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Abstract

Identified as a core technology in the Fourth Industrial Revolution, additive
manufacturing (AM or 3D printing) has seen considerable industry growth, which
has created a significant need for a skilled workforce. Furthermore, AM education
and professional training are also crucial in the dissemination and widespread
adoption of this technology beyond conventional manufacturing barriers. To
address this demand, various educational institutions have undertaken different
initiatives to incorporate AM components into their interdisciplinary engineering
curricula. AM is not just about instrumentation and materials, but also involves
design, programming, and validation skills. While most AM training courses focus on
general knowledge and hands-on laboratory training, there is a lack of innovation
frameworks led by digital design, which is arguably one of the core elements of AM
technology. In this review, the authors examine global representative AM training
and education programs. Additionally, institutional efforts to address this demand
are presented through undergraduate and graduate courses employing problem-
and project-based pedagogies to equip students with hands-on AM experiences and
digital design-led innovation skills.

Keywords: 3D printing; Design optimisation; Design-led innovation; Project-based
pedagogies; Digital design

1. Introduction

Additive manufacturing (AM), or 3D printing, is a leading Industry 4.0 technology
that builds products layer by layer from 3D CAD models, in contrast to traditional
subtractive methods. This underscores AM’s advantage in producing customised,
complex geometries at lower cost, shorter lead times and reduced weight—benefits
that often elude conventional manufacturing processes.'* Early AM technologies were
used primarily as tools for rapid prototyping. The printed objects were mainly made
from plastic in various forms, such as filament, powder, and liquid. The materials are
added layer by layer using different techniques, including thermal deposition (FDM)?,
laser sintering and melting (SLS, SLM)S, binder jetting, and photopolymerisation using
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stereolithography (SLA). In addition to plastic, 3D printing
technologies allow for the construction of printed objects
made from metal, ceramic, or bioink. The increase in
the number of 3D printing techniques and materials, in
combination with the advance of other technologies, has
made this interdisciplinary technology not only useful
as a prototyping tool but also as a direct manufacturing
process to construct end-use parts or products for distinct
applications.”®

Applications of AM technology in the field of
automotive manufacturing are very diverse, ranging
from pre-production testing to customised tooling
equipment or end-use parts for small- and medium-scale
production, such as bellows, ducting, brackets, and engine
components.” Metal AM is particularly well-suited for
aerospace applications that require small quantities of parts
with complex shapes'®' and lightweight, highly efficient
designs that reduce fuel costs, such as brackets, compressor
blades, turbine blades, inducers and impellers, fuel nozzles,
and metamaterials.”'***'* The use of AM technology for
biomedical applications has developed over the last 30
years. AM has been widely used to fabricate customised
products like external aids, surgical implants, surgical
guides, and prosthetics in orthopedics and dentistry.”
For individual patients, 3D-reconstructed virtual models
are generated by capturing model data obtained through
magnetic resonance imaging (MRI), computerised
tomography (CT)'®", or other scanning technologies,
and are then quickly constructed using AM. Recently,
bioprinting technology using AM principles has shown
the potential to directly produce 3D human-engineered
tissues or organs from biomaterials.'’®*® The potential
application of AM in drug delivery has been investigated
because of the benefits of controlling dosage forms with
varying doses and release profiles.” In addition, AM also
plays an important role in many other manufacturing
fields, such as construction, civil engineering, and even the
fashion industry.?"*

As akey technology in Industry 4.0, 3D printing market
has developed significantly and tends to continuously
boost in the near future. Figure la shows the 3D-printing
market doubling in key application areas from 2019 to
2027.2 The number of 3D-printing and AM devices is
forecasted to grow to over 2.7 million by 2030, an increase
of over two million since 2020.** According to the Additive
Manufacturing Market (2026-2033) report from Grand
View Research, the market size of AM in 2025 has reached
$30.6 billion.” With an estimated compound annual
growth rate (CAGR) of 23.9%, the projected market size in
2033 will reach $168.9 billion.”

The rapid growth and potential of AM techniques
require human resources with an adequate combination of
knowledge, capabilities, and skills. 3D printing could also
bring millions of manufacturing jobs to the US and create
3-5 million new skilled jobs, as shown in Figure 1b. The
demand for human resources in the 3D-printing field is
very large, but the education sector has not kept pace with
the strong, rapid development of this labour market.

The lack of human resources creates certain barriers to
the development of 3D printing technology. According to
the state of 3D printing report from Sculpteo company?,
Figure 2 presents the most time-consuming areas for 3D
printing users, with CAD design, test prototypes, and
research as the top three areas in which the users spend
their time. While design for AM is becoming one of the
keys to solving fundamental problems of 3D printing and
unlocking opportunities for business, it is still limited by
low levels of education in various 3D printing application
fields. The survey results, as shown, present the barriers to
the development and use of 3D printing technology at the
respondents’ companies, which include various barriers
related to training/education and human resources (e.g.,
lack of training or recruitment).® Therefore, different levels
of AM education can play an important role in plugging
the current skills gap that has been one of the obstacles to
the wider adoption of AM.

While several universities currently provide AM
courses, most are included in the undergraduate and
graduate curricula. The courses may not be accessible to
everyone in the general public who is interested in 3D
printing or who requires AM knowledge in the workplace.
In an effort to maximise the impact of AM in the industry,
the European Commission has outlined the challenges
affecting the full deployment of AM technology.?* Among
the seven primary gap drivers, the main obstacle lies in
the lack of knowledge and training available at different
levels. In this regard, there is a need for AM courses to be
offered to a broader community, from those in secondary
education to working professionals.

This review provides an updated review of the current
tertiary educational and training programs in AM. These
programs are designed and delivered in academic and
professional contexts. Section 2 provides an overview
of these programs and the current challenges. Section 3
discusses a new approach (i.e., the design-led innovation
approach) to 3D printing. Section 4 discusses a case
study based on a course delivered at RMIT University,
Melbourne, Australia, highlighting the benefits and
challenges of this approach.
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Figure 1. The development of 3D printing market and job creation (based on results from global 3D printing market report 2019-2027%)

Figure 2. Survey results on the difficulty in using 3D printing (based on results from the state of 3D printing report®)
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2. Review of the current tertiary courses on
additive manufacturing

2.1. Development of AM education/training

To meet the requirements of rapid additive manufacturing
(AM) development, several AM centres in the United
States, Europe, and Singapore with high investments
have been established for research, innovation, and
educational purposes. For AM courses, teaching materials
and methodologies are discussed according to demands
of different users (students, industrial partners, and
researchers). Due to the insufficient formal AM courses
that have conducted survey and shared relevant data,
discussions in this review may have limited support from
survey-based quantitative analysis.

Various courses focused on AM technologies are
integrated into the training curricula, showing a tendency
to involve AM in innovative education.” At MIT, a 14-week
AM course for graduate and advanced undergraduate
students, which includes lectures, laboratory sessions, and
hands-on projects, is conducted to teach fundamentals and
applications of AM, where the end-of-semester feedback
from approximate 30 enrolled students reflect preference on
design assignments.” Especially, some students expressed
concern that the term projects were too time-consuming
and open-ended for a course setting, while another student
further suggested that initial team formation should be
more structured to group participants by skillset rather
than interest area. Lin et al.”® showed the important effects
that innovative education on AM has had on engineering
and technological sectors in China, looking at more than
100 universities and colleges that offer specialised or
AM-related courses and finding that AM education can
improve the overall quality of multidisciplinary subjects.
With respect to the contents of current AM-related courses
in China, they proposed the following: (1) innovative
education should encompass not only coursework but also
hands-on experimentation and training opportunities; (2)
AM technology can be utilized as effective educational
tools by integrating mathematics, physics, chemistry, and
computer engineering; (3) increased emphasis should be
placed on the development of AM laboratory facilities; and
(4) international exchange and collaboration are essential.?®

Alabi et al® proposed a framework to investigate
the promotion of both engineering and science sectors
through current AM education and research activities
at South Africa’s universities. In their study, five primary
factors that can provide impacts on AM education
and research activities, which include AM technology,
technology transfer, educational curriculum, in-house
facilities, and research and development, have been

proposed based on literature review. Subsequently, they
designed questionnaires with both closed- and open-
ended questions covering the five proposed primary factors
and distributed them to 200 participants, accounting for
gender, age, degree level, field of study, and AM experience.
The survey yielded 130 valid responses, which were used
to further evaluate the impact of these factors on AM
education. Minetola et al.* investigated twelve aspects
that may positively influence graduate-level learning in
computer-aided production (CAP) courses through access
to AM devices, designing a survey distributed to over
200 students enrolled in CAP courses at top-tier Italian
universities over the previous three years (receiving 82
valid responses). They designed a survey by asking them
to respond “yes” or “no” to twelve closed-ended questions
and found that all twelve questions received over 60% “yes”
answers, where potential to generate new design ideas
receive lowest rate of “yes” These questions evaluated the
effectiveness of AM prototyping in CAP learning across the
following dimensions: (1) increased motivation, (2) better
understanding of CAP topics, (3) increased interest in
CAP topics, (4) improved teamwork skills, (5) stimulation
to learn additional content, (6) enhanced imagination
of geometric features, (7) enhanced understanding of
assembly processes, (8) better understanding of product
functionalities, (9) better understanding of the AM
fabrication process, (10) improvement in achieving
personal educational objectives, (11) recommendation to
use AM tools in other manufacturing-related courses, and
(12) potential to generate new design ideas. Feedback from
similar questionnaires in other institutions also indicated
that AM is a prototyping tool with significant educational
benefits in multidisciplinary engineering fields, as well
as in improving students’ hands-on skills, motivation,
creativity, and innovation.”*"

In summary, AM courses have attracted significant
interest among various institutions across different
regions not only in engineering education but also
across multidisciplinary subjects, where their utilization
has shifted from serving as simple prototyping tools to
functioning as critical enablers of innovation. However,
most research on AM courses, particularly survey-based
quantitative analyses, has focused primarily on outcomes
from undergraduate or graduate students. Nevertheless,
the future development and updating of AM courses
should not be driven solely by student demands; other
primary users such as researchers and professionals across
various engineering fields, whose work heavily depends
on AM education and who may contribute to advancing
AM techniques, also need to be considered. Under these
circumstances, one of the primary objectives of this
review, which is providing guidance for and promoting the
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development of AM courses, requires careful consideration
from the perspectives of all primary users. Accordingly, this
entails addressing three key questions: what learners want
to learn; what content is suitable given their educational
backgrounds and the effort they can invest in the learning
process; and what content will enable them to benefit
most and ultimately equip them to drive future advances
in AM techniques and applications within their respective
fields, sectors, and roles. Therefore, this review selects and
examines typical AM education/training courses in detail
across three levels: undergraduate/graduate for students
(section 2.2 and section 3), professional for industry
partners (section 2.3), and cutting-edge for researchers
(section 3). Course content serves as the analytical core,
and teaching methodologies are analyzed in light of
the three key questions, with particular attention to the
demands of potential users.

2.2, Review of AM courses in undergraduate and
graduate programs

At the undergraduate and graduate level, 3D printing
technology is mostly accessible through specialised
AM courses or AM-supported projects. Based on the
information provided in section 2.1, practical utilization
of AM tools, instead of only virtually introducing
AM-related concepts, has become the main trend in the
design of AM courses, indicating that the development of
innovative AM courses requires at least practical access to
AM tools. Therefore, reviews of existing AM courses in this
work are limited to those that have concrete AM-based
content (i.e., hands-on activities). Table 1 lists courses and
projects offered by various universities that incorporate
3D printing technologies into their curricula and feature
hands-on activities at the undergraduate and graduate
levels. These AM-related courses or projects are divided
into two categories: active and passive. The active AM
courses are specialised courses that purely focus on AM
knowledge and skills, usually lasting for one semester.?”**
The passive courses (e.g., CAP courses, technical drawing
courses, and CAD courses) do not directly regard AM
as an educational target but mainly utilize AM as a tool
for mechanical engineering students conducting their
projects.’>*”* Such passive courses also spread to fluid
mechanics laboratories and mechanics of materials courses
that go beyond the CAD-based trainings.”® In addition,
passive courses are also extended to multidisciplinary
courses such as digital fashion design®, arts, biology, and
other engineering courses.*

In the active courses, teaching activities mostly include
class meetings and laboratory sessions. Generally, class
meetings are conducted by lecturers, while the specialised
lectures are given by industry or academic experts. The

transfer of AM technology between academia and industry
is facilitated through topic lectures or final projects, which
are critical in creating a bridge between training and
employment, enhancing the education on engineering
content, and helping students benefit from AM training
with practical production.?”*** For lab activities, students
in most active courses can operate the 3D printer by
themselves to prototype their as-designed models. As one
of the most typical active courses, Sharma et al.** designed
teaching activities based on the concept of Learners, Users,
Manufacturers, Innovators, Operators, and Serviceman
(LUMINOS), in which students disassemble existing 3D
printers and learn relevant mechanisms first, then suggest
improvements, develop and assemble new 3D printers. By
calibrating, operating, and modifying processes on their
3D printers, students can achieve high-quality prototypes.**

Unlike active courses, passive courses mainly include
projects that focus on designs of specific products starting
from conceptualization, where 3D printing techniques are
commonly adopted as effective tools for prototyping.?*>%*
In passive courses, models are mainly fabricated with
the assistance of laboratory staff, exhibiting insufficient
hands-on practice and education in hands-on operational
experience.

When focusing on the teaching process, strategies can
be classified as problem-based learning (PBL), project-
based learning (PjBL)%, additive experiential learning®,
and multidisciplinary learning®**, where PjBL is the most
utilised one.”***%4° In PjBL, students can work in groups to
identify or design the products, print parts, assemble them
into the product, test them to evaluate performance, and,
finally, to re-design, re-print, test, and determine the final
products.’””** The course-end survey shows the students’
satisfaction with the learning process and learning
environment when AM is integrated into the curriculum
as specialised courses or projects.>**

Currently, universities have widely integrated AM into
their programs. AM is, however, not systematically taught
yet and few specialised AM courses have been designed.
Although access to AM tools has been facilitated in most
active AM courses, opportunities for students in passive
AM courses to gain hands-on operational experience
on AM machines remain very limited. Passive AM
courses, which often encompass broader engineering
and multidisciplinary subjects, should incorporate
greater practical potential to significantly enhance both
learning performance and adaptation to current industrial
technological transformations. As a prevailing trend in
current AM instruction, PjBL has been widely adopted
to help students not only master AM-related skills but
also grasp their practical applications in engineering
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sectors. However, most existing PjBL courses treat AM
techniques merely as the endpoint of projects (i.e., physical
prototyping), with insufficient consideration given to the
relationship between AM and product design. This concern
is reflected in the survey by Minetola et al.,*® where nearly
40% of students believed that integrating AM tools does
not provide the potential to generate new design ideas.

2.3. Review of AM training courses for professionals

Several universities and organisations have also organised
short- or long-term AM training courses. For technicians,
entrepreneurs, and officials, development of AM courses
may induce more impacts from industries. Therefore, two
typical training courses from MIT (academic) and ASTM
International (industrial) for professionals are selected for
review in this section. The AM-IDP course is suitable for
researchers and professionals pursuing AM careers.*® The
12-week on-demand course content was released weekly,
allowing working professionals to access the learning
platform at their convenience. The AM-GPC course
is a four-week course with eight modules.*® A detailed
summary of these two courses is shown in Table 2.

The course content of both AM-IDP and AM-GPC is
compared in Figure 3. AM-IDP aims at offering a practical
AM workflow experience to the participants with a focus
on design for AM (DfAM) and its applications. AM-GPC
provides practical information for different experience
levels. AM-GPC is more theoretically focused, with more
advanced post-processing and AM simulation education.
In the authors’ opinion, AM-IDP is more relevant to

Table 2. Summary of AM-IDP and AM-GPC courses

working professionals, whereas AM-GPC is more suitable
for researchers and academicians. Apart from students
getting to know how AM is employed in their respective
industries, these classes also generate new ideas. However,
the lack of understanding of the AM-enabled design
process remains one of the main challenges for further AM
uptake by industries. With comparison between AM-IDP
and AM-GPC, current professional AM courses lack
integration of design, simulation, post-processing, and
application.

3. Design-led innovation approach to
teaching 3D printing

The concept of the design-led innovation approach, which
can be regarded as comprehensive teaching framework
for 3D printing at research level, refers to the process
that starts with conceptualization, followed by a design-
driven optimization process, extending all the way to
manufacturing and mechanical/structural validation.
For students, professionals, and researchers, educational
courses must cultivate both core technical competencies,
which include modelling, numerical simulation, coding,
and design of experiments, as well as advanced knowledge
of 3D printing applications relevant to future research. The
design-led innovation approach, particularly its design-
driven optimization process, fulfills these requirements
across multiple sectors with extension from mechanical
engineering to aerospace, biomedical, and materials
science, all of which are profoundly shaped by 3D printing
advancements. Through a learning pathway that progresses

Outline AM-IDP AM-GPC
Organiser MIT, USA ASTM International, USA
Course duration 12 weeks 4 weeks

Working professionals;

Targeted audiences
& Researchers

Working professionals;
Researchers;
Undergraduate students

Any level of AM experience;
Prerequisite
Use of engineering design tools

Pre-college math and physics preferred;

Any level of AM experience

Course delivery Virtual on-demand

Real-time webinars;
On-demand recorded webinars

Course interactivity Online forum

Question and answer during real-time webinars

Assessments (33%)

Online exam

Assessment Assignments (42%) . . .
Case studies (25%) (100 multiple choice questions)
Passing requirement 60% 70%

Abbreviations: AM-GPC: AM General Personnel Certificate; AM-IDP: AM Innovative Design and Production.
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Figure 3. Course content of AM Innovative Design and Production (AM-IDP) and AM General Personnel Certificate (AM-GPC)
Abbreviation: AM: Additive manufacturing

from conceptualization (integrating both knowledge and
applications) to design-driven optimization and finally
to fabrication and experimental testing, researchers can
achieve full proficiency in coding, modelling, simulation,
and testing. Consequently, this review concentrates on
the educational components of design optimisation,
with a detailed focus on problem setup, pre-processing,
optimization, post-processing, fabrication, and testing.

In this section, we review various educational codes
for design optimisation based on the following metrics:
dependency, difficulty, flexibility, and feasibility. The
dependency of these codes is the requirement of access
to programming integrated development environments
(IDEs) or commercial software. The difficulty, which
relates to the problem-setting step, is the effort needed for
students and researchers to understand and utilise these
codes. The flexibility, which relates to all the steps except the
validation steps (manufacturing and testing), is the ability
of these codes to fit different problems. The feasibility,
which relates to the optimisation and post-process steps, is
the capability of these codes to support reasonable design
quality and manufacturability.

3.1. Classification of the design optimisation
techniques

Design optimisation is often classified by topology,
size, and shape optimisation.” Among these, topology
optimisation**®, which can effectively utilise AM
potential for engineering applications, is the main
discussion point in this section. The details of theories,
techniques, and mathematical backgrounds have been
thoroughly documented in many review papers.”>*
Topology optimisation approaches can be classified as:
(1) density-based methods”°, (2) level-set methods®*!,
(3) ground structure methods®%, and (4) geometric
component methods.®% Currently, most educational
codes in topology optimisation are based on the classical
solid isotropic material with penalisation (SIMP) model
(i.e., SIMP to minimize linear compliance).”7* There
are extensions of SIMP codes to other problems, such
as multi-scale design of materials”® and multi-scale
structures’®”’, multi-material structures®’®” with minimal
compliance®, optimised buckling load factor®, stress-
based optimisation®®, structural design considering
nonlinearity®®, and dynamic problems.*® Educational
codes are summarised in Table 3.
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Table 3. Summary of educational topology optimisation codes for 3D printing courses

Name Techniques Dependency Difficulty Flexibility Feasibility Dimension
Top99¢” SIMP MATLAB Easy Low Low 2D
Top88°* SIMP MATLAB Easy Low Low 2D
PolyTop® SIMP MATLAB Hard Medium Low 2D
Top3D™ SIMP MATLAB Easy Medium Medium 3D
TOCP” SIMP SAP2000 (C#) Medium Medium Medium 3D
Top99neo and . .
Top3D125” SIMP MATLAB Easy Medium High 2D/3D
TopOpt_in_ . .
PETSC SIMP PETSc (C++) Hard Medium High 3D
TopADD™ SIMP PETSc (C++) Hard High High 2D/3D

75
TopX SIMP MATLAB Easy Low Low 2D
Multi-scale Energy-based homogenisation
ConTop2D and SIMP
ConTop3D”® L MATLAB Medium Medium Medium 2D/3D

. Energy-based homogenisation
Multi-scale
PolyMat® SIMP (multi-material) .
Multi-material DMO multi-material interpolation MATLAB Hard Medium Low 2D

81
TopBuck250 SIMP MATLAB Medium Low Low 2D
Buckling KS aggregation
82
PolyStress SIMP MATLAB Hard Medium Low 2D
Stress Augmented Lagrangian method
83
ToAC SIMP . MATLAB Easy Medium Medium 2D/3D
Stress P-norm stress aggregation
TOGN213% SIMP MATLAB .
Nonlinearity Additive hyperelasticity technique ANSYS Medium Low Low 2D
1i 85
89 hr'1e c0¢.ie SIM,P . FreeFEM++ Hard Medium Low 2D
Nonlinearity Stored-energy interpolation
PolyDyna® SIMP .
Dynamics HHT-o method MATLAB Hard Medium Low 2D
SIMP
DVTOPCRAY Canonical relaxation algorithm MATLAB Medium Low Low 2D
Sequential integer programming
Tobs101% . SIMP . MATLAB Medium Low Low 2D
Integer linear programming
BESO* BESO update Python . .
Nonlinearity Average historical sensitivities ABAQUS Easy High High 3D
Virtual material
90
SERA SERA algorithm MATLAB Easy Low Low 2D
BESO update
DER-BESO*! Dynamic evolution rate strategy ANSYS Hard High High 2D/3D
Average historical sensitivities
92
TOP_Geo_Non BESO update MATLAB Easy Low Low 2D
Nonlinearity Average historical sensitivities
Discrete level-set
Top_level-set™ Hamilton-Jacobi equation MATLAB Hard Low Low 2D
Shape sensitivity and topological sensitivity
(Contd...)
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Table 3. (Continued)

Name Techniques Dependency Difficulty Flexibility Feasibility Dimension
Level-set .
FEniCS* Hamilton-Jacobi equation (l;)En}fj) Hard Low Low 2D
Distributed shape derivative "
OpenMDAO* Dens1tyibased: SIN_[P . OpenMDAO Medium Low Low 2D
Level-set: Hamilton-Jacobi equation
Parameterized level-set method
96
TOPRBF Radial basis functions (RBFs) MATLAB Easy Low Low b
Level-set®” Reaction-diffusion equation MATLAB Medium Low Low 2D
Topological sensitivity
lFe l\l,t:ll:sza::sed Filtered level-set function MATLAB Easy Low Low 2D
Filtering function
RDE” Reaction-diffusion equation FreeFEM++ Hard Low Low 2D
SIMP
UNVARTOP!™ Laplacian regularization filter MATLAB Medium Low Low 2D
No material interpolation
PareFo (])‘)}l)tlmal Topological s.ens.1t1v1ty ﬁel'd filter MATLAB Medium Low Low 2D
Tracing No material interpolation
Regularized Heaviside projection
GPTO'* SIMP MATLAB Medium Medium High 2D/3D
3D cylindrical bars

Abbreviations: BESO: Bi-directional evolutionary structural optimisation; DMO: Discrete material optimisation; KS: Kreisselmeier—Steinhauser; SERA:
Sequential element rejection and admission; SIMP: Solid isotropic material with penalisation.

3.2. Evaluation of the education codes for design-
led innovation 3D printing course

The process of design optimisation is shown in Figure
4. The first step is the problem setting, where the user
needs to set up optimisation targets, design variables, and
design space. As Figure 5 shows, the optimisation target
refers to the design objectives (e.g., minimal structural
compliance or specific materials modulus). The design
variable relates to geometric features that the users are
planning to optimise (e.g., wall thickness, truss diameters,
and geometric boundaries of structures). The design space
is the region where the optimisation happens, which can
be a regular shape (e.g., a rectangle) or an arbitrary shape
shown in the left part of Figure 5.

As shown in Figure 6, the design space needs to be pre-
processed so that the finite element analysis (FEA) can be
conducted to obtain design objectives. In the left part of
Figure 6, design spaces can be meshed with a structured or
unstructured mesh. Most education codes, e.g., the SIMP
education codes®”7, have embedded meshing functions,
supporting a grid-like mesh. In the middle of the left
part of Figure 6, the meshing flaws resulting from cutting
between passive void regions and the grids are shown in the
magnification of the red-dashed box, with the red circles

showing the breaking of the mesh. One way to overcome
such flaws is to apply conformal meshing techniques that
can fit arbitrary boundaries. In the work proposed by
Talischi et al.®, the polygon mesh is utilised to provide
conformal meshing. Another method is to incorporate
commercial software with scripts to obtain a conformal
mesh; examples of this include SIMP with ANSYS*,
bi-directional evolutionary structural optimisation (BESO)
with ABAQUS¥, and BESO with ANSYS.”!

For the classical minimal compliance problems, it is
sufficient to use SIMP codes. These codes are short, clear,
and free of complex mathematical background and are,
therefore, easy to learn. The relevant resources on SIMP
are plentiful and informative due to its popularity. All these
features lead to low difficulty. Other codes that support
conformal meshing are stronger, but the complexity,
readability, and required knowledge also increase, leading
to higher difficulty.

The third step is to conduct the optimisation, where
the algorithm can update the design at each iteration to
minimise the objective without violating constraints.
Figure 7 illustrates the minimum-compliance cantilever
optimisation with volume constraints. From top to bottom,
examples are generated from classical educational codes
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Figure 4. The process of design-led innovation in additive manufacturing
Abbreviation: FEA: Finite element analysis

Figure 5. Evaluation of design-led innovation educational optimisation codes in the problem setting
Abbreviation: BC: Boundary conditions

including 2D designs®, low-resolution 3D designs™, and
high-resolution 3D designs.”” The setup and the evolution
of the design during optimisation are illustrated from left
to right.

As the bottom of Figure 7 shows, the high-resolution
voxelisation can lead to high-quality mesh, contributing to
the capability of fitting arbitrary spaces.” As the top part of
Figure 7 shows, the 2D codes have significant limitations in
flexibility because most real-world problems are in 3D. In
the middle part of Figure 7, when the algorithm is extended
to 3D with insufficient resolution, the flexibility increases
but is still limited for solving large-scale problems. As
Figure 8 shows, the optimisation results, which is from

post-processing codes'®, are often represented as a density

matrix. However, the 3D printer needs G-code as input for
manufacturing. In the top part of Figure 8, from left to right,
the density matrix commonly needs to be transformed into
an .STL file, further smoothed, and sliced into G-code (i.e.,
post-processing).'®

The last two steps are fabrication and mechanical
tests.'®*!% Figure 9 illustrates the relevant process regarding
bracket optimization as examples.'® The top-right part of
Figure 9 shows the manufactured parts via powder bed
fusion. Mechanical tests and finite element modelling-
based numerical simulations are applied to further validate
the structural performance. After evaluating the results,
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Figure 6. Evaluation of design-led innovation educational optimisation codes in the pre-process
Abbreviation: FEA: Finite element analysis

Figure 7. Evaluation of design-led innovation educational codes in design optimisation (results are obtained from design optimization codes®”*’2)
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Figure 8. Evaluation of design-led innovation educational optimisation codes in post-process (results are generated from design optimization codes’”
and post-processing code!*)

Figure 9. Evaluation of design-led innovation educational optimisation codes on fabrication and mechanical test'*
Abbreviations: AM: Additive manufacturing; CAD: Computer-aided design; FEM: Finite element method.
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modifications can be applied to the problem-setting step
according to the feedback. A closed loop, which is shown
in Figure 4, can therefore be achieved to obtain the final
optimised design that meets all criteria.

The 2D design derived from most of the educational
codes cannot directly support a printable format. In the
middle part of Figure 7, the insufficient resolution often
leads to imperfections such as staircase boundaries.
Although adding filters can smooth imperfections, it can
lead to weak connections as shown in the red circles at the
bottom of Figure 8. When conducting the mechanical tests
in Figure 9, the actual performance of parts is much lower
than the expectations due to these weak connections,
highly limiting the practical application of design-led
optimisation approaches. Although plenty of resources
have been provided, conflicts between difficulty, flexibility,
and feasibility through the design-led optimisation
process commonly exist in current educational codes,
preventing practical education of design-led optimisation
in AM-based programs.

4. A case study on a 3D printing course
using design optimisation approach

In an undergraduate course titled Structural Optimisation
and 3D Printing (SO3DP) conducted at RMIT, the teaching
activities and performance of the students illustrate some
of the features, merits, and challenges mentioned in the
above sections. The 3D printing work was carried out using
various 3D printers in the RMIT Advanced Manufacturing
Precinct, Civil Lab, and a virtual printing simulation with
Unity using virtual reality (VR).

4.1. Course overview

SO3DP covers all aspects an engineer will experience
during their daily work-site surveying to acquire
information/requirements about the design, developing a
problem statement to inform the project, applying design-
led procedures (as presented in section 3) to obtain an
optimal design, preparing digital files, and fabricating
parts via 3D printing. The teaching activities follow the
process shown in Figures 5-9. As shown in Figure 10,
students are given more flexibility to do their assignments
by relaxing constraints on optimisation and 3DP tools.
Those arrangements offer students sufficient time to
master the “walking before attempting to run” approach.
Those assessments gradually monitor their skills to prepare
their designs for 3D printing, transitioning them from a
digital model to a scaled model to be printed using a
commercially available 3D printer, and a full-scale model
to be built onsite through VR.

4.2.SO3DP course evaluation and assessment

4.2.1. Merits and challenges in teaching 3D printing
techniques

The merits and challenges in teaching 3D-printing
techniques are discussed together with evidence to indicate
the effectiveness and ineffective teaching strategies in the
3D printing course using statistic data from the teaching
platform Canvas.

SO3DP was attractive to most of the students enrolled
in this course, which is reflected in the following comments
from students during consultations:

o Rendering the digital model to the construction site is
fascinating, and it provides a vision of what the design
looks like after it is constructed.

« It was really good to obtain a souvenir of the scaled
model of my design.

o It was hard to feel the real scale of my design until I
watched them in the virtual model in VR and the full-
sized 3D-printed example.

« Idid not remember much of what I learned at RMIT,
but I still had a vivid scene in my mind when I walked
around our designed model with its 3D-printed
featured surface.

Students have also experienced some challenges during
the coding of design optimisation as they tried to verify
and validate their designed models and prepare them
for materialisation. Due to budget and space and device
limitations, it may not be possible to construct a model
similar to existing buildings in this course. Some examples
of these sentiments are listed below:

o Icannotfind any similar examples to do the innovation
design in my assignments.

o I did not expect that there were so many checks to
prepare a model for 3D printing.

o It is hard to change the MATLAB code to fit it into
my design requirement, and I barely made it through,
even with assistance from my teacher.

o Itis petty that we could not construct a bigger model
in our lab.

These challenges may be resolved with further 3D
printing developments and additional support from the
university in the form of a larger printer, more lab space,
and increased funds to buy more raw materials. It may be
helpful if the students’ final designs could be supported or
adopted by industries who provide 3D printing services as
possible demonstration examples virtually or physically.
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Figure 10. Overview of assessments for SO3DP (Assignment 1. Optimising a simple bridge from a sketch and render it on site digitally; Assignment 2.
Optimising the reinforcement structure to repair the space station and preparing the 3D printing file for a scaled design; Assignment 3. Replacing an
existing structure on Earth with an optimal design to be constructed on Mars using virtual 3D printing; Assignment 4. Future perspectives of potential

application of structural optimisation and 3D printing).
Abbreviation: SO3DP: Structural Optimisation and 3D Printing.

4.2.2. Effectiveness and ineffective teaching strategies
in the 3DP course using statistic data from the
teaching platform Canvas

For five years starting in 2019, several strategies have been
employed to promote student engagement, satisfaction,
and teaching outcomes. Such indicators can be partially
reflected by the time spent on learning materials tracked by

Canvas, assignment submissions, final marks, and students’
feedback. The employed strategies are summarised in Table
4. The effectiveness of these strategies could be partially
reflected by the analytical data from Canvas. Based on
comments during consultation sessions with students,
whether they are satisfied with the employed strategies is
also included in Table 4.
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The recorded views of the learning materials on
Canvas in Figure 11a show that page views occurred more
frequently from 2019 to 2021. In all three years, views
peaked 1-2 weeks before the due date of each assignment.
When more interesting content was included and linked
with real-world examples, students tended to spend more
time than during other periods of the semester. For the
revision of the assignments, if too many changes were
involved (as occurred in 2020), students experienced
more difficulties in completing their assignments, as
illustrated by the submissions in Figure 11b. This aspect
is also reflected by the slight decrease in the students’ final
marks, as illustrated by the mark distribution in Figure
11c. Some new developed technologies such as VR, digital
twins, robotic simulations were used in the course to
enrich students’ learning experience, students had mixed
feelings about the maturity of those new technologies.
They were interested in those new technologies. However,
they experienced some confusion on how to use them in
the real world due to lack of access to existing projects,
protypes, and demonstration buildings.

In conclusion, it is essential to link the teaching content
and assessments to real-world projects so that students can
sense the practical meanings of their designs, feel their
designs and see the potential of their learning outcomes,

and improve their critical thinking and learning outcomes
from the course. Progressive changes to learning content
and projects used for assessment are necessary to keep
pace with the development of 3D printing technology. It
is still challenging to employ 3D printing in fabricating/
constructing full-scale structures in the current lab
environment. A well-organised group design and a link
to industry-funded projects are potential solutions to this
challenge.

4.3. Future directions: integrating real-world
projects into SO3DP

Based on feedback and demands from students enrolled in
SO3DP courses, real-world projects can be integrated into
SO3DP courses, which can innovate AM education in the
future. Due to the continuous challenges in construction of
large buildings, a multi-discipline project can be employed
to partly resolve the missing of real-world project in the
current course delivery. As illustrated in Figure 12a,
design-led optimisation approaches can be integrated with
heat transfer theory to enhance fluid cooling efficiency on
electronics such as antenna.'® As illustrated in Figure 12b,
design-led optimisation approaches can be integrated with
3D scanning data, which is obtained on-site at real-world
clinics, to enable customisation of biomedical devices
such as ankle-foot orthoses.'”” As illustrated in Figure 12c,

Table 4. Different teaching strategies used in Structural Optimisation and 3D Printing (SO3DP) (2019-2021)

Starting-ending

Teaching strategies years Advantages Limitations Y/N
Design completion 2019-2020 Enc'oura.ge students' to c?mplete ' No clear rub%‘ics; ' N
their assignment with high level Difficult to evaluate innovations
Invited lecture by leading researchers 2019 Increase learning depth Poor attendance N
Authentic assessment 2019-2021 Encourage student enthusiasm and Time consun‘ling on developing Y
engagement assignments
Assessment revision 2020-2021 Prevent contract cheating Time consun.nng on developing Y
assignments

Introdu.cFion to real world 2020-2021 Encourage enga'gement and N/A v
competition by NASA attraction
Individualization of projects f¢

nd.1V1dua ization of projects for 2020-2021 Prevent contract cheating Time consuming on marking Y
assignment

. . . Encourage engagement and mutual
Video presentation of projects 2020-2021 . Y
understanding
Li isfacti k for refe
Future career recommendation 2020-2021 ift student satisfaction and course  Students may come Pac k for referees v
outcome when applying jobs

Invited lectures by industry related 2021 Encourage engagement and mutual v
speaker understanding
Virtual visualization using VR 2021 Lift student satisfaction and course Time consuming in learning virtual %

outcome

reality

Notes: As illustrated in the rightmost column, “Y” indicates that most of students are satisfied with the proposed strategy, whereas “N” indicates no

remarkable difference from previous setups of the course.
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Figure 11. Analytical data from RMIT teaching platform Canvas to reflect the teaching strategies applied in SO3DP in the last three years (2019-2021)
Abbreviations: SO3DP: Structural Optimisation and 3D Printing

design-led optimisation approaches can be integrated with
lattice structures to accelerate development of advanced
engineering materials.'® These integrations of real-world
applications can inevitably increase creativity, skill levels,
and knowledge in AM education across various educational
stages, making teaching practices better aligned with the
needs of both industry and academia.

For example, integrating design-led optimisation
approaches into ankle-foot orthosis applications can
contribute not only to a practical understanding of AM’s
role in the biomedical sector but also to powerful driving
forces for innovation. Specifically, as one of the leading
medical fields adopting this technology, orthopaedic

surgery can be revolutionised by 3D printing in the
following ways:

«  Patient-specific implants: Traditional implants (e.g.,
for total hip arthroplasty) come in standard sizes. AM
allows surgeons to print custom hip, knee, or cranial
implants for complex revision surgeries or severe bone
loss. These match the patient’s anatomy perfectly.

o Trabecular (porous) structures: AM can print complex,
honeycomb-like metal structures (usually titanium)
that mimic the porous texture of natural bone. This
allows the patient’s real bone to grow into the implant
(osseointegration), creating a much stronger, longer-
lasting bond with better clinical outcomes. Related
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Figure 12. Development of design-led optimisation course by integrating real-world projects: (a) heat sink for electronics cooling'®, (b) ankle-foot
orthoses for customized biomedical devices'”, and (c) lattice structures for advanced engineering materials.'®
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healthcare costs could be reduced significantly as well.

«  Patient-specific instruments & guides: Before the first
incision, surgeons can print custom cutting blocks
and drill guides that fit exactly onto the patients bone.
This ensures perfectly accurate alignment during joint
replacements and preoperative planning of complex
3D osteotomies/corrections.

o Complex anatomical models: Surgeons print exact
1:1 tactile models of a patient’s fractured bone or
deformity. They use these to practise the surgery
beforehand, significantly reducing anesthesia and
operating room time.

+ Next-gen prosthetics & orthotics: AM enables the
production of highly affordable, lightweight, and
custom-ventilated prosthetic limbs and scoliosis
braces. This is especially life-changing for growing
children who need new prosthetics every few months.

» Point-of-care (PoC) printing: Instead of ordering
devices from external manufacturers, hospitals are
opening their own in-house 3D printing labs. A
surgeon can in house order a custom anatomical
model or surgical guide and have it printed on-site
within hours.

5. Conclusions

There is a growing number of undergraduate and
postgraduate courses offered for AM or 3D printing
training to address the shortage of skills and qualified
personnel demanded by the industry. Most of the courses
introduce fundamental knowledge of AM and 3D printing,
focusing mostly on simple CAD design skills and printing
techniques. The distinctive benefits of AM/3D printing
over the conventional manufacturing approach are not
demonstrated effectively. A design-led innovation approach
in teaching AM/3D printing was based on the combination
of design optimisation programming skills, presented in
section 3, and the ability to realise the designed/optimised
structures. This teaching approach enabled students to
develop design-oriented AM frameworks, deepening
the understanding of the AM process from initial design
concept to validation. However, there are major challenges
for teaching 3D printing technology within current
education courses:

o Knowledge and skills used in the teaching materials
may be out of date in a year or two. Students are
usually reluctant to learn information that quickly
becomes outdated.

o Education of 3D printing is still costly to print life-
sized structures as real practice experience for all
students.

«  Current educational codes still have conflicts between
difficulty, flexibility, and feasibility, preventing

practical design-led optimisation in AM-based
programs.

o It is still challenging to employ 3D printing for large-
scale structures in sectors such as construction and
aerospace engineering due to high-cost equipment
requiring significant investment and laboratory safety
standards.

Future pedagogical strategies to resolve these challenges
include grounding curricula in fundamental 3D printing
principles to enhance long-term knowledge retention.
Furthermore, integrating collaborative fabrication projects
linked to real-world industrial applications can significantly
elevate student engagement and practical efficacy.

Acknowledgments

The authors would like to acknowledge the Australian
Government Department of Education’s International
Education Innovation Fund (IEIF) for supporting
Associate Professor Jonathan Tran in advancing
international collaboration in teaching and research. The
authors also acknowledge The Lorenzo and Pamela Galli
Medical Research Trust for supporting Associate Professor
Erich Rutz, Bob Dickens Chair of Paediatric Orthopaedic
Surgery at The University of Melbourne.

Funding

None.

Conflict of interest

The authors declare they have no competing interests.

Author contributions

Conceptualization: Phuong Tran

Data curation: Phuong Tran, Jianhu Shen

Visualization: Yun Lu Tee, Tian Lan

Writing-original draft: Phuong Tran

Writing-review ¢ editing All authors

Ethics approval and consent to participate

Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References

1. Dilberoglu UM, Gharehpapagh B, Yaman U, Dolen M. The
Role of Additive Manufacturing in the Era of Industry 4.0.
Procedia Manuf. 2017;11:545-554.

Volume 2 Issue 3 (2026)

doi: 10.36922/ESAM026290013


https://doi.org/10.36922/ESAM026290013
https://doi.org/10.1016/j.promfg.2017.07.148

Engineering Science in
Additive Manufacturing

Additive manufacturing in education

10.

11.

12.

13.

doi: 10.1016/j.promfg.2017.07.148

Tee YL, Tran P. On bioinspired 4d printing: materials, design
and potential applications. Aust ] Mech Eng. 2021;19(5):642-
652.

doi: 10.1080/14484846.2021.1988434

Liu J, Nguyen-Van V, Panda B, Fox K, du Plessis A, Tran
P. Additive Manufacturing of Sustainable Construction
Materials and Form-finding Structures: A Review on Recent
Progresses. 3D Print Addit Manuf. 2022;9(1):12-34.

doi: 10.1089/3dp.2020.0331

du Plessis A, Babafemi AJ, Paul SC, Panda B, Tran JP,
Broeckhoven C. Biomimicry for 3D concrete printing: A
review and perspective. Addit Manuf. 2021;38:101823.

doi: 10.1016/j.addma.2020.101823

Wickramasinghe S, Do T, Tran P. FDM-based 3D printing
of polymer and associated composite: A review on
mechanical properties, defects and treatments. Polymers.
2020;12(7):1529.

doi: 10.3390/polym12071529

Maconachie T, Leary M, Tran P, et al. The effect of topology
on the quasi-static and dynamic behaviour of SLM AlSi10Mg
lattice structures. Int ] Adv Manuf Technol. 2022;118(11-
12):4085-4104.

doi: 10.1007/s00170-021-08203-y

Despeisse M, Minshall T. Skills and Education for Additive
Manufacturing: A Review of Emerging Issues. Springer
International Publishing; 2017;513:289-297.

doi: 10.1007/978-3-319-66923-6_34

Sculpteo.com. The State of 3D Printing Report: 2021.
Accessed August 12, 2026. https://www.sculpteo.com/en/
ebooks/state-of-3d-printing-report-2021/

Sarvankar SG, Yewale SN. Additive manufacturing
in automobile industry. Int ] Res Aeronaut Mech Eng.
2019;7(4):1-10.

Peng C, Lan T, Wang H, Do T, Tran P. Impact responses
of heat-treated functional graded 3D printed gyroid lattice
structures. Prog Addit Manuf. 2026;11(6):6315-6336.

doi: 10.1007/540964-026-01706-8

Lan T, Al-Ketan O, Tran P. Controlled deformation of
metallic hollow octet-truss lattice structures. Thin-Walled
Struct. 2026;223:114639.

doi: 10.1016/j.tws.2026.114639

Blakey-Milner B, Gradl P, Snedden G, et al. Metal additive
manufacturing in aerospace: A review. Mater Des.
2021;209:110008.

doi: 10.1016/j.matdes.2021.110008

Peng C, Marzocca P, Tran P. Triply periodic minimal surfaces
based honeycomb structures with tuneable mechanical

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

responses. Virtual Phys Prototyp. 2023;18(1):e2125879.
doi: 10.1080/17452759.2022.2125879

Lan T, Tran P, Nguyen KT, Nguyen-Xuan H, Thai D-K. 3D
printed functionally graded hollow lattice structures: Multi-
dimensional design for large deformation. Compos Struct.
2025;371:119490.

doi: 10.1016/j.compstruct.2025.119490

Javaid M, Haleem A. Additive manufacturing applications
in medical cases: A literature based review. Alex ] Med.
2018;54(4):411-422.

doi: 10.1016/j.ajme.2017.09.003

Lozanovski B, Downing D, Tran P, et al. A Monte Carlo
simulation-based approach to realistic modelling of
additively manufactured lattice structures. Addit Manuf.
2020;32:101092.

doi: 10.1016/j.addma.2020.101092

Lozanovski B, Downing D, Tino R, et al. Image-Based
Geometrical Characterization of Nodes in Additively
Manufactured Lattice Structures. 3D Print Addit Manuf.
2021;8(1):51-68.

doi: 10.1089/3dp.2020.0091

Derakhshanfar S, Mbeleck R, Xu K, Zhang X, Zhong W,
Xing M. 3D bioprinting for biomedical devices and tissue
engineering: A review of recent trends and advances. Bioact
Mater. 2018;3(2):144-156.

doi: 10.1016/j.bioactmat.2017.11.008

Murphy SV, De Coppi P, Atala A. Opportunities and
challenges of translational 3D bioprinting. Nat Biomed Eng.
2020;4(4):370-380.

doi: 10.1038/s41551-019-0471-7
Sun B, Ma Q, Wang X, Liu ], Rejab MRM. Additive

manufacturing in medical applications: A brief review. IOP
Conf Ser Mater Sci Eng. 2021;1078(1):012007.

doi: 10.1088/1757-899X/1078/1/012007

Delgado Camacho D, Clayton P, O’'Brien WJ, et al
Applications of additive manufacturing in the construction
industry - A forward-looking review. Autom Constr.
2018;89:110-119.

doi: 10.1016/j.autcon.2017.12.031

Vanderploeg A, Lee SE, Mamp M. The application of 3D
printing technology in the fashion industry. Int J Fash Des
Technol Educ. 2017;10(2):170-179.

doi: 10.1080/17543266.2016.1223355

Inkwoodresearch.com. Global 3D printing market forecast
2019-2027.AccessedMarch9,2022.https://inkwoodresearch.
com/reports/3d-printing-market/#report-summary

Statista.com. Number
manufacturing  devices

of 3D printing & additive
worldwide from 2020 to

Volume 2 Issue 3 (2026)

doi: 10.36922/ESAM026290013


https://doi.org/10.36922/ESAM026290013
https://doi.org/10.1016/j.promfg.2017.07.148
https://doi.org/10.1080/14484846.2021.1988434
https://doi.org/10.1080/14484846.2021.1988434
https://doi.org/10.1089/3dp.2020.0331
https://doi.org/10.1089/3dp.2020.0331
https://doi.org/10.1016/j.addma.2020.101823
https://doi.org/10.1016/j.addma.2020.101823
https://doi.org/10.3390/polym12071529
https://doi.org/10.3390/polym12071529
https://doi.org/10.1007/s00170-021-08203-y
https://doi.org/10.1007/s00170-021-08203-y
https://doi.org/10.1007/978-3-319-66923-6_34
https://doi.org/10.1007/978-3-319-66923-6_34
http://Sculpteo.com
https://www.sculpteo.com/en/ebooks/state-of-3d-printing-report-2021/
https://www.sculpteo.com/en/ebooks/state-of-3d-printing-report-2021/
https://doi.org/10.1007/s40964-026-01706-8
https://doi.org/10.1007/s40964-026-01706-8
https://doi.org/10.1016/j.tws.2026.114639
https://doi.org/10.1016/j.tws.2026.114639
https://doi.org/10.1016/j.matdes.2021.110008
https://doi.org/10.1016/j.matdes.2021.110008
https://doi.org/10.1080/17452759.2022.2125879
https://doi.org/10.1080/17452759.2022.2125879
https://doi.org/10.1016/j.compstruct.2025.119490
https://doi.org/10.1016/j.compstruct.2025.119490
https://doi.org/10.1016/j.ajme.2017.09.003
https://doi.org/10.1016/j.ajme.2017.09.003
https://doi.org/10.1016/j.addma.2020.101092
https://doi.org/10.1016/j.addma.2020.101092
https://doi.org/10.1089/3dp.2020.0091
https://doi.org/10.1089/3dp.2020.0091
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1016/j.bioactmat.2017.11.008
https://doi.org/10.1038/s41551-019-0471-7
https://doi.org/10.1038/s41551-019-0471-7
https://doi.org/10.1088/1757-899X/1078/1/012007
https://doi.org/10.1088/1757-899X/1078/1/012007
https://doi.org/10.1016/j.autcon.2017.12.031
https://doi.org/10.1016/j.autcon.2017.12.031
https://doi.org/10.1080/17543266.2016.1223355
https://doi.org/10.1080/17543266.2016.1223355
http://Inkwoodresearch.com
https://inkwoodresearch.com/reports/3d-printing-market/#report-summary
https://inkwoodresearch.com/reports/3d-printing-market/#report-summary
http://Statista.com

Engineering Science in
Additive Manufacturing

Additive manufacturing in education

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

2030. Accessed March 9, 2022. https://www.statista.
com/statistics/1259618/3d-printing-and-additive-
manufacturing-devices-worldwide/

Grandviewresearch.com. Additive Manufacturing Market
(2026 - 2033). Accessed August 10, 2026. https://www.
grandviewresearch.com/industry-analysis/additive-
manufacturing-market

SAM. Sector Skills Strategy in Additive Manufacturing.
Accessed  February 25, 2022. https:/skills4am.eu/
observatory_about.html

Go J, Hart AJ. A framework for teaching the fundamentals
of additive manufacturing and enabling rapid innovation.
Addit Manuf. 2016;10:76-87.

doi: 10.1016/j.addma.2016.03.001

Lin F Zhang L, Zhang T, Wang ], Zhang R. Innovative
Education in Additive Manufacturing in China. University
of Texas at Austin. Preprint posted online 2012.

doi: 10.26153/TSW/15331

Alabi MO, de Beer DJ, Wichers H, Kloppers CP. Framework
for effective additive manufacturing education: a case
study of South African universities. Rapid Prototyp ].
2020;26(5):801-826.

doi: 10.1108/RPJ-02-2019-0041

Minetola P, Iuliano L, Bassoli E, Gatto A. Impact of additive
manufacturing on engineering education - Evidence from
Ttaly. Rapid Prototyp J. 2015;21(5):535-555.

doi: 10.1108/RPJ-09-2014-0123

Greenhalgh S. The effects of 3D printing in design thinking
and design education. ] Eng Des Technol. 2016;14(4):752-
769.

doi: 10.1108/JEDT-02-2014-0005

Prabhu R, Miller SR, Simpson TW, Meisel NA. Exploring the
Effects of Additive Manufacturing Education on Students’
Engineering Design Process and its Outcomes. ] Mech Des.
2019;142(4).

doi: 10.1115/1.4044324

Williams CB, Seepersad CC. Design for Additive
Manufacturing Curriculum: A Problem- and Project-Based
Approach. University of Texas at Austin. Preprint posted
online 2012.

doi: 10.26153/TSW/15334

Stern A, Rosenthal Y, Dresler N, Ashkenazi D. Additive
manufacturing: An education strategy for engineering
students. Addit Manuf. 2019;27:503-514.

doi: 10.1016/j.addma.2019.04.001

Kempton WL, Killi S, Morrison A. Meeting learning
challenges in Product Design education with and through
Additive Manufacturing. ~ Systemics Cybern  Inform.

36.

37.

38.

39.

40.

41.

42.

43.

44,

2017;15(6):119-129.  https://www.ilisci.org/Journal/PDV/
sci/pdfs/IP043LL17.pdf

Mo JPT, Tang YM. Project-based learning of systems
engineering V model with the support of 3D printing.
Australas ] Eng Educ. 2017;22(1):3-13.

doi: 10.1080/22054952.2017.1338229

Gatto A, Bassoli E, Denti L, Iuliano L, Minetola P. Multi-
disciplinary approach in engineering education: Learning
with additive manufacturing and reverse engineering. Rapid
Prototyp J. 2015;21(5):598-603.

doi: 10.1108/RPJ-09-2014-0134

Chen T, Egan P, Stockli F, Shea K. Studying the impact of
incorporating an additive manufacturing based design
exercise in a large, first year technical drawing and CAD
course. In: Volume 3: 17th International Conference on
Advanced Vehicle Technologies; 12th International Conference
on Design Education; 8th Frontiers in Biomedical Devices.
American Society of Mechanical Engineers; 2015.

doi: 10.1115/detc2015-47312

Alhamad IM, Ahmed WK, Ali HZ. Boosting Teaching
Experience in Mechanical Engineering Courses Using
Additive Manufacturing Technologies. 2019 Advances
in Science and Engineering Technology International
Conferences (ASET). 2019:1-6.

doi: 10.1109/ICASET.2019.8714338

Kwon YM, Lee YA, Kim §J. Case study on 3D printing
education in fashion design coursework. Fashion Text.
2017;4(1).

doi: 10.1186/s40691-017-0111-3

Colorado HA, Mendoza DE, Valencia FL. A Combined
Strategy of Additive Manufacturing to Support
Multidisciplinary Education in Arts, Biology, and
Engineering. J Sci Educ Technol. 2021;30(1):58-73.

doi: 10.1007/510956-020-09873-1

SharmaRS, Singhal I, Gupta S. Innovative training framework
for additive manufacturing ecosystem to accelerate adoption
of three-dimensional printing technologies. 3D Print Addit
Manuf. 2018;5(2):170-179.

doi: 10.1089/3dp.2017.0003

Radharamanan R. Additive manufacturing in manufacturing
education: a new course development and implementation.
Presented at: 2017 ASEE Annual Conference & Exposition;
2017.

doi: 10.18260/1-2--27540

Verner I, Merksamer A. Digital Design and 3D Printing in
Technology Teacher Education. Procedia CIRP. 2015;36:182-
186.

doi: 10.1016/j.procir.2015.08.041

Volume 2 Issue 3 (2026)

doi: 10.36922/ESAM026290013


https://doi.org/10.36922/ESAM026290013
https://www.statista.com/statistics/1259618/3d-printing-and-additive-manufacturing-devices-worldwide/
https://www.statista.com/statistics/1259618/3d-printing-and-additive-manufacturing-devices-worldwide/
https://www.statista.com/statistics/1259618/3d-printing-and-additive-manufacturing-devices-worldwide/
http://Grandviewresearch.com
https://www.grandviewresearch.com/industry-analysis/additive-manufacturing-market
https://www.grandviewresearch.com/industry-analysis/additive-manufacturing-market
https://www.grandviewresearch.com/industry-analysis/additive-manufacturing-market
https://skills4am.eu/observatory_about.html
https://skills4am.eu/observatory_about.html
https://doi.org/10.1016/j.addma.2016.03.001
https://doi.org/10.1016/j.addma.2016.03.001
https://doi.org/10.26153/TSW/15331
https://doi.org/10.26153/TSW/15331
https://doi.org/10.1108/RPJ-02-2019-0041
https://doi.org/10.1108/RPJ-02-2019-0041
https://doi.org/10.1108/RPJ-09-2014-0123
https://doi.org/10.1108/RPJ-09-2014-0123
https://doi.org/10.1108/JEDT-02-2014-0005
https://doi.org/10.1108/JEDT-02-2014-0005
https://doi.org/10.1115/1.4044324
https://doi.org/10.1115/1.4044324
https://doi.org/10.26153/TSW/15334
https://doi.org/10.26153/TSW/15334
https://doi.org/10.1016/j.addma.2019.04.001
https://doi.org/10.1016/j.addma.2019.04.001
https://www.iiisci.org/Journal/PDV/sci/pdfs/IP043LL17.pdf
https://www.iiisci.org/Journal/PDV/sci/pdfs/IP043LL17.pdf
https://doi.org/10.1080/22054952.2017.1338229
https://doi.org/10.1080/22054952.2017.1338229
https://doi.org/10.1108/RPJ-09-2014-0134
https://doi.org/10.1108/RPJ-09-2014-0134
https://doi.org/10.1115/detc2015-47312
https://doi.org/10.1115/detc2015-47312
https://doi.org/10.1109/ICASET.2019.8714338
https://doi.org/10.1109/ICASET.2019.8714338
https://doi.org/10.1186/s40691-017-0111-3
https://doi.org/10.1186/s40691-017-0111-3
https://doi.org/10.1007/s10956-020-09873-1
https://doi.org/10.1007/s10956-020-09873-1
https://doi.org/10.1089/3dp.2017.0003
https://doi.org/10.1089/3dp.2017.0003
https://doi.org/10.18260/1-2--27540
https://doi.org/10.18260/1-2--27540
https://doi.org/10.1016/j.procir.2015.08.041
https://doi.org/10.1016/j.procir.2015.08.041

Engineering Science in
Additive Manufacturing

Additive manufacturing in education

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

MITx. Additive Manufacturing for Innovative Design and
Production. Accessed March 10, 2022. https://prolearn.
mit.edu/additive-manufacturing-innovative-design-and-
production

ASTM. Additive Manufacturing General Personnel
Certificate. Accessed March 10, 2022. https://amcoe.
org/events/additive-manufacturing-general-personnel-
certificate-program-online

Bendsee MP, Sigmund O. Topology Optimization: Theory,
Methods, and Applications. Vol 2. Springer Berlin; 2004.

doi: 10.1007/978-3-662-05086-6

Bi M, Tran P, Xie YM. Topology optimization of 3D
continuum structures under geometric self-supporting
constraint. Addit Manuf. 2020;36:101422.

doi: 10.1016/j.addma.2020.101422

Bi M, Xia L, Tran P, et al. Continuous contour-zigzag hybrid
toolpath for large format additive manufacturing. Addit
Manuf. 2022;55:102822.

doi: 10.1016/j.addma.2022.102822

Bi M, Tran P, Xia L, Ma G, Xie YM. Topology optimization
for 3D concrete printing with various manufacturing
constraints. Addit Manuf. 2022;57.

doi: 10.1016/j.addma.2022.102982

Nguyen KC, Tran P, Nguyen HX. Multi-material topology
optimization for additive manufacturing using polytree-
based adaptive polygonal finite elements. Autom Constr.
2019;99:79-90.

doi: 10.1016/j.autcon.2018.12.005

Huynh HD, Tran P, Zhuang X, Nguyen-Xuan H. An extended
polygonal finite element method for large deformation
fracture analysis. Eng Fract Mech. 2019;209:344-368.

doi: 10.1016/j.engfracmech.2019.01.024

Wang C, Zhao Z, Zhou M, Sigmund O, Zhang XS. A
comprehensive review of educational articles on structural
and multidisciplinary optimization. Struct Multidisc Optim.
2021;64(5):2827-2880.

doi: 10.1007/s00158-021-03050-7

Wu J, Sigmund O, Groen JP. Topology optimization of
multi-scale structures: a review. Struct Multidisc Optim.
2021;63(3):1455-1480.

doi: 10.1007/s00158-021-02881-8

Meng L, Zhang W, Quan D, et al. From Topology
Optimization Design to Additive Manufacturing: Today’s
Success and Tomorrow’s Roadmap. Arch Comput Methods
Eng. 2020;27(3):805-830.

doi: 10.1007/s11831-019-09331-1

Liu J, Gaynor AT, Chen S, et al. Current and future trends
in topology optimization for additive manufacturing. Struct

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Multidisc Optim. 2018;57(6):2457-2483.
doi: 10.1007/s00158-018-1994-3

Lazarov BS, Wang E Sigmund O. Length scale and
manufacturability in density-based topology optimization.
Arch Appl Mech. 2016;86(1):189-218.

doi: 10.1007/s00419-015-1106-4

Xia L, Zhang L, Xia Q, Shi T. Stress-based topology
optimization using bi-directional evolutionary structural
optimization method. Comput Methods Appl Mech Eng.
2018;333:356-370.

doi: 10.1016/j.cma.2018.01.035

Norato JA, Bell BK, Tortorelli DA. A geometry projection
method for continuum-based topology optimization
with discrete elements. Comput Methods Appl Mech Eng.
2015;293:306-327.

doi: 10.1016/j.cma.2015.05.005

Wang MY, Wang X, Guo D. A level set method for structural
topology optimization. Comput Methods Appl Mech Eng.
2003;192(1):227-246.

doi: 10.1016/S0045-7825(02)00559-5

Picelli R, Townsend S, Brampton C, Norato J, Kim HA.
Stress-based shape and topology optimization with the level
set method. Comput Methods Appl Mech Eng. 2018;329:1-23.

doi: 10.1016/j.cma.2017.09.001

Hagishita T, Ohsaki M. Topology optimization of trusses by
growing ground structure method. Struct Multidisc Optim.
2009;37(4):377-393.

doi: 10.1007/s00158-008-0237-4

Ramos AS, Paulino GH. Convex topology optimization
for hyperelastic trusses based on the ground-structure
approach. Struct Multidisc Optim. 2015;51(2):287-304.

doi: 10.1007/s00158-014-1147-2

Guo X, Zhang W, Zhong W. Doing Topology Optimization
Explicitly and Geometrically—A New Moving Morphable
Components Based Framework. ] Appl Mech. 2014;81(8).

doi: 10.1115/1.4027609

Zhang W, Yuan J, Zhang J, Guo X. A new topology
optimization approach based on Moving Morphable
Components (MMC) and the ersatz material model. Struct
Multidisc Optim. 2016;53(6):1243-1260.

doi: 10.1007/s00158-015-1372-3

Lan T, Tran P. Multiscale Topology Optimization of Lattice
Structure Using 3D Moving Hollow Morphable Bars. JOM.
2021;73(12):4141-4153.

doi: 10.1007/s11837-021-04917-2

Sigmund O. A 99 line topology optimization code written in
Matlab. Struct Multidisc Optim. 2001;21(2):120-127.

Volume 2 Issue 3 (2026)

doi: 10.36922/ESAM026290013


https://doi.org/10.36922/ESAM026290013
https://prolearn.mit.edu/additive-manufacturing-innovative-design-and-production
https://prolearn.mit.edu/additive-manufacturing-innovative-design-and-production
https://prolearn.mit.edu/additive-manufacturing-innovative-design-and-production
https://amcoe.org/events/additive-manufacturing-general-personnel-certificate-program-online
https://amcoe.org/events/additive-manufacturing-general-personnel-certificate-program-online
https://amcoe.org/events/additive-manufacturing-general-personnel-certificate-program-online
https://doi.org/10.1007/978-3-662-05086-6
https://doi.org/10.1007/978-3-662-05086-6
https://doi.org/10.1016/j.addma.2020.101422
https://doi.org/10.1016/j.addma.2020.101422
https://doi.org/10.1016/j.addma.2022.102822
https://doi.org/10.1016/j.addma.2022.102822
https://doi.org/10.1016/j.addma.2022.102982
https://doi.org/10.1016/j.addma.2022.102982
https://doi.org/10.1016/j.autcon.2018.12.005
https://doi.org/10.1016/j.autcon.2018.12.005
https://doi.org/10.1016/j.engfracmech.2019.01.024
https://doi.org/10.1016/j.engfracmech.2019.01.024
https://doi.org/10.1007/s00158-021-03050-7
https://doi.org/10.1007/s00158-021-03050-7
https://doi.org/10.1007/s00158-021-02881-8
https://doi.org/10.1007/s00158-021-02881-8
https://doi.org/10.1007/s11831-019-09331-1
https://doi.org/10.1007/s11831-019-09331-1
https://doi.org/10.1007/s00158-018-1994-3
https://doi.org/10.1007/s00158-018-1994-3
https://doi.org/10.1007/s00419-015-1106-4
https://doi.org/10.1007/s00419-015-1106-4
https://doi.org/10.1016/j.cma.2018.01.035
https://doi.org/10.1016/j.cma.2018.01.035
https://doi.org/10.1016/j.cma.2015.05.005
https://doi.org/10.1016/j.cma.2015.05.005
https://doi.org/10.1016/S0045-7825(02)00559-5
https://doi.org/10.1016/S0045-7825(02)00559-5
https://doi.org/10.1016/j.cma.2017.09.001
https://doi.org/10.1016/j.cma.2017.09.001
https://doi.org/10.1007/s00158-008-0237-4
https://doi.org/10.1007/s00158-008-0237-4
https://doi.org/10.1007/s00158-014-1147-2
https://doi.org/10.1007/s00158-014-1147-2
https://doi.org/10.1115/1.4027609
https://doi.org/10.1115/1.4027609
https://doi.org/10.1007/s00158-015-1372-3
https://doi.org/10.1007/s00158-015-1372-3
https://doi.org/10.1007/s11837-021-04917-2
https://doi.org/10.1007/s11837-021-04917-2
https://doi.org/10.1007/s001580050176

Engineering Science in
Additive Manufacturing

Additive manufacturing in education

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

doi: 10.1007/s001580050176

Andreassen E, Clausen A, Schevenels M, Lazarov BS,
Sigmund O. Efficient topology optimization in MATLAB
using 88 lines of code. Struct Multidisc Optim. 2011;43(1):1-
16.

doi: 10.1007/s00158-010-0594-7

Talischi C, Paulino GH, Pereira A, Menezes IFM. PolyTop: a
Matlab implementation of a general topology optimization
framework using unstructured polygonal finite element
meshes. Struct Multidisc Optim. 2012;45(3):329-357.

doi: 10.1007/s00158-011-0696-x

Liu K, Tovar A. An efficient 3D topology optimization code
written in Matlab. Struct Multidisc Optim. 2014;50(6):1175-
1196.

doi: 10.1007/s00158-014-1107-x

Lagaros ND, Vasileiou N, Kazakis G. A C# code for solving
3D topology optimization problems using SAP2000. Optim
Eng. 2019;20(1):1-35.

doi: 10.1007/s11081-018-9384-7

Ferrari F, Sigmund O. A new generation 99 line Matlab code
for compliance topology optimization and its extension to
3D. Struct Multidisc Optim. 2020;62(4):2211-2228.

doi: 10.1007/s00158-020-02629-w

Aage N, Andreassen E, Lazarov BS. Topology optimization
using PETSc: An easy-to-use, fully parallel, open source
topology optimization framework. Struct Multidisc Optim.
2015;51(3):565-572.

doi: 10.1007/s00158-014-1157-0

Zhang Z-D, Ibhadode O, Bonakdar A, Toyserkani E.
TopADD: a 2D/3D integrated topology optimization
parallel-computing framework for arbitrary design domains.
Struct Multidisc Optim. 2021;64(3):1701-1723.

doi: 10.1007/s00158-021-02917-z

Xia L, Breitkopf P. Design of materials using topology
optimization and energy-based homogenization approach
in Matlab. Struct Multidisc Optim. 2015;52(6):1229-1241.

doi: 10.1007/s00158-015-1294-0

Gao ], Luo Z, Xia L, Gao L. Concurrent topology
optimization of multiscale composite structures in Matlab.
Struct Multidisc Optim. 2019;60(6):2621-2651.

doi: 10.1007/s00158-019-02323-6

Lan T, Do T, Al-Ketan O, Fox K, Tran P. Concurrent
multiscale topology optimisation towards design and
additive manufacturing of bio-mimicking porous structures.
Virtual Phys Prototyp. 2023;18(1):e2150867.

doi: 10.1080/17452759.2022.2150867

Tee YL, Tran P, Leary M, Pille P, Brandt M. 3D Printing of
polymer composites with material jetting: Mechanical and

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

fractographic analysis. Addit Manuf. 2020;36:101558.
doi: 10.1016/j.addma.2020.101558

Wickramasinghe S, Nguyen TK, Al-Ketan O, Peng C, Do
T, Tran P. Bio-inspired suture architectures for enhanced
impact resistance in 3D-printed composite structures.
Smart Mater Struct. 2025;34(11).

doi: 10.1088/1361-665X/ael9ae

Sanders ED, Pereira A, Aguilé MA, Paulino GH. PolyMat:
an efficient Matlab code for multi-material topology
optimization. Struct Multidisc Optim. 2018;58(6):2727-
2759.

doi: 10.1007/s00158-018-2094-0

Ferrari F, Sigmund O, Guest JK. Topology optimization with
linearized buckling criteria in 250 lines of Matlab. Struct
Multidisc Optim. 2021;63(6):3045-3066.

doi: 10.1007/s00158-021-02854-x

Giraldo-Londofio O, Paulino GH. PolyStress: a Matlab
implementation for local stress-constrained topology
optimization using the augmented Lagrangian method.
Struct Multidisc Optim. 2021;63(4):2065-2097.

doi: 10.1007/s00158-020-02760-8

Deng H, Vulimiri PS, To AC. An efficient 146-line 3D
sensitivityanalysiscodeof stress-based topology optimization
written in MATLAB. Optim Eng. 2022;23(3):1733-1757.

doi: 10.1007/s11081-021-09675-3

Chen Q, Zhang X, Zhu B. A 213-line topology optimization
code for geometrically nonlinear structures. Struct Multidisc
Optim. 2019;59(5):1863-1879.

doi: 10.1007/s00158-018-2138-5
Zhu B, Zhang X, LiH, et al. An 89-line code for geometrically

nonlinear topology optimization written in FreeFEM. Struct
Multidisc Optim. 2021;63(2):1015-1027.

doi: 10.1007/s00158-020-02733-x

Giraldo-Londofio O, Paulino GH. PolyDyna: a Matlab
implementation for topology optimization of structures
subjected to dynamic loads. Struct Multidisc Optim.
2021;64(2):957-990.

doi: 10.1007/s00158-021-02859-6

Liang Y, Cheng G. Further elaborations on topology
optimization via sequential integer programming and
Canonical relaxation algorithm and 128-line MATLAB
code. Struct Multidisc Optim. 2020;61(1):411-431.

doi: 10.1007/s00158-019-02396-3

Picelli R, Sivapuram R, Xie YM. A 101-line MATLAB code
for topology optimization using binary variables and integer
programming. Struct Multidisc Optim. 2021;63(2):935-954.

doi: 10.1007/s00158-020-02719-9

Volume 2 Issue 3 (2026)

doi: 10.36922/ESAM026290013


https://doi.org/10.36922/ESAM026290013
https://doi.org/10.1007/s001580050176
https://doi.org/10.1007/s00158-010-0594-7
https://doi.org/10.1007/s00158-010-0594-7
https://doi.org/10.1007/s00158-011-0696-x
https://doi.org/10.1007/s00158-011-0696-x
https://doi.org/10.1007/s00158-014-1107-x
https://doi.org/10.1007/s00158-014-1107-x
https://doi.org/10.1007/s11081-018-9384-7
https://doi.org/10.1007/s11081-018-9384-7
https://doi.org/10.1007/s00158-020-02629-w
https://doi.org/10.1007/s00158-020-02629-w
https://doi.org/10.1007/s00158-014-1157-0
https://doi.org/10.1007/s00158-014-1157-0
https://doi.org/10.1007/s00158-021-02917-z
https://doi.org/10.1007/s00158-021-02917-z
https://doi.org/10.1007/s00158-015-1294-0
https://doi.org/10.1007/s00158-015-1294-0
https://doi.org/10.1007/s00158-019-02323-6
https://doi.org/10.1007/s00158-019-02323-6
https://doi.org/10.1080/17452759.2022.2150867
https://doi.org/10.1080/17452759.2022.2150867
https://doi.org/10.1016/j.addma.2020.101558
https://doi.org/10.1016/j.addma.2020.101558
https://doi.org/10.1088/1361-665X/ae19ae
https://doi.org/10.1088/1361-665X/ae19ae
https://doi.org/10.1007/s00158-018-2094-0
https://doi.org/10.1007/s00158-018-2094-0
https://doi.org/10.1007/s00158-021-02854-x
https://doi.org/10.1007/s00158-021-02854-x
https://doi.org/10.1007/s00158-020-02760-8
https://doi.org/10.1007/s00158-020-02760-8
https://doi.org/10.1007/s11081-021-09675-3
https://doi.org/10.1007/s11081-021-09675-3
https://doi.org/10.1007/s00158-018-2138-5
https://doi.org/10.1007/s00158-018-2138-5
https://doi.org/10.1007/s00158-020-02733-x
https://doi.org/10.1007/s00158-020-02733-x
https://doi.org/10.1007/s00158-021-02859-6
https://doi.org/10.1007/s00158-021-02859-6
https://doi.org/10.1007/s00158-019-02396-3
https://doi.org/10.1007/s00158-019-02396-3
https://doi.org/10.1007/s00158-020-02719-9
https://doi.org/10.1007/s00158-020-02719-9

Engineering Science in
Additive Manufacturing

Additive manufacturing in education

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Zuo ZH, Xie YM. A simple and compact Python code
for complex 3D topology optimization. Adv Eng Softw.
2015;85:1-11.

doi: 10.1016/j.advengsoft.2015.02.006

Ansola Loyola R, Querin OM, Garaigordobil Jiménez A,
Alonso Gordoa C. A sequential element rejection and
admission (SERA) topology optimization code written in
Matlab. Struct Multidisc Optim. 2018;58(3):1297-1310.

doi: 10.1007/s00158-018-1939-x

Lin H, Xu A, Misra A, Zhao R. An ANSYS APDL code for
topology optimization of structures with multi-constraints
using the BESO method with dynamic evolution rate (DER-
BESO). Struct Multidisc Optim. 2020;62(4):2229-2254.

doi: 10.1007/s00158-020-02588-2

Han Y, Xu B, Liu Y. An efficient 137-line MATLAB code
for geometrically nonlinear topology optimization using
bi-directional evolutionary structural optimization method.
Struct Multidisc Optim. 2021;63(5):2571-2588.

doi: 10.1007/s00158-020-02816-9

Challis VJ. A discrete level-set topology optimization code
written in Matlab. Struct Multidisc Optim. 2010;41(3):453-
464.

doi: 10.1007/s00158-009-0430-0

Laurain A. A level set-based structural optimization code
using FEniCS. Struct Multidisc Optim. 2018;58(3):1311-
1334.

doi: 10.1007/s00158-018-1950-2

Chung H, Hwang JT, Gray JS, Kim HA. Topology
optimization in OpenMDAO. Struct Multidisc Optim.
2019;59(4):1385-1400.

doi: 10.1007/s00158-019-02209-7

Wei P, Li Z, Li X, Wang MY. An 88-line MATLAB code
for the parameterized level set method based topology
optimization using radial basis functions. Struct Multidisc
Optim. 2018;58(2):831-849.

doi: 10.1007/s00158-018-1904-8

Otomori M, Yamada T, Izui K, Nishiwaki S. Matlab code
for a level set-based topology optimization method using

a reaction diffusion equation. Struct Multidisc Optim.
2015;51(5):1159-1172.

doi: 10.1007/s00158-014-1190-z

Yaghmaei M, Ghoddosian A, Khatibi MM. A filter-based
level set topology optimization method using a 62-line
MATLAB code. Struct Multidisc Optim. 2020;62(2):1001-
1018.

doi: 10.1007/s00158-020-02540-4

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kim C, Jung M, Yamada T, Nishiwaki S, Yoo J. FreeFEM++
code for reaction-diffusion equation-based topology
optimization: for high-resolution boundary representation
using adaptive mesh refinement. Struct Multidisc Optim.
2020;62(1):439-455.

doi: 10.1007/s00158-020-02498-3

Yago D, Cante ], Lloberas-Valls O, Oliver J. Topology
optimization using the unsmooth variational topology
optimization (UNVARTOP) method: an educational
implementation in MATLAB. Struct Multidisc Optim.
2021;63(2):955-981.

doi: 10.1007/s00158-020-02722-0
Suresh K. A 199-line Matlab code for Pareto-optimal

tracing in topology optimization. Struct Multidisc Optim.
2010;42(5):665-679.

doi: 10.1007/s00158-010-0534-6
Smith H, Norato JA. A MATLAB code for topology

optimization using the geometry projection method. Struct
Multidisc Optim. 2020;62(3):1579-1594.

doi: 10.1007/s00158-020-02552-0

Zegard T, Paulino GH. Bridging topology optimization
and additive manufacturing. Struct Multidisc Optim.
2016;53(1):175-192.

doi: 10.1007/s00158-015-1274-4
Wang C, Zhu JH, Zhang WH, Li SY, Kong J. Concurrent
topology optimization design of structures and non-

uniform parameterized lattice microstructures. Struct
Multidisc Optim. 2018;58(1):35-50.

doi: 10.1007/s00158-018-2009-0

Chen Y, Wang Q, Wang C, et al. Topology Optimization
Design and Experimental Research of a 3D-Printed Metal
Aerospace Bracket Considering Fatigue Performance. Appl
Sci. 2021;11(15):6671.

doi: 10.3390/app11156671

Shi G, Dai Y, Yu Z, et al. Experimental and Numerical Study
on Various Liquid-Cooled Heat Sinks Including Topology
Optimization. Micromachines. 2025;16(11):1213.

doi: 10.3390/mil6111213

Peng C, Tran P, Lalor S, Tirosh O, Rutz E. Tuning the
mechanical responses of 3D-printed ankle-foot orthoses: A
numerical study. Int ] Bioprint. 2024;10(3).

doi: 10.36922/ijb.3390

Peng C, Tran P, Rutz E. Accelerating hybrid lattice structures
design with machine learning. Mater Sci Addit Manuf.
2024;3(2):3430.

doi: 10.36922/msam.3430

Volume 2 Issue 3 (2026)

25

doi: 10.36922/ESAM026290013


https://doi.org/10.36922/ESAM026290013
https://doi.org/10.1016/j.advengsoft.2015.02.006
https://doi.org/10.1016/j.advengsoft.2015.02.006
https://doi.org/10.1007/s00158-018-1939-x
https://doi.org/10.1007/s00158-018-1939-x
https://doi.org/10.1007/s00158-020-02588-2
https://doi.org/10.1007/s00158-020-02588-2
https://doi.org/10.1007/s00158-020-02816-9
https://doi.org/10.1007/s00158-020-02816-9
https://doi.org/10.1007/s00158-009-0430-0
https://doi.org/10.1007/s00158-009-0430-0
https://doi.org/10.1007/s00158-018-1950-2
https://doi.org/10.1007/s00158-018-1950-2
https://doi.org/10.1007/s00158-019-02209-7
https://doi.org/10.1007/s00158-019-02209-7
https://doi.org/10.1007/s00158-018-1904-8
https://doi.org/10.1007/s00158-018-1904-8
https://doi.org/10.1007/s00158-014-1190-z
https://doi.org/10.1007/s00158-014-1190-z
https://doi.org/10.1007/s00158-020-02540-4
https://doi.org/10.1007/s00158-020-02540-4
https://doi.org/10.1007/s00158-020-02498-3
https://doi.org/10.1007/s00158-020-02498-3
https://doi.org/10.1007/s00158-020-02722-0
https://doi.org/10.1007/s00158-020-02722-0
https://doi.org/10.1007/s00158-010-0534-6
https://doi.org/10.1007/s00158-010-0534-6
https://doi.org/10.1007/s00158-020-02552-0
https://doi.org/10.1007/s00158-020-02552-0
https://doi.org/10.1007/s00158-015-1274-4
https://doi.org/10.1007/s00158-015-1274-4
https://doi.org/10.1007/s00158-018-2009-0
https://doi.org/10.1007/s00158-018-2009-0
https://doi.org/10.3390/app11156671
https://doi.org/10.3390/app11156671
https://doi.org/10.3390/mi16111213
https://doi.org/10.3390/mi16111213
https://doi.org/10.36922/ijb.3390
https://doi.org/10.36922/ijb.3390
https://doi.org/10.36922/msam.3430
https://doi.org/10.36922/msam.3430

