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Abstract: A university course on mechanical design utilizing CAE structural analyses is reported. To
develop students’ skills to solve practical open-ended engineering problems, a project-based learning
(PBL) approach was adopted. The course taught not only technical skills to use CAE software but also
fundamental knowledge that links theoretical and practical problems in engineering. Each segment
of this course consisted of a lecture and workshop. The basic concepts of structural analysis and
the background theory of finite element analysis were described in the lecture. Students conducted
structural analyses in a CAE software through workshop problems and compared its results to the
theory learned in the lecture. CAE structural analyses were conducted in the integrated environment
of the 3D CAD software Autodesk Inventor. As the final project of the course, groups of students
designed an original structure under restrictions based on functionality, strength and weight. Data
of the students’ performance in related courses were collected to analyse the improvement of skills
needed to solve engineering problems, and a short survey was conducted to summarize responses
from the students after the course had finished. The results of the data analysis and short survey
indicated that the combination of the theoretical lectures and the PBL workshop improved the

students” motivation and performance.

Keywords: project-based learning; CAE; mechanical design

1. Introduction

Currently, the benefits of the reformation of the product development process using
the 3D CAD system is widely recognized in numerous industries [1-4]. Since the 3D
CAD system is already well distributed throughout industry, other initiatives from which
to obtain extra benefits are desired. In this context, the introduction of CAE has been
attracting attention from industry, since the effects of CAE, such as the reduction in time
for design studies and test cycles with prototypes, can be realized in comparatively less
time compared to cases in which only CAD is adopted [5,6]. Therefore, from a viewpoint
of future careers for students in higher educational institutions, the ability to use CAE is
promising for becoming skilled engineers.

In the mechanical design of a product, engineers have to make decisions on the appro-
priate shape and materials of the product to satisfy specifications related to its functions and
durability, with consideration of theoretical knowledge related to mechanisms, mechanics
of materials, and so on. CAE software is designed to effectively make such decisions with
an intuitive user interface and has less of a focus on theoretical knowledge, so it is good tool
for engineers and students to become familiar with mechanical design. However, when
they try to make full use of the CAE software to design an optimized product, in-depth
understanding of the background theories will be required. For example, to determine the
appropriate relationship between moving parts, understanding of the equations of motion
of the mechanisms is important, and knowledge on stress and strain in the mechanics of
materials is essential to give sufficient strength to structural parts. Students should gain
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knowledge linking these theoretical studies with practical engineering applications. In
this context, an educational methodology with CAE software has been sought by higher
educational institutions for their courses [7-9].

In traditional courses in higher educational institutes, theoretical knowledge is trans-
ferred by teachers to students through lectures. This teacher-centred approach mainly
focuses on the acquisition of knowledge, and little attention is paid to other important
skills for students. For example, skills such as communication and collaboration skills,
decision-making, problem-solving, critical-thinking and self-directed learning are quite
important for students [10]. To improve the educational methodology, student-centred
approaches, including project-based learning, have been widely adopted during the last
50 years [11]. Project-based learning (PBL) is a comprehensive educational approach that
is designed to engage students in the investigation of authentic problems [12], and its
effectiveness is mainly attributed to its ability to keep students motivated and thinking [13].
Therefore, PBL has been implemented in many higher educational institutions, including
the engineering departments of universities [14-18]. In many of these cases, students
are required to solve real-world, open-ended, ill-structured problems in teams, and their
performances are assessed through methods such as oral presentations and project written
reports [11].

Engineering students in higher educational institutes are taught and trained to become
engineers who can solve uncertain, complex, open-ended workplace problems [19]. In
spite of the suitable characteristics of the PBL approach for this objective [20-22], not many
studies on the adoption of PBL in engineering education are found in the literature. In
one of these studies, PBL was applied to the design of a product with mechanisms. In this
study, an initial design of the product was first proposed with much room for improvement.
Students tried to optimize the design utilizing Computer-Aided Design (CAD), multibody
dynamics and the structural analysis of Computer-Aided Engineering (CAE) software
in teams. It is reported that this initiative stimulated the students” ability to solve real
problems and to interactively work in a group [23]. This approach was further expanded to
Computer-Aided Manufacturing (CAM) by other institutes [24]. Another study reported
on the implementation of PBL, in which both background theory and engineering practices
were taught. In this study, students” competencies related to practical application were
improved, along with motivation and appreciation of the students towards the discipline
of engineering [25]. These studies successfully implemented PBL practices to develop the
wide range of skills for engineers mentioned above.

Although the successful effect of the PBL approach is attracting attention, the challenges
and limitations of the PBL approach have also been pointed out in the literature [11-13].
From the teachers’ point of view, the lack of training as facilitators, challenges of assessment
and setting difficulty levels for problems have been pointed out. In addition, challenges
and limitations related to institutions include the heavy workload to prepare and guide PBL
projects and a lack of materials and resources from institutions to support PBL. From the
students’ point of view, a lack of teamwork skills and self-learning skills are reported [13].
To address these, more practices of PBL, especially related to engineering, should be
reported.

In this context, higher educational institutions in Japan, including Nippon Institute of
Technology (NIT) and Aichi University of Technology (AUT), to which the authors belong,
have been moving forward with the transformation of educational methodology. In the
present initiative, the theoretical and practical side of the structural design of engineering
products was taught and trained, utilizing CAE software with a project-based learning
approach to improve comprehensive skills to solve engineering problems.

This paper is organized as follows: First, course design, including learning objective
and activities according to the objectives, is presented in Section 2. The methodology used
to collect data to assess the effectiveness of the present initiative is described in Section 3.
Then, the results are reported and discussed in Section 4, and concluding remarks are given
in Section 5.
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2. Course Design
2.1. Learning Objectives and Activities

The curriculum of our Department of Mechanical Engineering Systems is basically
composed of lectures and practical training, as shown in Figure 1. Active learning method-
ology with 2D /3D CAD software had already been implemented in the practical training
course of mechanical design when the present initiative was started [26], which is shown
in bold letters in the figure. In the present initiative, project-based learning methodology
combined with CAE software was newly introduced to courses named “CAD/CAM/CAE”
marked in red rectangles in the figure.

Year Classes Practical Training
| Fundamental Mathematics | | Engineering Experimentation 1 |
Freshman | Calculus | | Algebra | | Physics | | Engineering Experimentation 2 |
| Engineering Mechanics | | Fundamental Mechanical Design |

| Differential Equations |

| Engineering Project 1 |

| Mechanics of Materials 1 |

| Mechanical Design and Drafting 1

| Thermodynamics 1 | | Fluid Dynamics 1 |
Sophomore _ _
| Mechanics of Materials 2 | | Engineering Project 2 |
Fluid Dynamics 2 | Eng. Problems and Solutions 1 |
| Machine Dynamics 1 | | Mechanical Design and Drafting 2
| Thermodynamics 2 | | Engineering Project 3 |
| Machine Dynamics 2 | | Eng. Problems and Solutions 2 |
Junior | Engineering Materials | | CAD/CAM/CAE 1 |
| Engineering Project 4 |
| Engineering Seminar |
| CAD/CAM/CAE 2 |
Senior | Graduation Study and Thesis |

3 Courses related to 2D/3D CAD softwares |

Figure 1. Curriculum of Mechanical Engineering Systems in AUT.

The objective of the present course is to improve students’ comprehensive skills to
solve open-ended engineering problems. For this purpose, each segment of this course
consisted of lectures and workshops. The quality of engineering products highly depends
on engineer’s knowledge, linking theory and practice. Therefore, important knowledge
concerning engineering problems that had been already learned in the preceding courses
were reviewed in the present lectures. In our case, the mechanics of materials was mainly
reviewed because improvement in the strength of a structural part requires knowledge
of this subject. In addition to this, practical training to solve engineering problems was
conducted as a form of workshops. The goals and activities of each segment in the present
course are shown in Table 1. Detailed descriptions of the activities are provided in the
later sections.

2.2. Environments

This course was conducted in a practical room for CAD/CAM/CAE in the university.
Each student was provided with a workstation in which software such as AutoCAD 2020,
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Inventor 2020 (Autodesk, Inc., San Francisco, CA, USA) and CATIA V5 (Dassault systemes,
Inc., Dassault, France) are installed. Autodesk Inventor was mainly used for this course.
All students have an account for Google Classroom, where reports can be uploaded as well
as class materials can be downloaded.

Table 1. Goals and learning activities for each segment of the present course.

Segment Goal Lectures Workshops
understanding basic - Coherent use of units .
A plate subjected to a
1 procedure to conduct CAE - Degree of freedom tensile load
structural analyses. - Force equilibrium
mastering interpretation of - Stress concentration A plate with a hole
2 results from structural - Effectof elementsize  subjected to tensile
analyses. and type load
learning skills to analyse ~ - Stress and strain Design of a flanged
3-4 practical engineering components torsional joint of
products. - Contact condition shafts

Mechanical Design Project

improving comprehensive - Conceptualization
5-8 skills to solve engineering - Design and analysis
problems. - Preparation of reports

- Report meeting

2.3. Materials

The following three materials were prepared as shown in Figure 2 and provided in
electric format, such as pdf or Microsoft word file through Google Classroom. Students
opened the materials on the screens of their workstations in the class. They also used
their own smartphones to read the workshop text when they were conducting workshop
problem on the workstations.

(a) Textbook

In the aim of understanding the topics mentioned in Section 2, the main functionalities
of the CAE software were summarized in the textbook, and the relationship between the
functionalities and the theories were explained there.

(b) Workshop text

Hands-on workshop problems to review the topics learned from the textbook were
prepared in this workshop text. Step-by-step procedures for the workshop problems are
summarized in it.

(c) Worksheet

To write down the results from the workshop problems, worksheets with blank tables
to input the results during the class were prepared. After the workshop problems were
completed, students uploaded the worksheets filled with their results to the Google Classroom.

2.4. Lectures

CAE structural analyses are based on background theories in various areas, especially
in mechanics of materials, as mentioned in Section 2.1. Fundamental knowledges that
students should know before they start to solve engineering problems using general CAE
software were chosen and taught in the lectures of the present course. The important points
from these knowledges are explained in following sections.
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(b) Workshop text (c) Worksheet

Figure 2. Materials provided in the present course.

2.4.1. Units

The coherent use of unit systems is one of the most important points to correctly solve
engineering problems [27]. In general CAE software, units used for material properties and
boundary conditions are not necessarily informed to users. Therefore, it is important to
make the students confirm the units of quantities of the input into and output from the
software. In the present course, the coherent unit system, referred to as SImm, consists of
base units, including mm as length, 10® kg(ton) as mass and second as time, was described
first. Then, the derivation of other units from the base units, such as MPa for stress,
was introduced.

2.4.2. Boundary Conditions

Most of the CAE software, including Autodesk Inventor, used in the present course
adopt the finite element method for structural analyses [28]. It is important to understand
the six degrees of freedom, which consist of three translational and three rotational degrees
of freedom, for defining an appropriate boundary condition in a three-dimensional finite
element analysis. A correct solution cannot be obtained when six degrees of freedom are
not sufficiently constrained and rigid body motion of the analytical model exists. The
boundary conditions to eliminate rigid body motion without constraining the intended
deformation were defined and practised in the workshop.

2.4.3. Dependence of Solution on Element Size

It is known that the solution of a finite element analysis approaches the strict theoretical
one as the size of the elements decreases and the number of elements increases; in other
words, the finite element mesh becomes denser [29]. However, a model with too dense of a
mesh requires greater computational costs, such as memory and CPU time. In addition,
the selection of element types with first- and second-order interpolation functions of
displacements are available in many CAE software, including the software adopted in our
course. A workshop to investigate appropriate mesh densities depending on the element
types was held.

2.4.4. Unintended Stress Concentration

A finite element analysis derives a solution with finite value, even at a point where
singularity exists. In the theory, stresses become infinite at corners without fillet, i.e., points
and edges where concentrated load are applied [30]. The lack of this knowledge leads to the
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inappropriate evaluation of important results, such as the maximum stress in a analytical
model. The students were advised to avoid this kind of boundary condition.

2.4.5. Reaction Force at Constrained Entities

After a successful solution of the equilibrium equation in the finite element analy-
ses, reaction forces are calculated at locations where fixed displacements are specified
as boundary conditions. Since understanding force equilibrium is essential for solving
structural problemes, it is important to confirm the validity of the reaction forces. Students
were advised to confirm that the sum of all applied loads in the model equal to that of
reaction forces.

2.4.6. Contact Conditions

In practical mechanical design, a target product in most cases, an assembly model
consisting of multiple parts. It is important to know how the contact area of these multiple
parts are treated in structural analyses.

The simplest way to model the contact area is to treat the multiple parts as unified
parts. Although sharing nodes by using the same mesh pattern on contact surfaces of
two bodies is a well-known practice, the method is sometimes difficult to use due to the
complex geometry of certain parts. Therefore, special conditions to make displacement
continuous at the contact surface, which is referred to as MPC [29], can be automatically
applied in many CAE software.

For problems where separation and slippage between the contact surface of two
bodies need to be considered, the capability to iteratively solve this nonlinear problem by
calculating the equilibrium on the deformed shapes of the contact surfaces with special
functions, such as penalty function [31,32], are available in some CAE software.

In some CAE software, such as Autodesk Inventor, contact conditions can be selected
from physically intuitive candidates such as “glue”, ”separation” and ”slippage”. This
functionality makes it unnecessary for the users to pay attention to numerical treatment of
the contact surfaces.

2.4.7. Evaluation of Stress Components

Quantities such as stress and strain are calculated as tensors in the finite element
analyses of CAE software. In most of the software, however, von Mises stress, which
is a scalar quantity derived from the tensor, is automatically shown as a result at first
because of its easier recognition. As the structural analyses are conducted for investigation
on the possibility of failure in many cases, von Mises stress is not necessarily the most
appropriate quantity to review the results. In the Mechanics of Materials course, students
learn several failure criteria of materials, such as maximum principal stress, maximum
shear stress (Tresca theory) and maximum shear strain energy (von Mises theory) [33], and
were trained to choose one of the failure criteria that fit to the material used in the design.
It was emphasized in the present course that the appropriate type of stress corresponding
to the failure criterion should be chosen as the results need to be reviewed in the CAE
structural analyses.

In the engineering calculation of stress in practical design, on a cross-section of a part
where the possibility of failure is assumed, a stress component approximately averaged on
a cross-section of the potential failure is evaluated to determine the appropriate size of the
parts. Dimensions are calculated so that stress evaluated in the intended cross-section does
not exceed the allowable stress of the materials. To do this with CAE software, engineers
need to know which component of stress should be evaluated to consider the failure in
the intended cross-section. For example, they should evaluate XY and ZX components of
shear stress when the shear failure at a plane normal to X axis is considered. Therefore,
the relationship between the index of stress components, such as Ty, and 7y, and the
corresponding planes were reviewed in the present class.
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2.5. Workshops
2.5.1. A Plate Subjected to a Tensile Load

This workshop aimed to teach the appropriate boundary conditions to eliminate rigid
body motion, first mentioned in Section 2.4.2. A tensile load in the horizontal direction is
applied to a rectangular plate and a unidirectional stress state is created.

One of the easiest boundary conditions to constrain rigid body motion is to completely
fix an arbitrary plane of the model in all directions. However, the problem of unidirectional
tension, which is one of the fundamental problems in the mechanics of materials, needs a
slightly more complex boundary conditions than that. When one end in the lateral direction
of the plate is completely fixed in all degrees of freedoms and the opposite end is loaded,
deformation in the transverse direction by the Poisson effect is not calculated as intended.
This is because displacements in the lateral and transverse directions are both fixed at the
left side of the plate, and shrinkage due to the Poisson effect in the transverse direction is
constrained. The displacement distribution from the analysis is shown in Figure 3a.

Maximum
0.00094¢

Minimum

Y

b

(a) over-constrained model (b) properly constrained model

Figure 3. Distribution of displacement of a plate under tensile load.

After explaining this result to the students, they were advised to conduct the analysis
with the correct boundary conditions again as shown in Figure 3b. Merely removing
boundary condition at the left side of the plate in transverse directions causes an error in
the analysis due to the existence of rigid body movement, so they have to consider locations
to constrain it without suppressing the intended deformation.

2.5.2. A Plate with a Hole Subjected to a Tensile Load (Stress Concentration)

The dependency of a solution on mesh density, mentioned in Section 2.4.3, was taught
through this workshop problem. It is known that stress concentration occurs when a
load is applied to a plate with a hole and its stress concentration factor is calculated from
the ratio of the diameter of the hole to the width of the plate, as shown in a graph in
Figure 4 [33]. Results from the numerical analyses with this condition were compared to
the theoretical results.

After the boundary conditions for the models with a symmetry condition were taught,
a quarter model of the problem was analysed as shown in Figure 4a—d. To achieve an
agreement between the numerical and theoretical results, models with a fine mesh, as
shown in Figure 4c,d, are needed. The selection of low- or higher-order elements also
affects the precision of the results. Students were instructed to conduct analyses with the
following four models and compare each set of results:

(a) Low-order elements and coarse mesh
A solution with the least precision is obtained from this model. Significant difference
between the numerical and theoretical results are observed.

(b) Higher-order elements and coarse mesh
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An improvement in the precision of model (a) is expected by choosing higher-order
elements, but the numerical solution is not completely identical to the theoretical one
because of the coarse mesh.

(c) Low-order elements and fine mesh

The numerical solution agrees with the theory by using a fine mesh, even with low-
order elements.

(d) Higher-order elements and fine mesh

Solution from this numerical model also agrees with the theory. Students were advised
to confirm the fact that the fine mesh returns a precise result using whichever element types

they chose.

!
—t
| I - I‘

I
20 0.1 0.2 0.3 0.4 0.5 0.6
alw
Problem of stress concentration @)Low order/C oarse (b H igh order/C oarse
Maximum
[
55
5
45
4
35
3
25
2
1.5
. Y
0.186 I I X
Minimum (c¢)Low order/Dense (d)H igh order/Dense

Figure 4. Stress distribution of a plate with a hole under tensile load with various mesh patterns.

2.5.3. Design of a Flanged Torsional Joint of Shafts

For an in-depth understanding of a practical design, a flanged torsional joint was
analysed in this workshop. A mechanical drawing of this joint and engineering calculations
with the theory of the mechanics of materials had been already taught in the preceding
course on mechanical design [34]. Results from the analysis with CAE software conducted
in the present class were compared to the theoretical one. Different design conditions, such
as output of power source and rotational velocity, was assigned to each student according
to their student ID number. A mechanical drawing of one of the assigned designs and
its 3D model are shown in Figure 5. The following three points were mainly studied in
this workshop:

(a) Maximum shear stress in the shaft caused by torsional moment

To determine diameter of the shaft, the maximum shear stress is one of the most
important quantities to evaluate. Therefore, it was calculated using CAE structural analysis
and compared to its value calculated using the theory of torsion in the mechanics of
materials.

(b) Maximum shear load transferred to bolts connecting the flanges

The torsional load applied to the end of the shaft is distributed to reamer bolts, which
connect two flanges as shear loads. In the aim of understanding force equilibrium, first
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mentioned in Section 2.4.5, the shear reaction forces calculated at the location of the bolts in
the CAE structural analysis was checked and compared to the theoretical results.

(¢) Maximum stress in keys

Two models with different contact conditions were analysed to understand the effects
of the contact condition on the results, as mentioned in Section 2.4.6. If friction is not taken
into account, the torsional load applied to the end of shaft is transferred to the joints through
a key inserted between the shaft and the joint, and the engineering theoretical calculation
of stress is usually based on this assumption. Therefore, slippage between the parts is
required to be considered in the analyses. After an analysis, in which all components were
“glued”, was conducted, another analysis, in which “slippage” between the shaft, key and
joint was allowed, was conducted. As shown in Figure 6, stress distributions in the flange
were significantly different in the two cases, which indicates the importance of correct
contact conditions.

QRepp O SIGST) @ ST
[\\ \ ) , E:“ r -

'[':.a.:geT" | T'x

o

Figure 5. Mechanical drawing and 3D model of flanged torsional joint analysed in the workshop.
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ﬁ,’?fb{/jb"z

(a) all contact surfaces are glued (b) separation and slippage are allowed
Figure 6. Stress distribution of flange joints with different contact conditions.

In the engineering theoretical calculation of keys, two failure modes due to shear stress
and compressive stress on the outer surface are analysed, as shown in Figure 7 [35]. To
evaluate them from results of CAE, an understanding of stress components, first mentioned
in Section 2.4.7, is necessary. Students needed to evaluate shear stress Tyz for shear failure
and o, for compressive failure in the case shown in Figure 8a,b. A denser mesh was created
beforehand at locations where complex stress distribution was expected to arise, such as
the surfaces of the key contacting to the shaft. In addition, while the theoretical results
are calculated based on an assumption that stress distribution on the potential failure
plane is uniform, stress distribution obtained from CAE software is much complex because
of the more realistic boundary conditions. Therefore, the approximate averaged stress
was derived from the maximum and minimum stress on the intended cross-section in
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the present workshop, and it was not so different from the theory. It was useful to train
students using a practical design where some discretion is given for engineers.

b e
. |
i .?J_rs —F, h 'E ~amk i
h AL F
F2 ; r
g S
' d d
—
(a) Shear failure (b) Compressive failure

Figure 7. Two failure modes considered in the design of keys.
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(a) Shear failure (tyz) (b) Compressive failure (o)

Figure 8. Stress distribution related to evaluation of two failure modes.

2.6. Mechanical Design Project

A mechanical design project, in which students create their own design by making
use of the knowledge learned from the previous lectures and workshops, was conducted as
a PBL initiative. They designed structures with consideration of the strength and weight
under the same design criteria given to all groups of students, and a report meeting was
held after the design was completed.

2.6.1. Subject

The design of a stand frame for a slender object with skewed weight distribution was
chosen as the subject. CAD data of the slender object were given to the students, and a
stand frame, which is attached to the object, was designed by the students with their own
ideas under following design criteria:

The slender object is allowed to be fixed using any method and in any direction;

The slender object must be fixed at a height of 1 m or more from the ground;

The whole structure must be self-balancing without fixation of the feet to the ground;
Stresses in the frame must not exceed the allowable stress of materials chosen by the
students with consideration of a safety factor of 5.

Works conducted by the groups with high achievements are shown in Figure 9. The
distribution of von Mises stress was used to evaluate strength of the parts made with
metals. Lighter colours, such as red and yellow, mean higher stress, which should be lower
than allowable stress of the chosen materials. Figure 10 shows the scores earned by the
same groups.
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Figure 9. Design and stress distribution of the models created in the PBL workshop.
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Figure 10. Scores earned by groups of students in the PBL workshop.

2.6.2. Groupwork

The design project was conducted by groups consisting of about six students. The
members of the groups were selected by themselves for better teamwork. Teachers gave
minimal supervision so that overall competency of the groups was equally distributed.
Roles of the members could be divided as following examples.

Coordination of the group;

Construction of the model in CAD software;

Structural analysis in CAE software;

Preparation of presentation documents in the report meeting;
Conducting presentation in the report meeting;

Answering questions in the report meeting from audience.

2.6.3. Report Meeting

After all activities to design their product were completed, a meeting for students to
report their works was held. All groups prepared presentation documents describing their
design on Microsoft PowerPoint for the meeting. Students were advised to mention the
following points in the presentation slides:

Shape and dimension of the designed structure;

Weight of the designed structure;

Description of boundary conditions for the structural analysis;

Displacement and stress distribution;

Graphs that plot maximum stress vs. mesh density as proof of appropriate choice of

mesh density;

e Tables of reaction forces at feet on the ground as proof of self-balancing design of
the frame;

e  Originality and ingenuity in the design



Educ. Sci. 2023, 13, 687

12 of 17

An evaluation was conducted by all students in the course through a webpage con-
structed using Google forms. The works were evaluated on a five-point scale from each of
following viewpoints:

Completeness of the design;
Originality and ingenuity of the design;
Quality of the presentation;
Quality of answers in the Q&A session.

3. Data Collection and Analysis

To assess the improvement of the students” performance according to the present
initiative, we tracked students’ performance on preceding mechanics of materials and
CAD classes and compared them to the students’ performance in the present class. One
of common goals of these subjects is to be capable of solving engineering problems, of
which the mechanics of materials and CAD can be considered to represent theoretical
and practical aspects. Since the Mechanics of Materials and CAD classes were taught
by the same teacher as the present course, similar points regarding solving engineering
problem were emphasised during the lectures and exams of these courses. Therefore, by
comparing the scores of these courses, improvement of the students’ performances on
solving engineering problems was able to be assessed.

For the assessment of the improvement of the students, the data were partitioned
into five segments as a function of achievement of the prior two courses. Students in the
first segment, i.e., the low-achievement group, had scores ranging from the 1st to 19th
percentile, and students in the next segment had scores ranging from the 20th to 30th
percentile. Similarly, the third and fourth segments were defined, and students in the last
segment, i.e., high-achievement group, had scores that ranged from 80th to 99th percentile.
Their performances were evaluated with averaged scores of members of the groups. In
addition to the assessment for the students grouped by their performance, the performance
of groups formed in the PBL workshop were also evaluated.

At the end of the course, a short survey for summarizing the responses from the
students about the course was conducted. The following multiple-choice questions were
answered by the students through Google Forms:

Q1. Have your skills on mechanical design improved through this coursework?
Q2. Are you willing to utilize your CAE skills in your future career?
Q3. Has this coursework helped you to review your engineering knowledge?

4. Results and Discussion
4.1. Performance of the Students

The averaged scores earned by members of the groups formed in the PBL workshop
are shown in Figure 11. The scores in the CAD, mechanics of materials and the present
course were analysed, as mentioned in Section 3. We placed emphasis on teamwork when
the groups were formed in the PBL, and the selection of the members was basically left to
the students. There was a little deviation overall in the competency among the groups as a
result. Groups that included students who were knowledgeable in CAD or mechanics of
materials tended to perform well in the present course. However, some of the groups with
students in the low-achievement group in the mechanics of materials course, such as A2
and A5, showed good performance in the present course. Figure 12a shows how students
were partitioned according to the score received in the mechanics of materials 1 course and
those received in the present course. It is observed that the increase in the performance
in the present course shown by the students with low achievement in the mechanics of
materials course is higher than that shown by the high-achievement group. This indicates
that the students with low achievement in the mechanics of materials class were able to
improve their ability to solve engineering problems by reviewing the knowledge-linking
theory and practising through the present course. Figure 12b shows how students were
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partitioned according to score received in the CAD course and those received in the present
course. The distribution of the performance on the present course in this figure is relatively
flat. Therefore, skills for CAD operation had less correlation with the improvement in the
ability for solving engineering problems than knowledge of the mechanics of materials.
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Figure 11. Performances of groups in the design project on related courses.

Figure 13 shows a histogram of scores of the three courses. The data of the mechanics of
materials course were normally distributed, although it is a little right-skewed. This means
that there were more average students than students with low and high achievements.
On the other hand, the data of the present course had two peaks. This indicates that
a considerable number of students with low achievements moved to into the range of
students with high achievements by improving in solving engineering problems through
the present course.

4.2. Response from the Students

As mentioned in previous sections, engineering calculations with theoretical formulae
were conducted in the present course to review the theory that students had already
learned in preceding courses, such as the mechanics of materials. Students are often
reluctant to learn topics with too great of a theoretical perspective in classes, but after
the results, such as the deformation and stress distribution of analytical models, were
visualised and observed in CAE software, the students could try to solve such problems
without losing concentration and motivation. However, some students who did not have
sufficient knowledge of engineering needed assistance in person by the teachers to solve
the problems.
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Figure 12. Comparison of students’ performance between related courses.
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Figure 13. Histogram of students” performance on related courses.

In groupwork, generally, students with a passive personality tended to remain spec-
tators. In the present PBL of mechanical design, on the other hand, students tended to
find their strong area that they could contribute to the team, such as modelling with CAD
software, CAE structural analyses, theoretical calculations, and so on.

In the report meeting, positive opinions were exchanged between presenters and
the audience, and the discussions became the basis of the evaluation of the report by the
students themselves. For example, when a student was asked about the reasons for the
shape of their designed structure, he described the stress distribution before and after
design improvements by showing results of the stress distribution from the CAE software.
This group earned the highest score for the Q&A session. Some students in other groups,
on the other hand, tried to conduct presentation without sufficient understanding of the
results of the analyses conducted by another member because they completely divided
works to the members with lack of communication between each other. These groups
received with low scores of the presentations.

The results of the short survey conducted at the end of the course are summarized in
Figure 14. Results from Q1 and Q2 indicate that practical training through PBL had positive
effects to improve proficiency in mechanical design with CAE. From the result of Q3, it
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was observed that a high percentage of students agreed that CAE structural analyses were
effective for reviewing their engineering knowledge.

Completely agree Partly agree ® neutral

Partly disagree m Completely disagree

neutral
31%

neutral
eutra ‘ neutral

73% o 2% negative 69% 6%
% 0y
. o, el . é# 6% E’o
positive 2% negative 32% positive negative
96% 2% 94% 0%
23% 25% :
31%
positive

63%

Figure 14. Results of short survey for summarizing the course.

5. Conclusions

A course on mechanical design consisting of lectures, workshops and project-based
learning utilizing CAE structural analyses was conducted in mechanical engineering de-
partment of a university. In the lectures, fundamental knowledge that links practical
engineering and theoretical subjects, such as the mechanics of materials, was taught. In the
workshops, CAE structural analysis was introduced to instruct students on how to use CAE
software to solve engineering problems as well as to review the fundamental knowledge
taught in the lectures. As for the project-based learning, a competition, in which groups
of the students competed in mechanical design using their own ideas by making use of
the knowledge from the lectures and workshops, was held. A short survey was conducted
to review the response from the students after the course finished. Key findings from the
present initiative are summarized as follows:

- Practical training through the workshop problems with CAE structural analyses
improved proficiency of the students in the mechanical design;

- The combination of the lectures on fundamental theories and the practical work-
shops was effective in reviewing knowledge the students had already learned in
preceding courses;

- Theintroduction of CAE to the present course had a good effect in keeping the students
motivated and concentrated on not only what they were doing the workshops but
also absorbing the knowledge with a much more theoretical perspective;

- Students with low achievement as well as students with high achievement on the previ-
ous theoretical course were able to improve their skills to solve engineering problems;

- Many students became interested in utilizing the CAE skills obtained through this
course for their future career.

The following limitations were identified throughout the course, with the intention
for them to be overcome in any future activity:

- Contribution to groupwork by students depending on their characteristics could not
be maximized because teachers’ skill for facilitation was not sufficiently developed;

- Difficulty level of the course materials was not necessarily correctly set to improve
all students’ performance because of a wide range of understanding level of theoreti-
cal knowledge.
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