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Abstract 

Additive manufacturing (AM), commonly known as 3D printing, has rapidly transformed modern 
manufacturing, creating a growing demand for engineers with both theoretical knowledge and 
practical skills. Despite its increasing relevance, AM is often incorporated into engineering curricula 
as a supplementary tool rather than a fully integrated subject, limiting students’ understanding of 
fundamental material–process–performance relationships. This study presents the development, 
implementation, and assessment of an integrated lecture–laboratory framework for AM education at 
the New Jersey Institute of Technology (NJIT). Two complementary courses were developed: an 
undergraduate course (Introduction to 3D Printing, CHE 415) and a graduate course (Additive 
Manufacturing and Applications, CHE 722). The curriculum integrates instruction in AM 
technologies, materials, and digital workflows with hands-on design challenges, team-based projects, 
and structured literature review, enabling students to engage in the complete design-to-fabrication 
process. Student learning outcomes were evaluated over multiple academic years using ABET-
aligned assessments, grade distributions, and student self-assessments. Results demonstrate 
consistently high levels of student proficiency and engagement, with strong performance in design, 
problem-solving, and communication skills. The courses also attracted students from diverse 
disciplines, underscoring the interdisciplinary nature of AM education. While limitations remain in 
providing hands-on exposure to a broader range of AM technologies, ongoing expansion of 
laboratory infrastructure is expected to address these challenges. Overall, this work demonstrates 
that an integrated, project-based approach effectively bridges theory and practice and provides a 
scalable model for incorporating AM into engineering curricula.  

Keywords: additive manufacturing; 3D printing; engineering education; project-based learning; 
lecture–laboratory integration; student learning outcomes 
 

1. Introduction 

Three-dimensional (3D) printing, or additive manufacturing (AM), has emerged as one of the 
most transformative advanced manufacturing technologies, with applications spanning construction 
(Al Rashid et al., 2020; El-Sayegh et al., 2020; M. A. Hossain et al., 2020), electronics (Espera et al., 
2019; Goh et al., 2021; Rao et al., 2022), aerospace and automotive (Goh et al., 2021; Jovanović et al., 
2023; Lim et al., 2016), consumer products (Wu et al., 2022; Xiao & Kan, 2022), healthcare (Abaci et 
al., 2023; Liaw & Guvendiren, 2017), military (Chaari, 2024; K. R. Hossain et al., 2023), 
pharmaceuticals (Abaci et al., 2021; Jayabal et al., 2025), and even food industry (Liu et al., 2017). Its 
rapid adoption is driven by several key advantages, including unparalleled design flexibility, the 
ability to fabricate complex geometries, reduced material waste and cost, on-demand manufacturing, 
and rapid prototyping (Rayna & Striukova, 2016). Furthermore, multi-material printing enables the 
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fabrication of compositionally graded structures, adding material complexity to architectural design 
(House et al., 2023; Lopes et al., 2018; Zhu et al., 2024). As a result, many industries have integrated 
3D printing into their operations, and universities and government laboratories have launched AM 
initiatives to remain at the forefront of this technological shift (Ford & Minshall, 2019; Motyl & Filippi, 
2021). However, this rapid growth has also created a significant skills gap, increasing demand for 
educational programs that effectively integrate 3D printing. While accessibility and enthusiasm for 
the technology continue to grow, implementing it as a cohesive and innovative learning tool remains 
challenging (Nemorin & Selwyn, 2017; Pernaa & Wiedmer, 2020; L. Wang et al., 2020). 

3D printing relies on a digital workflow in which a 3D design—typically created using 
computer-aided design (CAD) software and exported in STL (stereolithography) format—is 
converted into G-code (geometric code) through slicing software. This G-code contains critical 
information, including build geometry and process parameters such as layer height, temperature, 
and print speed (Manoj Prabhakar et al., 2021; Zhen et al., 2023). These parameters are highly 
dependent on the material and printing technology and directly influence the final properties and 
functionality of the printed object (Liaw et al., 2021). Broadly, 3D printing technologies can be 
categorized into material extrusion-, droplet-, light-, and powder-based printing. Material extrusion 
systems, such as fused filament fabrication (FFF), are widely adopted in educational settings due to 
their low cost, ease of use, and accessibility, and commonly utilize thermoplastic polymers such as 
polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS). Direct ink writing (DIW), another 
extrusion-based technique, enables the printing of a wide range of materials, including polymers, 
hydrogels, solutions, and particle-laden slurries, as well as composite systems, making it particularly 
attractive for advanced materials and bioprinting applications (Kumar et al., 2026). Light-based 
systems, including stereolithography (SLA) and digital light processing (DLP), use photocurable 
resins but require additional post-processing and safety considerations (Kitos Vasconcelos et al., 
2025). Droplet-based systems, such as inkjet printing, require low-viscosity inks that can be cured 
thermally or via light exposure (Gudapati et al., 2016), while powder-based systems rely on high-
energy sources to sinter or melt powders, often necessitating more stringent safety protocols 
(Shanthar et al., 2023). Due to these interdependencies between design, materials, and processing, it 
is difficult to treat these components independently, posing challenges for their cohesive integration 
into engineering education. 

When examining how 3D printing is incorporated into education, it is most commonly used as 
a tool to enhance learning experiences rather than as a fully integrated subject (Anđić et al., 2023; Bai 
et al., 2021; Ford & Minshall, 2019; Lin et al., 2018). 3D printing offers significant advantages in 
teaching by enabling students to design and create solutions to real-world problems and iteratively 
refine their designs based on performance (Vo, 2024). It also supports development of spatial 
literacy—the ability to visualize and manipulate 3D objects—such as interpreting a 2D sketch and 
mentally constructing the corresponding 3D form, which is essential for effective design and 
engineering problem-solving (Munir et al., 2025; To et al., 2025). In K–12 education and outreach 
activities, 3D printing is frequently used to create physical models that enhance visualization and 
engagement. These efforts are often facilitated through libraries and makerspaces, where 3D printing 
serves primarily as a demonstration and prototyping tool. Additionally, it has emerged as an assistive 
technology for visually impaired students, enabling tactile learning experiences (Awang Zainal et al., 
2026). In higher education, a similar approach is widely adopted, where 3D-printed models are 
incorporated into existing courses to enhance student understanding (Awang Zainal et al., 2026; 
Bonorden & Papenbrock, 2022; Diao et al., 2026; A. Pikkarainen & Piili, 2021; Szukala et al., 2026). 
Early examples include the use of 3D-printed atomic and molecular models (Paukstelis, 2018; Rossi 
et al., 2015; Scalfani & Vaid, 2014; Scalfani et al., 2016), as well as anatomical models that complement 
traditional teaching methods such as dissection-based learning (Cai et al., 2019; Kazoka et al., 2021; 
McMenamin et al., 2014; Smith et al., 2018). Another common strategy involves integrating 3D 
printing into engineering design education by combining CAD training with fabrication, typically 
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within laboratory courses, design courses, or capstone projects (Ari Pikkarainen et al., 2017; Ullah et 
al., 2020). 

Beyond course integration, some institutions offer workshops, short courses, and certificate 
programs focused specifically on AM technologies. A pioneering example is the 3D Bioprinting 
Open-Source Workshop developed at Carnegie Mellon University. More recently, several 
universities have introduced multi-course sequences in AM to provide comprehensive training in 
areas such as 3D printing techniques, material selection, design for AM, and post-processing 
methods. These programs help students develop skills in prototyping, and process optimization, 
while also exposing them to tools such as CAD software, slicing programs, and various 3D printing 
technologies. The growing presence of university makerspaces has further supported these efforts by 
providing hands-on learning environments that foster creativity, innovation, and interdisciplinary 
collaboration (Chekurov et al., 2020; Kantaros et al., 2021).  

Despite these advancements, most academic programs have yet to incorporate standalone 3D 
printing courses into their curricula (Chekurov et al., 2020). Instead, 3D printing is often relegated to 
workshops, minor components of existing courses, or isolated projects within capstone design 
courses (Abel & Ziman, 2024; Birtchnell et al., 2017; Borgianni et al., 2022; Chong et al., 2018; Hofmann 
et al., 2023; Kostova et al., 2024; Stern et al., 2019; Williams & Seepersad, 2012). This limited integration 
creates a significant knowledge gap: while many students gain practical experience operating basic 
filament-based printers, they often lack a deeper understanding of the underlying science and 
engineering principles of AM. In particular, students may be unfamiliar with the diversity of AM 
technologies, material-process relationships, performance considerations, and critical issues such as 
repeatability, quality control, sustainability, and future trends. 

To address these gaps, this paper presents an approach to integrating 3D printing into 
engineering curriculum through the development and assessment of an integrated lecture–laboratory 
framework. This study focuses on two complementary courses developed at the New Jersey Institute 
of Technology (NJIT): Introduction to 3D Printing (CHE 415), designed for undergraduate students, 
and Additive Manufacturing and Applications (CHE 722), tailored for graduate students. The 
undergraduate course provides foundational knowledge and hands-on experience, while the 
graduate course builds on these principles to explore advanced applications, material–process 
interactions, and emerging trends in additive manufacturing. This paper outlines the design, 
implementation, and instructional strategies of these courses and evaluates their impact on student 
learning. The courses emphasize project-based learning, interdisciplinary collaboration, and the 
development of critical skills such as problem-solving, communication, and engineering judgment. 
Systematic assessment methods, including ABET-aligned outcomes, student self-evaluations, and 
performance metrics, demonstrate consistently high levels of student proficiency and engagement. 
The success of this integrated approach highlights the importance of incorporating structured 3D 
printing education into engineering curricula to better prepare students for the evolving demands of 
advanced manufacturing industries.  

2. Materials and Methods 

2.1. Course Design and Structure 

Two complementary courses were developed and implemented at NJIT: Introduction to 3D 
Printing (CHE 415) for undergraduate students and Additive Manufacturing and Applications (CHE 722) 
for graduate students. Both courses are structured as 3-credit offerings, consisting of two hours of 
lecture and two hours of laboratory work per week. The course syllabi are provided in the 
Supplementary Materials (CHE415 and CHE722). This integrated lecture–laboratory format allows 
students to directly connect theoretical concepts with practical implementation. Lecture sessions 
incorporate traditional instruction, analytical modeling, and student-led discussions, while 
laboratory sessions focus on hands-on activities, including CAD modeling, slicing, and fabrication 
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using 3D printing technologies. Printing workflows typically involve an initial setup phase, followed 
by supervised printing under the guidance of teaching assistants. 

2.2. Instructional Content 

The lecture component provides a comprehensive overview of AM technologies, materials, and 
applications. Topics include fundamentals and classification of AM technologies; digital workflows 
(CAD, STL generation, slicing, G-code); extrusion-based printing; vat photopolymerization; droplet-
based printing; powder-based printing; 3D bioprinting and bioinks; emerging technologies (e.g., 4D 
printing, in situ AM, near-zero-gravity printing); and industry trends and applications. Detailed 
lecture topics and learning objectives are provided in the Supplementary Materials (Section 1). The 
curriculum emphasizes the interdependence between materials, processing parameters, and final 
part performance. 

2.3. Laboratory and Design Projects 

The laboratory component consists of progressive design challenges and a final team-based 
project. Design challenges are biweekly assignments that increase in complexity, beginning with 
basic CAD modeling and progressing to multi-component functional designs. Students complete 
both individual and group-based projects, developing skills in: CAD design, slicing and process 
optimization, material selection, and prototype fabrication. The final design project requires teams to 
address an open-ended engineering problem, such as designing functional devices or bio-inspired 
structures. Students must design, fabricate, and evaluate their prototypes and present their findings 
through written reports and oral presentations. Detailed descriptions of the design challenges and 
final project, along with representative figures illustrating the designs, are provided in the 
Supplementary Materials (Section 2). 

2.4. Literature Review Component 

Each student completes a critical review of a peer-reviewed article related to additive 
manufacturing. Students present their analysis in a structured format, followed by class discussions. 
Each student is assigned an individual paper and delivers a presentation, while 3–4 students 
(depending on class size) present in each session. Presentations with lecture topics so that the selected 
papers correspond to the printing technologies covered in prior lectures. Papers are initially selected 
by the instructors to ensure coverage of key topics; however, students are also encouraged to explore 
online library resources, journal platforms, and supplementary materials to identify related work. To 
promote active participation, each student is required to ask at least three questions during paper 
review sessions over the course of the semester. Additional participation is incentivized through 
extra credit. 

2.5. Group Presentations and Peer-Engagement Activities 

To complement the literature-based component, group presentations are implemented to assess 
students’ understanding of the 3D printing industry. Student teams are assigned a company in the 
AM sector and prepare a 10-minute presentation covering its history, product portfolio, target 
markets, and future opportunities. All presentations are conducted within a single class session. A 
peer self-assessment component is incorporated, in which students evaluate both their own 
contributions and those of their teammates. Groups whose self-assessments closely align with the 
instructor’s evaluation receive additional credit. Students also participate in class-wide evaluations 
of presentations, selecting categories such as best product portfolio, strongest future market 
opportunities, most versatile product line, and overall favorite company. In addition, for each design 
project, students vote to recognize the best printed design. Across these activities, instructional 
strategies are designed as active, collaborative, and authentic learning assessments incorporating 
peer evaluation and student-driven engagement. 
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2.6. Assessment Methods 

Student learning outcomes were evaluated using a combination of quantitative and qualitative 
measures across multiple academic semesters (Fall 2017–Fall 2023). Assessment methods included: 
Course grades and assignment performance; ABET-aligned learning outcome evaluations; Student 
self-assessments; Survey-based feedback. Grades were mapped to a 1–4 proficiency scale aligned 
with ABET outcomes. The defined student learning outcomes and the corresponding grade-mapping 
framework are provided in the Supplementary Materials (Table S1 and Table S2, respectively). 
Data were collected from institutional learning platforms (Moodle for 2017-2019 and Canvas for 2019 
onward) and analyzed using Microsoft Excel and KaleidaGraph. 

2.7. Generative Artificial Intelligence (GenAI) Use Disclosure 

Generative artificial intelligence (GenAI) tools (e.g., ChatGPT) were used to assist with drafting 
and refining portions of the manuscript text, including improving clarity, grammar, and overall 
readability. All content was reviewed, edited, and validated by the author to ensure accuracy, 
originality, and alignment with the study’s objectives. No GenAI tools were used for data generation, 
analysis, or interpretation. 

3. Results 

3.1. Course Design and Structure 

This study is based on two complementary courses in AM: Introduction to 3D Printing (CHE 415) 
for undergraduate students and Additive Manufacturing and Applications (CHE 722) for graduate 
students. Both courses demonstrated consistently high enrollment across multiple years (Table 1). 
While CHE 415 was designed for chemical engineering students, enrollment data indicate significant 
participation from students in other disciplines, including biomedical engineering and science 
programs (Figure 1). This trend highlights the broad appeal of AM education and its interdisciplinary 
relevance. 

Table 1. Course offerings at NJIT. 

Year Semester Degree Enrollment Location 
2017 Fall UG 231 Satellite Lab 
2018 Spring G 302 NJIT Makerspace 
2019 Spring UG 241 CME 3DP Lab 
2020 Spring G 241 CME 3DP Lab 
2021 Fall G 111, 3 CME 3DP Lab 
2023 Fall UG 201 CME 3DP Lab 
2025 Fall UG Scheduled Renovated Lab 

1 Enrollment capped at 24 students. 2 Enrollment capped at 30 students. 3 Low graduate student enrollment 
attributed to the COVID-19 pandemic’s impact on academic participation. 
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Figure 1. Student enrollment: a) Bar chart showing the percentage distribution of students by major, including 
Chemical Engineering (CHE), Biomedical Engineering (BME), Materials Science and Engineering (MSE), 
Mechanical Engineering (ME), Civil and Environmental Engineering (CEE), Electrical and Computer 
Engineering (ECE), Physics (PHYS), and Computer Science (CS). b) Bar chart illustrating the percentage 
distribution of students by degree level, divided into Graduate (G) and Undergraduate (UG) students. The total 
number of students is 132. 

3.2. Student Learning Outcomes 

Assessment results indicate consistently high student proficiency across ABET-aligned learning 
outcomes (Supplementary Materials Table S1-S3). Most outcomes achieved average scores above 
3.5 on a 4.0 scale across multiple years. Several outcomes, including problem-solving, design, and 
communication skills, consistently achieved scores above 3.8, indicating strong competency. Certain 
outcomes demonstrated improvement over time, suggesting that iterative course refinements and 
instructional strategies contributed to enhanced student learning. Although minor variations were 
observed in some outcomes, overall performance remained stable, with relatively low standard 
deviations, indicating consistent learning experiences. These outcomes are further supported by 
engagement-based instructional activities described in Section 3.6, which promote active participation 
and application of concepts.  

3.3. Academic Performance and Self-Evaluated Knowledge Gains 

Student grade distributions (Figure 2a) show that the majority of students achieved high grades 
across multiple offerings of the course. The strong correlation between grades and learning outcome 
assessments suggests that academic performance reflects mastery of key competencies. 

Student self-assessment data (Figure 2b) indicate significant increases in perceived knowledge 
of 3D printing technologies after completing the course. Prior to enrollment, many students reported 
limited or no experience with 3D printing. By the end of the course, most students rated their 
knowledge as “good” or “excellent.” Over time, incoming students demonstrated slightly higher 
baseline familiarity with 3D printing, reflecting increased exposure to the technology through NJIT 
makerspace and prior coursework. 
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Figure 2. a) Final grade distribution across multiple years. (b) Trends in self-evaluated 3D printing knowledge 
among students from 2017 to 2023, with B and A representing knowledge levels before and after the semester. 
c) Student motivation for enrolling in the course over the years. d) A pie chart illustrating the most enjoyed 
aspects of the course, including Lectures, 3D Printing (3DP), Paper Presentations (PP), Design Challenges (DCs), 
and the Final Design Project (FDP). 

3.4. Student Motivation and Course Experience 

Survey data (Figure 2c) indicate that most students enrolled in the course due to intrinsic interest 
in 3D printing rather than as a requirement. This suggests strong student motivation and 
engagement. Student feedback (Figure 2d) highlights hands-on activities, including 3D printing and 
design challenges, as the most valued components of the course. Lectures, final projects, and paper 
presentations were also positively received, though to a lesser extent. Overall student satisfaction 
remained consistently high across all years, with majority of the students indicating that they would 
recommend the course to others. Overall student satisfaction remained consistently high across all 
years, with the majority of students indicating that they would recommend the course to others. 
Activities such as paper presentations, peer discussions, and design-based evaluations were 
frequently cited as valuable components of the course experience. 

3.4. Student Engagement and Active Learning Outcomes 

Student engagement was supported through structured activities including paper presentations, 
peer questioning, group-based industry analysis, and class-wide voting (Table 2). Participation in 
paper review sessions was consistently high, with all students meeting or exceeding the minimum 
requirement for asking questions, and many exceeding this threshold. Peer evaluation and voting 
activities—including selection of best paper presentation, best product portfolio, and best printed 
design—were completed by the majority of students, indicating strong participation in peer 
assessment processes. Survey responses further indicate that these activities contributed positively 
to the overall course experience, with paper presentations and discussions identified as valuable 
learning components (Figure 2d). 
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Table 2. Summary of engagement-based activities and participation 

Activity Description Participation Level Assessment Method 

Paper Presentations 
Individual critical 

review aligned with 
lecture topics 

100% Presentation + Q&A 

Question Participation 
Minimum 3 questions 

per student 
100%  

(many exceeded) Participation tracking 

Industry Presentations Group-based company 
analysis 

100% Peer + instructor 
evaluation 

Peer Assessment Self and team evaluation 100% Alignment-based bonus 

Voting Activities Best paper, design, 
company 

100% Class Voting 

Design Competitions 
Best printed design per 

project 100% Peer Voting 

4. Discussion 

4.1. Effectiveness of Integrated Lecture–Laboratory Approach 

The results demonstrate that the integrated lecture–laboratory structure is highly effective in 
supporting student learning in AM. The consistently high performance across ABET-aligned 
outcomes and strong student engagement suggest that combining theoretical instruction with hands-
on experience enables students to develop both conceptual understanding and practical skills. In 
particular, the laboratory component, which emphasizes iterative design and fabrication, appears to 
play a central role in reinforcing learning. Student feedback further supports this, as hands-on 
activities such as 3D printing and design challenges were consistently identified as the most valuable 
aspects of the course.  

This finding aligns with broader trends in engineering education, where experiential and 
project-based learning approaches have been shown to enhance student engagement, retention, and 
skill development (Chang et al., 2024; Rehman et al., 2024; Sánchez-García & Reyes-de-Cózar, 2025; 
Zhang & Ma, 2023). The ability to design, fabricate, test, and refine prototypes provides a direct link 
between theory and application, which is especially critical in AM due to the strong interdependence 
between materials, processing, and performance. 

4.2. Interdisciplinary Appeal and Accessibility 

One of the notable outcomes of this study is the strong interdisciplinary participation in the 
undergraduate course. Although originally designed for chemical engineering students, the course 
attracted students from multiple disciplines, indicating that AM serves as a unifying platform across 
engineering and science fields. This interdisciplinary engagement enhances peer learning and 
exposes students to diverse perspectives and problem-solving approaches (Chen et al., 2024; 
Medupin et al., 2025).  

The broad appeal of the course is partly attributed to the accessibility of material extrusion 
technologies, such as FFF. These systems have a relatively low barrier to entry, require minimal prior 
expertise, and are widely available in educational settings and makerspaces. This accessibility enables 
students from diverse academic backgrounds to quickly engage in hands-on design and fabrication 
activities. In addition, AM offers versatile solutions across a wide range of fields, including 
biomedical engineering, materials science, mechanical design, and product development (Zhou et al., 
2024). As a result, students from different disciplines are motivated to learn AM for distinct purposes 
aligned with their academic and career interests. This diversity in motivation further enriches the 
learning environment by fostering cross-disciplinary collaboration and application-driven problem 
solving. At the same time, introducing more advanced technologies such as direct ink writing (DIW), 
vat photopolymerization, and bioprinting allows students to gain exposure to a broader range of 
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materials and applications, effectively bridging the gap between entry-level prototyping and 
advanced manufacturing (Rehberg & Brem, 2025). 

4.3. Development of Core Engineering Skills 

The course structure supports the development of several key engineering competencies, 
including problem-solving, design thinking, communication, and teamwork. The progressive design 
challenges and final project require students to engage in iterative design processes, manage 
constraints, and make informed decisions about materials and process parameters. These activities 
closely mirror real-world engineering workflows (C.-C. Wang, 2024). 

The literature review component further strengthens critical thinking and technical 
communication skills by requiring students to analyze and present peer-reviewed research. Beyond 
traditional literature review, the structured implementation of paper-based discussions and industry-
focused assessments further enhanced these competencies. Students demonstrated a stronger ability 
to connect foundational concepts to real-world applications, particularly when analyzing research 
papers aligned with lecture topics. For example, concepts such as working curves in vat-based 
photopolymerization and process maps in powder-based printing were more effectively understood 
when encountered in current literature. Student feedback further supports this outcome, with one 
noting: “I understand better why we learned all these equations and why they are important.”  

The industry-focused group presentations complemented the literature-based approach by 
exposing students to real companies, product portfolios, and market considerations. This broadened 
students’ perspectives beyond technical content to include commercialization and application 
contexts. The use of peer self-assessment, particularly when aligned with instructor evaluation, 
further encouraged thoughtful participation and awareness of individual contributions within teams. 
The structured requirement for students to actively engage—by asking questions during peer 
presentations—fostered a more interactive classroom environment and encouraged critical thinking. 
Similarly, incorporating peer evaluation and student voting mechanisms (e.g., best paper 
presentation, best product portfolio, and best printed design) increased motivation and 
accountability, while also promoting reflection on quality and innovation (Nielsen et al., 2012). 

Overall, these activities functioned as active, collaborative, and authentic learning assessments 
incorporating peer evaluation and student-driven engagement. Together, they created a balanced 
learning environment that integrates technical knowledge with essential professional skills. 
Importantly, improvements observed in certain learning outcomes over time suggest that iterative 
refinement of course content and structure has contributed to enhanced student performance. This 
highlights the value of continuous assessment and course evolution in engineering education 
(Paloposki et al., 2025). 

4.4. Addressing Gaps in Additive Manufacturing Education 

Despite the growing importance of AM in industry, many academic programs continue to treat 
3D printing as a supplementary tool rather than a core subject. This often limits student exposure to 
basic operation of entry-level printers without developing a deeper understanding of material–
process relationships, performance considerations, and advanced technologies. The courses 
presented in this study address this gap by providing a structured and comprehensive framework 
that integrates fundamentals, advanced topics, and hands-on experience. By exposing students to 
multiple AM technologies—including extrusion-based systems, vat photopolymerization, and 
emerging applications such as bioprinting—the curriculum moves beyond basic prototyping toward 
a more holistic understanding of AM. 

4.5. Limitations 

While the course demonstrates strong student engagement and learning outcomes, several 
limitations should be acknowledged. A key limitation identified through student feedback is the 
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limited hands-on exposure to a broader range of AM technologies beyond filament printers (FFF) 
and vat photopolymerization (Form 1, Formlabs). Although the curriculum includes comprehensive 
coverage of droplet-based, light-based, and powder-based processes, practical experience has 
primarily been focused on extrusion-based printing due to accessibility and logistical constraints. To 
address this gap, instructional strategies initially included the use of videos and demonstrations to 
illustrate advanced manufacturing processes. However, students consistently expressed a desire for 
direct interaction with these technologies. Recent improvements in institutional infrastructure have 
begun to mitigate this limitation. NJIT’s expanded additive manufacturing facilities now provide 
access to a wider range of equipment, including a direct metal laser sintering (DMLS) system (EOS 
M 280), a selective laser sintering (SLS) polymer printer (Fuse 1), and several other vat 
photopolymerization systems. These resources offer opportunities for students to gain exposure to 
industrial-grade technologies that extend beyond entry-level platforms. Despite these advancements, 
challenges remain in integrating these systems fully into coursework. Constraints related to 
equipment availability, safety requirements, and training needs limit the extent of hands-on access 
for all students. As a result, providing equitable and consistent experiential learning across multiple 
technologies remains an ongoing challenge. 

4.5. Future Directions 

To further expand AM education at NJIT, a dedicated 3D printing laboratory has recently been 
established, equipped with ten Bambu Lab printers and an expanding bioprinting infrastructure. The 
laboratory currently includes two bioprinters, with plans to increase this capacity to four, along with 
the addition of two large biosafety cabinets to support sterile cell-based work. Student engagement 
during the bioprinting lecture and laboratory demonstrations has been particularly strong. 
Demonstrations involving cell-laden, vascularized hydrogel constructs (Ji et al., 2019a), bone 
allograft-based scaffolds (Gharacheh & Guvendiren, 2022; Truong et al., 2025a), biodegradable tissue 
engineering scaffolds (Abaci & Guvendiren, 2024; Gharacheh et al., 2025; Ji et al., 2019b), as well as 
emerging topics such as 4D printing (Liaw et al., 2022) and pharmaceutical applications (e.g., 
chewable tablets (Liaw et al., 2022; Truong et al., 2025b)), generated significant interest among 
students. These observations highlight the growing demand for deeper exposure to biofabrication 
and advanced AM applications. To address this interest, future course development will include 
expanded hands-on bioprinting laboratory sessions within the existing curriculum. In addition, there 
are plans to develop a standalone bioprinting course that will provide focused training in bioink 
design, cell handling, and tissue engineering applications. These efforts aim to further bridge the gap 
between foundational AM education and emerging research and industry needs in biofabrication. 

4.6. Implications for Engineering Education 

The findings of this study underscore the importance of integrating additive manufacturing into 
engineering curricula through structured, hands-on, and interdisciplinary approaches. The 
demonstrated success of these courses suggests that additive manufacturing can serve as an effective 
platform for teaching design, materials science, and manufacturing principles simultaneously. As the 
demand for AM expertise continues to grow, educational programs must evolve to provide students 
with both foundational knowledge and practical skills. The framework presented here offers a 
scalable model for institutions seeking to incorporate 3D printing into their curricula and better 
prepare students for careers in advanced manufacturing. 

5. Conclusions 

This study presents the development, implementation, and assessment of an integrated lecture–
laboratory framework for additive manufacturing education at the undergraduate and graduate 
levels. The results demonstrate that combining theoretical instruction with hands-on design and 
fabrication activities provides an effective approach for teaching 3D printing technologies. Students 
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not only gained foundational knowledge of AM but also developed critical engineering skills, 
including problem-solving, design thinking, communication, and teamwork. 

The interdisciplinary participation observed in the courses highlights the broad relevance of AM 
across engineering and science disciplines. The strong student engagement, high levels of 
performance across ABET-aligned outcomes, and positive feedback emphasize the value of 
experiential and project-based learning in this context. Importantly, the course structure enables 
students to connect material selection, processing parameters, and functional performance—an 
essential aspect of additive manufacturing that is often difficult to convey through traditional 
instruction alone. 

Despite these successes, the study also identifies key challenges, including limitations in 
providing hands-on exposure to a full range of AM technologies. Ongoing investments in 
infrastructure, including expanded access to industrial-grade printing systems and bioprinting 
capabilities, are expected to address these limitations and further enhance the educational experience. 

Overall, this work demonstrates that a structured, integrated approach to additive 
manufacturing education can effectively bridge the gap between theory and practice while preparing 
students for the evolving demands of advanced manufacturing industries. The framework presented 
here offers a scalable model for incorporating 3D printing into engineering curricula and can be 
adapted by other institutions seeking to expand their educational offerings in this rapidly growing 
field. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Course syllabi files (CHE415 and CHE722); Supplementary Materials file. 
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