEM teachers are a core issue of future STEM research [19].
Exploring the teaching intention of teachers is urgent because it directly decides their STEM
teaching practice.

Relevant research has shown that the majority of teachers in China strongly agreed
with the concept of STEM education. However, teachers who were willing to implement
STEM education were in the minority [20] because STEM education is difficult. Li et al. [21]
investigated the past behaviors and behavioral intentions of physical education teachers to
incorporate STEM education into their teaching and found that the proportion of teachers
who regularly incorporated STEM education into their teaching was low. Therefore, some
questions remain: Why are teachers in China not so willing to implement STEM education?
What are the basic factors that influence their willingness? How can we promote their
willingness to implement STEM education? We need to identify which variables domi-
nate in determining teachers’ intentions to implement STEM education and put forward
suggestions that may strengthen these factors more effectively. This will help to find out
the factors that affect the actual performance of STEM teachers from the source and solve
problems of source power that bridge the gap between reality and the theory of STEM.

2. Hypothesis Development

Research on the influencing factors of teachers’ intentions to implement STEM ed-
ucation has some problems, such as small sample sizes, being limited to teachers of a
single subject, and the need for optimization of the theoretical model relied on [22,23]. To
predict an individual’s behavioral intentions, a series of models have been constructed and
adopted. Among them, the more impactful models include: the technology acceptance
model (TAM) [24], the theory of planned behavior (TPB) [15], and the decomposed theory
of planned behavior (DTPB) [25]. The DTPB was put forward by Taylor and Todd after
they compared TAM theory and the TPB. In the DTPB, attitudes, subjective norms, and
perceived behavioral control, the three influencing factors of the TPB, are decomposed into
lower-level belief structures.

Attitudes include perceived usefulness, ease of use, and compatibility. Subjective
norms include peer influence and superior influence. Perceived behavioral control includes
self-efficacy, resource-facilitating conditions, and technology-facilitating conditions. The
DTPB model and other models have been verified and compared in different fields, proving
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that the DTPB has more accurate predictions and explanatory ability by adding decomposed
variables [26,27]. This model has been widely used in research on, for example, the
intentions of pre-service teachers to use Web 2.0 tools [28,29] and implement ICT [30],
and the intentions of junior high school teachers to use online learning platforms [31].
Therefore, this research selected the DTPB model as the basic theoretical framework to
comprehensively forecast and interpret the influencing factors of the intention to implement
STEM education by Chinese K12 teachers.

Readiness is the level of ability and willingness shown by an individual in a particular
job [32]. The readiness of a teacher has a great impact on the quality of classroom instruction,
the effectiveness of classroom instruction, and the acquisition of students’ abilities [33].
Hata, Nur Fatahiyah Mohamed et al. [34] found that teachers who had more knowledge
and better attitudes toward STEM education were better prepared for STEM education.

As a result, this research proposes that readiness should be included in the influencing
factors of STEM educational intention; thus, readiness was divided into three dimensions:
cognition, emotion, and behavior [35–37] Certain extensions of the DTPB model were estab-
lished: nine independent variables, four intervening variables, and one dependent variable
were used to construct a comprehensive model. Furthermore, corresponding hypotheses
were formulated, as shown in Figure 1. Three factors, namely attitudes, subjective norms,
and perceived behavioral control, serve as variables that predict teachers’ behavioral in-
tentions; perceived usefulness, perceived ease of use, and compatibility serve as variables
that predict teachers’ attitudes; superior influence, peer influence, student influence, and
parental influence serve as variables that predict teachers’ subjective norms; self-efficacy
and facilitating conditions serve as variables that predict teachers’ perceived behavioral
control; and cognitive readiness and behavioral readiness serve as variables that predict
teachers’ self-efficacy.

The relevant hypotheses are explained as follows:

Figure 1. The proposed model with the initial hypotheses.

2.1. Attitudes

Emotional readiness explains how emotions affect teachers’ achievements in perform-
ing their duties [36]. Instructional emotional readiness reflects the impact of teachers’
emotions on their teaching performance. In the DTPB model, attitude is considered to be
the degree to which an individual is positive or negative about a particular behavior [15,38],
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and it has a corresponding impact on whether to implement the target behavior [39], which
is similar to the concept of emotional readiness. As a result, to reduce the conceptual over-
lap of influencing factors and simplify the model, attitudes and emotional preparedness
were studied as the same dimension. The attitude of teachers was mainly evaluated from
whether they could generate positive emotions in their implementation of STEM education
and achieve good results in STEM education. Attitudes’ influence on an individual’s be-
havioral intentions has been strongly supported by previous studies [25,40]. Therefore, the
following hypothesis was proposed:

Hypothesis 1: The attitudes/emotional readiness of teachers towards STEM education have a
significant impact on teachers’ intentions to implement STEM courses.

According to the deconstruction of the DTPB model for attitude, attitude was also de-
composed into three aspects: perceived usefulness, perceived ease of use, and compatibility.
Perceived usefulness mainly concerns the perceived STEM benefits of individual teachers
when they choose to offer STEM courses. Perceived ease of use refers to the degree to
which a person finds it easy to use a specific system [41], as well as the degree of difficulty
for teachers who implement STEM courses. Compatibility refers to the degree of fit of
technology and existing potential value and experience [42]. It also refers to the degree of
adaptation between STEM education and the teacher’s teaching concepts, existing teaching
experience, etc.

Therefore, the following hypotheses were proposed:

Hypothesis 1a: Perceived usefulness has a significant impact on teachers’ attitudes toward engag-
ing in STEM education.

Hypothesis 1b: Perceived ease of use has a significant impact on teachers’ attitudes toward
engaging in STEM education.

Hypothesis 1c: Compatibility has a significant impact on teachers’ attitudes toward engaging in
STEM education.

2.2. Subjective Norms

Subjective norms refer to social pressures that lead individuals to perform specific
behaviors, which reflects the cognition of important reference disciplines that want individ-
uals to perform or not perform certain behaviors [25]. In this research, subjective norms
refer to the teachers’ perceptions of the related groups’ encouragement and acceptance
of their behaviors when they implement STEM education activities. Subjective norms of
behavior are usually found to be highly accurate in predicting behavioral intentions [15].

Therefore, the following hypothesis was proposed:

Hypothesis 2: Subjective norms have a significant impact on teachers’ intentions to implement
STEM courses.

As different groups may have different opinions on adopting the same specific be-
haviors, Taylor and Todd believe that there are three important reference groups in an
organizational environment, namely peers, superiors, and subordinates. They suggested
breaking down the whole population into these three types of reference groups. In the
field of education, in addition to teachers, teachers’ superiors, teachers’ colleagues, and
students, the parents of students are also involved in primary and secondary education [43].
Equally, parents also have some influence on teachers. If teachers are not trusted and
respected by the parents of their students, they may develop a sense of vulnerability [44].
Thus, whether parents influence the subjective norms of teachers is also a question worth
verifying. We mainly used superiors, colleagues (other teachers), students, and parents as
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reference groups. Taylor considered that reference groups may influence the regulation of
individual subjective norms. Therefore, the following hypotheses were proposed:

Hypothesis 2a: Superiors’ views of STEM education have a significant impact on teachers’
subjective norms.

Hypothesis 2b: Colleagues’ views of STEM education have a significant impact on teachers’
subjective norms.

Hypothesis 2c: Students’ views of STEM education have a significant impact on teachers’ subjec-
tive norms.

Hypothesis 2d: Parents’ views of STEM education have a significant impact on teachers’ subjective
norms.

2.3. Perceived Behavioral Control

Perceived behavioral control reflects the beliefs about the acquisition of required
abilities, resources, and opportunities, or the perception of possible internal and external
factors that may hinder behavior execution [15,45]. In this research, perceived behavioral
control includes the perception of the internal and external constraints of individual teachers
when implementing STEM education. Research has shown that perceived behavioral
control is an important determinant of intentions [25]. For example, through empirical
investigations, Lin and Williams [19] verified that perceived behavioral control of a higher
level was related to stronger STEM instructional intentions. Therefore, the following
hypothesis was proposed:

Hypothesis 3: Teachers’ perceived behavioral control over STEM education has a significant impact
on teachers’ intentions to engage in STEM education.

The DTPB model divides perceived behavioral control into internal and external
constraints, which specifically indicate self-efficacy, resources, and technical factors. In this
research, self-efficacy reflects teachers’ self-evaluation of their abilities to implement STEM
courses, indicating the degree of confidence in implementing STEM education. Greater self-
efficacy leads to higher behavioral intentions [25,46]. Sadaf [28] found that self-efficacy was
the strongest predictor of teachers’ intentions. Convenience refers to technology, resources,
and other objective factors available to teachers when implementing STEM courses. A lack
of convenience may negatively affect the behavioral intentions of teachers [25].

Readiness is a significant predictor of an individual’s propensity to use new tech-
nologies [47,48]. Teachers’ preparation of knowledge and their self-efficacy in STEM are
the key to successful STEM implementation [35]. Furthermore, for different topics such
as technology applications, jobs, careers, teaching, and learning, relevant research has
confirmed that there is a significant correlation between the degree of readiness and self-
efficacy [49–51]. Although no research has been conducted to show that the degree of
teachers’ STEM readiness directly affects their teaching efficacy, it can be deduced from the
relevant literature that the former could significantly predict the latter. To reduce concept
repetition and simplify the models, this research chose the dimensions of cognitive and
behavioral readiness from the degree of readiness to investigate and discuss whether these
two could predict the self-efficacy of teachers. The cognitive readiness of teachers refers
to the improvement of thinking and the ability to make cognitive choices to solve STEM
problems or complete STEM teaching tasks [33]. Behavioral readiness refers to the attitudes
towards STEM, changing emotional reactions, and the changes that can be seen in STEM
teaching behaviors [36].

Based on this, we proposed the following hypotheses:
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Hypothesis 3a: The self-efficacy of teachers’ STEM education has a significant influence on
perceived behavioral control.

Hypothesis 3b: Facilitating conditions of teachers’ STEM education have a significant influence
on perceived behavioral control.

Hypothesis 3c: The behavioral readiness of teachers’ STEM education has a significant influence
on self-efficacy.

Hypothesis 3d: The cognitive readiness of teachers’ STEM education has a significant influence
on self-efficacy.

3. Methods

3.1. Research Design

Based on the DTPB, this research constructed a model that could explain and predict
teachers’ STEM teaching preparation extent and behavioral intentions. Based on this model,
we designed a questionnaire concerning K12 teachers’ intentions to participate in STEM
education and analyzed the collected questionnaires with a quantitative research method,
i.e., a structural equation model, to verify the hypothetical model.

A total of 532 K12 in-service teachers of all disciplines from different regions in China
were randomly contacted to take part in the survey. Informed consent was provided in
the survey so that all the participants knew they were participating in an evaluation study
and the data they provided were anonymous. Since some of them had selected the same
options in the scale selections or wrote that they “never understood STEM education” in
open questions, their questionnaires were considered invalid. Having removed invalid
questionnaires, there were 479 valid questionnaires left, with an efficiency rate of about
90%. The samples covered the eastern, central, and western regions of China, as well as
some other regions. From a gender perspective, more female teachers (59.9% of the total
samples) took part in the survey. Young teachers (under 45 years old) accounted for a
high percentage of about 73%, and middle-age teachers (over 46 years old) accounted for
about 17%. Most of the teachers (78.9%) were undergraduates, and a small percentage
(19.2%) had a master’s degree. More than half of the teachers (57%) were fairly experienced
(with a seniority of more than 10 years). The participants mainly consisted of information
technology teachers (32.6%), and they mainly taught in junior and senior high schools.

3.2. Research Instrument

The questionnaire consisted of three parts with 79 questions. The first two parts
were compulsory. Teachers’ background information was collected in the first part with
7 questions including gender, age, and the school grades they taught. The second part
was a scale for the survey of readiness and the factors that influenced their behavioral
intention to implement STEM teaching in K12. The scale was mainly adapted from the
DTPB scale constructed by Taylor et al. [25] and the scale constructed by Abdullah et al.
to measure the readiness of STEM teachers [36]. Altogether, there were 61 adapted DTPB
scale contents and 10 readiness scale contents, among which 67 were originally coded
scale items and 4 were reverse-coded scale items. These 71 items constructed 15 potential
variables, including behavioral intention, attitudes, perceived usefulness, perceived ease of
use, compatibility, subjective norms, superior influence, peer influence, student influence,
parental influence, perceived behavioral control, self-efficacy, facilitating conditions, behav-
ioral readiness, and cognitive readiness. In order to avoid the antagonistic psychology of
the participants, and to reduce the possibility of distortion of the questionnaire contents,
we applied reverse-coded scale items for items of perceived ease of use. Most of these
variables have been proven to be reliable and efficient in previous research on teachers’
behavioral intentions [28–30,52]. At the same time, we applied a 5-point Likert scale for
grading, ranging from 1 (“strongly disagree”) to 5 (“strongly agree”). The third part was
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1 optional item. Here, we applied open-ended questions to collect teachers’ opinions about
STEM education. Detailed information about the research instrument can be found in
Appendix A.

In order to ensure the content validity of the instrument, we invited experts and
high-performance teachers of STEM education research to check the appropriateness and
clarity of the items and structure of the questionnaire. Modifications were made according
to their suggestions. Cronbach’s α reliability coefficient was used to evaluate the internal
consistency of the research instrument, and the test results can be found in Table 1. With
regards to the 15 latent variables in the scale, their Cronbach α value range was 0.848–0.947,
all meeting the standard of α > 0.7. Moreover, Cronbach’s α of the whole scale was 0.980,
indicating a high reliability and a reliable measurement index content. In order to verify the
applicability of the factor analysis, we conducted the KMO measure test and Bartlett’s test.
The KMO value was 0.969 (greater than 0.9), which meant that the questionnaire data were
appropriate for the factor analysis. Bartlett’s test value was 0.000 (less than 0.05), which
meant that it met the standard, the data were distributed spherically, and the variables
were inter-independent to a certain degree.

Table 1. Reliability results.

Constructs
Number of

Measurable Variables
Cronbach’s

Alpha

Attitudes/Emotional Readiness (AT) 5 0.923

Perceived Usefulness (PU) 5 0.944

Perceptual Ease of Use (PEU) 4 0.858

Compatibility (CO) 5 0.848

Subjective Norms (SN) 3 0.921

Superior Influence (SUI) 5 0.890

Peer Influence (PEI) 5 0.908

Student Influence (STI) 5 0.931

Parental Influence (PAI) 4 0.933

Perceived Behavioral Control (PBC) 5 0.941

Self-efficacy (SE) 6 0.947

Facilitating Conditions (FC) 4 0.919

Cognitive Readiness (CR) 5 0.881

Behavioral Readiness (BR) 5 0.893

Behavioral Intention (BI) 5 0.931

All Structures 71 0.980

4. Analysis and Results

Since the emotional readiness, behavioral readiness, and cognitive readiness in the
constructed model of the research did not have a theoretical framework, we applied a
method that combined both exploratory factors and confirmatory factors to test the model.
We aimed to extract three main dimensions in the factor analysis, and the minimum
coefficient that can be displayed was set to 0.5. The rotated component matrix is shown
in Table 2. We can see that items CR1–CR5 were concentrated under the first dimension,
BR2–BR5 under the second, and BI1–BI5 under the third. These items were reserved, since
they accorded with the original expectation. However, since BR1 was originally anticipated
to belong to the behavioral readiness dimension together with BR2–BR5, while it turned
out to be concentrated under the cognitive readiness dimension, we deleted measurement
item BR1 because it did not accord with the expectation.
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Table 2. Rotated component matrix.

Component

Items 1 2 3

CR1 0.732

CR2 0.794

CR3 0.550

CR4 0.823

CR5 0.760

BR1 0.563

BR2 0.609

BR3 0.852

BR4 0.585

BR5 0.813

AT1 0.816

AT2 0.867

AT3 0.880

AT4 0.810

AT5 0.777
Note: Factor loadings <0.50 are omitted, and factor loadings are sorted. CR: cognitive readiness; BR: behavioral
readiness; AT: attitudes/emotional readiness.

4.1. Data Analysis of Teachers’ STEM Education Readiness

The analysis results of the descriptive statistics of readiness-relevant items showed
that the averages of teachers’ cognitive, emotional, and behavioral readiness were 3.64,
4.03, and 3.47, respectively, and the average points of each dimension (variable) were all
between 3 and 4, which means that the object groups of the research all had a cognitive,
emotional, and behavioral readiness level above the medium level. The emotional readiness
level was above the others, while the behavioral readiness level was the lowest. Moreover,
the correlations r among the three dimensions were 0.564, 0.505, and 0.769, respectively,
and all greater than 0. This means that there was a significant positive correlation among
different variables.

We conducted a demography variable difference analysis through an independent
t-test and ANOVA and found that there was no significant correlation between teach-
ers’ genders, teaching disciplines, ages, majors, school grades, seniorities, etc., and the
overall level of STEM readiness and the three dimensions. Differences were found only
in parts of the items. For example, this research took mathematics, physics, chemistry,
geography, information technology, comprehensive practices, and scientific disciplines as
STEM-relevant disciplines, while Chinese, English, politics, music, etc., were considered
STEM-irrelevant disciplines. The results of the independent t-test show that the emotional
readiness dimension items AT1, AT2, AT3, and AT4, the behavioral readiness dimension
items CR4 and CR5, and the cognitive readiness dimension item BR4 all had Sig values of
less than 0.05, indicating a significant difference.

4.2. Data Analysis of Teachers’ STEM Education Intention

In order to analyze teachers’ STEM education intention level and influence factors,
we firstly applied SPSS 26.0 to obtain descriptive statistics about the behavioral intention
dimension. This was carried out as part of the survey of the current level of behavioral
intention of China’s K12 teachers to implement STEM education. Secondly, AMOS 26.0
was applied to correct the constructed structural equation model, and to test its reliability
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and validity. Finally, based on this model, we tested the influence factors of the behavioral
intentions of China’s K12 teachers to implement STEM education.

As shown in Table 3, the total average level of teachers’ behavioral intentions was
3.724, which means that the STEM behavioral intentions of the research subject groups
were at a medium to upper level.

Table 3. Descriptive statistics of each item of behavioral intention.

Items Mean SD

BI1 3.6 0.852

BI2 3.65 0.84

BI3 3.72 0.804

BI4 3.77 0.796

BI5 3.88 0.792

OA 3.724
Note. BI: behavioral intention.

4.2.1. Reliability and Validity Tests

This research applied AMOS 26.0 to test the original model and found that the SMC
values of CO2 and CR5 were less than 0.5, indicating a weaker corresponding relation
between the two measurement items and their dimensions. Therefore, we removed them.
We also corrected the model according to the MI (modification indices) standard and found
some unreasonable measurement items, including PU1, PEU2, SUI1, SUI3, CI3, CI4, STI4,
STI5, PA4, PBC1, SE5, SE6, FC1, and BR5; therefore, they were also deleted. In order to
make sure the corrected model could effectively assess teachers’ behavioral intention to
implement STEM education, this research first conducted the analysis at the measurement
level to weigh the measurement effect of the observed variables on the latent variables, and
then conducted structural model analysis to test the structural relationships among the
latent variables.

1. Measurement-Level Analysis

Through our test, both parts of the research, i.e., the experiment and corrected model,
had a Cronbach alpha value greater than 0.8 (Tables 1 and 4), which proves their good
internal consistency. Usually, the standardized factor loading, average variance extracted
(AVE), SMC, and its composite reliability estimation are used to test the convergent validity
of a model [53]. With regards to the AVE, the suggested value is 0.5 or above [54]. The
suggested value for the standardized factor loading is 0.50 or above; in an ideal situation, it
would be 0.70 or above [54]. The suggested value for the SMC is greater than or equal to 0.5.
As shown in the results in Table 4, each value reached the stipulated threshold, showing
that the model had good convergent validity.

In order to test the discriminant validity of the model, we compared the index of
the square root of the AVE and the absolute value of correlation coefficients among the
potential variables. As shown in Table 5, the square root of the AVE of each potential
variable was higher than the correlation among the latent variables, which indicates that
the discriminant validity of the model was good.
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Table 4. Convergent validity analysis in CFA (confirmatory factor analysis).

Constructs
Cronbach’s

Alpha
Composite
Reliability

AVE Items
Standardized

Factor Loading
SMC

Attitudes/Emotional
Readiness (AT) 0.923 0.843 0.767

AT1 0.804 0.646

AT2 0.899 0.808

AT3 0.916 0.839

AT4 0.857 0.734

AT5 0.899 0.808

Perceived Usefulness (PU) 0.939 0.944 0.809

PU2 0.843 0.711

PU3 0.921 0.848

PU4 0.911 0.830

PU5 0.92 0.846

Perceived Ease of Use
(PEU) 0.808 0.810 0.588

PEU1 0.713 0.508

PEU3 0.849 0.721

PEU4 0.732 0.536

Compatibility (CO) 0.846 0.818 0.532

CO1 0.655 0.429

CO3 0.665 0.442

CO4 0.868 0.753

CO5 0.843 0.711

Subjective Norms (SN) 0.921 0.923 0.799

SN1 0.925 0.856

SN2 0.912 0.832

SN3 0.845 0.714

Superior Influence (SUI) 0.838 0.856 0.666

SUI2 0.751 0.564

SUI4 0.848 0.719

SUI5 0.901 0.812

Peer Influence (PEI) 0.864 0.902 0.756

CI1 0.931 0.867

CI2 0.767 0.588

CI5 0.895 0.801

Student Influence (STI) 0.933 0.935 0.827

STI1 0.889 0.790

STI2 0.938 0.880

STI3 0.962 0.925

Parental Influence (PAI) 0.953 0.954 0.874

PA1 0.822 0.676

PA2 0.837 0.701

PA3 0.939 0.882

Perceived Behavioral
Control (PBC) 0.938 0.938 0.791

PBC2 0.923 0.852

PBC3 0.901 0.812

PBC4 0.891 0.794

PBC5 0.818 0.669

Self-efficacy (SE) 0.937 0.935 0.782

SE1 0.921 0.848

SE2 0.936 0.876

SE3 0.875 0.766

SE4 0.76 0.578
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Table 4. Cont.

Constructs
Cronbach’s

Alpha
Composite
Reliability

AVE Items
Standardized

Factor Loading
SMC

Facilitating Conditions
(FC) 0.937 0.936 0.830

FC2 0.826 0.682

FC3 0.775 0.601

FC4 0.799 0.638

Cognitive Readiness (CR) 0.876 0.869 0.625

CR1 0.851 0.724

CR2 0.78 0.608

CR3 0.738 0.545

CR4 0.836 0.699

Behavioral Readiness (BR) 0.822 0.833 0.626

BR2 0.825 0.681

BR3 0.876 0.767

BR4 0.83 0.689

Behavioral Intention (BI) 0.931 0.921 0.699

BI1 0.804 0.646

BI2 0.899 0.808

BI3 0.916 0.839

BI4 0.857 0.734

BI5 0.899 0.808
Note. AVE: average variance extracted values; SMC: squared multiple correlations.

Table 5. Discriminant validity result and root of average variance extracted.

AT PU PEU CO SN SUI PEI STI PAI PBC SE FC CR BR BI

AT 0.876

PU 0.839 0.899

PEU 0.058 −0.007 0.767

CO 0.636 0.608 −0.081 0.730

SN 0.453 0.413 −0.015 0.584 0.894

SUI 0.534 0.519 −0.05 0.611 0.734 0.816

PEI 0.577 0.535 0.007 0.643 0.701 0.765 0.869

STI 0.569 0.549 0.034 0.62 0.628 0.655 0.763 0.909

PAI 0.475 0.415 0.065 0.535 0.643 0.616 0.722 0.772 0.935

PBC 0.399 0.326 0.198 0.516 0.442 0.43 0.551 0.567 0.552 0.889

SE 0.447 0.394 0.209 0.545 0.458 0.465 0.559 0.59 0.548 0.882 0.884

FC 0.235 0.191 0.12 0.336 0.501 0.477 0.507 0.492 0.511 0.639 0.587 0.911

CR 0.529 0.488 0.117 0.582 0.481 0.523 0.614 0.577 0.528 0.67 0.716 0.63 0.790

BR 0.487 0.447 0.178 0.523 0.491 0.503 0.607 0.627 0.608 0.706 0.721 0.593 0.748 0.791

BI 0.613 0.599 0.159 0.643 0.516 0.584 0.646 0.637 0.605 0.63 0.709 0.474 0.744 0.779 0.836

Note. AT: attitudes/emotional readiness; PU: perceived usefulness; PEU: perceived ease of use; CO: compatibility;
SN: subjective norms; SUI: superior influence; PEI: peer influence; STI: student influence; PAI: parental influence;
PBC: perceived behavioral control; SE: self-efficacy; FC: facilitating conditions; CR: cognitive readiness; BR:
behavioral readiness; BI: behavioral intention.

2. Structural model analysis

In order to evaluate the model fit, according to the research of Hu and Bentler [55],
Kashy et al. [56], Widaman [57], and Ejaz Ahmed [58], we applied the comparative fit index
(CFI), incremental fit index (IFI), Tucker–53Lewis index (TLI), chi-square (x2)-to-degree of
freedom (df) ratio, root mean square error of approximation (RMSEA), and standardized
root mean residual (SRMR) values. The traditional rule of thumb in CFA (confirmatory
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factor analysis) stipulates that when the x2/df value is less than 3, the SRMR is less than
0.08, the IFI, TLI, and CFI are all greater than 0.9, and the RMSEA is less than 0.08, the
model fit can be considered a good one. This research applied the maximum likelihood
(ML) estimation technique to evaluate the model parameters, and the model fit indices
we obtained are shown in Table 6, all of which met the CFA stipulated index. The x2/df
(1.954), SRMR (0.0485), and RSMEA (0.045) were all lower than the maximum requirement
value, and the IFI (0.953), TLI (0.948), and CFI (0.953) were all higher than the minimum
requirement value, which proves that the model fitted well with the data.

Table 6. Statistics for the final models.

Obtained
Values for

Excellent Fit
Values for Good Fit

Evaluation of Fit for
Final Model

x2/df 1.954 ≤2 ≤3 Excellent fit

SRMR 0.0485 <0.05 <0.08 or 0.09 Excellent fit

IFI 0.953 ≥0.95 ≥0.90 Excellent fit

TLI 0.948 ≥0.95 ≥0.90 Good fit

CFI 0.953 ≥0.95 ≥0.90 Excellent fit

RSMEA 0.045 <0.05 <0.08 Excellent fit

Note. The fit indices are based on the work of Hooper et al. [59], Hu and Bentler [55], and Kline [60]; x2/df:
chi-square-to-degree of freedom ratio; SRMR: standardized root mean square residual; IFI: incremental fit index;
TLI: Tucker–Lewis index; CFI: cumulative fit index; RMSEA: root mean square error of approximation.

4.2.2. Assessment of Hypothesized Relations

According to the model fit test, the fit of this model was good. Through the path coef-
ficients and hypothesis testing, we obtained the model of teachers’ intentions to implement
STEM education, as shown in Table 7. When the value of the critical ratio (C.R.) was 1.96 or
higher, the value of the coefficient (P) was considered significant at the level of 0.05 [53]. In
this research, we used the path coefficients (β) of the fitted model and the p-value in the
analysis and verified that 12 hypotheses, including H1, H3, H1a, H1b, H1c, H2a, H2b, H2d,
H3a, H3b, H3c, and H3d were valid, while two hypotheses, namely H2 and H2c, were
rejected. Therefore, we constructed the model of teachers’ intentions to implement STEM
education and its factor path coefficients (as shown in Figure 2). Every path constructed
from one latent variable to another showed their relationships, and the path coefficient
points of the valid hypotheses were between 0.093 and 0.890, which indicates a positive
correlation among the exogenous variables and endogenous variables of the twelve valid
hypotheses. In other words, the paths had statistical significance and supported the model.

The value of the SMC (squared multiple correlations) represents the strength of the
structural relationships [61]. The value of the SMC ranges between 0 and 1, where stronger
relationships are indicated by values close to 1 [62]. The explained maximum variance
of the three exogenous variables (perceived behavioral control, subjective norms, and
attitudes) to behavioral intention was 0.90. The SMC value of the main endogenous latent
construct, i.e., behavioral intention, was 0.53. That is, 53% of the variance among behavioral
intention, attitudes, subjective norms, and perceived behavioral control could be explained
by behavioral intention.
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Table 7. Path coefficients and hypothesis testing; *** p < 0.001.

Hypothesis Parameter
Path

Coefficient
(β)

S.E. C.R. p-Value
Whether the

Hypothesis Is
Established

H1 AT→BI 0.331 0.049 7.144 *** Yes

H2 SN→BI 0.002 0.033 0.056 0.955 No

H3 PBC→BI 0.880 0.068 12.657 *** Yes

H1a PU→AT 0.671 0.046 15.698 *** Yes

H1b PEU→AT 0.079 0.026 3.067 0.002 Yes

H1c CO→AT 0.265 0.038 7.058 *** Yes

H2a SUI→SN 0.550 0.079 7.670 *** Yes

H2b PEI→SN 0.198 0.102 2.428 0.015 Yes

H2c STI→SN 0.016 0.066 0.237 0.813 No

H2d PAI→SN 0.141 0.056 2.281 0.023 Yes

H3a FC→PBC 0.093 0.020 3.517 *** Yes

H3b SE→PBC 0.890 0.036 21.615 *** Yes

H3c CR→SE 0.270 0.128 2.571 0.01 Yes

H3d BR→SE 0.594 0.120 5.340 *** Yes
Note. S.E.: standard error; C.R.: critical ratio.

Figure 2. Final model with the coefficients (β) and p-values. Note. Dotted lines indicate an insignifi-
cant relationship; * p < 0.05, ** p < 0.01, and *** p < 0.001.

5. Discussion

The data reported here indicate that teachers’ readiness for STEM education was gen-
erally in the high to average range, among which emotional readiness was the highest. This
finding demonstrates that K12 teachers have positive attitudes towards STEM education,
and that they were satisfied with the effects of STEM education and were willing to apply
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STEM education in their classes. Research conducted in Indonesia evaluating teachers’
attitudes towards STEM education found similar results [63]. From a cognitive aspect,
the teachers’ moderate level of readiness indicates that they had a basic understanding of
STEM education. Though the teachers had a certain understanding of STEM education
in terms of knowledge and methods as well as the teachers’ role, their understanding
of comparatively sophisticated STEM programs was still scant. Research conducted by
DanyiZheng [33] obtained similar results. The level of teachers’ readiness from a behav-
ioral aspect was relatively low compared to that of cognitive readiness and emotional
readiness. According to the questionnaire data, teachers’ behavioral readiness focused on
making elaborate plans before STEM education, but most teachers lacked enough time to
implement STEM education in practice. This finding is similar to that of Abdullah [36],
which suggested that teachers’ behavioral readiness was at an intermediate level and most
teachers did not have ample time to implement STEM education. Variables including the
teachers’ genders, disciplines, ages, majors, teaching stages, and seniorities did not have
a significant correlation with the overall level of teachers’ readiness and its three aspects,
namely cognitive, behavioral, and emotional readiness, for STEM education. More relevant
variables should be further explored.

The statistics of intention demonstrated that teachers’ behavioral intentions were in the
high to average range. This finding, although different from that of Peng [20] and Li [21],
is consistent with that of Tse [22]. It was shown that with the introduction of relevant
policies and the development of STEM education practices, many K12 teachers realized the
importance of interdisciplinary teaching and were willing to implement STEM education
in practice.

The data collected from SEM indicated that teachers’ behavioral intentions to imple-
ment STEM education were mainly impacted by their attitudes and perceived behavioral
control, with strong positive effects, while subjective norms did not generate prominent
effects. Relevant studies have verified that attitudes, subjective norms, and perceived
behavioral control are impact factors on behavioral intention [64–67]. Furthermore, some
researchers have also found that subjective norms were normally a weak predictor of
behavioral intention [28,68,69]. In addition, research by Atsoglou [70] and Haya Ajjan [71]
argued that attitudes and perceived behavioral control were comparatively strong positive
impact factors, while subjective norms had no impact on behavioral intention. Haya Ajjan
explained that this was because teachers had a high degree of independence in improving
the classroom environment.

Negative attitudes may cause teachers to be reluctant to work in STEM education.
Three factors, namely ease of use, perceived usefulness, and compatibility, all had impacts
on teachers’ attitudes, with perceived usefulness having the strongest. Research by Ayesha
Sadaf [28,72,73] and Mdutshekelwa Ndlovu [30] pointed out that perceived usefulness,
compared with ease of use and compatibility, exerted the greatest impacts on teachers’
attitudes. Consequently, to improve teachers’ attitudes towards STEM, corresponding
interventions should mainly focus on enhancing teachers’ awareness that teachers’ actions
contribute to results, and on guiding teachers to positively evaluate results. Only when
teachers realize that STEM education is helpful to their work and can improve students’
abilities in all aspects will they be willing to adopt STEM education.

The greater the sense of control teachers have over STEM education, the more willing
they are to apply STEM education. This study found that both self-efficacy and facilitating
conditions had positive impacts on perceived behavioral control for teachers in STEM
education, of which self-efficacy was the strongest impact factor. In previous studies,
researchers such as Ayesha [28,73], Mdutshekelwa Ndlovu [30], and Kuan-Chuan Tao [31]
all confirmed that self-efficacy and facilitating conditions were impact factors of perceived
behavioral control, and most of these studies [28,30,73] showed that, compared with
facilitating conditions, self-efficacy had the most significant impacts on behavioral control,
which is consistent with the conclusions drawn in this study. This indicates that if schools
can provide effective support with resources, it will be easier and more convenient for
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teachers to carry out teaching activities, and, more importantly, it will improve teachers’
confidence in teaching. Confidence is built on success, and thus, a reliable way to improve
self-efficacy is to repeatedly experience a sense of success in the middle of completing a
certain task. Therefore, to improve their proficiency in STEM education, teachers should
strive for successful experiences and belief in conducting STEM education, and thus believe
that they are qualified for success. After that, teachers should have high “self-efficacy” with
confidence in their capabilities of conducting STEM education and consequently be willing
to implement STEM education.

The significant impacts of teachers’ readiness on their intentions to implement STEM
education were tested in the hypotheses established by this model. Currently, there is
no research exploring the impacts of teachers’ readiness on their intentions to implement
STEM education, but some studies have confirmed that teachers’ readiness for AI sig-
nificantly influenced their intentions to implement AI teaching [48]. Highly consistent
with other studies [21,22], this study found that emotional readiness had a significant
correlation with teachers’ intentions to implement STEM education. In addition, both
behavioral readiness and cognitive readiness had positive impacts on the self-efficacy of
teachers in implementing STEM education, among which behavioral readiness was the
strongest predictor. This shows that the more teachers understand and prepare for STEM
education, the more they will enhance their self-efficacy, which has been verified to be
an effective factor in improving teachers’ perceived behavioral control in STEM educa-
tion. Although there are no studies directly exploring the impact of teachers’ cognitive
readiness and behavioral readiness on teachers’ self-efficacy, researchers have found that
TPACK (technological pedagogical content knowledge) had an indirect impact on teachers’
STEM educational intention [22]. In addition, teachers who fail to prepare themselves well
with knowledge of STEM [74] such as science, mathematics, and engineering [75] may
be afraid of teaching design-related engineering content to students [76], thus having a
low self-efficacy in STEM education. For many primary and secondary school teachers
in China, STEM education is still a relatively unfamiliar teaching method. For example,
in this study, some primary and secondary school teachers mentioned that they did not
understand “what STEM education is”. Though the Chinese government encourages and
guides colleges and enterprises to commence STEM training for teachers, such training
still hardly attracts teachers to participate and receives unsatisfactory results due to the
incomplete training mechanism. Teachers’ self-efficacy in teaching is usually highly inter-
twined with the corresponding knowledge and positive experience [77–79]. Insufficient
cognitive and behavioral preparation would naturally undermine teachers’ confidence in
implementing STEM education. Therefore, with the aim of promoting STEM education, the
top-level design of STEM professional development for teachers should be strengthened
from an emotional aspect (attitudes), cognitive aspect, and behavioral aspect.

6. Conclusions and Further Developments

6.1. Conclusions and Suggestions

This study established and tested a research model of the behavioral intention of
K12 teachers to implement STEM education based on the DTPB (decomposed theory of
planned behavior) and teachers’ readiness. The results of this study demonstrate that the
model fit the data well and was suitable for the research of teachers’ behavioral intentions
to implement STEM education. Constructs including self-efficacy, perceived behavioral
control, perceived usefulness, behavioral readiness, attitudes, cognitive readiness, compati-
bility, facilitating conditions, and perceived ease of use had direct or indirect significant
impacts on K12 teachers’ behavioral intentions to implement STEM education. Amid the
above-mentioned constructs, self-efficacy, perceived behavioral control, perceived useful-
ness, behavioral readiness, attitudes, and cognitive readiness had comparatively stronger
impacts. However, there was no evidence that subjective norms had significant impacts on
teachers’ intentions to implement STEM education. In addition, based on the analysis of
Chinese K12 teachers’ readiness from emotional, cognitive, and behavioral aspects, this
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study found that teachers’ readiness for STEM education was a strong predictor of teachers’
behavioral intentions, which is consistent with the results of Ayanwale et al. [48]. This
study also indicated that Chinese K12 teachers’ readiness for and intentions to implement
STEM education were both in the high to average range. “Behavioral readiness” was a
strong predictor of teaching intention to implement STEM education, but it maintained at a
relatively minimal level.

The findings of this study have certain reference significance for policymakers and ed-
ucators, and serve to promote STEM education and truly improve students’ STEM literacy
and problem-solving abilities in an interdisciplinary and innovative manner [2]. Compared
with studies of its kind, this study achieved breakthroughs in terms of the sample size,
the scope of the research objects, and the basic theoretical model and creatively proposed
adding teachers’ readiness into the DTPB model. Through analyses of K12 teachers’ readi-
ness and impact factors of behavioral intentions to implement STEM education, this study
provides a reference for the development of STEM education in primary and secondary
schools. Policymakers can follow the findings of this study to formulate practical top-level
strategic plans and effective STEM teacher professional development programs around key
impact factors to strengthen teachers’ interdisciplinary teaching literacy.

Given the results of this study, how to improve teachers’ teaching intention to im-
plement STEM education can be discussed from two aspects: attitudes and perceived
behavioral control. Firstly, only when teachers hold positive attitudes towards the practica-
bility of a certain action can they adopt positive attitudes towards such behavior. Perceived
usefulness was the most significant predictor of attitudes, which demonstrates that the
teachers paid great attention to the effects of the implementation of teaching behavior;
thus, it was crucial to improving teachers’ sense of value in teaching. This inspires us to
encourage more teachers to develop STEM projects and implement STEM education in real
practice so that teachers can compare their original teaching methods with practical cases
and truly experience the value of STEM education. Secondly, self-efficacy was the strongest
predictor of perceived behavioral control, meaning it is a necessity to enhance teachers’
self-efficacy in STEM education. The authors suggest that corresponding interventions
should be implemented based on cognitive readiness and behavioral readiness. In terms of
cognitive readiness, teachers are expected to pay more attention to relevant requirements,
learn from excellent cases, and spend time analyzing them in detail to deepen their under-
standing of STEM education and their cognition of teachers’ roles. In addition, schools
can organize relevant lectures and competitions for teachers. With regard to behavioral
readiness, most teachers noted that they lack enough time to implement STEM education.
Thus, the workload of teachers on non-teaching tasks should be reduced to ensure that they
have enough time to prepare for STEM courses. Teachers should also improve teaching
strategies, integrate STEM education into discipline education, and determine specific
teaching contents tailored to students with different characteristics to make the class more
interesting. Considering that support, guidance, and leadership are critical for teachers
to shift from traditional teaching styles [80], schools should strengthen their pedagogic
support for STEM education and provide opportunities for cooperation among teachers of
different disciplines. Finally, favorable facilitating conditions can also improve teachers’
perceived behavioral control, thereby enhancing teachers’ teaching intentions. The state
and government can provide certain funds or formulate policies so as to provide corre-
sponding educational spaces, resources, technologies, and expert guidance, among others,
for conducting STEM education. By establishing a cross-school and cross-regional STEM
community of practice, a balanced layout of “facilitating conditions” can be encouraged.

6.2. Limitations and Further Development

Despite the contributions of this study, some limitations remain to be addressed.
Firstly, since the data collected in this questionnaire were not balanced from different
regions, i.e., there were relatively small sample sizes from central and western China, this
study did not explore the impact of regions on teachers’ readiness for and intentions to
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implement STEM education. Previous studies have proven that data from different regions
could predict behavior more accurately and meaningfully [81]. Therefore, more studies
investigating whether the educational development of regions has impacts on teachers’
readiness and teaching intentions to implement STEM education should be carried out.
Secondly, the significant impacts of subjective norms on teachers’ intentions to implement
STEM education have yet to be tested, but this does not indicate that there is no significant
impact between them. Research on non-STEM education has proven that subjective norms
are among the impact factors of behavioral intention [67,82]. Further studies can focus
on the correlation between subjective norms and teachers’ intentions to implement STEM
education. Thirdly, most of the previous studies focused on explaining and predicting
behavioral intention and actions. Since the DTPB model can intervene in behavior, further
studies can explore how to intervene in STEM teaching behavior based on the DTPB.
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Appendix A

Attitudes/Emotional Readiness (AT)

AT1: I enjoy implementing STEM education approach in my lesson.
AT2: I am satisfied with the implementation of STEM education approach as it is able

to stimulate students’ insterest in the class.
AT3: I am satisfied with the implementation of STEM education approach as it enables

students to use knowledge of different disciplines to solve real-life problems.
AT4: I think it is interesting to implement STEM education.
AT5: I think it is a good idea for students to carry out STEM courses.

Perceived Usefulness (PU)

PU1: I think STEM education is an important driving force for the rapid development
of the country

PU2: I think STEM education can improve students’ employment competitiveness
PU3: I think STEM education helps to cultivate students’ comprehensive quality and

innovative ability to solve problems
PU4: I think STEM education helps to cultivate students’ cooperation ability, sense of

responsibility and team spirit
PU5: I think STEM education is helpful to cultivate students’ scientific inquiry ability

and practical ability

Perceptual Ease of Use (PEU)

PEU1: I think it is difficult for me to implement STEM education
PEU2: I think the implementation of STEM education will make me feel stressed

and anxious
PEU3: I think it is difficult to become a skilled STEM teacher
PEU4: I hesitate to implement STEM education because it requires a lot of extra

preparation and effort
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Compatibility (CO)

CO1: The interdisciplinary project-based teaching method of STEM education can be
used with my original teaching method

CO2: The teaching method of STEM education is similar to my original teaching
method

CO3: My original idea of educating people is similar to that of STEM education for
cultivating compound innovative talents

CO4: My original evaluation concept is similar to STEM education’s multiple evalua-
tion concept based on real situations

CO5: Carrying out STEM education is in line with my current teaching needs.

Subjective Norms (SN)

SN1: People who affect my teaching behavior (e.g., superiors, peers, students, students’
parents, etc.) think STEM education is an important way of education

SN2: People who affect my teaching behavior (e.g., superiors, peers, students, students’
parents, etc.)will think that I should carry out STEM education

SN3: People who affect my teaching behavior (e.g., superiors, peers, students, students’
parents, etc.) think that carrying out STEM education benefits me a lot

Superior Influence (SUI)

SUI1: Superiors believe that STEM education should be carried out
SUI2: Superiors believe that STEM education is an important way of education
SUI3: If superiors advocate STEM education, I will try this education method
SUI4: The requirements and suggestions of superiors on STEM education are very

important to me
SUI5: Superiors believe that STEM education is conducive to teachers’ professional

development

Peer Influence (PEI)

PEI1: My colleagues think that STEM education should be carried out
PEI2: My colleagues think STEM education is an important way of education
PEI3: If my colleagues invite me to carry out STEM education, I will actively cooperate

with them
PEI4: If my colleagues are conducting STEM education, I will do the same
PEI5: Colleagues’ opinions and suggestions on STEM education are very important

to me

Student Influence (STI)

STI1: Students believe that STEM education should be carried out
STI2: Students believe that STEM education is an important way of education
STI3: Students strongly support me to carry out STEM education in the class
STI4: The actual needs of students for STEM education are very important to me
STI5: Students’ opinions and suggestions on STEM education are very important

to me

Parental Influence (PAI)

PAI1: Students’ parents believe that STEM education should be carried out
PAI2: Students’ parents believe thinks STEM education is an important way of education
PAI3: Students’ parents strongly support me to carry out STEM education in the class
PAI4: The parents’ opinions and suggestions on STEM education are very important

to me
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Perceived Behavioral Controls (PBC)

PBC1: I can carry out STEM education activities
PBC2: I can control the whole process of STEM education activities
PBC3: I have enough resources to carry out STEM education activities
PBC4: I have sufficient knowledge to carry out STEM education activities
PBC5: I have sufficient teaching skills to carry out STEM education activities

Self-efficacy (SE)

SE1: I can properly assess students using various assessment strategies in STEM
education

SE2: I can solve problems raised by students during STEM activities
SE3: I can establish rules for activities based on the characteristics of STEM education

to keep them running smoothly
SE4: I can get students to follow the rules of STEM education activities
SE5: I can motivate students who have a low interest in STEM activities
SE6: I can help students to innovate during STEM activities

Facilitating Conditions (FC)

FC1: When I encounter difficulties in STEM education, I can easily find relevant people
for help

FC2: My school has teachers for STEM education
FC3: My school has the necessary laboratory conditions for STEM education
FC4: My school has carried out teacher training of STEM education

Cognitive Readiness (CR)

CR1: I understand the objectives of promoting STEM education drawn up by Ministry
of Education.

CR2: I understand the teacher’s role in implementing STEM education at school.
CR3: I understand the more mature STEM programs at the moment.
CR4: I am responsible for ensuring that students have fun and meaningful learning

experiences during STEM activities
CR5: I need to understand and master various knowledge contents and implementa-

tion methods of STEM education

Behavioral Readiness (BR)

BR1: I am prepared to attend STEM education training courses to enhance my skills
and knowledge.

BR2: I always analyze the existing personality characteristics and cognitive levels of
students in order to carry out STEM education.

BR3: I have enough time to implement STEM education after my subject teaching
work.

BR4: I do rigorous preparations before implementing STEM education approach in
the classroom

BR5: I’m going to work with my colleagues to organize STEM education.

Behavioral Intention (BI)

BI1: I plan to carry out STEM education in the future subject teaching
BI2: I will keep abreast of the latest STEM education information
BI3: I plan to spend time in the future to learn how to carry out STEM education
BI4: I will encourage and be willing to collaborate with colleagues in STEM education
BI5: I will encourage students to participate in STEM project activities

Answer the following question

Please talk about your views on STEM education (Optional):
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