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Abstract. The project-based learning curriculum of the “Toy-Creation Contest” was
introduced into practical training to improve comprehensive ability in engineering, and
comprised planning, designing, drawing, and manufacturing. Its educational effects were
verified by decision tree analysis and Bayesian networks using assignment and question-
naire grades after each session. The decision tree and Bayesian-network analysis showed
that the “Toy-Creation Contest” not only improved the students’ performance in the final
examination and subsequent design classes, but also motivated them, indicating its educa-
tional effectiveness. The Bayesian networks can clarify that the “Toy-Creation Contest”
related to mathematical ability; it was thought that it would be effective to establish, in ad-
vance, a grouping and follow-up system based on mathematical performance. In addition,
the Bayesian networks also can clarify the causal relationship between the class design
and educational effect of the teaching materials used in the class, as well as the relation-
ship between the questionnaire comments and the task. Utilizing the method described in
this study may be useful in restructuring class curricula and developing teaching materi-
als, thus contributing to development.
Keywords: Toy-Creation Contest, CAD/CAM/CAE education, Project-based learn-
ing, Decision tree analysis, Bayesian networks

1. Introduction. This study describes a project-based learning (PBL) curriculum of a
computer-aided design/computer-aided manufacturing/computer-aided engineering (CAD
/CAM/CAE) education class for third-year students of the Department of Mechanical
Systems Engineering, Faculty of Engineering, Aichi University of Technology, where the
authors were enrolled, and also clarified causal relationships such as class design, the
educational effects of the teaching materials used in classes.

In recent years, many companies have been promoting digital transformation (DX),
which utilizes CAD/CAM/CAE and other digital technologies in planning, design, and
manufacturing to both improve product performance and quality and reduce costs.
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Especially in the manufacturing industry, 80% of product quality and cost is said to be de-
termined at the design stage. It is important to detect problems in the early development
stage, improve quality, and reduce rework in later processes [1]. To shorten product-design
lead time, 37.8% of the companies have introduced three-dimensional (3D) CAD/CAE,
and 11.1% of the companies are emphasizing the use of 3D printers [2]. According to the
2021 edition of the Global Digital Competitiveness Ranking by the International Institute
for Management Development in Switzerland, Japan ranks 28th out of 64 DX countries,
while the Japanese government and Japanese companies are lagging behind in their proac-
tive use of digital technology [3]. In the midst of this trend toward DX, there is a global
need for human resources with a promising future in CAD/CAM/CAE technology, in-
cluding among Japanese companies. The acquisition of CAD/CAM/CAE technology is
nothing other than the acquisition of the basic skills of engineers who support today’s
“manufacturing”. Therefore, efficient and effective CAD/CAM/CAE education at insti-
tutions of higher education is essential from the viewpoint of engineer development.
PBL is among the active learning educational methods on which the Ministry of Educa-

tion, Culture, Sports, Science and Technology (MEXT) focuses. PBL is an instructional
method in which students learn through facilitated problem solving, and student learning
centers on a complex problem that does not have a single correct answer [4]. The aim of
PBL is not to acquire knowledge and skills by working on tasks that have correct answers
and solutions, but rather to develop knowledge and skills through tasks that do not have
correct answers. PBL education is also used in CAD/CAM/CAE education [5]. In past
cases, for example, educators would present students a product as a theme in advance,
and the students would learn how to design and manufacture the product [6]; another
example entails experimentally testing a bamboo dragonfly to promote an understand-
ing of fluid dynamics, which is theoretically difficult to understand [7]. In recent years,
there are some previous studies that XR (eXtended Reality) are introduced for PBL in
CAD/CAM/CAE education [8]. As shown above, various innovations have been made for
PBL in CAD/CAM/CAE. However, as far as the authors have been able to ascertain,
there have been no examples of PBL education in which students themselves plan the
product itself and consistently design and manufacture it using CAD/CAM/CAE tech-
nology. All of the authors of this paper are from manufacturing backgrounds, and from
this perspective, we all understand that there are cases in which a single engineer performs
planning, design, manufacturing, prototyping, and evaluation in the actual manufacturing
process. Therefore, in higher education institutions, especially those that focus on man-
ufacturing education, it is expected to be more effective than simply providing students
with CAD/CAM/CAE experience in terms of acquiring engineers’ basic knowledge, as
mentioned above.
The aim of this study is to introduce the PBL curriculum for the “Toy-Creation Con-

test” for the purpose of improving the comprehensive engineering skills of planning, de-
signing, drafting, manufacturing, prototyping, and evaluation, and to verify its educa-
tional effects.
The structure of this paper is as follows. Section 2 describes the details of the classes on

CAD/CAM/CAE. Section 3 explains the results of the validation of the teaching effective-
ness, while Section 4 discusses the results of the evaluation of the teaching effectiveness.
Section 5 provides a summary.

2. Educational Materials and Methods.

2.1. Curriculum for design classes and the position of CAD/CAM/CAE in cur-
riculum at Aichi University of Technology. An overview of the design curriculum
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Table 1. Curriculum outline for design education

Year of course Study contents concerning design
Late half of 1st years Basic knowledge of mechanical drawing

First half of 2nd years
Hand-drawn drafting
Basic class of CAM (G-code)

Late half of 2nd years
2D CAD training (AutoCAD)
Control system analysis

First half of 3rd years
CAD/CAM/CAE1
3D CAD basic training (Inventor, CATIA)
CAD/CAM/CAE2

Late half of 3rd years 3D CAD advanced training (Inventor, CATIA)
FEM (Finite Element Method) analysis

at Aichi University of Technology is shown in Table 1. The practical training discussed
in this study was conducted in “CAD/CAM/CAE1” in the first semester of the third
year, and it was conducted for third-year students (62 students) of the Department of
Mechanical Systems Engineering in the Faculty of Engineering.

2.2. Outline of the class. In all 15 sessions, after reviewing CAM and two-dimensional
CAD (2D-CAD), practical training in 3D-CAD was conducted. The 2D-CAD software
used in the practical training was AutoCAD (Autodesk, Inc., USA) and the 3D-CAD soft-
ware was Inventor (Autodesk, Inc., USA) and CATIA (Dassault Systèmes S.E., France).
After each session, students were allocated an assignment related to the content of each
session to measure their level of understanding. The full scores for the content of each
session and grades for each assignment is shown in Table 2. Each assignment was correct-
ed by the lecturers and graded by subtracting points based on the number of errors from
the full score. In the following sections, each assignment is denoted by Ex (the number of
each session), as shown in Table 2. For example, Ex56 refers to the assignments for the
fifth and sixth sessions.

2.3. How to conduct the Toy-Creation Contest. The purpose of the “Toy-Creation
Contest” was to improve students’ overall ability as engineers.

The objectives of this project were to improve the planning ability to create ideas,
designing ability to incorporate concepts into product parts, modeling of each part by
3D-CAD, confirmation of the motion of the mechanism by simulation, understanding
and learning how to use 3D printers, and presentation ability; it was planned to be
implemented in the 12th through the 15th sessions. Every student could choose the 3D-
CAD software as they liked.

In the 12th session, the contents of the “Toy-Creation Contest” were explained, and
the following three conditions were presented for the creation of the toys.

1) The toy must have some kind of mechanism and be “movable” by hand or other power.
2) The toy should be divided into multiple parts so that it can be assembled after being

modeled by a 3D printer.
3) Do not reuse toys created by others or posted on the Web.

Considering the 3D printer’s operating time, we set the restriction that “the total size
of all parts must be within 150×150×20 mm”. In the 12th session, students were required
to submit a plan and a concept of a toy that satisfied these conditions in the form of a
punch drawing. In the 13th session, we aimed to design the parts to realize the concept
and draw them by 3D-CAD, and we explained the method of modeling by 3D printer.
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Table 2. Class objectives, assignments, and distribution of points

Session
Learning
items

Pedagogical objective Assignment
Assignment

no.
Scoring

1

CAM
(G-code)

Understand the coordinate
instruction method
(absolute command and
incremental command
method) in G-code for CAM.

Basic problem 1
Read the coordinates from the graph
paper with the tool path drawn on it
and then create the G-code using the
absolute command method.

Ex12 10

Basic problem 2
Read the coordinates from the graph
paper with the tool path drawn on it
and then create the G-code using the
incremental method.

2

Understand the difference
between the unit system of
processing instruction values
in drafting and the unit system
in G-code and set numerical
values in G-code by appropriately
converting units.

Application problem 1
Read the coordinates from the graph
paper on which the tool path is drawn,
and create the G-code using the absolute
command method.
Application problem 2
Read the coordinates from the graph
with the tool path drawn and then
create the G-code using the incremental
command method.
Application problem 3
Read the coordinates from the graph
paper with the tool path drawn and
then create the G-code using the
absolute command method.
Application problem 4
Read the coordinates from the graph
paper with the tool path drawn and
then create the G-code using the
incremental command method.
Developmental problems
Read the drafting drawing and create
a machining program. The coordinate
system is the complete system.
The end mill diameter is 6 mm, and
the cutting depth is 2 mm. Straight
lines are machined with a peripheral
circumferential speed of 90 m/min
and a feed rate of 0.2 mm/rev, while
curved lines are machined with a
peripheral circumferential speed of
50 m/min and a feed rate of 0.1 mm/rev.

3·4
2D-CAD
review

Review basic 2D-CAD drawing
methods as an introduction to
3D-CAD sketching.

2D-CAD exercises
Draw the 20 shapes illustrated in the
textbook using AutoCAD.

Ex34 20

5

3D-CAD
Inventor

Be able to draw rough sketches
using Inventor and understand
geometric and dimensional
constraints.

Draw a rough sketch and geometric
and dimensional constraints to make
the shape identical to the specified
drawing. Create a total of five figures. Ex56 10

6
Understand how to create features
that extrude sketches.

Model the illustrated 3D shapes
using 3D-CAD.
Create a total of six figures.

7
Understand how to assemble
parts in 3D-CAD with appropriate
constraints on multiple parts.

· Model the three-dimensional figures
in the textbook using 3D-CAD.
Create a total of four works.
· Create a cube by combining
Tetris-like blocks that are the basis of
the cube. Create a total of three works.

Ex7 5

8
Understand how to convert 3D
models to parts and assembly
drawings

Create two parts and assembly
drawings from Inventor data.

Ex8 5

(continued)
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Session
Learning
items

Pedagogical objective Assignment
Assignment

no.
Scoring

9
3D-CAD
CATIA

Understand how to assemble
multiple parts by applying
appropriate assembly constraints
using CATIA.

· Create a cube by combining
Tetris-like blocks that are the basis of
the cube. Create a total of two works.
· Assemble the pre-modeled engine
parts using the assembly constraint
and complete the two works of
single-cylinder and two-cylinder
engines.

Ex9 5

10 3D-CAD
Understand how to simulate
mechanism operation using
Inventor and CATIA.

Complete the 5-way cam with proper
assembly constraints.

Ex10 5

11
3D-CAD
CATIA

Understand how to create
drawings of parts and assemblies
from 3D models created
in CATIA.

Create two parts and assembly
drawings from CATIA data.

Ex11 5

12

Implove
engineering
capabilities

PBL learning (Toy-Creation
Contest)

Conceptualization of toy creation,
punch drawing, basic design, 3D-CAD
drafting, simulation, and 3D printer
modeling of parts.

ExToy 15

13

14

15

Toy-Creation concept
presentation.
Preliminary explanation of the
final exam.

Cramming of exams.

Two da Vinci 1.0 Pro and two da Vinci 2.0A Duo 3D printers (XYZprinting, Inc.,
Taiwan) were used for modeling. In the 14th session, the goal was to create parts by
3D printers, check whether they operated as designed by assembling them on the actual
object, and redesign them if necessary. In the 15th session, a presentation of the work was
held. Grading was conducted by all students who participated in the presentation, and
students were instructed to score their works on a 15-point scale, with 5 points for each
of the three items: “Interest of the toy”, “Complexity of the mechanism”, and “Design
and completeness of the product”.

2.4. Evaluation of the effectiveness of the “Toy-Creation Contest”. The “Toy-
Creation Contest” was designed to test overall manufacturing skills; therefore we thought
that the scores for this contest would be affected by the performance of the tasks per-
formed before the contest. If we can determine which of the tasks listed in Table 2 affects
the score for the “Toy-Creation Contest”, we can expect to obtain guidelines and knowl-
edge for acquiring planning, design, and manufacturing skills. In addition, planning skills
were considered to be influenced by courses taken in the first and second years, i.e., before
taking CAD/CAM/CAE1, the subject of this study. Furthermore, Table 1 shows that
CAD/CAM/CAE2, which is offered in the second semester of the third year, is a course to
develop advanced design skills; the results of the “Toy-Creation Contest” may also affect
the students’ performance in CAD/CAM/CAE2. If we can understand the influence be-
tween the above-mentioned subjects, we can understand the position of the “Toy-Creation
Contest” in the design education at Aichi University of Technology; additionally, we can
verify that this contest is an important content for acquiring engineers’ basic knowledge.

To verify this, we conducted a validity evaluation using decision tree analysis, Bayesian
networks, and a questionnaire. The questionnaire was administered after the 15th session
and comprised the following nine questions: Q1-1, Q2-1, and Q3-1 were on a 5-point
Likert scale, and the remaining questions were open-ended.

Q1-1 Do you think the “Toy-Creation Contest” was useful in improving your engineering
skills for the future? (1: not useful – 3: neither useful nor not useful – 5: useful)

Q1-2 Please tell us why you think so in Q1-1.
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Q2-1 Was the level of difficulty of the “Toy-Creation Contest” appropriate for you? (1:
extremely difficult – 3: adequate difficulty – 5: very easy)

Q2-2 Please tell us why you thought so in Q2-1.
Q3-1 Did the content of the “Toy-Creation Contest” arouse your interest in CAD/CAM/

CAE? (1: not at all interested – 3: neither interested nor not interested – 5: very
interested)

Q3-2 Please tell us why you thought so in Q3-1.
Q4 Which 3D-CAD did you mainly use, Inventor or CATIA?
Q5 Did you end up using the 3D printer you mainly used? Please tell us the model.
Q6 Did you encounter any error problems such as modeling defects when using a 3D

printer? If so, what was the cause and how did you solve it?

The statistical software R version 4.0.5 and the rpart and bnlearn functions of R were
used for the analysis. The following process was used for the validity evaluation.

1) To determine which tasks significantly affect the performance of the “Toy-Creation
Contest”, a decision tree analysis is performed.

2) Based on the results of the decision tree analysis, a Bayesian-network analysis is per-
formed to extract the causal relationship between the tasks that significantly affect the
students’ scores in the “Toy-Creation Contest” and other tasks.

This process allows us to identify the tasks that directly affect the students’ scores.
Furthermore, by extracting the causal relationship between each task and the question-
naire, it is possible to extract tasks that contribute to the improvement of students’ design
ability, and to evaluate whether they bring about the improvement in academic achieve-
ment that the class design aims to achieve. Decision tree analysis and Bayesian-network
analysis is often used for data structural analysis. However, there are few previous studies
that decision tree analysis and Bayesian-network analysis is used for analysis of educa-
tional effect. There are examples of decision tree analysis being used in terms of various
industrial applications [9, 10], and it appears that it is often used in educational research
[11, 12]. Similarly, as for Bayesian networks, there are examples being used in terms of
various industrial applications [13, 14]; however, there are not many previous studies
that are used in educational research [15]. Decision trees have a characteristic that the
structure is analyzed based on rules, and Bayesian networks has a characteristic that the
network explains causal relationship; therefore, educational effect is expected to be able
to be analyzed in more if we combine these two analysis methods. This is one novelty
point of this work. A decision tree analysis allows us to understand which assignments are
affecting student scores, and Bayesian networks allow us to visualize what the relationship
is between each assignment and the questionnaire indicating motivation to design, and to
identify the impact.
In each analysis, the score for the CAD/CAM/CAE1 assignment was used as the ex-

planatory variable, while the scores for the “Toy-Creation Contest” and final exam were
used as the objective variables. The full score for the assignment and scoring method are
described in Subsection 2.2; the final exam score was worth 50 points. The analysis was
conducted on 48 students, excluding those who did not participate in the “Toy-Creation
Contest” or the questionnaire survey and those who did not take the CAD/CAM/CAE2
class. For reference, Table 3 shows the lowest, highest, and mean scores, and standard
deviation of the scores of the 48 students included in the analysis.

2.5. Decision tree analysis. Decision tree is a method developed from auto interaction
detection (AID), a popular data mining technique [16]. Decision trees aim to discover
explanatory variables that are strongly related to a target variable or subgroups of interest
by selecting one appropriate explanatory variable from a set of explanatory variables and
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Table 3. The minimum, maximum, average, and standard deviation of
the students’ scores for each assignment and total score.

Assignment no. min. max. mean SD
Ex12 5 10 9.19 1.39
Ex34 0 20 12.65 4.75
Ex56 7 13 9.65 0.95
Ex7 4 5 4.98 0.14
Ex8 0 5 4.60 1.09
Ex9 0 5 4.60 1.05
Ex10 0 7 4.15 1.76
Ex11 0 5 4.13 1.66
ExToy 3.92 13.23 10.60 1.42
Q1-1 3 5 4.17 0.72
Q2-1 1 5 2.33 0.97
Q3-1 1 5 3.67 0.88

Final exam. 10.2 50 34.56 11.99

repeatedly dividing the dataset into subsets with more homogeneous trends. Although
there are various algorithms for decision tree analysis, this study used classification and
regression trees (CART) [17], which are popular algorithms for decision tree analysis
[18, 19]. The CART algorithm works via the following process [20].

Step 1 The best split point of each input is obtained.
Step 2 Based on the best split points of each input in Step 1, the new “best” split points

are identified.
Step 3 Split the chosen input according to the “best” split point.
Step 4 Continue splitting until a stopping rule is satisfied or no further desirable splitting

is available.

Considering the process, we thought the CART is easy to visualize and understand the
relationship of issues that affect the grade; therefore, CART seems to be an adequate
method for this study.

By conducting a decision tree analysis of the relationship between the scores using
the “Toy-Creation Contest” score as the objective variable and each task score as the
explanatory variable, we could understand the relationships between the tasks that af-
fected the students’ performance in the “Toy-Creation Contest” and identify the tasks
that hindered the students’ performance in the contest. It is thought that it is possible to
grasp the students’ characteristics by clarifying the tasks that hinder the execution of the
“Toy-Creation Contest”. Here, the G-code of CAM, review of 2D-CAD, and conversion of
3D-CAD data into plan drawings (the tasks in the first through the fourth, eighth, ninth,
and eleventh sessions) were excluded from the explanatory variables because it is difficult
to assume a direct causal relationship to the evaluation of the “Toy-Creation Contest”
considering design of the class.

2.6. Bayesian networks. A Bayesian network is a graphical model which is a directed
acyclic graph that encodes probabilistic relationships among variables of interest and facil-
itates data analysis when there are many variables [21, 22]. The validity of the class design
was evaluated by analyzing the dependencies between the grades for all the assignments
using Bayesian networks.

In this study, the following three steps were taken modeling a data-driven Bayesian
network [23].
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1) Pre-condition setting
The class design is designed to be a stage in which students understand the prereq-

uisite knowledge and work on its application, and the corresponding directed graphs
are visualized as directed graphs, as intended by the network design. In this study, as a
pre-condition, we set a constraint so that arcs that reverse the time series of the exercis-
es do not appear. As in the decision tree analysis, the CAM G-code, 2D-CAD review,
and 3D-CAD drawing were excluded from the variables to be analyzed because it was
difficult to assume a direct causal relationship to the evaluation of the “Toy-Creation
Contest” in terms of the design of the class. Meanwhile, we examined the influence of
the “Toy-Creation Contest” on the classes for fostering basic mathematical processing
and logical thinking skills in the first and second years, and on “CAD/CAM/CAE2” in
the latter half of the third year. For this purpose, when examining Bayesian networks,
we used the scores for the “Mathematics Achievement Test” (given at the time of ad-
mission) and for the “Programming Exercises” (required in the second semester of the
first year) and “Useless Manufacturing Contest” in “Study Build-up 2” (required in
the second full year) to verify the relationship to basic mathematical processing skills
and to logical thinking skills, respectively.

The “Useless Manufacturing Contest” in “Study Build-up 2” is a low-cost manu-
facturing experience that incorporates originality and ingenuity [24]. In terms of the
“manufacturing” of originality and ingenuity, these contests mainly test planning abil-
ity, and are considered to have something in common with the “Toy-Creation Contest”
addressed in this study. The details of these subjects are described in Subsection 3.2.

In applying Bayesian networks, the variables used must have discrete values. There-
fore, the scores for the “Toy-Creation Contest” and main exam were transformed into
classification results based on decision tree analysis, while the scores for the “Math-
ematics Achievement Test”, “Programming Exercises”, and “Study Build-up 2” were
converted into classification results based on whether they corresponded to 0-60, 61-70,
71-80, 81-90, or 91-100 points. These scores correspond to the grades of “F”, “D”, “C”,
“B”, and “A”, which are commonly used as grades in higher-education institutions.

2) Structural learning
The first step in Bayesian networks is structural learning, which learns the probabilis-

tic dependencies among nodes from the data. In this study the structural estimation
of the Bayesian networks was performed using the hill-climbing method based on the
Bayesian information criterion (BIC) score. To obtain robust Bayesian-network mod-
els, model averaging [25] was applied in this study. The model averaging generates
samples by bootstrapping and performs structural learning on the samples.

3) Conditional probabilities computation
Conditional probabilities are computed using parameter estimation. In this study,

we analyzed the dependencies between the scores for all the assignments using Bayesian
networks. The root of acyclic graph is considered as cause, and the tip of acyclic graph
is considered as effect. Thus, when two nodes are connected, the root of the node can
be considered the cause and the tip of the node the effect. Arc strength was calculated
as the frequency of an arc occurring between two nodes across the 200 bootstrapped
network structure [26].

3. Results.

3.1. Result of decision tree analysis. The results of the decision tree analysis are
shown in Figure 1. As shown in Figure 1, with the decision tree algorithm as CART, the
structure of the model is bifurcated. The root, which is the first node without a parent,
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Figure 1. Decision tree of “Toy-Creation Contest” score

is Ex56, and the node is Ex10. The tasks most closely related to the grades in the “Toy-
Creation Contest” were the fifth and sixth tasks, “Rough Sketch Exercise with Inventor”,
and the tenth task, “Assembly Constraint Exercise”.

The Ex56 branch was categorized differently depending on whether the grade of Ex56
was 9.5, higher, or lower. Students who scored less than 9.5 (n = 13, 27% of the total)
belonged to Node 2, with median, maximum, and minimum scores of 10.23, 11.69, and
8.64, respectively, for the “Toy-Creation Contest”. Students who received an Ex56 grade
of 9.5 or higher were significantly affected by their Ex10 grade, while those who received
an Ex10 grade of less than 4.5 (n = 8, 16.7% of the total) belonged to Node 4, with
median, maximum, and minimum scores of 10.82, 11.62, and 3.92, respectively, for the
“Toy-Creation Contest”. Students with an Ex56 grade of 9.5 or higher and an Ex10 grade
of 4.5 or higher (n = 27, 56% of the total) belonged to Node 5, with median, maximum,
and minimum scores of 11, 13.23, and 8.68, respectively, for the “Toy-Creation Contest”.

3.2. Result of Bayesian networks. The estimated Bayesian network is shown in Figure
2. Figure 2 shows the relationship between each assignment (the “Toy-Creation Contest”
is labeled “ExToy”), Questions Q1-1, Q2-1, and Q3-1 of the questionnaire, the grades for
the “Programming Exercises”, “Study Build-up 2”, “Mathematics Achievement Test”,
and the final exam, which were taken before this training, and CAD/CAM/CAE2 in the
second half of the third year.

Table 4 shows the arc strengths related to the “Toy-Creation Contest”. In Figure 2,
only variables with an arc strength of 0.505 or greater are indicated by arcs. Variables
with an arc strength of 0.8 or greater are represented by thicker arcs. The task with the
highest arc strength for causality with ExToy was Ex56, with an arc strength of 1.0. The
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Figure 2. Estimated Bayesian network

Table 4. Arc strengths of Bayesian network

From To Arc strength
Programming Exercises

ExToy

0.210
Study Build-up 2 0.085
Mathematics Achievement Test 0.685
Ex56 1.000
Ex7 0.280
Ex10 0.655

ExToy

Q1-1 0.060
Q2-1 0.276
Q3-1 0.565
Final exam. 0.995
CAD/CAM/CAE2 0.665

causal relationship between ExToy and Ex56 also shows an arc through Ex10. In addition,
there was an arc between the Math Achievement Test and ExToy, with an intensity of
0.685. An arc from ExToy to the subsequent session, CAD/CAM/CAE2, was observed,
with an intensity of 0.665. The items that affected the final examinations were Ex10 and
ExToy, and there was a causal relationship with Question Q3-1.

3.3. Comments obtained from the questionnaire about the class. For the ques-
tionnaire item, Q4, “Which 3D-CAD did you mainly use?”, 51 (96%) of the 53 valid
responses were for Inventor, and 1 (2%) for CATIA, and 1 (2%) could not get around to
using 3D-CAD. In addition, 36 (67.9%) of the 53 valid responses to Q5, “What model
of 3D printer did you mainly use?” This means that these students had completed the
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Table 5. Student comments in the questionnaire

Question Student comments

Q1-2 Positive

It was an opportunity for a considerable amount of trial and error, such as investigating
the mechanism.
Conceiving things and creating products helped me to improve my own abilities.
I felt that it was very difficult to generate an idea on my own and to create a product
through repeated trial and error.
It was the first time for me to design a product from scratch; thus, it was a good experience.

Q2-2

Positive

There were times when the 3D printer did not work; thus, it took some time;
however, creating the product itself was not that difficult.
Product creation was neither too easy nor too difficult.
It was a little difficult to work with the new functions; however, it was worthwhile.
It was difficult to think about the meshing of the gears.

Negative

Due to COVID-19, I could not work in the university and could not ask teachers or my
friends questions.
There are insufficient 3D printers.
The printer frequently broke down and took a long time to recover. Moreover, the accuracy
was low and none of the dowels would fit.
There was insufficient time for production.

Q3-2

Positive

Although I was not good at CAD, I felt a sense of accomplishment when I could successfully
produce the actual product that I had designed.
It was fun to perform simulations and investigate why the 3D printer did not work.
I have never used a 3D printer before and this was my first experience.
I am now more interested in CAD/CAM/CAE and want to improve it.
I realized how fun it was to use CAD.
I learned the joy of creating products.
The process of modeling with the 3D printer was difficult. However, I felt a sense of
accomplishment when the parts perfectly fit together.
If I had more time, I would like to try my hand at making other products.

Negative

I was looking forward to it at first; however, when I tried it, it was a struggle and entailed
a considerable amount of work.
I could form the product; however, it did not work properly. I was no longer motivated
to create.

Q6 Negative

The rest of the support material on the part after molding could not be removed.
Nozzle was clogged, disassembled and cleaned.
Tried to solve the problem of the filament not coming out.
The dimensions of the actual product were slightly different from the design dimensions.
The 3D printer stopped in the middle of molding.
The raft peeled off. Zero-point alignment and sheet reattachment were performed.
Material jammed and was pushed out with a thin metal needle.

modeling work. Other comments obtained from students in Q1-2, Q2-2, Q3-2, and Q6
are shown in Table 5.

3.4. Example of students’ works. In the 15th section, all students were recommended
a presentation using PowerPoint. Those who had completed modeling on the 3D print-
er (only approximately 20% of the students) were also asked to explain their work by
operating the actual product. Examples of the presented works are shown in Figure 3.

4. Consideration. The results of the decision tree analysis showed that the influence
on the grade for the “Toy-Creation Contest” was large for the 5th and 6th (Ex56) and
10th (Ex10) in-session exercises, and the Bayesian-network analysis showed that not only
arcs leading directly from Ex56 to ExToy, but also those leading from Ex56 to ExToy
via Ex10, and those between Ex56, Ex10, and ExToy were found. Both Ex56 and Ex10
were tasks to measure Inventor comprehension. From Q4, 96% of the students indicated
that Inventor was the 3D-CAD tool used in toy construction; thus, it is not surprising
that there was a relationship between the grades for these exercises, which indicate basic
Inventor skills in realizing toy creations.
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Figure 3. Examples of students’ works presented in the 15th session. The
upper left work is a pantjack, which took 72 hours of work outside of class
time. The work on the left in the middle row is a magic hand, which took
15 hours to make. The work on the left in the lower row is a model of
a rotary engine. The upper right work is a planetary schmid joint, which
took approximately 40 hours of work outside of class time. The work on the
right in the middle row is an automatic dice-rolling machine, which took
approximately 30 hours to make. The work on the lower right is a 10-second
pendulum clock, which took approximately 40 hours to make.

However, the seventh in-session exercise (Ex7) was also a task that tested Inventor
comprehension; however, no arc was observed between Ex7 and ExToy. This suggests
that there was insufficient understanding of concepts common to both Ex56 and Ex10
in Inventor operations. Ex56 is an exercise to test the understanding of the process of
determining a unique 2D shape by drawing a rough sketch and correctly constraining
the geometry and dimensions. Ex10 is a task to test the understanding of the process of
constraining the degrees of freedom by applying appropriate assembly constraints between
parts in order to correctly assemble the parts. In contrast, Ex7 differs from Ex56 and
Ex10 in that it mainly focuses on understanding how to set up a plane in Inventor and
how to add and subtract objects, and does not question the concept of constraints on
degrees of freedom. This suggests that, although the commonality in terms of testing the
comprehension of Inventor is evident, there was insufficient understanding of the concept
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of reducing the degrees of freedom by means of constraints and ultimately determining a
unique shape and structure. The ratio of students who scored less than 9.5 on Ex56 to the
total number of students in the decision tree was approximately 27%. The results suggest
that there is a need to improve the curriculum for the 5th session so that these students
can understand the concept of constraints on the degrees of freedom in modeling.

The Bayesian-network analysis showed no causal relationship between “Toy-Creation
Contest” and, “Programming Exercises” and “Study Build-up 2”, which are the content
of the first and second year classes; however, there was a causal relationship with the
mathematics achievement test. This suggests that basic mathematical processing skills
may have an influence on “Toy-Creation Contest”. In creating a toy, each student must
consider “how to move the mechanism” and “how to avoid deviations in modeling”. In
this consideration, it is necessary to go beyond abstract concepts and incorporate concrete
numerical values into the process. Therefore, from the conceptual stage, it is necessary to
imagine the mechanism with a view to modeling and design accuracy assurance. However,
the study based on these images suggests that basic mathematical processing capability
is the foundation. No causal relationship was found between Ex56, Ex7, and Ex10, which
indicate the ability to understand CAD and the content of the classes in the first and
second years. It seems that the ability to understand CAD tools is independent of basic
mathematical processing and programming skills. Thus, it is suggested that at least basic
mathematical processing skills and an understanding of CAD are important when working
on the “Toy-Creation Contest”. Therefore, it is necessary to assume that all students do
not have sufficient mathematical skills in order to effectively engage them in the learning
process. It is suggested that it is important to predict in advance which students are
likely to stumble in the “Toy-Creation Contest”, to increase the frequency of follow-up
by teachers and teaching assistants for students with low grades in the most important
exercise (Ex56), which shows the students’ understanding of CAD, and to group students
who seem to be able to make toys and have them work on them while following each
other’s leads.

The analysis in this study did not find a causal relationship between the “Programming
Exercises” and the “Study Build-up 2”. The grade for mastery formation was analyzed
with the grade for the “Useless Manufacturing Contest”. It is assumed that they were
not connected to logical thinking in hardware design, as in the “Toy-Creation Contest”,
because “Programming Exercises” are courses that assess logical thinking in software
design [27]. Regarding the “Useless Manufacturing Contest”, the content of the con-
test was to assemble materials based on students’ own ideas without using knowledge of
CAD/CAM/CAE, and it emphasized planning skills rather than designing and produc-
tion. Therefore, it is suggested that this did not affect the “Toy-Creation Contest”, which
also has a strong design and production component.

The grade (ExToy) for the “Toy-Creation Contest” was found to have an arc to the
results of the final examinations, Questionnaire Q3-1, and the CAD/CAM/CAE2 class
grades following the second semester of the third year. This suggests that the “Toy-
Creation Contest” positively impacts the final exam and CAD/CAM/CAE2 class grades
in the second semester, and we believe that this indicates the educational effects of PBL
learning through toy creation. Furthermore, ExToy seems to affect Questionnaire Q3-
1, “Did the content of the “Toy-Creation Contest” arouse your interest in CAD/CAM/
CAE?” In Q3-2, there were also comments such as “It was interesting to investigate why
it did not work”, “I became more interested in it and want to improve it further”, and
“I learned the fun of creating things”, suggesting that the toy creation motivated the
students to further their engineering learning.
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During the practical training, problems such as molding stoppage and the filament not
coming out of the 3D printer frequently occurred. Students could troubleshoot problems
by adjusting the printer themselves. In addition, the accuracy of the printers themselves
caused some works to be re-molded due to mismatch problems, and the time required for
modeling and number of printers were also a bottleneck in this training. It is necessary
to appropriately select the model and secure the number of 3D printers.
In this study, we use Bayesian networks to evaluate the usefulness of the “Toy-Creation

Contest” and validity of the class design. Bayesian networks can be used to evaluate the
validity of class design, basic knowledge required for the class, and effectiveness of the class
through causal inference and is considered to be an effective method for objective class
evaluation. Furthermore, by showing the dependence of the results on the questionnaire
results, it is possible to visualize which classes led to which results and comments, which
is important information that can be utilized to provide feedback for class design.

5. Conclusions. In this study, we introduced a PBL curriculum, “Toy-Creation Con-
test”, in CAD/CAM education, and clarified its educational effects by using decision tree
analysis, Bayesian networks, and questionnaire surveys as follows.

• The “Toy-Creation Contest” not only improves the grades for the final examinations
and subsequent design classes, but also motivates the students.

• The results showed that there was a relationship between mathematical ability and
the implementation of the “Toy-Creation Contest”, and that it would be effective
to establish a grouping and follow-up system based on mathematical achievement in
advance of the contest.

• A Bayesian network can clarify causal relationships such as class design, the edu-
cational effects of the teaching materials used in classes, and relationship between
questionnaire comments and issues.

The results in this study were analyzed for a single year, while it is desirable to analyze
the results obtained over multiple years. In addition, the results obtained in this study
are in themselves quite natural. However, the appeal of this study is that it is possible
to visualize the causal relationship between students’ abilities and the effects of the class
curriculum using Bayesian networks, and a verification by this method is suggested to
have a certain validity based on the experience of the teachers in charge (the authors).
The method described in this study may be useful in the restructuring of class curricula
and development of teaching materials, and we appeal to its usefulness as a methodology
that contributes to the development of such curricula. In summary, we think our research
contributed to pedagogy area, and we think that an academic contribution to pedagogy in
that it demonstrates a quantitative evaluation method for class curriculum design using
data mining techniques, an engineering technology.
In the future, the results of these analyses will be fed back into the design of classes to

make them more efficient and effective. We will also verify the generality of the evaluation
method developed in this study by applying it to other subjects.
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