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The purpose of this study is to use the 5Emodel (Engagement, Exploration, Explanation, Elaboration, Evaluation; 5E) to

develop a 3D printing course for technical high schools, and to explore the impact of this model on students’ learning

effectiveness. This study invited five experts to conduct focus interviews to explore the development of student-centered

3D printing courses in the 5E model, and jointly developed a 5E 3D Printing Course and a learning effectiveness scale. In

addition, 39 studentsmajoring inmechanical engineering from a technical high school in southern Taiwanwere selected as

subjects to conduct experimental teaching, and the learning effectiveness of the students was investigated by questionnaire

survey. This study proposed a 5E 3D printing course, including: (1) course objective planning, (2) machine elements and

design application, (3) topic setting and revision, (4) mechanical parts drawing and combination simulation, (5) 3D

printing practices, (6) presentation and sharing of results, and summarization of the key points of teaching at each stage.

After 18 weeks of experimental teaching, significant positive feedback was obtained from most students, indicating that

this course is conducive to the improvement of their learning effectiveness. According to the conclusions, the 5E 3D

printing teaching model was developed, and the 6-stage curriculum planning and implementation suggestions were put

forward for students and teachers, in order to provide a reference for teachers to participate in 3D printing courses in the

future.
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1. Introduction

The maturing of 3D printing technology and the
innovative development of material technology

have brought a disruptive impact on global manu-

facturing production [1]. According to the Market

Research Report of [2], the global 3D-printed

medical equipment market will grow from USD

12.2238 billion in 2020 to USD 23.751.9 billion by

the end of 2025. 3D printing breaks through the

traditional manufacturing methods and provides a
new, fast, low-cost, and high-performance flexible

manufacturing model, which conforms to the cur-

rent customer-oriented, diversified, and compli-

cated market trend [3].

With COVID-19 having a significant impact on

the global manufacturing and supply chain, global

manufacturers have realized the importance of

local production, especially for medical equipment

and consumables. There is a huge gap in the market

for medical supplies. Many companies have
attempted to adopt 3D printing technology to

make breathing valves, breathing filters, and face

mask buckles to alleviate the shortage of supplies,

which highlights the potential of 3D printing in

response to the changing situation [4]. In the future,

the manufacturing industry will inevitably intro-

duce more 3D printing technology to assist in

production, otherwise enterprises may lose their
market competitiveness [5]. Therefore, talent culti-

vation in 3D printing technology is an important

direction for the mechanical department of techni-

cal high schools.

With the rapid development of the technology

industry, the demand for interdisciplinary profes-

sional talents has multiplied, and the technical and

the vocational education organizations of all coun-
tries have been developing towards cultivating
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students’ integration ability, teamwork spirit, and

problem-solving ability [6]. Moreover, in recent

years, ITEEA has proposed 5E learning by design

to guide students to conduct interdisciplinary inte-

grated learning, in order that students can deepen

their learning step by step during practice andmake
practical products [7, 8]. Chung, Lin and Lou [9]

pointed out that teachers should have clear tasks at

each stage of practical teaching to help learners

develop scientific inquiry abilities, and teachers

should be guided to design diversified teaching

activities to arouse learners’ learning motivation,

encourage them to explore, explain or clarify wrong

concepts, extend the application of concepts, and
evaluate students’ learning effectiveness [10]. There-

fore, the integration of 5E inquiry-based learning

strategies into 3D printing course design and prac-

tical activity planning should guide students to

construct 3D printing knowledge from exploration

and acquire 3D printing skills from problem solving

and practical application, which is feasible and

worthy of further verification in terms of innovative
3D printing course teaching strategies.

Thus, this study integrated 5E inquiry-based

learning strategies into a 3D printing course, devel-

oped a 5E 3D printing course, and guided students

to understand the principles and application of 3D

printing technology. Based on the cam mechanism

application course of the mechanical department,

the application of computer-aided drawing was
planned in combination with the principle of

machine components. In addition, students’ DIY

projects were planned to achieve the teaching

objectives by identifying and solving problems

and verifying the knowledge content. The objec-

tives of this study include the following points:

(1) To develop the 5E 3D printing course for the

mechanical department of technical high

schools.

(2) To explore the learning effectiveness of stu-

dents from the mechanical department of tech-

nical high schools in the 5E 3D printing course.
(3) To construct the 5E 3D printing teaching mode

for the mechanical department of technical

high schools.

2. Literature Review

2.1 3D Printing and its Educational Applications

3D printing, also known as Additive Manufactur-

ing (AM), is a technology that employs layers of
materials to produce three-dimensional finished

products [11]. In the process of 3D printing, the

model file should be provided first and the printing

parameters should be set by slicing software before

the file is transferred to the 3D printer platform for

printing. The model file is in the STL format, which

is a common format compatible with most models

and slicing software. The model design can be

completed with the assistance of stereoscopic draw-

ing software or a scanner. 3D printing technology

does not require mold development, tool replace-
ment, or industrial fixtures, and the product design

and parameter data can be directly used to produce

new product samples or models [12]. 3D printing

has been widely adopted in industrial, medical, and

design industries, and its advantages are, as follows:

(1) It is easy to operate and maintain.
(2) Compared with other methods, 3D printing is

relatively cheap.

(3) It is easy to keep the environment clean and

tidy without the use of additional chemicals.

(4) The device is ofmoderate size and can be placed

on a desk.

(5) The whole process is carried out inside the

machine without the need for additional equip-
ment.

(6) A variety of materials are available with engi-

neering characteristics.

(7) The price of the equipment is relatively low,

which helps to shorten the delivery time.

3D printing technology is widely used in medical

treatment, photography, teaching, product design,
and other fields, among which the application in

teaching needs to be promoted most. Therefore, the

cultivation of 3D printing professionals is the basis

for the sustainable development of 3D printing

technology. According to Mitrousias, Varitimidis,

Hantes, Malizos, Arvanitis and Zibis [13], 3D

printing models can be used to improve medical

students’ understanding of the stereoscopic anat-
omy of bones, and can be applied to the anatomy of

complex parts of bones. 3D printing software has

been used to make teaching aids to assist the

teaching of anatomy and pathology with good

results [14, 15]. The University of Toronto provides

a 3D printing website to introduce 3D printing

technology and online resources, in order that

potential users can learn by themselves. Maker
workshops are also launched to introduce 3D

printers and free model design software [16, 17].

To sum up, 3Dprinting technology is widely used

in medical teaching and maker courses in univer-

sities [18]. In order to meet the needs of connecting

industry and technology in technical high schools,

this study integrated the professional knowledge

required by mechanical parts processing and
mechanical drawing, integrated 3D printing tech-

nology into the course of thematic production, and

developed students’ 3D printing knowledge

through the development of innovative works.
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2.2 Connotations and Educational Applications of

5E

In 1960, the Science Curriculum Improvement

Study (SCIS) proposed a basic teaching model

and a set of teaching procedures for science educa-

tion, including three steps: exploration, invention,

and discovery. Bybee [7] proposed the 5E Learning

Cycle Mode (including engagement, exploration,
explanation, elaboration, and evaluation). The

teaching model was designed with the spirit of

inquiry as the core, which focuses on students’

ability to gradually develop a conceptual under-

standing over time, improves the way of imparting

knowledge, and deepens the connection between

the acquired knowledge and learning experience.

The five processes are, as follows:

(1) Engagement: It refers to designing activities

based on students’ learning interest, makes

students actively participate in teaching activ-

ities, connects students’ experience with course

content, elicits the direction of the topic by
asking questions, defining questions, and pre-

senting contradictory results.

(2) Exploration: Students participate in activities

and are given enough time and opportunities to

explore and construct common and concrete

experiences through hands-on operation.

(3) Explanation: The teacher first asks students to

give explanations, and based on their ideas,
elaborates and confirms the explanations by

verbal description, videos, or other teaching

media, in order that the students can truly

understand the knowledge. Then, the teacher

guides the students to the next stage of the

teaching process.

(4) Elaboration: Teachers attach importance to

student interactions and create a learning envir-
onment that encourages students to discuss and

cooperate, share ideas, and give feedback, in

order to build a personal understanding of

knowledge. Furthermore, teachers pay atten-

tion to whether students can apply the explana-

tions to new situations or problems, in order to

extend to the conceptual understanding of

generalization, and then, acquire higher-level
knowledge.

(5) Evaluation: Teachers encourage students to

assess their own understanding and ability,

and use evaluations to determine whether stu-

dents have achieved the teaching objectives

previously established.

The 5E inquiry teaching mode is widely

employed in teaching, and many scholars have

pointed out that the 5E inquiry teaching mode

mainly focuses on the design of guided inquiry

activities. In this mode, teachers only provide

materials and questions for students, and students

solve problems according to their own designed

procedures under the guidance of teachers [19–

21]. Moreover, the emphasis of the 5E inquiry-

based teaching model begins from psychological,
cognitive ability. Students are guided to discover

phenomena and explore problems through sys-

tematic experiments or activities to arouse their

interest in learning new knowledge. Using existing

resources to understand new concepts and con-

struct new knowledge can deepen their learning

level and enhance their learning effectiveness

through hands-on operation and exploring and
solving problems [22].

By summarizing the above research results, we

can gain an in-depth understanding of how to apply

5E inquiry teaching strategies into the curriculum

design and the development of teaching materials.

This can help students to learn and explore the

complex knowledge of various subjects, and effec-

tively help them overcome problems, thus, generat-
ing conceptual change and construction knowledge

[23–25].

Therefore, in the course development and design

of this study, the 5E (engagement, exploration,

explanation, elaboration, and evaluation) inquiry

teaching mode was selected to design learning

activities, in order that students could experience

the experimental operation activities. Through
inquiry-based teaching activities, it is hoped that

students can be motivated to discover and solve

problems, and thus, cultivate their ability to explore

and solve problems independently.

3. Research Design

Based on the purpose of this study and literature

review, the 5E 3D printing course for the mechan-

ical department of technical high schools was devel-

oped, and the influence on students’ learning

effectiveness was discussed. Relevant research
methods and tools are described, as follows.

3.1 Research Structure

The structure of this study is shown in Fig. 1.

Firstly, the literature on the 5E teaching model,

project development, and 3D printing course is

discussed and reviewed as a reference for teaching

design and course content planning in integrating

the 5E teaching model into the 3D printing project

development course. Then, the research design is
carried out according to the research purpose,

including course implementation planning, teach-

ing strategies, and the development of relevant

research tools to confirm the effectiveness of the

teaching model.
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Prior to the implementation of the course, stu-
dents’ knowledge of existing professional subjects

was evaluated, their understanding of the cam

mechanism was analyzed, and the course design

was adjusted according to the principles of the

machine elements and the course objectives of the

cam mechanism. Moreover, in accordance with the

teaching objective of Project Practice, cooperative

learning and inquiry-based 5E teaching were
adopted to help students build their knowledge

framework and enhance their learning motivation,

and guide students to become the subjects in learn-

ing. Finally, according to the teacher’s curriculum

schedule, students’ learning experience, and the

results of the project practice, this study cooperated

with experts to evaluate the effectiveness of the

curriculum, and then, discussed the advantages
and disadvantages of the curriculum design,

which can be used as reference to improve the

curriculum.

3.2 Case Study Method

This study employed the case study method to

investigate the planning focus of the 5E 3D printing

course and its impact on students’ learning effec-

tiveness. The case study method is a germplasm-

oriented research method, which is a special strat-

egy for collecting, organizing, and analyzing data,

and has the characteristics of particularity, descrip-

tion, inspiration, induction, exploration, and inter-
pretation. Case studies usually combine multiple

data collection methods, such as archival data,

interviews, questionnaires, and field observations

[26]. Therefore, this study adopted the case study

method to collect and analyze the data of curricu-
lum planning, teachers’ teaching reflections, stu-

dents’ on-site reactions, students’ feedback,

practical works, questionnaire survey, and student

interviews. By determining the problems in curri-

culum planning and implementation, the curricu-

lum design could be revised and students’ learning

effectiveness of 3D printing courses could be

improved.

3.3 Learning Effectiveness of 5E 3D Printing

Course

In terms of student learning effectiveness, the com-

bination of qualitative research and quantitative

research was used for experimental teaching

research [27]. The research subjects and tools are

described, as follows:

(1) Research Subjects.

This study selected 39 third-year mechanical

students from a technical high school in south-

ern Taiwan as the research subjects. All parti-

cipants had learned the cam mechanism in

second-year Machine Elements Principles,

and thus, had sufficient knowledge to partici-

pate in this case study. This study divided
students into nine groups with four to five

students in each group. The duration of the

3D printing course was 18 weeks, at three hours

per week, and the impact on students’ learning

effectiveness was explored through the 5E

teaching method.

(2) Quantitative research tool.

In quantitative analysis, a questionnaire
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survey was used to investigate the subjects, and

single sample t-test was adopted to analyze the

influence of this course on the learning effec-

tiveness of the subjects. This study developed

the 5E 3D Printing Learning Effectiveness

Questionnaire, which contained 14 questions.
A total of 93 subjects were selected by purpo-

sive sampling for pre-test, and the question-

naire was collected for items analysis. After

deleting the inappropriate items, the principal

component analysis method and Varimax were

employed for the orthogonal rotation axis to

extract the factors. The factor load of each item

in the questionnaire was between 0.76 and 0.91.
The total Cronbach’s � was 0.89, which indi-

cated that the scale had good reliability.

(3) Qualitative research tool.
In terms of qualitative analysis, this study

used the document analysis method to analyze

the learning effectiveness of students in the 5E

3D printing course. This study collected stu-

dents’ study sheets, learning experiences,

written reports, and group projects as the

basis for qualitative analysis of students’ learn-

ing process. The text data coding principles for
the nine groups of students are described, as

follows; for example, in S0203, S stands for

student text, 02 forGroup 2, and 03 for Student

3.

To cope with the variability and difficulty of

on-site teaching observations and text data

collection in the learning process of students,

this study adopted triangulation correction.
(1) At least two of the teachers and the research

team participated in the teaching field observa-

tion, (2) qualitative questionnaire analysis was

adopted for assistance, (3) text data collection

of study sheets, learning experiences, written

reports, and group projects were conducted to

establish the validity of the research data and

research results. Furthermore, this paper dis-
cusses the change of abstract concepts and

knowledge construction of 3D drawing and

3D printing in 5E inquiry-based teaching to

confirm the change in students’ learning pro-

cess.

3.4 Development and Design of 5E 3D Printing

Course

Regarding the 5E 3D printing course development,

we invited five experts with more than 13 years of

experience from engineering education, 3D print-
ing, machining, and other relevant fields to partici-

pate. The three university professors and two

technical high school mechanics teachers partici-

pated in the curriculum planning. The curriculum

design integrating the 5E inquiry teaching method

and 3D printing, as shown in Table 1, is described,

as follows.

(1) Course objective planning.

This study integrated the meaning of engage-

ment in 5E and created attractive teaching

themes to motivate students to understand

the meaning and objectives of the project

production course. In addition, teachers

explained the knowledge and technology

related to the mechanical major, including
machine elements and computer aided draw-

ing. This course mainly combined 3D printing

technology and teaching to assist students in

producing works. During the course, the

importance of teamwork was emphasized, the

cooperative learning method was adopted, the

students were instructed towork as a group, the

work was assigned, and the group leaders were
selected.

(2) Machine elements and design application.

The meanings of exploration and explana-

tion in 5E were integrated, and the cam
mechanism of machine elements was intro-

duced through a teaching video. When the

application of the mechanism in daily life was

explored and analyzed, it was hoped to inspire

the motivation of students to innovate their

designs and practices. In addition, grouped

students were encouraged to collect relevant

materials and videos to discuss the direction
and topic of the group’s finished product

design. Teachers were present to observe,

guide, and assist in management. Finally,

each group was invited to present an example

or video using the teaching broadcast system,

and explain their design and the principles of

the mechanism through oral presentation.

(3) Topic setting and revision.

The connotation of explanation was con-

tinuously integrated. Student groups were

asked to set a design topic, and determine the

components needed for the mechanism. Stu-
dents were encouraged to present their hand-

drawn sketch designs of their mechanism, and

explain the topic and the components used in

the mechanism design, as well as their func-

tions. Furthermore, teachers and students com-

municated about the mechanism design.

Finally, the teacher guided the students in

each group to revise their topic according to
the feasibility of their mechanism design, and

their final designs served as the basis for plan-

ning and scheduling the subsequent computer-

aided drawing and 3D printing manufacturing.
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(4) Mechanical parts drawing and combination

simulation.

This study elaborated and integrated the

connotations of 5E, and required each group

of students to complete a 3D pattern presenta-

tion according to their hand-drawn design
sketches. The computer-aided mechanical

drawing technology of SolidWorks was used

for students to show what they had learned, in

order to further complete the mechanism com-

bination drawing. During the process, students

were assisted to discuss the size errors of their

simulated combinations, as well as the shape

corrections for their mechanisms.

(5) 3D printing practice.

This step continued to elaborate the 5E

designs and applied 10 3D printers in the
teaching field. The teacher helped students to

understand the principles, operation steps, and

precautions of 3D printing. Then, the teacher

assigned one 3D printer to each group and

assisted the students to print their mechanical

components. In the process, the teacher helped

students to set software, eliminated printing

problems, guided students to think about the
order and location of components, encouraged

students to observe the printing status, and

helped them to adjust printing parameters

and eliminate errors in case of problems.

Finally, the students in each group were

required to record their group discussions and

manufacturing process problems and solutions

during printing, which were included in their
results reports.

(6) Presentation and sharing of achievements.

This step integrated the evaluation connota-

tions of 5E. At the end of the semester, each

group presented the design principle and pur-

pose of their works, the finished mechanism,

the design drawings of parts, the problems

encountered, and the solutions applied, as

well as their feelings and experiences regarding
the work assignments and course content. This

study invited three mechanical teachers to offer

comments and suggestions on the finished

products, presentations, and written data

from each group.

3.5 Teaching Focus and Process of 5E 3D Printing

Project Course

The teaching focus and process planning of the 5E

3D printing course involved students and teachers,

as shown in Fig. 2, and the student-centered activity

design was emphasized. By completing the tasks of

each stage, mechanical design knowledge and its
principles were constructed, the knowledge of com-

puter aided drawing was reviewed, 3D printing

skills were acquired, and the finished products

were produced. The teacher played the role of

guidance, and eliminated students’ technical diffi-

culties in learning. The key teaching points imple-

mented in this course are mainly based on the

course objective and the 5E inquiry teaching
mode, including (1) course objective planning, (2)

machine elements and design application, (3) topic

setting and revision, (4) mechanical parts drawing

and combination simulation, (5) 3D printing prac-

tices, (6) presentation and sharing of results.

4. Results

According to the purpose of this study and the

implementation results of the research design, the
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Table 1. Summary of 3D printing course design

5E 3D printing course 5E The content implications of incorporating the 5E model into the course

(1) Curriculum objective
planning

Engagement Plan ‘‘Appreciation of Excellent Works of National Project Competition’’ to arouse
students’ learningmotivation and participation in the 3D printing course and take in
the course themes and learning objectives.

(2) Machine elements and
design application

Exploration,
Explanation

Design ‘‘cammechanism design andmanufacture’’ theme and exploratory questions
to guide students in learning data collection and attaining group discussion ability
and connect their life experience and preparatory knowledge.

(3) Topic setting and
revision

Explanation Guide students to discuss from different perspectives, explore the core of the ‘‘cam
mechanism’’ theme, and continuously revise the theme direction for them to learn
how to focus on the core of the problem.

(4) Mechanical parts
drawing and combination
simulation

Elaboration Plan opportunities for students to put ‘‘SolidWorks software’’ into practice, present
innovative design ideas of institutional components through 3D graphics, and learn
the ability to concretize ideas.

(5) 3D printing practice Elaboration Plan the practical application of 3Dprinting technology to assist students in realizing
innovative ideas and repeatedly practice and improve the quality of works in the
implementation process.

(6) Presentation and
sharing of results

Evaluation Implement multiple evaluations, publication of planning results, physical
demonstrations, and peer reviews to achieve creative experience sharing and peer
communication and check students’ learning effectiveness.



analysis of students’ learning effectiveness of the 5E
3D printing course is based on the analysis of

students’ learning process and learning effective-

ness, which are described as follows.

4.1 Analysis of Learning Process of 5E 3D

Printing Course

The 3D printing course of this study took 5E as the

main structure, and planned the 5E 3D printing

course teaching mode with the students as the main

body. The following is a summary of the students’
learning sheets, learning experiences, written

reports, and works. The performance and transfor-

mation of the students’ learning process were ana-

lyzed and summarized, as follows:

(1) Course objective planning: planning attractive
curriculum topics, arousing students’ learning

motivation.

During the course, teachers guided students

to browse the excellent works of a project
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competition in Taiwan, in order to increase

students’ involvement and motivation, and

explained the purpose, course content, and

course evaluation method of the 3D printing

course. Finally, the students were divided into

nine groups according to their number, and the
teacher assigned tasks.

It was found that there was a large gap in the

professional knowledge and skills of some

students, which made them feel uneasy, and

some students were left out of their group

activities. Therefore, when teaching, the tea-

cher should encourage the students to take the

opportunity to review their previous knowl-
edge with the group, and emphasize mutual

learning, group discussion, teacher-student

interaction, and extended learning, in order

that the students can feel comfortable when

learning. In terms of 5E, students understood

the innovative application of 3D printing and

improved their motivation to participate in

learning by appreciating the excellent works
of the competition. Moreover, students

enhanced their 3D printing practical skills

during the hands-on manufacturing process.

Students’ learning experience:

S0201: I learned that 3D printing should also

be combined with computer-aided mechan-

ical drawing. Although I have learned com-

puter drawing before, I didn’t learn it well. I

hope I can learn it well this time.

S0502: Thanks to the help of my teachers and

classmates, I was able to review and become

proficient in computer-aided mechanical

drawing.

(2) Machine elements and design application: cul-

tivating students’ ability to collect data, linking

real life experiences and applications.

Focusing on the design and manufacture of

cam mechanisms, the teacher introduced to

students the works of Kazuaki Harada, a

Japanese mechanical device artist, and used

online resources to arouse students’ motivation

for design and creation. Students were encour-

aged to collect resources and videos from the
internet, and after group discussion, they drew

their parts and mechanism combination

sketches by hand, as shown in Fig. 3.

During this course, the teacher encouraged

students to focus on the discussions and designs

of their applications in daily life, asked students

to explain the results of their discussions, and

designed and provided learning sheets to
increase participation in the discussion. While

A4 paper was provided for students discus-

sions, sketches, and revisions, the students

thought that it was inconvenient for group

discussion, and a whiteboard was provided

for discussion. Furthermore, in the teaching

process of the 3D printing course, teachers

employed guided teaching – such as apprecia-
tion of cam mechanism works, network data

collection – and discussion according to stu-

dents’ learning status to reduce students’ learn-

ing obstacles. Through teachers’ guidance and

cooperative learning among peers, students

learned knowledge and skills in data collection,

group discussion, creative thinking, hand-

drawn design sketches, and innovative applica-
tions of 3D printing.

Students’ Learning sheet:

S0104: We hope to put what we have learned

into practice and design an automatic

money-dividing saving pot that can be

used in daily life, as shown in Fig. 3(a).

S0501: After group discussion, we decided to

apply the characteristics of the cam

mechanism to design a finger metronome
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that can simulate the rhythm generated by

finger beating, as shown in Fig. 3(b).

S0801: The learning sheet helps us to focus on

the main points of the discussion and engage

the passive students in the discussion.

(3) Topic setting and revision: guiding students to

explore the topic in-depth and focus on pro-

blem solving.

In this study, each group presented a 15-
minute brief report on their topic, including

the principle of themechanism’s hand-sketched

design, followed by five minutes of classmate

questions and discussions, and then, the tea-

chers provided design suggestions as a refer-

ence for each group’s topic and mechanism’s

revision.

It was found that, after the presentation of
each group, the questions and discussions

among peers were enthusiastic, and students

were willing to give design recognition and

innovative suggestions. In order that the stu-

dents could focus on the key points and feasi-

bility of the mechanism design, the teacher

made the final summary. In addition, there

were significant differences in student presenta-
tion skills among the groups, with some groups

unable to fully describe the project topic or

mechanism design concept. Therefore, a tutor-

ial course on presentation editing skills was

added to help students establish presentation

points and classroom standards. In terms of

5E, after several instances of 3D printing theme

exploration and discussion, most student
groups took themselves as the main body.

They explored, thought, and solved problems

with their own ability and gradually clarified

the core of the cammechanism design problem,

from which they obtained ideas to solve pro-

blems. Further, students were also able to

integrate group members’ opinions, sort out

ideas, and focus on the direction and feasibility
of solving the 3D printing theme.

Students’ mid-term written report and learning
experience:

S0102: Through the presentation, we can get

to know the creative ideas of other groups.

With this, we can be stimulated to provide

more creative designs.

S0304: Suggestions from students and tea-

chers can pinpoint our blind spots and

improve the feasibility of our design. I am

looking forward to the production of the

work.

(4) Mechanical parts drawing and combination

simulation: emphasis on students’ application

of what they have learned, the combination and

application of theory and practice.

This unit required students to use Solid-

Works to draw their parts plan and stereogram

of the mechanism designed by each group, as

shown in Fig. 4, and try to combine andmodify
the original design size of each part. Students

learned to use SolidWorks to present the hand-

drawn sketch of their mechanism in the form of

a stereogram.

It was found that the participation rate in the

discussion and drawing of each groupwas high,

and the students helped each other and learned

from each other in the computer-aided
mechanical drawing. The teacher provided

assistance to reduce the size errors between

the drawing and the stereogram to facilitate

the assembly of parts.Moreover, most students

experienced learning for application in this

stage. They integrated the results they had

explored, their drawing concepts, cammechan-

ism-related professional knowledge, and com-
puter drawing skills they learned in the past and

practically applied them to the innovative

design and implementation of 3D printing

projects.

Students’ Learning sheet:
S0102: We used the gear, scraper, circuit and

crank design, as shown in Fig. 4(a), and

drew all parts using the computer-aided

drawing skills we learned. It feels good to

put what we’ve learned into practice.

S0501: The practice of computer-aided draw-

ing made me understand the technical gap

between me and my classmates. Thanks to

the help of other students and teachers, the

mechanism assembly drawing was com-

pleted as scheduled, as shown in Fig. 4(b).

(5) 3D printing practice: new technology was

incorporated into curriculum planning to

assist students in learning and innovative appli-

cation.

The teacher explained the principles and

application of 3D printing, the placement and
sequence skills for parts, and guided the stu-

dents to learn the printing parameter settings of

the slicing software Cura, as well as the meth-

ods of operation, and the safety and mainte-

nance precautions of 3D printers.

It was found that the students were excited

about printing their 3D products; however, the

long printing time made some groups with
more mechanical parts feel anxious. During

the course, the groups that had completed

their project helped the groups that had not

yet completed their parts. This facilitated col-
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laborative learning among the groups, which

accelerated the project progress of each group

and enabled the students to complete their

products within the course schedule. Finally,
with the teacher’s assistance and advice, the

students worked together to complete their

presentations and written reports. In terms of

5E, students applied 3D printing technology to

produce works with innovative ideas and mod-

ified, optimized, and refined the physical works

to achieve refined 3D printing conceptual

models. Hence, the practical application of
students’ 3D printing course knowledge is

deepened, while the connection and application

of cross-domain knowledge and ability are

strengthened.

Students’ Learning sheet:

S0503: Our team designed more parts, which

gave us more opportunities to operate the

3D printer. However, the time spent

increased as well. We should consider sim-

plifying the design without affecting the

function.

S0601: Although 3D printing is very conveni-

ent, different parts have different parameter

settings, resulting in printing failure. We

reviewed the reasons for the failure and

learned how to set the printing parameters.

S0702: We found that the printing failed

because there was too little space inside

the part for the 3D printing to form the

support material. The limitations of 3D

printing need to be considered in the design.

(6) Presentation of results: experience sharing and
peer communication, multiple evaluations to

examine students’ learning effectiveness.

The presentation of course results was car-

ried out two weeks before the end of the

semester. Each group had 20 minutes, then

teachers collected students’ experiences,

reports, and written data, and two mechanical

teachers were invited to participate in the

evaluation and give the final scores to students.
It was observed that most of the groups

expressed satisfaction with the application of

3D printing technology in the course, as shown

in Fig. 5, and were willing to share their feelings

with their classmates in their report. In addi-

tion, the presentation performance of most

groups was significantly better than that at

the mid-term subject evaluation, and most
groups had good reporting time control and

report expression. Furthermore, most students

shared their innovative design ideas about the

work themes and exchanged practical experi-

ence in cam design problem solving and

mechanism function verification through dis-

cussion, implementation, and publication of

results. In this way, students could constantly
strengthen the links between different concepts

(e.g., 2D drawing, 3D design, and 3D printing

products) and the blind spots of the problem-

solving process to improve their learning effec-

tiveness and strengthen the improvement of

practical skills.

Students’ final written report and group project
work:
S0101: We innovated and applied the profes-

sional knowledge learned from the gear unit

of Machine Elements and added the func-

tion of automatic money classification to

the money box, as shown in Fig. 5(a). The

Arduino electronic circuit was mainly used

to make the mechanism operate automati-

cally and become amechatronic mechanical

device. With the gear, connecting rod and

scraper, the coins can be layered according

to the face value of the coins.

S0501: We used the disk-shaped cam and

Yun-Hsuan Chu et al.558

Fig. 4. Examples of computer-aided drawings of students.



placed the cams of the same shape in

different positions so that the four fingers

could make different reciprocating linear

motions at different times, as shown in

Fig. 5(b). Since the linked parts and drive

shaft are not suitable for 3D printing, we

replaced them with iron wire and bamboo

chopsticks, which successfully solved the

problems encountered in production.

4.2 Analysis of Students’ Learning Effectiveness

The statistical analysis results of the questionnaire

survey on the learning effectiveness of 39 mechan-

ical students in technical high schools after an 18-

week 5E 3D printing course are shown in Table 2,

and described, as follows.

After the 5E 3D printing course, the one-sample

t-test was selected (test value was 3). Most students

gave a positive evaluation of this course, with an

overall mean of 3.94, a standard deviation of 0.61,
and a t-value of 13.27, indicating a significant

positive difference. The average score of each item

is between 3.33 and 4.33. Furthermore, the one-

sample t-test analysis was carried out with a test

value of 3.5. Most of the students believed that this

course was helpful to improve their application of

professional knowledge, such as mechanical draw-

ing and design, 3D printing, and SolidWorks, as
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Table 2. Analysis of students’ learning effectiveness

No. Item
Average
mean

Standard
deviation t Significance

1 This course improved the application of my professional
knowledge of mechanical design and principle.

3.97 0.91 3.81 0.000

2 This course improved the application of my professional
knowledge of mechanical drawing and design.

4.31 0.66 7.70 0.000

3 This course improved the application of my 3D printing
professional knowledge.

4.33 0.86 7.86 0.000

4 This course improved the application of my SolidWorks
professional skills.

4.19 0.82 5.48 0.000

5 This course improved my PowerPoint presentation ability. 3.61 0.90 1.01 0.318

6 This course improved my Microsoft Word writing ability. 3.61 0.96 1.96 0.058

7 This course improved my oral expression ability. 3.33 0.95 –2.18 0.036

8 This course cultivated my interdisciplinary integration ability. 3.81 0.92 2.78 0.008

9 This course improved my teamwork ability. 4.08 0.80 4.10 0.000

10 This course improvedmy abilities in independent thinking and
problem solving.

3.97 0.81 5.51 0.000

11 This course improved my innovative thinking ability. 3.97 0.91 3.99 0.000

12 This course promoted my active learning of professional
knowledge.

3.97 0.91 4.19 0.000

13 This course improved my practical design and production
ability.

3.97 0.77 4.43 0.000

14 This course improved my understanding of previous
professional courses.

3.97 0.84 4.19 0.000

The general dimensions of students’ learning effectiveness. 3.94 0.61 13.27 0.00

Test value = 3.5.



well as to improve their teamwork ability. The

mean value was higher than 4, and the t-value

ranged from 4.10 to 7.86, which shows positive

significant difference. The analysis results corre-

spond with the ‘‘5E 3D printing course’’ objectives,

integrating students’ preparatory knowledge of
mechanical drawing and SolidWorks into the new

knowledge of 3D printing for application and

learning the attitude and experience accumulation

in teamwork.

Moreover, this course was conducive to improv-

ing students’ application of their professional

knowledge in mechanical design and principles, as

well as students’ abilities in cross-disciplinary inte-
gration, independent thinking and problem solving,

innovative thinking, ability to actively learn profes-

sional knowledge, and ability of design and produc-

tion. Students’ impressions and understanding of

previous professional courses were positive, and the

scores ranged from 3.81 to 4. Furthermore, the

results show that the ‘‘5E 3D printing course’’ can

provide students with more experience in integrat-
ing and applying interdisciplinary knowledge, inde-

pendent thinking, problem-solving, and innovative

thinking. It can also cultivate students’integrated

thinking and ability.

Among them, in the aspect of improving stu-

dents’ PowerPoint presentation ability and Micro-

soft Word writing ability, the score is 3.61, which is

not significantly different. In terms of improving
students’ oral expression ability, the score is only

3.33, and the t-value is –2.18, which is a significant

negative difference, indicating that this 5E 3D

printing course has no significant effect on improv-

ing this ability. In the case when these three abilities

are important improvement indicators of this

course, they should be included in future course

planning.

5. Discussion

The teaching activities of this study were developed
according to the 5Emodel. The teaching plans were

designed according to the teaching objectives of

mechanical design and principles, the knowledge

connotations of mechanical drawing and design,

the skills of the 3D printing practice course, and

cooperative learning strategies.

The relevant, comprehensive discussion is

explained as follows:

5.1 Integrated Planning and Implementation

Recognition of ‘‘5E 3D Printing Course’’

The ‘‘5E 3D printing course’’ takes students as the

main body and teachers as the guide to carry out 6-

stage course activity planning to guide students in

actively exploring, learning, experimenting, dis-

cussing, generating cognitive conflicts, and con-

structing knowledge.

Furthermore, the activities and tasks of teachers

and students in each stage were planned, and their

feasibility and effectiveness were confirmed, in order

to guide the students to actively engage, be willing to
explore, learn to explain, be innovative, and com-

plete the evaluation [20, 22]. In this manner, stu-

dents were guided to learn the concepts of

mechanical design and principles, and master their

3D printing ability through the implementation of

projects, group discussions, problem solving, hands-

on practice and innovation, verification of results,

and the completion of projects.
After 18 weeks of experimental teaching and case

study analysis, this study innovatively integrated 5E

inquiry-based teaching into a 3D printing course.

As most students gave positive feedback [3, 28], it

showed that students felt a sense of achievement

when combining theory with practice, practicing

professional knowledge and manufacturing tech-

nology, using data collection, cooperative learning,
mechanism design, production and verification,

and 3D printing to complete the project [29]. This

study planned an engaging course topic that moti-

vated and engaged students to develop their knowl-

edge of mechanical principles and their SolidWorks

computer-aided mechanical drawing skills.

Furthermore, this course linked the course content

with students’ life experiences and guided students
to conduct in-depth exploration while focusing on

problem solving. Students discovered problems,

overcame difficulties, and continued to progress

until the work was completed [6, 7]. According to

course feedback, most students were satisfied with

their ability to combine theory with practice when

applying their knowledge, and they believed that

the important factors for the success of the project
are group cooperation, course participation, peer

communication and teachers’ assistance, as it could

cultivate their correct learning attitude of active

learning, communication and sharing.

In addition, most of the students affirmed the

inclusion of emerging technology in the curriculum

planning, andwere excited about the ability to learn

and use 3D printing to show their creativity [30].
They also believed that cooperative learning among

peers was a good learning experience. Most stu-

dents were sure that cooperative learning could

improve their 5E task execution ability, problem

solving ability, and cooperation and communica-

tion ability [23].

5.2 Implementation Results and Findings for the

‘‘5E 3D Printing Course’’

(1) The 5E 3D printing course includes six key

implementation points, which can guide stu-

Yun-Hsuan Chu et al.560



dents to combine theory with practice to pro-

duce actual works.

After experimental teaching and analysis,

most of the students gave positive feedback to

the machine elements in the course, and

believed that the practice of using 3D printing
to materialize text and pictures gave them a

sense of achievement. This study integrated 3D

printing technology into the course, and

according to the six key implementation

points, students were guided to integrate the

knowledge learned in senior one and senior two

classes in the mechanism design project, in

order to achieve integrated application. For
example, by combining their professional

knowledge of machine elements and the profes-

sional technology of CAD (SolidWorks) in the

production process of 3D printing, students

can develop their problem-solving ability

through verification and application. More-

over, the operation of 3D printing equipment

can cultivate students’ quality of factory safety
and hygiene, while printing failures, and their

solutions, can encourage of students to learn

independently and face the problems they

encounter. In the process of assembly, students

can be encouraged to discuss and improve their

designs, which will allow them to obtain the

knowledge and ability of project production [3,

20].

(2) Most mechanical students in technical high

schools showed significant positive recognition

in learning effectiveness after the 5E 3D print-
ing course.

After 18 weeks of 5E 3D printing course

teaching, most of the students thought that it

was helpful to improve their professional

knowledge related tomachine elements, includ-

ing the principles and designs of machine parts,

mechanical drawings and design, 3D printing,

and SolidWorks computer-aided mechanical
three-dimensional drawing. In addition, 3D

printing can help students to understand the

function, size, and 3D printing process of cam,

including connecting rods and gears in the

mechanism design. Although designing a

mechanism is difficult, students’ confidence in

their knowledge of mechanism design can be

built up in the process of cooperative learning,
discussion, and division of labor [12].

(3) The teaching mode of the 5E 3D printing

course is student-centered and teachers are

learning facilitators, which can strengthen the
students’ integrated knowledge learning and

cooperation among peers.

The teaching mode of the 5E 3D printing

course constructed in this study mainly focused

on 3D printing teaching activities. Teachers

employed 5E to teach and assist, but did not

interfere with students’ production of actual

works. Through computer-aided drawing and

design and 3D printing practices, students
learned about machine elements and design,

as well as the practical application of 3D

printing. After the experimental teaching,

most of the students have high recognition for

the innovative teaching of the 5E 3D printing

course, which can improve the quality of com-

munication and discussion between students

and their peers, and between teachers and
students [23]. This result illustrates that the

teaching activities developed in this study

have the value of continuous growth.

5.3 Suggestions and Restrictions on the

Implementation of the ‘‘5E 3D Printing Course’’

(1) Increase the number of 3D printing courses.

The results of this study show that the

duration of printing a 3D mechanism design
is long, and improper printing parameter set-

tings and machine operation may lead to a

failure to print the parts. Moreover, after

printing, the mechanismmay not work because

of improper part size. It is suggested that in

course design, the number of courses in this

stage should be increased to improve the pos-

sibility of students producing the finished pro-
ducts on time and in the correct size. The time

limit of the course directly affects the data

collection and research planning of this study.

Thus, conclusions should not be over-inferred.

(2) Strengthen students’ knowledge and experience

before the implementation of each stage of the

course.

The results of this study illustrate that stu-

dents differ in their professional knowledge and

skills, as well as in their ability and experience

to present presentations and written data;

therefore, in student-centered inquiry teaching,
teachers should be responsible for guiding and

assisting. It is suggested that explanations and

demonstrations should be carried out before

each stage is implemented, in order to

strengthen the link between students’ prior

knowledge and technology memory. Further,

the objects of this study are mainly technical

high school mechanical students. Therefore,
most students have a certain degree of cogni-

tion in the basic preparatory knowledge related

to 3D printing. In the future, cautious applica-

tion of the results of this study should be
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explored when promoting 3D printing courses

in other departments.

(3) Set up the course assessment of 3D printing

operation and safety instructions.

To make the 3D printing process in the

course run more smoothly, assessments of

machine operation, use, and maintenance can

reduce the number of students’ printing fail-

ures, and the possibility of delaying the course
due to equipment maintenance. During course

implementation, teachers can first explain the

matters that need extra attention and provide

instructions for the 3D printing of single parts,

and then, let each group operate the printer.

Teachers should help students to understand

the size and proper position of parts, in order

that students can successfully complete 3D
printing. Learning 3D printing equipment and

printing finished works takes time. Thus, the

number of 3D printing equipment is another

limitation in implementing this study, which

indirectly affects the presentation of research

results. It is recommended that at least 2 groups

share one 3D printer (preferably 1 printer for

each group) so that teachers can guide the
student groups in solving practical problems.

6. Conclusion

In response to the diversified and complex custo-

mer-oriented market and the trend of cross-field

professional and practical talent demand, this study

innovatively adopted 5E inquiry-based teaching in

the ‘‘3D Printing course’’ of technical high school

mechanical departments. Key research results
include the development and integration of the 6-

stage 3D printing project courses and activities of

5E inquiry-based teaching. Through the experimen-

tal teaching, research observation, qualitative, and

quantitative analysis, the positive responses of most

students and teachers were obtained. It shows that

the course objectives advocated in this study –

combining 5E inquiry-based teaching strategies in
the 3D printing practical course and cultivating

professionals with interdisciplinary knowledge inte-

gration and application of emerging science and

technology – are verified. Furthermore, 5E inquiry-

based teaching emphasizes the interaction between

individuals and the learning environment as well as

between peers. This emphasis is feasible for improv-

ing students’ communication, coordination, and
teamwork ability and meets the needs of future

industrial talents, worthy of further promotion.

References

1. R. Vaishya, M. K. Patralekh, A. Vaish, A. K. Agarwal and V. Vijay, Publication trends and knowledge mapping in 3D printing in

orthopaedics, Journal of Clinical Orthopaedics and Trauma, 9(3), pp. 194–201, 2018.

2. Global Information, 3D Printing Medical Devices Market Research Report by Type, by Technology, by Component, by End User, by

Region - Global Forecast to 2026 – Cumulative Impact of COVID-19, 2021. Retrieved from https://www.giichinese.com.tw/report/

ires995374-3d-printing-medical-devices-market-research-report.html

3. S. Sinha,K.Rieger, A.Knochel andN.Meisel, The Impact of aMobile 3DPrinting andMaking Platformon StudentAwareness and

Engagement, International Journal of Engineering Education, 36(4), pp. 1411–1427, 2020.

4. J. Q. Ye, 3D Printing Industry and Future Trends Under the Epidemic, Industrial Technology Research Institute, 2020. Retrieved from

https://ieknet.iek.org.tw/iekrpt/rpt_more.aspx?rpt_idno=121717216

5. S. J. Trenfield, A. Awad, C. M. Madla, G. B. Hatton, J. Firth, A. Goyanes, S. Gaisford and A. W. Basit, Shaping the future: recent

advances of 3D printing in drug delivery and healthcare, Expert Opinion on Drug Delivery, 16(10), pp. 1081–1094, 2019.

6. A. Perez-Poch, F. Sanchez-Carracedo, N. Salan and D. Lopez, Cooperative Learning and Embedded Active Learning Methodol-

ogies for Improving Students’ Motivation and Academic Results, International Journal of Engineering Education, 35(6), pp. 1851–

1858, 2019.

7. R.W. Bybee, The BSCS 5E instructional model: Personal reflections and contemporary implications, Science andChildren, 51(8), pp.

10–13, 2014.

8. B. N. Burke, The ITEEA 6E Learning ByDesignTM Model: Maximizing Informed Design and Inquiry in the Integrative STEM

Classroom, Technology and Engineering Teacher, 73(6), pp. 14–19, 2014.

9. C. C. Chung, C. L. Lin and S. J. Lou, Analysis of the learning effectiveness of the STEAM-6E special course – A case study about the

creative design of IoT assistant devices for the elderly, Sustainability, 10(9), pp. 3040, 2018.

10. P. Lappalainen,Communicationas part of the engineering skills set,EuropeanJournal ofEngineeringEducation, 34(2), pp. 123–129, 2009.

11. J. Excell, The rise of the micro air vehicle, 2013. Retrieved from https://www.theengineer.co.uk/the-rise-of-the-micro-air-vehicle/

12. P. Spyros, S. Georgios, K. T. Konstantinos and G. Konstantinos, The effect of 3D Printing technology on primary school students’

content knowledge, anxiety and interest toward science, Journal of Physics: Conference Series, 1512, pp. 1–10, 2021.

13. V. Mitrousias, S. E. Varitimidis, M. E. Hantes, K. N. Malizos, D. L. Arvanitis and A. H. Zibis, Anatomy learning from prosected

cadaveric specimens versus three-dimensional software: A comparative study of upper limb anatomy, Annals of Anatomy-

Anatomischer Anzeiger, 218, pp. 156–164, 2018.

14. S. R. Mogali, W. Y. Yeong, H. K. J. Tan, G. J. S. Tan, P. H. Abrahams, N. Zary, N. Low-Beer and M. A. Ferenczi, Evaluation by

medical students of the educational value ofmulti-material andmulti-colored three-dimensional printedmodels of the upper limb for

anatomical education, Anatomical Sciences Education, 11(1), pp. 54–64, 2018.

15. A.M.Wu, K.Wang, J. S.Wang, C. H. Chen, X. D. Yang,W. F. Ni and Y. Z. Hu, The addition of 3D printedmodels to enhance the

teaching and learning of bone spatial anatomy and fractures for undergraduate students: a randomized controlled study, Annals of

Translational Medicine, 6(20), p. 403, 2018.

Yun-Hsuan Chu et al.562



16. University of Toronto, 3D Printing @ Gerstein + MADLab: Home, 2015. Retrieved from http://guides.library.utoronto.ca/

3Dprinting

17. J. Griffey, 3-D printers for libraries, Library Technology Reports, 50(5), pp. 5–29, 2014.

18. W. Roldan, J. Hui and E. M. Gerber, University Makerspaces: Opportunities to Support Equitable Participation for Women in

Engineering, International Journal of Engineering Education, 34(2), pp. 751–768, 2018.

19. M. Tezer and M. Cumhur, Mathematics through the 5E instructional model and mathematical modelling: The geometrical objects,

Eurasia Journal of Mathematics, Science and Technology Education, 13(8), pp. 4789–4804, 2017.

20. R. W. Bybee, Using the BSCS 5E instructional model to introduce STEM disciplines, Science and Children, 56(6), pp. 8–12, 2019.

21. R. M. Gillies and M. Rafter, Using visual, embodied, and language representations to teach the 5E instructional model of inquiry

science, Teaching and Teacher Education, 87, p. 102951, 2020.

22. W. Oktiawan, M. Hadiwidodo and Purwono, Enhancement Student Understanding Through the Development of Lab Module

Based on Constructivistic, International Journal of Engineering Education, 1(1), pp. 41–45, 2019.

23. D. VanGarderen,M.Decker, R. Juergensen andH.Abdelnaby,Using the 5E instructional model in an online environmentwith pre-

service special education teachers, Journal of Science Education for Students with Disabilities, 23(1), p. 8, 2020.

24. J. L. Lin, M. F. Cheng, Y. C. Chang, H. W. Li, J. Y. Chang and D. M. Lin, Learning activities that combine science magic activities

with the 5E instructional model to influence secondary-school students’ attitudes to science, Eurasia Journal ofMathematics, Science

and Technology Education, 10(5), pp. 415–426, 2014.

25. J.M. S. Desouza, Conceptual play and science inquiry: using the 5E instructionalmodel, Pedagogies: An International Journal, 12(4),

pp. 340–353, 2017.

26. R. K. Yin, Case study research and applications: Design and methods, North America: Sage publications, 2017.

27. M. Borrego, E. P. Douglas and C. T. Amelink, Quantitative, Qualitative, and Mixed Research Methods in Engineering Education,

International Journal of Engineering Education, 98(1), pp. 53–66, 2009.

28. C. Schubert, M. C. Van Langeveld and L. A. Donoso, Innovations in 3D printing: a 3D overview from optics to organs, British

Journal of Ophthalmology, 98(2), pp. 159–161, 2014.

29. K. Tucker, D. Tucker, J. Eastham, E. Gibson, S. Varma and T. Daim, Network based technology roadmapping for future markets:

Case of 3D printing, Technology and Investment, 5(3), pp. 137–156, 2014.
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