ABSTRACT
SCARFPIN, JOHN D. Digital Fabrication and Engineering Self-efficacy: A Phenomenographic
Study of Secondary Technology and Engineering Students (Under the direction of Dr. Aaron
Clark).

This dissertation investigates how engagement with digital fabrication technologies,
specifically computer-aided design (CAD) and 3D printing, shapes secondary students' self-
efficacy in engineering within technology and engineering education contexts. Using a
phenomenographic methodology, the study explores the qualitatively different ways students
experience the development of engineering self-efficacy through hands-on, project-based
learning. Twelve secondary students (seven females, five males) ranging from ninth to twelfth
grade who had completed a technology and engineering course incorporating digital fabrication
participated in semi-structured interviews. Student artifacts and academic performance records
provided additional contextual data to capture a multidimensional view of student experiences.

The analysis identified six qualitatively distinct categories of description representing
different ways students experience self-efficacy development: (a) Mastery-Driven Confidence
Development, (b) Learning Through Social Modeling and Collaboration, (c¢) Encouragement and
Feedback as Catalysts, (d) Emotional Experiences and Resilience Building, (¢) Autonomy and
Ownership in Learning, and (f) Contextual Facilitation Through Access and Environment. These
categories form a hierarchical and relational outcome space, with mastery experiences serving as
the foundation, enriched by social and emotional dimensions, culminating in autonomous
engagement, and underpinned throughout by enabling contextual supports. The outcome space

illustrates how technical, social, emotional, and contextual factors dynamically interact to build

students' engineering confidence and competence.



Findings reveal that hands-on success with digital fabrication tools provides tangible
evidence of capability, while collaborative learning and constructive feedback reinforce students'
self-beliefs. Emotional regulation and resilience enable persistence through challenges, and
autonomy-supportive environments foster deeper engagement and intrinsic motivation. Ready
access to technology and psychologically safe classroom climates emerged as essential enablers
of all other experiences. This study addresses a critical gap in the literature by demonstrating
how digital fabrication contributes to the formation of engineering identity and motivation
among secondary learners, with implications for curriculum design, teacher practice, and
education policy aimed at fostering equitable STEM participation.
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Chapter 1: The E in STEM

Introduction
Challenges of Engineering Education

It has been more than two decades since the NSF introduced the acronym STEM in 2001.
In that time, great emphasis has been placed on STEM education in the K-12 sector in hopes of
filling a skills gap in the United States by encouraging young students to choose a path toward a
STEM career (Honey et al., 2014; Katehi et al., 2009; Lander & Gates, 2010). In recent years,
the majority of job change in STEM careers has been in computer and engineering fields, and the
demand is projected to increase in the future (Yoder, 2018). This emphasis has led many
educational institutions to adopt and implement STEM programs or academies and acquire new
technologies to teach new digital literacies and technology skills (Honey et al., 2014). This effort
is producing more students entering college to pursue STEM degrees, but not at a rate keeping
up with the job demand (Fayer et al., 2017).

The demand for engineers is expected to continue to increase in the future. The Bureau of
Labor Statistics (BLS) predicts approximately 127,000 additional engineering job openings on
top of the existing 1.7 million jobs by 2030 (United States Bureau of Labor Statistics, 2022). As
0f 2019, the American Immigration Council reported that 19.5% of engineers in the United
States are foreign-born (American Immigration Council, 2022). Not only does this demonstrate
the significant contribution of immigrants to our economy but also the shortcomings of our
education system to prepare enough engineers to meet the demand. Studies investigating the
number of engineers being prepared to fill these jobs focus on colleges' ability to attract and
retain engineering students at the undergraduate level. Preparing and inspiring students to pursue

an engineering degree falls to elementary and secondary education teachers (Lander & Gates,



2010). As the global demand for engineers continues to increase, the number of students
enrolling in engineering colleges worldwide has been decreasing (Salas-Morera et al., 2013).
Geisinger and Raman (2013) published a literature review which showed that over the last 60
years, U.S. engineering graduation rates have consistently hovered around 50%. This statistic is
consistent with an ASEE (2019) report that echoed the 50% attrition rate among electrical
engineering students. The Geisinger and Raman research went on to identify six factors found in
the literature surrounding the attrition rate that included classroom and academic climate, grades
and conceptual understanding, self-efficacy and self-confidence, high school preparation, interest
and career goals, and race and gender (Geisinger & Raman, 2013). Fantz et al. (2011) found that
more exposure to engineering content during the K-12 years is associated with higher self-
efficacy in collegiate engineering students. The research conducted on attracting students to the
engineering field has suggested focusing on high school age students and increasing their
abilities in areas of study that are fundamental to engineering programs, such as mathematics,
science, and technical graphics, which will help increase student interest and confidence in their
abilities toward engineering (Salas-Morera et al., 2013).

The literature underscores the challenge faced by K-12 STEM and pre-engineering
programs, necessitating empirical investigation to identify effective strategies for engaging
students and fostering self-efficacy. This study specifically explores the impact of digital
fabrication pedagogy on secondary-level students' self-efficacy in engineering by examining the
interplay between student experiences, contextual factors, and pedagogical practices.

K-12 Engineering Education
Exposure to engineering-related skills in K-12 often occurs through STEM classes,

robotics programs, STEM competitions, summer camps, and Career and Technical Education



(CTE) courses. The two most prominent CTE programs for engineering education at the
secondary level come from the International Technology and Engineering Educators Association
(ITEEA) and Project Lead the Way. While there are programmatic differences, both programs
are focused on teaching an iterative design process that frames problems in real-world scenarios
and utilizes technology to develop solutions using a variety of STEM skills that include physical,
mathematical, and computer modeling (ITEEA, 2024; Project Lead the Way, 2022). In the
context of this study, the students followed the Engineering by Design curriculum designed by
the ITEEA. The Engineering by Design curriculum is structured on the 5E Science by Design
model introduced by Rodger Bybee in 1997. It was modified to be a 6E Engineering by Design
format that emphasized iterative hands-on projects. The curricula and instruction are based on
constructivist learning theory (Grubbs & Strimel, 2015), which places the student at the center of
the learning and moves the teacher to a support position in developing knowledge. This
curriculum is constantly evolving as new technologies, like 3D printing, are developed and
integrated into STEM education.
3D Printing in Education

Digital fabrication in the form of 3D printing is a relatively new tool available in the K-
12 engineering classroom. The process of 3D printing was first patented in the 1980s, with this
technology being utilized in industrial settings and eventually in research universities around the
turn of the century (Ford & Minshall, 2019; Gonzalez, 2020). With the expiration of a Stratasys
FDM patent in 2009, desktop 3D printers emerged in the 2010s, making this technology
available in the K-12 educational space (Gonzalez, 2020). Since then, early adopters of this

technology have been blazing new roads in what pre-engineering programs can look like.



4

A systematic review of literature surrounding 3D printing in education (Ford & Minshall,
2016, 2019) identified the advantages and challenges of incorporating 3D printing into
educational settings. In the K-12 setting, 3D printing use cases show the technology being
utilized to develop design and creativity skills, enable hands-on learning, produce artifacts that
aid learning, and teach students about the technology itself. Many of the challenges identified by
the literature review were related to costs, technical skills, and curricular integration.

As 3D printing is integrated into the engineering curricula, the technical challenges have
become more evident. The technology allows students to develop more sophisticated models but
requires a new set of skills such as developing spatial awareness and visualization (Eslahi et al.,
2020). Further skills involving precision measurement, material properties, testing, and design
principles related to computer-aided design (CAD) software can pose a severe challenge for
some students (Eslahi et al., 2020). A lack of pedagogical models for 3D printing technology
integration, and technical challenges such as troubleshooting machines and slow print speeds
have led to slow adoption of this technology (Chiu et al., 2015; Ullah et al., 2020). These
challenges can be daunting for educators who lack training or are not mechanically inclined.
These experiences can impact confidence in both the teacher and student, resulting in negative
changes in their belief in their own abilities.

Self-Efficacy and Engineering Education

The relationship between teaching and learning and the role of self-efficacy has been a
popular topic in educational research for several decades since its introduction by Albert
Bandura in 1977. Bandura defined self-efficacy as an individual's belief in his or her capacity to
execute a course of action to achieve a goal (Bandura, 1977, 1986). Factors that affect self-

efficacy can be personal, behavioral, or environmental and are part of a more extensive social



cognitive theory. Efficacy beliefs help determine how much effort people will expend on an
activity, how long they will persevere when confronted with obstacles, and how resilient they
will prove in the face of adverse situations (Pajares, 1996). Identifying pedagogical practices that
result in positive self-efficacy for students is imperative to recruiting underrepresented groups to
the field of engineering and keeping those students on a path toward engineering programs in
college. Educators providing positive experiences in integrated STEM allow students an
opportunity to potentially transform their identity with respect to STEM subjects (Eslahi et al.,
2020; Honey et al., 2014).

As engineering education continues to evolve, several factors related to pedagogical and
instructional practices will need to be investigated to ensure student experience fosters positive
self-efficacy in a technology-enhanced learning context (Daniela, 2021). Due to the
constructivist nature of design-based or project-based learning curricula, developing and
leveraging tutorials to enable self-paced learning of topics allows the instructor to work as a
guide in the process (Ullah et al., 2020). Prior experience with CAD and 3D printing, as well as
varying levels of technological literacy, introduces a spectrum of ways students will experience
their classes. To explore the contextual and pedagogical factors of integrating digital fabrication
into secondary engineering education, this research employed a qualitative research approach in
the form of a phenomenographic study. Figure 1.1, shown below, represents the steps taken to
design and implement the investigation into the use of digital fabrication in secondary

technology and engineering classes and student self-efficacy in engineering.
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Justification and Rationale

Given the sustained demand for engineers in the foreseeable future, it has become
imperative to encourage a larger number of students to pursue engineering degrees in college.
Enhanced proficiency in mathematics, science, and technical skills at the secondary level will
help develop conceptual understanding, improved academic performance, and better self-
efficacy and self-confidence (Geisinger & Raman, 2013). The literature is replete with studies
showing that self-efficacy is a predictor of persistence and academic performance (Pajares,
1996). One way to build self-efficacy is to provide students with positive experiences early,
eventually leading to mastery experience (Bandura, 1995). Studies have shown that early
experiences build self-efficacy in postsecondary engineering students (Fantz et al., 2011). These
early experiences that either build up or tear down student self-efficacy are directly predicated on
teaching practices and the learning environment.

In recent years, research on 3D printing use in the educational setting has been
increasing, with the majority of this at the postsecondary level. In a recent literature review on
the topic, Novak et al. (2021) found that out of 73 studies, only 31 involved K-12 education and
only 10 at the high school level. Most of the studies involved how 3D printing could increase
creativity and innovation in the classroom (Novak et al., 2021). Why study digital fabrication
and self-efficacy in a pre-engineering setting when many other factors can predict student
success in engineering, such as calculus, chemistry, and physics? Researchers of emerging
technologies have asserted that the use of such technology can teach competencies such as
spatial visualization, innovative thinking, problem solving, creativity, analysis, and critical
thinking, which are essential abilities needed for future workforce demands (Hernandez-de-

Menendez et al., 2020). Additionally, 3D printing is exciting for many people and can draw the



interest of individuals who may not have ever considered engineering. The field of engineering
will never become more diverse if it does not find ways to excite and draw in non-traditional
engineering students. Second, digital fabrication tools teach skills required across various
technical jobs, ranging from machine operators and engineering technicians to ABET-accredited
engineers. Researchers are calling for more engineering students to be trained in additive
manufacturing as there is a growing demand in the industry for these skills (Ullah et al., 2020).
Third, using digital fabrication to teach engineering design at the secondary level introduces
students to opportunities for collaborative and creative work, leading to solutions that are not
predetermined, as often found in math and science classes.

Since three-dimensional (3D) printing is a relatively new instructional technology, there
is limited empirical research on its effect on students’ self-efficacy. However, related studies in
engineering graphics, a critical skill area for digital fabrication, have shown meaningful links
between technical learning experiences and the development of self-efficacy (Ernst & Clark,
2012; Metraglia et al., 2015). These findings offer a logical basis for expanding self-efficacy
research into digital fabrication. The current study builds on this existing literature and
contributes to ongoing efforts to strengthen the engineering education pipeline starting in K—12
settings.

The measurement of self-efficacy in engineering education has received significant
scholarly attention, leading to the development and validation of domain-specific instruments in
areas such as computer-aided design (CAD). These quantitative instruments reliably assess
students’ confidence in their abilities to perform technical and creative engineering tasks and are
often linked to important outcomes like academic achievement and persistence in engineering

pathways (Kelly & Denson, 2020; Mamaril et al., 2016). For example, Mamaril et al. (2016)



established both general and skill-specific self-efficacy scales for undergraduate engineering
students, while Kelly and Denson (2020) and Denson et al. (2022) developed and validated self-
efficacy measures focused on CAD design.

The development of self-efficacy scales in engineering education has evolved to address
the multifaceted nature of engineering tasks and the need for domain-specific measurement tools.
Early research established that self-efficacy is a powerful predictor of student achievement and
persistence in engineering, often surpassing traditional academic indicators such as prior grades
or standardized test scores (Mamaril et al., 2016). Recognizing that engineering encompasses a
wide range of skills, from experimental and tinkering abilities to design and modeling, recent
studies have moved beyond general self-efficacy measures to create instruments tailored to
specific subdomains. For example, Mamaril et al. (2016) validated both a general engineering
self-efficacy scale and a multidimensional skills scale, demonstrating that students’ confidence in
their experimental, tinkering, and design skills can be reliably measured and linked to academic
outcomes.

Within the subdomain of computer-aided design (CAD), researchers have emphasized the
importance of developing self-efficacy scales that reflect the unique cognitive and technical
demands of these activities. Studies by Kelly and Denson (2020) and Denson et al. (2022) have
shown that self-efficacy in 3D modeling, a core component of digital fabrication, can be
measured with reliable and valid instruments, and that these beliefs are closely tied to students’
engagement and success in engineering graphics and design tasks. The process of scale
development in these studies involved identifying the subtasks of modeling and design,
consulting with subject matter experts, and using exploratory factor analysis to ensure that the

instruments captured the intended constructs, resulting in a reliable and valid eight-item scale to
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measure students’ self-efficacy in 3D modeling for engineering graphics. This approach aligns
with recommendations in the literature that self-efficacy scales should be context-specific and
validated for the target population (Denson et al., 2022; Kelly & Denson, 2020; Mamaril et al.,
2016).

Despite the contributions of quantitative approaches, there remains a need to explore how
students experience digital fabrication in authentic learning environments. Phenomenographic
research, which seeks to describe the qualitatively different ways individuals experience and
interpret a phenomenon, offers a meaningful approach to examining these experiences. Situated
within prior self-efficacy research, this study uses phenomenography to illuminate both the
established role of self-belief in learning and the unique, context-dependent meanings students
construct through hands-on engagement with digital fabrication. This approach extends current
research by capturing student perspectives in high school learning environments, where digital
fabrication is still an emerging pedagogical tool.

Because self-efficacy is a highly domain-specific construct, it is essential to clarify how it
is conceptualized in this study. Self-efficacy in engineering refers to an individual’s belief in
their capacity to successfully complete engineering-specific tasks and overcome discipline-
specific challenges. These beliefs influence a range of outcomes, including academic
performance, problem-solving ability, skill development, persistence in engineering pathways,
and long-term career aspirations. Accordingly, this study examined how students used digital
fabrication tools to perform engineering tasks and how their perceptions of their abilities shaped
their beliefs about their own competence. In doing so, distinctions were made between external,
observable behaviors, such as task completion and problem-solving strategies, and internal shifts

in confidence, which reflected perceived changes in self-efficacy.
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Problem Statement

Emerging technologies such as 3D printers and robotics have revolutionized the
educational landscape, particularly in STEM fields such as engineering. While these tools
promise to invigorate hands-on learning and foster heightened student interest, they come with
their own set of challenges. When educators lack the appropriate training and resources to
implement these technologies effectively, student engagement can falter, potentially impacting
their self-efficacy or confidence in their abilities (Nemorin, 2017). Traditional teaching models
in secondary technology and engineering classes focus on a hands-on design process, using
rudimentary materials like wood, foam, and cardboard. Though these methods are effective in
teaching conceptual skills, they may lack the precision and sophistication that digital fabrication
and 3D modeling software can offer. Given the pivotal role of self-efficacy in shaping students'
aspirations, choices, and persistence in tasks (Bandura, 1995; Pajares, 1996), it is crucial to
understand how digital fabrication techniques, when incorporated into pedagogy, impact student
self-efficacy in engineering.
Scope of Study

Therefore, the intent of this phenomenographic study was to explore the interplay
between student experiences, contextual factors, and pedagogical practices in shaping self-
efficacy beliefs in secondary engineering courses. This study broadly attempted to capture the
student's perception of their self-efficacy in engineering. More narrowly, it focused on the use of
digital fabrication as a pedagogical tool and attempted to capture the experience of students who
have completed the course by evaluating completed student work, course grades, and semi-

structured interviews.
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Research Questions

The following questions have been created to guide the research for this dissertation:

RQ1: What specific aspects of the student experience in a technology and engineering
class using digital fabrication contribute to changes in self-efficacy in engineering among
secondary-level students?

RQ2: To what extent do contextual factors such as access to and autonomy with digital
fabrication technology impact student self-efficacy in engineering at the secondary level?
Significance of the Research

This research sought to explore the influence of digital fabrication on the self-efficacy
beliefs of technology and engineering students at the secondary level. New technologies create
more opportunities for students and, in turn, a need to adapt pedagogical practices (Chiu et al.,
2015; Daniela, 2021; Ullah et al., 2020). Understanding practices that positively impact the self-
efficacy and motivation of students is a valuable tool in the recruitment and retention of students
in STEM fields. This research aims to contribute pragmatically to the body of knowledge to
connect engineering research to the practice of engineering education.

Within the extant literature exists a lack of articles surrounding digital fabrication as a
tool to impact student self-efficacy in engineering K-12. Novak et al. (2021) note a lack of
systematic knowledge about the design, implementation, and evaluation of 3D printing learning
in K-12 education. This is echoed by other researchers specifically studying pedagogy related to
the integration of digital fabrication into engineering education (Chiu et al., 2015; Daniela, 2021;
Ullah et al., 2020). By addressing this gap in research related to pedagogy and instructional

practices, this research could positively impact classroom practices that foster student self-
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efficacy, encouraging more students to pursue careers in engineering and contribute to the
broader STEM education landscape.
Methodological Overview

This study took a qualitative perspective on the student experiences with digital
fabrication in the classroom as they relate to student self-efficacy in engineering. Marton (1986,
p. 31) defined phenomenography as "a research method for mapping the qualitatively different
ways in which people experience, conceptualize, perceive, and understand various aspects of,
and phenomena in, the world around them". The goal of phenomenography is to describe the
phenomena in the world as others see them and to reveal and describe the variation therein,
especially in an educational context (Marton, 1986). The insights gained from phenomenological
research can help in planning learning experiences that will lead students to a more powerful
understanding of the phenomenon under study (Bowden & Walsh, 2000, p. 3).

Due to the inherent epistemological underpinnings of the Engineering by Design
curriculum, the research presented here was conducted through the lens of constructivist
epistemology. Constructivists believe that knowledge and ideas are born through meaningful and
important experiences for the learner (Ultanir, 2012). Constructivist classrooms are characterized
by learner-centered, collaborative, and authentic activities. The experiences that construct
knowledge are dependent on the learner's prior experience and knowledge and the context of
interacting with new phenomena. The alignment of the methodological beliefs of
phenomenography and the epistemological beliefs found in constructivist learning environments

makes this the appropriate approach for this study.
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Setting

This study was situated in a traditional high school in eastern North Carolina with
approximately 1,100 students. It is located in proximity to a large military base, which
contributes to nearly half of the student population being military-affiliated. Because of the
technology and equipment needs on base, there is a notable concentration of engineers employed
in the community.

Participants

The students participating in the study have completed an elective CTE technology and
engineering course that is structured around the ITEEA's Engineering by Design curriculum and
had access to a robust 3D printing lab. Due to being a first-level course, it was assumed that the
students had limited, if any, experience with CAD modeling or 3D printing. The majority of the
students who take this course are freshmen, with about a third of them being from upper grades.
Students who had already completed the course were invited to participate via email and fliers on
hallway message boards. Of the students who responded and returned signed parental consent
and student assent forms, seven were female and five were male. Some of the students had just
completed the course in the previous semester, while other participants had been out of the class
for an extended period of time.

Data Collection

Adhering to guidelines for ensuring trustworthiness in qualitative research, this study
utilized data triangulation through the collection of three distinct sources of data: student-
produced artifacts, student grades, and interviews (Carter et al., 2014). The student-produced
artifacts offered insights into the students' proficiency levels within the course, as well as served

as a reminder to the students of what they worked on. Self-efficacy research regarding academic
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achievement shows a correlation between levels of self-efficacy and grade attainment
(Komarraju & Nadler, 2013). Meanwhile, interviews, as the most information-rich source, aimed
to illuminate students' self-perceptions of participating in the course. This triad of data sources is
expected to yield a more comprehensive interpretation of the student experience.

Data Analysis

The researcher's objective was to scrutinize and categorize the data from various angles,
ensuring a diverse range of perspectives rather than a singular viewpoint. In accordance with
Akerlind's work (2005), strategies for enhancing reliability involve employing multiple
individuals in the assessment process, exemplified by coder reliability checks and dialogic
reliability checks. These procedures necessitate the collaboration of at least two researchers to
reach a consensus regarding data coding and classification, alongside engaging in constructive
critique of the data. After the formation of initial categories, a thorough reevaluation of the data
follows to identify and rectify any inconsistencies, followed by a re-categorization process. This
iterative approach continues until the researchers arrive at a mutual agreement on the definitive
set of categories that constitute the ultimate outcome framework.

While this describes the ideal process of analysis for phenomenographic research, this
dissertation is being written by a single individual, and was a limitation that had to be addressed.
Limitations

As with any study, this research has inherent limitations and assumptions. The first
limitation is that the research was conducted in a single high school with a specific demographic
and educational context, resulting in findings that may not be generalizable to other settings.
Additionally, the retrospective nature of the study poses challenges, as some students may

struggle to recall their experiences and feelings from the class accurately. To mitigate this
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limitation, archived records from the learning management system (LMS) were utilized to
provide students with work samples that could assist them in recalling their experiences more
accurately.

Another key consideration was that the classes being studied are elective courses, which
one might assume indicates that students have a genuine interest in technology and engineering.
However, this assumption may not be true for all participants; some students might enroll in
these classes primarily to fulfill scheduling requirements or due to parental influence, which
could impact their level of engagement and self-efficacy.

The biggest limitation of this study was the fact that the researcher worked alone on this
research using a methodology that relies on dialogic processes to verify outcomes and
observations. The coding and verification procedures described by Akerlind (2005) were still
followed but the role of a second researcher was performed by ATLAS.ti (Ver. 25.0.1) software
and their Al plugin. Memos and journaling were also utilized to keep track of the researcher's
thought processes as the coding took place.

Definitions

1. Digital fabrication is an umbrella term that describes design and making processes that
require digital modeling and manufacturing tools to create material outputs (Brooks,
2022, p. 85).

2. Three-dimensional (3D) printing is the process of building a physical object, layer by
layer, from a three-dimensional digital model (Gonzalez & Bennett, 2016, p. 11).

3. Computer-aided design (CAD) is the use of computer programs to create, modify,

analyze and document two- or three-dimensional (2D or 3D) graphical representations of
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physical objects as an alternative to manual drafts and product prototypes (Glossary:
Siemens Software, 2022).

4. Computer-aided manufacturing (CAM) commonly refers to the use of numerical control
(NC) computer software applications to create detailed instructions (G-code) that drive
computer numerical control (CNC) machine tools for manufacturing parts (Glossary:
Siemens Software, 2022).

5. Engineering design is a process of devising a system, component, or process to meet
desired needs and specifications within constraints. It is an iterative, creative, decision-
making process in which the basic sciences, mathematics, and engineering sciences are
applied to convert resources into solutions. Engineering design involves identifying
opportunities, developing requirements, performing analysis and synthesis, generating
multiple solutions, evaluating solutions against requirements, considering risks, and
making trade-offs, for the purpose of obtaining a high-quality solution under the given
circumstances (Abo-Al-Nasr et al., 2022, p. 495).

6. Self-efficacy refers to an individual's belief in his or her capacity to execute behaviors

necessary to produce specific performance attainments (Bandura, 1977, 1986, 1997).

Summary
The emphasis on STEM education, which started over two decades ago, has spurred the
adoption of various programs and technologies aimed at nurturing student interest in engineering
careers. Despite these efforts, the gap between job demand and skilled graduates persists,
necessitating a deeper exploration of pedagogical strategies to engage and inspire students.
Secondary school pre-engineering education programs play a significant role in

developing student self-efficacy in engineering students (Fantz et al., 2011). Developing



18

strategies and practices that help boost student self-efficacy in engineering can help motivate
students to take additional courses, enter college-level engineering programs, and pursue careers
in the field. The transformative potential of digital fabrication in enhancing hands-on learning is
acknowledged in the literature, but so are the challenges and obstacles to substantive integration
into K-12 education.

Self-efficacy has been shown to influence individuals' aspirations and academic
persistence. People engage in tasks they feel confident and comfortable in and avoid those which
they do not (Pajares, 1996). Pedagogical considerations need to be made regarding students'
cognitive load when introducing new technologies. Overwhelming students with too many
extraneous details or irrelevant information distracts from the learning target, often triggering
avoidance behaviors. In a technology-enhanced learning environment the information
architecture and sequencing are as important as the content itself (Daniela, 2021).

This research attempts to describe how specific aspects of the students' experience of
digital fabrication, along with contextual factors, contribute to changes in self-efficacy in
engineering. The ultimate goal of this research is to provide insights that translate to the practical
implementation of digital fabrication pedagogy that supports positive self-efficacy in

engineering.
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Chapter 2: Literature Review
Introduction

The purpose of this chapter is to establish a strong theoretical foundation for the study by
examining key literature relevant to the research questions. The prior chapter discussed
challenges within the engineering field, such as the need to engage and prepare future engineers
starting at the K-12 level, along with the potential of digital fabrication as a means to influence
students' engineering self-efficacy. Building on this foundation, the chapter presents a detailed
literature review organized into sections that explore the following:

Theoretical Frameworks — Outlining the foundational theories relevant to self-efficacy,
STEM education, and learning with digital fabrication.

Self-Efficacy in STEM Education — Reviewing studies that highlight the role of self-
efficacy in student motivation and achievement in STEM disciplines.

Digital Fabrication and Engineering Education — Analyzing literature on the impact of
digital fabrication tools on students' learning experiences, particularly in engineering and design
contexts.

Gaps in the Literature — Identifying existing research gaps that the current study aims to
address, especially concerning the influence of digital fabrication on engineering self-efficacy.

Rationale for the Present Study — Providing a rationale for the study's approach, grounded
in the existing research and theoretical insights.

Theoretical Frameworks
Social Cognitive Theory and Self-Efficacy
Social cognitive theory views human functioning as an interaction between social,

behavioral, and environmental influences in what Bandura called triadic reciprocal determinism
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(Usher & Pajares, 2008). This concept is central to social cognitive theory in determining one's
actions and motivations. The theoretical model in Figure 2.1 shows the relational factors of
personal, environmental, and behavioral factors that operate as interacting determinants that
influence each other bidirectionally (Bandura, 1989). One of the cognitive factors from this
model that became a major focus in Bandura's career was self-efficacy.

Figure 2.1

Model of triadic reciprocal determinism based on Bandura (1989).

Behavioral
Factors

Environmental
Factors

Personal
Factors

Note. This graphic was created by Daniel Kelly and is being used here with his permission.
Bandura (1977) theorized that the beliefs that people hold about their capabilities and the
outcomes of their efforts powerfully influence the ways in which they behave (Usher & Pajares,
2008). An outcome of interest for Bandura from the reciprocal determinism model is a person's
sense of agency, or the capacity to exert control over one's life. With this focus on human agency

Bandura described the cognitive process of self-efficacy.
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Factors Affecting Self-Efficacy

Self-efficacy beliefs are most likely to change during skill development, and when faced
with novel tasks (Usher & Pajares, 2008). For this reason, many studies focus on self-efficacy
research in educational settings. Some researchers suggest that teachers who seek to help
students increase their academic and self-regulatory self-efficacy should first attend to the
sources underlying these beliefs (Lent et al., 1984; Shaughnessy, 2004).

Bandura identified four factors that affect self-efficacy: mastery experience, vicarious
learning, social persuasion, and physiological states (Bandura, 1986). Mastery experience is the
interpreted result of one's previous attainments and what Bandura describes as the most
influential of the four factors on self-efficacy (Bandura, 1986, 1997).

Mastery experience is a process of self-assessment and reflection. After completing an
academic task, students interpret and evaluate the results obtained, and judgements of
competence are created or revised according to their interpretations (Usher & Pajares, 2008).

Through vicarious learning an individual can learn from the experiences of others. In an
educational setting, when a student identifies closely with another person of similar ability, they
learn from the successes and failures of the individual engaging in a task, thereby making a
judgment of their own abilities (Usher & Pajares, 2008). At times this becomes a normative
exercise for students as they judge their own achievements as compared to their standing with
others.

Social models can play a powerful role in the development of self-efficacy, especially if
students are uncertain about their abilities or have limited experience (Usher & Pajares, 2008).
Social persuasion is another factor that influences self-efficacy beliefs. The caveat is the

persuader must be someone who is held with some esteem. For adolescents, a persuasive
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message from a competent peer could hold more weight than from an adult (Bandura, 1997).
Studies that focused on math achievement and self-efficacy described in their findings with
regard to gender, that girls had a stronger response vicarious experiences and social persuasions
(Lent et al., 1996; Lopez et al., 1997; Usher & Pajares, 2006).

The last of the four factors affecting self-efficacy is a student's physiological state.
"Physiological arousal comprises students' interpretations of their physical and emotional states,
including their mood and their attentional biases to these states" (Usher & Pajares, 2008, p. 783)
to include anxiety, stress, and fatigue. Physiological arousal could be anxiety of having to take a
test, dislike of a subject causing anxiety and avoidance tendencies. The opposite could also be
true if a student is excited and mentally stimulated by a topic making them more likely to
engage. Figure 2.2 illustrates the connection between reciprocal determinism, self-efficacy, and
outcome expectations. Bandura believed outcome expectations and efficacy beliefs were related
to motivating students to take action. According to Bandura's research, self-efficacy determines
the choices people make in the face of adversity, the effort they put forth, and the perseverance

and persistence they demonstrate (Bandura, 1986).
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Figure 2.2

Relational structure of self-efficacy in Social Cognitive Theory
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Later in his 1989 paper, Human Agency in Social Cognitive Theory, Bandura describes
self-efficacy beliefs as "an important set of proximal determinants of human motivation, affect,
and action, ... that operate on action through motivational, cognitive, and affective intervening
processes" (Bandura, 1989, p. 1175). He goes on to discuss how self-efficacy impacts coping
with anxieties and motivations. Suggesting that being able to build strong self-efficacy requires
"resiliency of self-belief" in the face of difficulties and failures. Self-efficacy beliefs affect
thought patterns that may be self-aiding or self-hindering. In the face of setbacks and failures,
self-doubt can quickly set in and cause a person to lose faith in their abilities. Some will regain
their self-assurance quickly, understanding that gaining new skills and competencies requires

sustained effort. "Development of resilient self-efficacy requires some experience in mastering
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difficulties through perseverant effort. If people experience only easy successes, they come to
expect quick results and their sense of efficacy is easily undermined by failure" (Bandura, 1989,
p. 1179).

To illustrate this, let's think about the behavior of singing. If a person is situated in an
environment that they are comfortable in and that matches their personal beliefs in their ability
(self-efficacy), they will engage in the behavior. So, someone with lower self-efficacy might
only engage in singing when they are in the car or in the shower, whereas someone with very
high self-efficacy would be comfortable singing in public spaces with an audience. Now let's
assume a person with moderate self-efficacy were to sing in a public setting for an audience. If
the audience responds positively (reinforcing the behavior) the person could have a boost to their
self-efficacy and be willing to engage in singing in a public place again. If the audience responds
negatively, it will be back to singing solo in the car. Research in social cognitive theory suggests
that environmental factors should impact personal and behavioral factors and vice-versa creating
a reinforcing loop for these factors.

Constructivist Learning Theory

What is the nature of knowledge? How does it grow and develop? These are the
questions a Swiss psychologist was researching that led to the development of constructivism.
Constructivism is an epistemology that asserts knowledge is constructed from the meaning one
attributes to interactions with nature and the environment. The interaction with the environment
combines what one already believes, the ideas, events, and activities with which they come in
contact creating meaning and knowledge for the individual (Ultanir, 2012).

The origins of constructivism are traced back to the work of Jean Piaget, even though

Piaget did not set out to create a theory of education. He was interested in a biological model of
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intellectual development and specialized in how organisms grow and adapt to their environment.
Piaget (1977) stated in the foreword of Conversations libres avec Jean Piaget, "My main
purpose is to continually research biological adaptation mechanisms. There are epistemological
interpretations and analysis of higher adaptation format that can be clearly seen in scientific
thinking."

Constructivism is both a scientific and meta-theory that defines the possibility and
limitations of daily life theories in the formation of humanity (Ultanir, 2012). It is a view that the
development of understanding requires a learner to actively engage in meaning-making.
Constructivists view knowledge as a process rather than a product. This process of meaning-
making is constructed from the interaction between the individual and the outside world, to
include not only the physical but social interaction as well. Dewey viewed the relationship
between knowledge and reality as the interaction between individual and social experiences.
"Knowing is not for humans to find and record reality, but rather is a process of them being a
part of the reality" (Ultanir, 2012, p. 199).

To describe what it is to know, Piaget (1951) defined his concept of adaptation as an
equilibrium between assimilation and accommodation. Assimilation is when a learner brings new
knowledge to their own schemas and accommodation is when the learner has to change their
schemas to accommodate the new information or knowledge.

Piaget's constructivism focuses on learning as the construction of meaning through
assimilation and adaptation. Students discover relationships and ideas through autonomous
activities, and learning is a process of continuous effort and discovery (Ultanir, 2012). This
adaptation process occurs when the learner is processing new information to fit into what is

already known. Through the constructivist perspective, knowledge is constantly adapting to the
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experiences of the individual to shape the way they see the world. From the work of researchers
and educators such as Piaget and Dewey, constructivism has become one of the three
predominant learning theories in education over the past century alongside behaviorism and
cognitivism.

Constructivism in Education

Constructivist classrooms are characterized by learner-centered, collaborative, and
authentic activities. The teacher's role shifts to that of a facilitator, collaborator, and encourager,
while students become active constructors of knowledge, self-monitoring their learning progress.
Learners are expected to be active participants in forming knowledge based on their interaction
with content and the environment (Ultanir, 2012).

A notable proponent of constructivism and the progressive education movement in the
early 20th century was John Dewey. Concepts and ideas presented in his 1938 published work
(reprinted 1986), Experience and Education, are still relevant today. Dewey put an emphasis on
learner experience, stating that real education is achieved via experience; however, not all
experience is equally educational. In fact, an experience may not truly be educational with
Dewey stating some experience is mis-educative (Dewey, 1986). He indicated that experience
should be continual, that every experience should acquire something from those that come before
it and, in some way, should change the attributes of those that follow it (Dewey, 1986). To
further emphasize the importance of experience Dewey stated that the contents of the child's
experience is more important than the subject matter of the curriculum (Dewey, 1961).

Along this same line of thinking was Maria Montessori. She saw the role of a teacher as a
facilitator who was responsible for arranging experiences and carefully planning the environment

to facilitate knowledge creation and exploration. She believed the environment should encourage
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individual creativity when solving problems, teach independence, and support the development
of self-control (Montessori, 2013). Courses today that emphasize collaborative, project-based,
creative tasks are often employing the constructivist paradigm. This can be seen in many
engineering education courses due to the fact that students need to learn how to work
collaboratively to solve complex problems in innovative ways.
Constructivism and the Standards for Technological and Engineering Literacy
Constructivism has provided a theoretical framework for organizations and curriculum
developers such as the International Technology and Engineering Educators Association
(ITEEA). ITEEA curricula and standards are based on constructivist learning theory (Grubbs &
Strimel, 2015). This places the student at the center of the learning and moves the teacher to a
support position in developing knowledge. In today's education system, standards are the driving
force in curriculum development and assessment. In 2020, the ITEEA delivered a long-awaited
update to K-12 Standards for Technological Literacy (STL) to what is now known as the
Standards for Technological and Engineering Literacy (STEL). The publication outlines the eight
standards for each of the grade bands, along with what it identifies as eight technology and
engineering practices (TEP). These standards and practices are intended to guide classroom
teachers, administrators, directors, curriculum developers, and states in curriculum and program
development. The following figure, created by the ITEEA, illustrates a hierarchical relationship

showing standards fit into practices, and practices fit into context.
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Figure 2.3

STEL Illustration From ITEEA (2020)
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ITEEA described a set of eight core disciplinary standards and eight practices that are
widely applied across a range of eight technology and engineering contexts. Each of the

standards and practices should be studied in a variety of contexts. Figure 2.3 should be viewed as
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"a set of three octagons that can be rotated to indicate application of the core standards across a
range of disciplinary contexts and using a variety of technology and engineering practices"
(ITEEA, 2020).

While none of the practices are independent of each other, this research is rooted in the
practices of making and doing, collaboration, and communication. These three practices align
well with factors that affect self-efficacy. The practices of making and doing (TEP-3) are at the
heart of what makes technology and engineering education so different from other fields
(ITEEA, 2020, p. 71). The STEL document defines 'making' as a process of designing or creating
something, while 'doing' involves hands-on processes like building, and evaluating technological
products. These practices have evolved from producing pre-designed objects to solving open-
ended design challenges, fostering creativity and higher-order thinking in students. Open-ended
design allows for multiple approaches and optimization based on user needs and constraints. This
practice emphasizes that a student's engagement in a design process is more important than the
end result, promoting lifelong skills in problem-solving. In the process of making and doing, the
safe use of tools and materials is a crucial aspect taught by technology and engineering
educators. Making and doing does not always result in a physical model. Technology and
engineering education uses five types of models: conceptual, mathematical, graphical, physical,
and virtual. The extensive use of modeling sets it apart from other subjects. Students can perform
various practices within making and doing, including systems thinking, creativity, critical
thinking, collaboration, and ethical design (ITEEA, 2020). Success (mastery experience) in these
activities boosts students' confidence and sense of responsibility for addressing societal needs.

The practices of collaboration and communication can be leveraged for vicarious and

social persuasion. Activities designed to encourage students to work in small groups and



30

communicate through various interactions and peer assessments. Using rubrics and evaluation
worksheets, students can formulate proper feedback that empowers one another. The standards
and practices outlined in the STEL publication serve as a starting point for developing
meaningful learning in the technology and engineering classroom.

Phenomenography as a Research Approach

The origins of phenomenography come from research on 'approaches to learning' from
Goteborg University in Sweden in the 1970s (Marton & Séljo, 1976; Tight, 2016). The
development of phenomenography is attributed to the pioneering work of Ference Marton and
his colleagues, who sought to explore how individuals understand and perceive various
phenomena. It is an empirical method where researchers engage with the learners themselves in
close proximity to the learning situation (Booth, 2001). Phenomenography is "fundamentally a
research methodology where the focus of interest is the variation in ways people experience
phenomena or aspects of phenomena, they meet in the worlds they live in" (Booth, 2001, p. 171).
The goal of phenomenography is to describe the phenomena in the world as others see them and
to reveal and describe the variation therein, especially in an educational context (Marton, 1986).
Phenomenography holds a non-dualistic ontology in that a person's 'inner world' and 'outer
world' are not independent but rather constituted by the relation between the two (Akerlind,
2005a).

The context and setting are of particular interest because they constitute a piece of the
experience being analyzed. Marton contrasted the aim of phenomenography and the aim of
traditional research as to describe the 'world as perceived' as opposed to 'the world as it is'
(Marton, 2014; Tight, 2016). Internal, cognitive factors, combined with external, contextual

factors, are seen as inseparable in the way individuals experience a phenomenon that forms the
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unit of description defined as conception. Marton and Pong (2005, p. 335) defined conception as
the unit of description in phenomenography, indicating it has two intertwined aspects: the
referential aspect, which denotes the global meaning of the object conceptualized, and the
structural aspect, which shows the specific combination of features that have been discerned and
focused on.

This form of research takes on an interpretive focus with context-sensitive awareness of
student perceptions and interactions with phenomena to analyze their conceptions.
Phenomenographers are explicit about not attempting to represent the full richness of variation in
the experience of a phenomenon, but just those aspects that seem critical in distinguishing
qualitatively different ways of experiencing a phenomenon (Akerlind, 2005b). This way, the
researcher is trying to distinguish the aspects of variation to find a finite number of ways of
experiencing a phenomenon. To be clear, the variation being analyzed is the range of meanings
within a sample group and not the meaning for each individual within the group (Akerlind,
2005c). The experiences of phenomena are logically related to one another in typically
hierarchically inclusive relationships (Marton & Booth, 1997). This hierarchical relationship is
what phenomenographers call the outcome space.

Developmental Phenomenography

Phenomenography can take on different variations depending on the research purpose.
Marton developed what is seen as "pure' phenomenography, and Bowden modified this to what
he calls developmental phenomenography. Marton's 'pure’ phenomenography is interested in
how people conceive of various aspects of their reality, where the concepts under study are
mostly phenomena confronted by subjects in everyday life rather than course material studied in

school (Bowden & Walsh, 2000). Bowden (2000, p. 3) contrasts his approach by describing it as
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my phenomenographic research is developmental and it has a particular kind of context. It seeks
to find out how people experience some aspect of their world, and then to enable them or others
to change the way their world operates, and it usually takes place in a formal educational setting.

This is a purpose-driven model of research that seeks to use the outcomes of the studies
to develop generalizations about ways to organize learning experiences in a particular field of
study. The insights gained from research can help in planning learning experiences that will lead
students to a more powerful understanding of the phenomenon under study (Bowden & Walsh,
2000, p. 3).

In phenomenographic research, the term conception is used to refer to people's way of
experiencing a specific aspect of reality, and conceptions are typically presented in the form of
categories of description. Bowden's point of contention with the use of the term is that
conception and categories of description often get used interchangeably and "denies the
individual his or her voice". He cautions that "categories of description should be as faithful as
possible to the individual's conception but without being claimed to be equivalent to them, as
would be implied by the use of the term 'conception’ when referring to a category of description”
(Bowden & Walsh, 2000). Bowden specifies in his writing that he agrees with Johansson et al.
(1985) that conception is not visible but remains tacit, implicit, or assumed. He states he believes
that "following a given interview context, analysis of the transcripts enables me to differentiate
between a number of different ways of seeing the phenomenon that is apparent in that kind of
conversation" (Bowden & Walsh, 2000, p. 16). Phenomenographic interviews typically start with
interviewees responding to a planned question or situation. The questions are open-ended,

allowing for the interviewee to decide on what aspects of the question appear most relevant to
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them. This way, the questions are used as a diagnostic tool to reveal the different ways of
understanding the phenomena within that context (Bowden, 2000).

This study's purpose was to gain an understanding of how students' experiences with
digital fabrication technology impact their self-efficacy toward engineering. Phenomenography,
as a qualitative research approach, seeks to uncover the varied ways individuals experience,
conceptualize, and understand particular phenomena (Marton, 1981). This approach aligns well
with the study's purpose of examining secondary students' self-efficacy changes in engineering
contexts, especially within technology and engineering classes utilizing digital fabrication. By
exploring how students perceive and engage with digital fabrication tasks, phenomenography
allows for a nuanced understanding of their experiences, which is crucial in capturing the range
of factors impacting their self-efficacy (Akerlind, 2005a; Booth, 1997).

Given the study's focus on self-efficacy and phenomenography's emphasis on individual
perceptions, it supports the exploration of how these beliefs are formed or altered. This method
emphasized the students' voices and provided a platform to map variations in their learning
experiences, fitting the study's objective to reveal how exposure to, and autonomy with, digital
fabrication technologies shape their engineering-related confidence (Prosser & Trigwell, 1999).

The theoretical underpinnings, including constructivist and social learning theories,
aligned with phenomenography's goal of understanding learning as a relational, context-
dependent process (Marton & Booth, 1997). This alignment reinforces the rationale for using
phenomenography to investigate how unique contextual factors contribute to students' self-

efficacy development in engineering education.
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Engineering Self-Efficacy

Self-Efficacy in Engineering Education

In engineering education, self-efficacy plays a critical role in influencing students'
academic success, persistence in their studies, and long-term career aspirations. Research has
consistently shown that students with higher self-efficacy are more likely to excel academically,
persist through challenges, and remain committed to pursuing careers in STEM fields (Bandura,
1997; Geisinger & Raman, 2013; Pajares, 1996; Phan et al., 2023; van Aalderen-Smeets et al.,
2019). This literature review synthesizes studies that highlight the importance of self-efficacy in
shaping engineering students' academic trajectories and career choices.
The Role of Self-Efficacy in Academic Success

Phan et al. (2023) conducted a comprehensive review of the literature on self-efficacy in
engineering education, emphasizing its positive correlation with academic performance. Their
synthesis of multiple studies reveals that engineering students who possess strong self-efficacy
beliefs are more likely to set ambitious academic goals, employ effective learning strategies, and
persist in the face of academic challenges. In engineering, where students are confronted with
rigorous coursework and complex problem-solving tasks, self-efficacy acts as a key determinant
of their ability to navigate these challenges successfully. As Phan et al. (2023) note, students'
self-efficacy is shaped not only by their academic performance but also by their experiences with
challenging coursework that either strengthens or diminishes their confidence in their abilities.

Several factors contribute to the development of self-efficacy in engineering students.
One of the most significant is prior academic performance, particularly in subjects like
mathematics and science. Success in these foundational areas tends to enhance students' belief in

their ability to succeed in future engineering coursework. Moreover, positive social interactions,
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particularly with peers and faculty, can bolster students' self-efficacy. Supportive environments,
including mentorship and collaboration, have been shown to foster a sense of competence and
confidence in students, which in turn enhances their academic performance (Phan et al., 2023).
Self-Efficacy and Student Retention in Engineering

In addition to its impact on academic performance, self-efficacy also plays a crucial role
in student retention in engineering programs. Geisinger and Raman (2013) investigate the factors
that contribute to student attrition in engineering, finding that students who experience academic
difficulties are often the first to leave their programs. The authors identify several themes that
contribute to student attrition, including academic challenges, personal issues, and shifting
perceptions of the engineering profession. Students who struggle academically often experience
a loss of self-efficacy, which can lead to feelings of inadequacy and a decline in motivation.
Geisinger and Raman (2013) argue that early interventions such as academic support programs
and faculty involvement are essential in preventing attrition by helping students regain their
confidence.

Self-efficacy is especially important in retaining students in demanding programs like
engineering, where failure or struggles with coursework can quickly diminish confidence.
Students with high self-efficacy are more likely to persist through academic challenges, while
those with lower self-efficacy may experience academic burnout or disengage from their studies.
Therefore, fostering self-efficacy through targeted support and creating an inclusive, supportive
environment is key to improving retention rates in engineering programs (Geisinger & Raman,

2013).
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Self-Efficacy and Career Choices in STEM

Beyond academic success and retention, self-efficacy also influences engineering
students' career aspirations. In a related study, van Aalderen-Smeets et al. (2019) examine the
relationship between self-efficacy and career choices in STEM fields. The authors find that
students with higher self-efficacy beliefs are more likely to pursue careers in engineering and
other STEM disciplines. These students tend to perceive themselves as capable of succeeding in
STEM-related tasks and are more confident in their ability to overcome obstacles in their future
careers. Conversely, students with lower self-efficacy may experience doubt about their abilities,
leading them to reconsider or abandon STEM career paths altogether (van Aalderen-Smeets et
al., 2019).

The study also highlights the role of social factors such as gender and societal
expectations in shaping students' self-efficacy and career decisions. Female students and students
from underrepresented groups often report lower self-efficacy due to societal biases and a lack of
role models in engineering. Addressing these barriers and providing diverse mentors and role
models can help increase self-efficacy and encourage more students to pursue engineering
careers (van Aalderen-Smeets et al., 2019). This aligns with Phan et al.'s (2023) assertion that
positive social support and exposure to diverse role models are critical for building students' self-
efficacy.

Strategies to Enhance Self-Efficacy in Engineering Students

Given the pivotal role of self-efficacy in academic success, retention, and career
aspirations, several strategies have been proposed in the literature to enhance self-efficacy of
engineering students. Phan et al. (2023) highlight the effectiveness of active learning strategies,

such as problem-based learning and project-based learning, in fostering self-efficacy. These
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teaching methods provide students with opportunities for mastery experiences, where they can
apply engineering concepts to real-world problems and see the tangible results of their efforts.
By successfully completing these tasks, students build confidence in their abilities.

Van Aalderen-Smeets et al. (2019) also emphasize the importance of mentorship
programs in fostering self-efficacy. Mentorship, whether from faculty, peers, or industry
professionals, provides students with guidance, emotional support, and a clearer sense of their
potential career paths. Such mentorship can be particularly impactful for students from
underrepresented groups, who may face additional challenges in the classroom or the workplace.
By offering personalized support and guidance, mentorship can strengthen students' belief in
their capacity to succeed both academically and professionally.

Furthermore, encouraging a growth mindset where students view challenges as
opportunities for growth rather than as insurmountable obstacles can significantly improve self-
efficacy. Phan et al. (2023) suggest that educators should emphasize the importance of effort,
persistence, and learning from failure, helping students develop resilience and maintain their
motivation in the face of difficulties.

Taken together, these studies underscore the importance of self-efficacy in engineering
education. Self-efficacy not only influences academic performance but also plays a crucial role
in student retention and career decisions. Students with high self-efficacy are more likely to
persist through academic challenges, remain in engineering programs, and pursue careers in
STEM fields. Interventions aimed at building self-efficacy particularly for students from
underrepresented groups are essential for improving retention rates, fostering diversity, and

ensuring the long-term success of engineering students. Educators can play a key role in
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enhancing self-efficacy by creating supportive learning environments, offering mentorship, and
providing opportunities for students to experience mastery in their field.
Self-Efficacy and Pre-College Engineering Education

Most research on engineering self-efficacy has focused on the postsecondary level, while
studies in the K-12 domain have been relatively sparse. However, pre-collegiate engineering
education holds significant potential to serve as an integrator of the STEM disciplines (Moore et
al., 2014). Historically, engineering has not been a part of the traditional K-12 curriculum, and its
inclusion at the K-12 level has been the subject of ongoing debate. National policy documents
have emphasized the importance of engineering education and explored its potential integration
(National Academy of Engineering & National Research Council, 2009; National Research
Council, 2012). Issues surrounding the development of standards and pedagogical practices for
K-12 education have resulted in several proposals, including the NGSS Engineering Practices. A
body of research surrounding the development of quality pre-collegiate engineering education
has emerged with proponents in one study utilizing the ABET accreditation standards as a
starting point and adapting them for the K-12 environment (Moore et al., 2014). Research
suggests K-12 engineering experience contributes to higher self-efficacy in college engineering
students (Fantz et al., 2011). Research has also shown that self-efficacy to be a predictor of
students' college major and career choices (Lent & Brown, 2006; van Aalderen-Smeets et al.,
2019). Therefore, researchers and practitioners must understand the implications of pedagogical
practices on the self-efficacy of pre-collegiate engineering students.

High school represents a critical period for shaping students' engagement with STEM
fields, as it provides the first opportunity for many to explore advanced STEM content and

decide on their academic trajectory. To foster a positive STEM self-concept and encourage
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future careers in STEM, students need low-pressure, hands-on experiences where they can
engage with STEM material in supportive environments. Many studies on STEM self-efficacy at
the secondary level focus on underrepresented groups, aiming to address the challenges of racial
and gender diversity in STEM fields. For instance, a study involving high school students from
underrepresented backgrounds demonstrated that providing a collaborative, inclusive learning
environment, with the support of mentors and peers, helped to enhance students' STEM self-
efficacy. Over a 4-week period, participants experienced three key sources of self-efficacy: task
mastery (building competence), vicarious learning (observing peers succeed), and social
persuasion (receiving feedback and encouragement). These factors positively influenced the
students' intentions to pursue STEM careers (Kuchynka et al., 2021).

Research indicates that self-efficacy and career intentions are mutually reinforcing when
students believe they can succeed, they are more likely to take on STEM challenges, seek
mentorship, and persist in STEM pathways. Conversely, negative experiences in STEM can
undermine self-efficacy, leading to avoidance. Therefore, creating positive and supportive
learning environments is essential, especially for underrepresented students who may face
additional barriers such as limited resources and cultural stereotypes that undermine their
confidence in STEM. Educational climates that foster competence, autonomy, and a sense of
belonging are crucial for promoting long-term engagement with STEM and encouraging diverse
participation in STEM careers (Kuchynka et al., 2021).

The study by Wingard et al. (2022) explores the development of creative self-efficacy in
adolescent girls through a design thinking workshop, focusing on how specific educational
interventions can help bridge the gender gap in STEM. As girls progress through their academic

and professional careers, they often face significant challenges in STEM, including lower self-
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confidence and a lack of role models. Educational programs that strengthen self-efficacy are
essential in addressing these barriers. Wingard et al. (2022) identify two key mechanisms that
contribute to the development of creative self-efficacy in high school girls: (1) the creation of a
safe, supportive learning environment that fosters mastery experiences, and (2) the opportunity to
interact with women STEM leaders, offering vicarious learning experiences that inspire and
empower.

The study highlights the importance of collaborative learning environments where girls
engage in reflective practices. In the design thinking workshop, participants were encouraged to
share and refine ideas in a team-based setting, which allowed them to move past the fear of
judgment and build confidence in their creative abilities. This safe space for risk-taking and idea-
sharing was crucial in strengthening the girls' sense of self-efficacy. As they gained mastery
through practice and collaborative problem-solving, the girls felt more empowered to express
their ideas, reinforcing their belief in their own abilities. This finding aligns with Bandura's
(1997) research, which shows that mastery experiences and positive feedback from peers can
significantly enhance self-confidence in one's skills.

Furthermore, Wingard et al. (2022) underscores the role of vicarious learning in
strengthening self-efficacy. By interviewing women STEM leaders, the participants had the
opportunity to connect with role models in a more personal and empathetic way, rather than
through the traditional one-sided format of STEM talks or presentations. The girls not only
learned about the professional journeys of these women but also gained insight into their
passions, struggles, and motivations. This deeper, empathy-based interaction with STEM
professionals served as a powerful tool for enhancing the girls' sense of self-efficacy. The

participants were able to envision themselves in similar roles, reinforcing their belief that they
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too could succeed in STEM fields. These findings align with Bandura's (1986) theory of

vicarious experience, which suggests that observing others succeed strengthens one's own sense
of capability.

The results of this study have important implications for pre-college engineering
education, particularly in addressing the underrepresentation of women in STEM fields. By
incorporating strategies that promote safe, collaborative learning environments and providing
opportunities for students to interact with diverse, successful role models, educators can foster a
greater sense of self-efficacy in young women. These interventions can improve academic
performance and inspire students to pursue and persist in STEM careers, ultimately helping to
narrow the gender gap in the field.

Overview of Digital Fabrication Tools and Processes

Digital fabrication technologies, such as 3D printing, Computer-Aided Design (CAD),
and Computer-Aided Manufacturing (CAM), have transformed education, particularly in
engineering and STEM fields. These technologies facilitate hands-on learning experiences,
allowing students to design, prototype, and manufacture physical objects directly from digital
models. As noted by Ullah et al. (2020), integrating 3D printing into educational curricula
enhances students’ ability to apply theoretical knowledge to practical applications, preparing
them for real-world engineering challenges.

3D printing, also referred to as additive manufacturing, constructs objects layer by layer
from a digital model, enabling the production of intricate geometries and customized designs that
would be difficult or costly to achieve using traditional manufacturing methods. This process is
supported by CAD software, which allows for the design and modification of digital models, and

CAM software, which converts these designs into machine instructions that guide the fabrication
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process. The standard workflow for 3D printing involves concept formulation, CAD modeling,
conversion to an STL file, slicing into machine instructions using CAM software, physical
printing, and post-processing to refine the final object (Ullah et al., 2020).

Benefits of Digital Fabrication in K-12 Engineering Education

There are many potential benefits to incorporating digital fabrication into engineering
education. The use of 3D printing supports an outcome-oriented approach aligned with ABET’s
educational objectives. By engaging in hands-on projects, students develop competencies in
engineering design, problem-solving, and experimentation. Ullah et al. (2020) outline a tutorial-
based framework in which students design, digitize, and fabricate components such as spur
gears, reinforcing their understanding of mechanical principles and manufacturing processes.

Building on this, Dalgarno, Bishop, and Hedberg (2018) demonstrate that incorporating
3D printing into engineering curricula not only increases student engagement and motivation but
also helps solidify abstract engineering concepts through the creation of tangible models. Their
research shows that 3D printing allows students to visualize and physically interact with complex
structures, deepening their understanding and supporting experiential learning (Dalgarno et al.,
2018).

Students develop practical skills by engaging with digital fabrication tools to gain
proficiency in CAD modeling, geometric visualization, and digital manufacturing workflows.
The process of creating, modifying, and optimizing designs for 3D printing helps develop spatial
reasoning and technical expertise, which are essential skills in modern engineering and design
professions. Dalgarno et al. (2018) highlight the iterative nature of 3D printing-enabled design,
which encourages students to refine and optimize their models, reflecting the cycles of real-

world engineering processes.
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Digital fabrication fosters an iterative design approach, enabling students to test and
refine their ideas quickly. This process aligns with engineering problem-solving methodologies,
in which students analyze constraints, develop prototypes, and improve designs through
experimentation. The ability to explore multiple solutions enhances creativity and adaptability,
both of which are essential attributes for engineers (Pearson and Dubé¢, 2022).

Traditional engineering education often emphasizes theoretical instruction, which can be
abstract and difficult to apply. Digital fabrication bridges this gap by providing tangible, real-
world applications. Ullah et al. (2020) demonstrate that students working with 3D printing
follow a structured learning process that strengthens their comprehension of mathematical and
physical principles through direct experimentation. Dalgarno et al. (2018) further emphasize that
such hands-on experiences lead to increased retention and application of engineering knowledge.

The effective use of 3D printing in education requires teacher training and curriculum
development. Educators must become proficient in digital design tools, material properties, and
fabrication techniques to effectively integrate these technologies into their teaching. Research
suggests that professional development programs focusing on CAD/CAM applications
significantly improve educators’ ability to teach STEM subjects (Pearson and Dubé, 2021).
Dalgarno et al. (2018) also identify challenges such as equipment costs, time requirements, and
the need for staff expertise, underscoring the importance of institutional support and ongoing
professional development.

Integration of 3D Printing with Engineering Design Principles

The adoption of digital fabrication in engineering education supports an iterative design

process, allowing students to conceptualize, prototype, test, and refine their ideas. According to

Ullah et al. (2020), the structured workflow for 3D printing in education includes:
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e Conceptualization — Identifying a design problem and brainstorming possible
solutions.

e Digital Modeling — Using CAD software to create and refine a digital prototype.

e Manufacturing Preparation — Converting the CAD model into machine-readable
instructions using CAM software.

e Physical Production — Using 3D printers or other digital fabrication tools to create
a tangible object.

Dalgarno et al. (2018) highlight that this workflow not only reinforces technical skills but
also supports the development of design thinking and problem-solving abilities essential to
engineering practice. This process aligns with the engineering design cycle, reinforcing critical
competencies such as:

e Problem Identification and Ideation — Students use CAD software to design
solutions for real-world engineering problems.
e Prototyping and Testing — Rapid prototyping with 3D printing enables students to
iterate designs efficiently.
e Optimization and Manufacturing — The integration of CAM software introduces
students to design-for-manufacturability (DFM) principles.
Enhancing Problem-Solving and Collaboration

The process-driven nature of 3D printing and CAD modeling promotes active learning,
encouraging students to engage in:

e Collaborative Design Thinking — Working in teams, students refine designs

through peer feedback and iteration.
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e C(ritical Reflection — Students analyze failures and successes in their prototypes,
fostering real-world problem-solving.
e STEM Integration — The cross-disciplinary nature of digital fabrication
strengthens connections between engineering, mathematics, and science (Pearson
and Dubé, 2021).
Gaps in the Literature
Limited Research on Digital Fabrication in Secondary Education
Novak et al. (2021) highlight limited research on the use of 3D printing technology in
high school settings, especially within engineering education. While 3D printing has gained
considerable traction in various contexts, its integration into high school engineering curricula
remains underexplored. Most studies reviewed focus on higher education and middle school
levels, with few addressing secondary education (Novak et al., 2021). This gap underscores the
need for further exploration into how 3D printing can enhance engagement, self-efficacy, and
learning outcomes in high school engineering programs (Nemorin and Selwyn, 2017; Novak et
al., 2021).
Limited Focus on Self-Efficacy in Secondary Engineering Programs
Although studies show that hands-on learning and project-based approaches significantly
enhance students’ confidence in their engineering abilities (Sadler et al., 2019), there remains a
lack of focused work in high school contexts. Much of the literature addresses self-efficacy in
STEM more broadly (Zainol and Arsad, 2024). Moreover, research suggests that mentorship and
peer collaboration are critical to boosting self-efficacy (Dabney et al., 2012). However, gender
and stereotype threats continue to influence disparities in self-efficacy, particularly among

underrepresented students (Sebastian-Tirado et al., 2023). Thus, additional research is needed to
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identify how technology integration, instruction, and peer dynamics shape self-efficacy in high
school engineering.
Calls for Research on Pedagogical Approaches Using Digital Fabrication

Chiu et al. (2015) and Ullah et al. (2020) emphasize the need for more research on how
digital fabrication technologies can be effectively integrated into pedagogical frameworks. They
argue that while widespread, these tools lack systematic implementation strategies within STEM
education. Both studies highlight the importance of studying instructional design strategies that
maximize student engagement and develop engineering skills.

Summary

The literature reviewed establishes a theoretical foundation for examining digital
fabrication’s influence on engineering self-efficacy. Bandura’s (1989) social cognitive theory
emphasizes the role of self-efficacy in shaping learning outcomes, while constructivism
highlights the importance of active, hands-on learning (Ultanir, 2012). Digital fabrication
supports these theories by allowing students to apply problem-solving and technical skills
experientially (Pearson and Dubé, 2021).

Despite progress in K—12 and higher education, gaps persist in understanding how these
technologies affect secondary school learners (Novak et al., 2021). Addressing this issue is
crucial for developing effective strategies that improve confidence and participation in STEM
pathways (Zimmerman et al., 2017). The following chapter outlines the methodology used to

explore these topics in greater depth.
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Chapter 3: Methodology

Introduction

This study investigated the specific aspects of the student experience in technology and
engineering classes that utilized digital fabrication and how these aspects contributed to changes
in self-efficacy toward engineering. Additionally, the study considered contextual factors,
particularly access to and autonomy with technology in the classroom, to understand their impact
on student self-efficacy.

Phenomenography was selected as the methodological approach because it was designed
to explore the diverse ways individuals experienced and understood the same phenomenon.
Students brought unique perspectives shaped by their varied backgrounds, leading them to
engage with the same lessons and materials differently, resulting in multiple interpretations and
understandings of similar content (Marton, 1981).

This approach captured and described variations in experience rather than focusing solely
on commonalities (Akerlind, 2005a; Marton, 1981). This aligned with the study’s goal of
understanding the range of student experiences, which was essential in contexts where
educational backgrounds and personal perspectives shaped individual learning (Marton & Booth,
1997).

This chapter outlined the research design of the phenomenographic study, detailing the
research setting, participant recruitment, data collection methods, data analysis procedures,

validity and reliability measures, ethical considerations, and study limitations.
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Research Design
Phenomenography and Its Rationale

A qualitative research design offered a nuanced way to explore complex phenomena,
enabling the researcher to gain comprehensive insights through flexible questioning and
extensive data collection (Borrego, Douglas, & Amelink, 2009). In engineering education
research, there had been a shift toward qualitative and mixed methods, recognizing their capacity
to provide explanatory power to the data collected (Case & Light, 2011). Informed by this shift,
the adoption of phenomenographic methodology aligned with the goals of this research, enabling
an interpretation of the diverse experiences surrounding a phenomenon (Akerlind, 2005a).

Phenomenography resonated with the constructivist perspective inherent in technology
and engineering curricula (Kolodner, 2002), acknowledging the individual experiences that
students brought to the educational setting, which were shaped by their prior knowledge and
contextual backgrounds (Marton, 1981). By adopting phenomenography, this study sought to
capture and interpret the lived experiences of students engaging with digital fabrication in
technology and engineering courses, illustrating the underlying variations in perception and
understanding among students.

Furthermore, this research design adhered to established guidelines set forth by Ashworth
and Lucas (2000), Bowden and Green (2005), and Akerlind (2005a), while also building on the
foundational work of Bowden (2000). This alignment ensured methodological rigor and
coherence throughout the study. Grounding the research within these frameworks provided an in-
depth exploration of students' interactions with digital fabrication, contributing valuable insights

to the literature on digital fabrication and self-efficacy in engineering education.
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Figure 3.1

The phenomenographic research process based on to Bowden (2000).
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Research Setting

The study was situated in a traditional high school in eastern North Carolina with
approximately 1,100 students. The school was located near a large military base, contributing to
nearly half of the student population being military-affiliated. The transient nature of military
service members resulted in a diverse student demographic bringing a wealth of experiences
from around the globe. The technology and engineering course was offered as part of a Career
and Technical Education (CTE) program, utilizing the ITEEA Engineering by Design curriculum
as a foundation for classroom activities.

Students had access to a 3D printing lab equipped with fourteen 3D printers, two 3D
scanners, computers with Autodesk Fusion 360, and various tools and hardware for processing
their designs. An instructional module was developed to introduce students to the 3D lab,

covering the use of the equipment, including 3D printers, 3D scanners, measurement devices,
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and hand tools. To provide consistency in content delivery, how-to videos and tutorials were
delivered digitally through a Learning Management System (LMS), allowing the instructor to
assume a lab assistant role rather than focusing on direct instruction.

For phenomenographic studies, it was recommended that interviews be conducted with a
sample of 10 to 20 participants until saturation was reached (Trigwell, 2000, 2006).
Phenomenography often employed purposive sampling to ensure diverse perspectives were
represented. Once participants were identified, interviews were conducted in line with
recommendations from Ashworth and Lucas (2000) and Akerlind (2005b).
Data Collection

The primary data for this study were collected through semi-structured interviews guided
by the questions outlined below. An interview protocol (Appendix A) was developed after
careful consideration of each research question and the constructs identified in Bandura’s (1977)
research on sources of self-efficacy. During the interview process, additional clarifying prompts
were employed, such as, “Why do you think that is s0?” or “Can you elaborate on ‘x’?” (Bowden
& Green, 2005). Grounded in social cognitive theory and the factors that influence self-efficacy,
the interview protocol was specifically designed to address each research question central to this
study.
RQ1

What specific aspects of the student experience in a technology and engineering class
using digital fabrication contributed to changes in self-efficacy in engineering among secondary-
level students?

The objective was to investigate the specific aspects of student experience with digital

fabrication that contributed to changes in their self-efficacy in engineering. Following Bandura’s
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(1977) research, the questions focused primarily on mastery experiences, vicarious experience,
social persuasion, and emotional/physiological states, as these directly related to how individual
experiences with technology influenced self-efficacy. These questions explored students’
personal experiences, social interactions, and emotional reactions in relation to how these factors
shaped their self-efficacy within the context of digital fabrication in technology and engineering
classes.

Mastery Experiences

e Can you recall a time when you successfully completed a task using digital
fabrication tools? How did that success affect your confidence in tackling future
engineering tasks?

e Were there any challenges or failures when using the technology? How did those
experiences influence your belief in your ability to use these tools effectively?

Vicarious Experiences (Social Modeling)

e Have you observed classmates or instructors successfully using digital fabrication
technology? How did watching others influence your own confidence in using the
tools?

¢ Do you think seeing someone like you succeed at using the tools affected your
belief in your own ability to do the same? Can you explain how?

Social Learning and Peer Interaction

e How did working with classmates or in groups affect your confidence in using the

digital fabrication tools? Did collaboration enhance or reduce your belief in your

own abilities?
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¢ Did receiving feedback or guidance from your teacher or peers influence how
capable you felt in using digital fabrication technology? Can you explain how?

e How confident did you feel in making decisions about how to use the technology
on your own? Did the freedom to explore and make mistakes affect your belief in
your abilities?

Physiological and Emotional States

e How did you feel when you first started using digital fabrication tools? Did
nervousness or excitement impact your belief in your ability to succeed with
them?

e Were there times when you felt anxious or stressed while using the technology?
How did those feelings affect your confidence in completing the task?

RQ2

To what extent did contextual factors such as access to and autonomy with digital
fabrication technology impact student self-efficacy in engineering at the secondary level?

The objective of this set of questions was to explore how contextual factors such as
access to and autonomy with digital fabrication impacted self-efficacy. Bandura’s (1989)
research highlighted the importance of environmental influences, autonomy, and self-regulation
in shaping self-efficacy. The questions were designed to explore how external contextual factors,
such as access to technology, the degree of autonomy students had, and social dynamics in the
classroom, shaped students’ self-efficacy in using digital fabrication technology.
Environmental Influences (Access to Resources)

e How did the availability of digital fabrication tools in your class affect your

confidence in using them for engineering tasks?
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e Were there any limitations in the classroom setting that affected your ability to
engage with the technology? How did these limitations influence your
confidence?

Autonomy and Self-Regulation

e To what extent did you feel in control of how you used the digital fabrication
tools? How did that freedom or autonomy influence your belief in your ability to
succeed?

e  When you were able to decide how to approach a project or task using digital
fabrication technology, did that sense of autonomy affect your confidence?

e How much freedom did you have to choose what projects or tasks to work on
with the digital fabrication tools? Did having autonomy over your projects affect
how capable or confident you felt?

Influence of Classroom Structure and Organization

e How did the structure of the class (such as the amount of time given to work with
the tools or the organization of tasks) impact your confidence in learning how to
use the digital fabrication tools?

e Were there any barriers in the classroom environment (like limited time, restricted
access, or shared resources) that influenced your confidence in your ability to use
the technology effectively?

Emotional and Physiological States (Reactions to Environment)

e How did the classroom environment (e.g., physical space, access to resources)

impact your feelings toward using digital fabrication technology, and how did that

influence your self-confidence?
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The final questions explored the general self-efficacy of students related to their
experiences with digital fabrication technology in the course.
Reflection on Self-Efficacy in Engineering
¢ Thinking back, how would you describe your confidence in doing engineering
tasks before and after the class?
e In what ways, if any, do you feel that using digital fabrication prepared you for
future engineering tasks or projects?
e How would you describe your overall growth in terms of your abilities and
confidence in engineering from the beginning to the end of the course?
e If you could change something about the class, especially regarding the
technology or how it was used, what would it be and why?

The interviews were audio-recorded and transcribed. After transcription, both the
transcripts and interview notes were shared with the participants for review, enabling them to
confirm the accuracy of the content as part of the member checking process. Member checking
the findings was not conducted due to the collective nature of phenomenographic interpretations
(Akerlind, 2005b).

In addition to the interviews, student artifacts were collected, including 3D CAD models,
drawing sheets, or 3D printed models that showcased student performance. These artifacts
helped remind students of their experiences and complemented the interview data, demonstrating
their progress toward mastering the curriculum.

Lastly, student grades were collected to gain insights into the relationship between grade
attainment and self-efficacy. Utilizing these three data sources provided triangulation, enhancing

the credibility and validity of the findings (Carter, 2014).
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Data Analysis

The first step in analysis was reading through the transcripts to familiarize the researcher
with the data (Akerlind, 2005b). After the initial reading, the transcripts were re-read to begin
looking for patterns and relationships. The analysis began with a search for meaning, or variation
in meaning, across interview transcripts (Akerlind, 2005¢). This form of open coding allowed the
researcher to identify various ways of understanding or experiencing the phenomenon. The aim
was to capture as many distinct experiences as possible, without forcing them into predefined
categories.

Next, categories of description were formed. The data gathered from interview questions
were pooled and analyzed to identify emergent themes defining the study’s outcome space.
These emergent themes were developed as distinct categories of description addressing the
research questions, capturing the range of ways participants experienced or understood the
phenomenon. This iterative process continued until the data could be represented in a
parsimonious, logically structured hierarchy (Booth, 1997). Following Akerlind (2005b), the data
analysis involved:

1. Focusing on the referential (meaning) or structural aspects of each category of
description, examining both what was understood and how it was understood.

2. Analyzing the “how” and “what” aspects of the phenomenon to differentiate
levels of understanding.

3. Comparing similarities and differences within and between categories and
transcripts to refine each category’s distinct features.

4. Resolving discrepancies by discussing mismatches in interpretation among

researchers.
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5. Examining borderline transcripts or those with elements that did not neatly fit any
proposed category, refining categories as needed.

6. Evaluating the implications of changes in any one category for the overall set of
categories.

By repeatedly reviewing categories and transcripts, the researcher identified a hierarchy
among them, representing the limited number of qualitatively different ways in which the
phenomenon was experienced. This hierarchy supported a comprehensive understanding of the
variations present in participants' experiences, facilitating awareness of the full range of
perceptions (Prosser & Trigwell, 1997).

The “outcome space” in phenomenography is a structured representation of these varied
ways a group of individuals experienced or conceptualized the phenomenon. Comprising the
“categories of description,” this outcome space was organized hierarchically to show
relationships and levels of complexity among experiences (Marton, 1981; Marton & Booth,
1997). The outcome space served as the central result of the phenomenographic study, capturing
variations and relationships between categories, providing insights into diversity within a single
educational context.

Phenomenographic data analysis often is conducted in teams due to the substantial
volume of data and the dialogic nature of coding. In this dissertation, the researcher was solely
responsible for the entire analytical process. As noted by Akerlind (2005b, p. 70), high-quality
phenomenographic research can be accomplished by individual researchers. To reduce the data
burden, enhance analytic efficiency, and support transparency, the qualitative data analysis

software ATLAS.ti (Ver. 25.0.1) was utilized alongside its integrated ChatGPT plugin.
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ATLAS.ti is a sophisticated Computer-Assisted Qualitative Data Analysis Software

(CAQDAS) tool designed to facilitate the systematic organization, coding, and visualization of
qualitative data. It supports the creation of a hierarchical coding structure with categories and
subcodes, enabling nuanced representation of thematic relationships. Throughout the analysis,
ATLAS.ti assisted managing complex coding overlaps by allowing dialogic reflection on code
similarities and distinctions, thus supporting the iterative refinement of categories. The software
also facilitated the retrieval of illustrative quotations linked to specific codes and categories,
providing direct evidence to substantiate the findings.

The ChatGPT plugin, integrated within ATLAS.ti, served as an assistive tool to generate
initial coding suggestions, engage in dialogic exploration of coding overlaps, and summarize
relevant data segments when querying the dataset via natural language. Importantly, all Al-
generated outputs were critically reviewed, refined, and validated by the researcher, maintaining
alignment with the phenomenographic framework and preserving methodological rigor. This
combined use of ATLAS.ti and ChatGPT supported a transparent analytic process through an
audit trail of coding decisions, while enhancing the efficiency and depth of data engagement.
Validity and Reliability

Qualitative researchers address validity and reliability despite their origins in positivist
research (Akerlind, 2005a). Validity is generally acknowledged as the extent to which a study
investigates what it aimed to, while reliability reflects use of appropriate procedures ensuring
quality and consistency in data interpretation (Guba, 1981).

Phenomenography, like other interpretive methods, cannot be entirely objective; thus,
focus was placed on reflecting research aims through methods used. Phenomenographic

researchers commonly use communicative and pragmatic validity checks, though use varies
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(Akerlind, 2005a). Communicative validity ensured that methods and interpretations were
deemed appropriate by the research community (Akerlind, 2005a). Pragmatic validity related to
the usefulness and meaningfulness of outcomes to intended audiences (Entwhistle, 1997).

For this study, communicative validity included audit trails and qualitative software use
to ensure consistency and transparency in coding decisions and category formation. Validity was
further enhanced through software-aided comparative analysis and relationship modeling (Clarke
et. al., 2021).

Regarding reliability, Akerlind (2005a) noted phenomenography uses similar approaches
as other interview research to offset impacts of single-researcher perspectives:

1. Coder reliability checks, where two researchers independently code transcripts
and compare categories; and

2. Dialogic reliability checks, where agreement is reached through discussion and
critique of data and interpretive hypotheses.

These checks vary in use (Akerlind, 2005¢c). Bowden (1996) and Prosser (2000) strongly
advocated these reliability checks.

In this study, reliability was supported via software ensuring coder consistency and
systematic data processing, aiding objectivity. Reflecting Van Rossum and Hamer’s (2010)
emphasis on audit trails and transparency, an audit trail documented every coding step to
strengthen validity. For dialogic reliability, self-review and reflexive memos were integrated,
creating a journal documenting researcher bias, thoughts, and interpretations, supporting

reflexivity (Houghton, Casey, Shaw, & Murphy, 2013).
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Ethical Considerations

Ashworth and Lucas (2000) discussed bracketing in qualitative research as setting aside
assumptions as much as possible. They noted some presuppositions remain, such as shared topic
assumption and conversational possibility. Servant-Miklos and Kolmos (2022) indicated
bracketing’s imperfections, acknowledging moral, ethical, and political commitments cannot be
fully bracketed but are mitigated by interpretive awareness through reflexivity and positionality.

Reflexivity is common among qualitative researchers to gain self-understanding of
biases, values, and experiences (Creswell & Poth, 2016). The use of qualitative data analysis
software facilitated transparency and reflexivity by creating continuous researcher journals for
reflection and reevaluation during the study.

Positionality concerns an individual’s worldview and stance toward research, including
social and political context (Holmes, 2020). The researcher’s constructivist perspective, shaped
by nearly two decades in STEM education, emphasized student experiences and diversity. While
behaviorist elements remain due to educational systems, the constructivist approach allowed
students to actively engage and develop problem-solving skills independently. This lens
highlighted students’ unique roles within socially constructed environments, acknowledging
societal influences (Servant-Miklos & Kolmos, 2022).

The researcher brought over a decade of 3D printing experience using the technology
from middle school to community college classrooms, fostering understanding of both benefits
and challenges. Acting as practitioner and researcher raised concerns about coercion and bias;
hence, research was conducted retrospectively with former students who completed the course

and were not enrolled in the researcher’s other classes.
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Limitations

Several factors limited the study despite the methodological approach being suitable for
the context. The primary limitation was its retrospective design; students were interviewed after
completing the course, which may have affected the accuracy of their recall and the detail of
their self-reports. Researcher positionality also presented a potential source of bias. Familiarity
with participants, even with bracketing efforts, may have influenced their responses. In addition,
single-researcher data analysis limited interpretive diversity, whereas team coding may have
improved reliability and analytic depth. Finally, the study’s setting, a single high school with
distinctive technology access and curriculum, restricted the generalizability of the findings to
other contexts.

Summary

This chapter described the research design and methods used to investigate digital
fabrication’s impact on secondary students' self-efficacy in engineering. Using
phenomenography, the study explored varied student experiences and perspectives toward
understanding digital fabrication in a classroom setting.

Conducted at a culturally diverse military-affiliated high school in North Carolina, the
study utilized a 3D lab with various digital fabrication tools. Data were collected via semi-
structured interviews focusing on students' personal technology experiences, autonomy,
collaboration, and environmental factors, aligning with Bandura’s self-efficacy framework.
Student artifacts and grades complemented the data.

Data analysis involved iterative coding to form categories representing the range of
student experiences, with the outcome space illustrating these in a hierarchical structure.

ATLAS.ti software ensured consistency and transparency. Reliability was supported through
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self-checks, and reflexivity and positionality considerations mitigated researcher bias. Ethical
practices emphasized bracketing and transparency. Limitations included retrospective recall,

single-researcher analysis, and setting-specific generalizability.
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Chapter 4: Findings

Introduction

This chapter presents the findings of a phenomenographic study examining how
secondary students develop self-efficacy in engineering through engagement with digital
fabrication. Guided by phenomenographic methodology, the study identifies qualitatively
different ways students experience their own engineering capabilities and organizes these
experiences into a hierarchical outcome space (Bowden & Green, 2005; Marton & Booth, 1997).
Findings are discussed in relation to self-efficacy theory, primarily Bandura's (1997) model and
its application in educational research (Pajares, 1996), with each category grounded in direct
student statements.

The two guiding research questions are:

What specific aspects of the student experience in a technology and engineering class
using digital fabrication contribute to changes in self-efficacy in engineering among secondary-
level students?

To what extent do contextual factors such as access to and autonomy with digital
fabrication technology impact student self-efficacy in engineering at the secondary level?

To answer these questions, the chapter begins by presenting the emergent themes,
categorizing students' experiences into distinct ways of perceiving engineering self-efficacy. Key
influences, such as access to digital fabrication tools, autonomy in project-based learning, and
interactions with peers and instructors, are examined in depth. Findings are organized
thematically, categorizing student experiences into distinct descriptions of self-efficacy

development, as advocated by Akerlind (2005) and Marton and Booth (1997).
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Beyond individual experiences, the chapter explores broader contextual factors, including
classroom environment, exposure to engineering concepts, and perceived competence that shape
students' confidence in their engineering abilities. Variations in self-efficacy development are
analyzed to highlight the pedagogical elements most effective in fostering student growth.
Overview of Participants and Data Collection

To recruit participants for this study, class rosters from previous engineering courses
incorporating digital fabrication were obtained from Canvas, and currently enrolled students
were contacted via email. Those who responded and returned the required consent and assent
forms comprised the final sample of twelve students, including seven females and five males.
Although the sample size was modest, it encompassed a diverse range of perspectives, consistent
with qualitative research best practices aimed at variation in participant backgrounds (Akerlind,
2005a; Bowden & Green, 2005).

Figure 4.1

Research Sample Demographics

Sex and Ethnicity Distribution
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Participants ranged from ninth to twelfth grade, with an equal distribution among
freshmen and seniors (four each), and sophomores and juniors (two each). All had completed the
technology and engineering course, with some finishing as recently as the previous semester and
others completing the course up to three years prior to the study.

Figure 4.2

Research Sample Grade Band Distribution

Student Grade Level
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Data collection relied on in-depth, semi-structured interviews designed to elicit both the
content and the meaning of students' experiences, a cornerstone of phenomenographic methods
(Marton & Booth, 1997). The interviews encouraged students to reflect on their growth,
challenges, and classroom environment, with a focus on variation in how self-efficacy was

understood and developed while working with digital fabrication tools.
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Prior to conducting interviews, student grades and work samples were obtained from
Canvas to provide contextual information about participants' academic performance. All
participating students were high achievers, having completed the course with either an A or a
high B grade. To enhance the richness and specificity of interview responses, students were
given their own work samples before each interview, helping them to recall and reflect upon
their prior experiences. Consistent with phenomenographic methodology, while these artifacts
offered valuable background and context, the primary analytic focus centered on the interview
data as the most critical source of insight into students' lived experiences and perceptions of self-
efficacy development (Akerlind, 2005; Bowden & Green, 2005; Marton & Booth, 1997). The
interview narratives formed the foundation from which categories of description and the outcome
space were constructed.

Data Analysis and Coding Process

The analysis of interview data adhered to a theory-informed phenomenographic approach
aimed at revealing the qualitatively different ways secondary students experienced digital
fabrication in a technology and engineering classroom. To enhance both rigor and transparency,
especially important for a single-investigator study, a structured coding process was employed
utilizing ATLAS.ti alongside Al-supported reflexive dialogue through ChatGPT.

Initially, audio recordings were transcribed using ATLAS.ti's integrated transcription
tools, with all identifiable information removed to preserve participant anonymity. Each
transcript was then assigned a random code number, ensuring de-identification throughout
analysis. Following transcription, responses were organized by interview question across
participants to facilitate comparative and thematic review. This iterative re-reading process

aligns with the core phenomenographic methodological emphasis on deep immersion in data to
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sensitively capture the range of meanings and experiences reported (Marton & Booth, 1997; as
cited in Bowden & Green, 2005, p. 104).

The preliminary coding phase leveraged ATLAS.ti's Al-assisted auto-coding
functionality to generate an initial code set based on recurring linguistic patterns and semantic
similarities within the transcript data. Although useful for rapidly identifying potential codes, the
auto-generated codes underwent meticulous manual review to ensure conceptual integrity and
alignment with phenomenographic standards. Codes lacking in depth or that represented
superficial thematic clustering rather than critical variation in meaning were either refined,
merged, or discarded (Bowden, 2005). Importantly, as Bowden (2005) underscores,
phenomenographic analysis prioritizes conceptual variation over code frequency, focusing on

distinctive ways of experiencing phenomena rather than mere prevalence.

Table 4.1 summarizes the preliminary codes and categories derived through this process.



Table 4.1

Preliminary Coding of Data
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| Code Name H Category of Description H

Definition

H Example Meaning Unit

"Every time I made

Experience: Skill

Mastery Experience

Masteg Belief in capability gained something and it actually
Experience: . h ful leti nted v it felt cool
Success Mastery Experience through successful completion ||[printed correctly, it felt coo
of tasks. and boosted my
Confidence "
confidence.
Mastery Recognition of improving "I was nervous at first, but

abilities through repeated
practice and overcoming

then I figured out CAD and

Persuasion: Peer
Support

Social/Verbal Persuasion

Growth challenges. felt good about it.
Vicarious Confidence or motivation gained||"Seeing others do it made
Experience: Peer ||Vicarious Experience from observing peers or me feel like if they can do
Modeling instructors succeed. it, I can do it too."
Parsuasion (ough postive foedback, | 1eacher feedback helped
’ Social/Verbal Persuasion gnp L me know what to fix and
Instructor encouragement, or guidance imoroved my skills."
Feedback from instructors. P Y '
Social Influence of encouragement and Working with a group

constructive feedback from
classmates.

because then I could ask
them for help on anything I
needed help with."

Emotional State:
Overcoming
Anxiety

Physiological/Emotional
State

Growth in self-efficacy marked
by moving from feelings of
anxiety or discomfort to comfort
and confidence through
experience.

"At first, I was
uncomfortable. I didn't
dislike it, but it felt foreign."

Emotional State:
Motivation &
Excitement

Physiological/Emotional
State

Positive emotional arousal
(excitement, anticipation)
promoting engagement and
persistence.

"It was definitely
excitement and, more
excitement and not knowing
what to do."

Confidence and engagement

"Having freedom to explore

Collaboration

Learning/Peer Interaction

Autonomy: Self- ||Self-Regulatory Beliefs, ||developed through opportunities and make mistakes helped
directed Learning ||Autonomy for independent choice, L e'P "
. . me believe in my abilities.
exploration, and self-regulation.
Challenges: Behef in capability thgt . . .

. - increases through persistence, Making mistakes made me
Persistence after ||Resilience/Challenge . ) .
Failure problem-solvmg, and learning  [|focus more next time.

from mistakes.
Development of confidence and ||, . . .
Social Context: ||Collaborative skills through teamwork, shared Working with friends

problem-solving, and social

learning.

helped me ask for help and
learn from them."
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Subsequently, codes were grouped through an interpretive clustering process using
ATLAS.ti's Code Manager. Codes representing similar experiential meanings were clustered into
preliminary categories of description, while carefully preserving qualitative variation across
participant accounts. This step reflects Akerlind's (2005¢) articulation that phenomenographic
categories are not mere thematic collections but represent the underlying structure of experience
revealed through critical variation and relational meaning.

To enhance the validity and transparency of the categorization process, typically
supported by team discussions in phenomenographic research, ChatGPT was integrated as a
reflective analytic tool. The Al was prompted with definitions and exemplar quotations for each
emergent category and asked to evaluate category distinctiveness, identify overlaps, and suggest
whether segments represented critical variations warranting new categories or fell within existing
ones. This iterative Al-assisted review aligns with phenomenography's focus on delineating
critical versus non-critical variation in meaning while offering a practical alternative to
intersubjective peer validation (Akerlind, 2005¢). Through this dialogic interaction, the analytic
process leveraged artificial intelligence as a "critical friend" to challenge interpretations and
minimize potential single-researcher bias.

The final phase involved developing a coherent outcome space representing the
hierarchical and relational structure of categories. Drawing on insights from ChatGPT, supported
by visual mapping features in ATLAS.ti, the categories were organized to reflect increasing
conceptual complexity and integration, consistent with Bowden's (2005) recommendations for
outcome space construction. The research memos and audit trail functionality in ATLAS.ti
documented each analytic decision and category evolution, supporting the transparency and rigor

called for in qualitative research (Green, 2005).
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This hybrid analytic approach combined automated coding efficiency, researcher
interpretive depth, and Al-supported critical reflection to generate a robust set of
phenomenographic categories and an outcome space. It preserved the essential iterative, dialogic,
and transparent character of phenomenography (Akerlind, 2005; Bowden & Green, 2005), while
providing methodological rigor and trustworthiness in a single-investigator context.

Analytical Approach

Following the initial coding phase, which generated a set of preliminary codes reflecting
recurring linguistic patterns and semantic themes within the interview transcripts, the analysis
progressed to a more interpretive and integrative stage. This involved grouping related codes
based on their underlying experiential meanings to form coherent categories of description that
capture qualitatively distinct ways students experience and understand their development of self-
efficacy in digital fabrication and engineering.

The preliminary codes (see Table 4.1), such as Mastery Experience: Success/Confidence,
Vicarious Experience: Peer Modeling, and Emotional State: Overcoming Anxiety, each reflected
specific facets of students' lived experiences. However, these codes were initially granular and
often detailed, focusing on particular expressions. To move toward a meaningful
phenomenographic outcome space, it was necessary to synthesize these discrete codes into
broader, conceptually rich categories that represent structurally significant variations in how self-
efficacy is experienced.

This clustering process was guided by the literature on phenomenography to identify
categories based on critical variation, that is, those differences in meaning that distinguish one
way of experiencing the phenomenon from another (Akerlind, 2005¢c; Bowden, 2005). For

instance, codes relating to direct successes in task completion and skill improvements were



70

grouped into a category reflecting "Mastery-Driven Confidence Development." Similarly, codes
capturing observations of peers and social encouragement coalesced under categories
emphasizing "Learning Through Social Modeling and Collaboration" and "Encouragement and
Feedback as Catalysts," aligning conceptually with Bandura's (1997) sources of self-efficacy
such as mastery, vicarious experience, and verbal persuasion.

Emotional codes concerning initial anxiety and eventual adjustment, and codes related to
overcoming setbacks and persisting through failure, were aggregated into category describing
"Emotional Experiences and Resilience Building," highlighting the role of affective states in self-
efficacy development. Codes reflecting students' experiences of autonomy and control were
synthesized into "Autonomy and Ownership in Learning," acknowledging self-directed learning
as a pivotal dimension distinct from social influences. Finally, "Contextual Facilitation Through
Access and Environment," illustrating the impact of access to tools and environmental supports
as a key element in an experiential pathway.

This interpretive refinement was iterative and reflexive. Codes and emerging categories
were repeatedly reviewed against the interview data to ensure authenticity and fidelity to student
meaning (Bowden & Green, 2005; Marton & Booth, 1997). Additionally, the process was
supported by reflective tools, including Al-assisted evaluation (ChatGPT), which helped clarify
category boundaries and encouraged critical examination of potential overlaps or unnecessary
fragmentation. This dialogic process enabled distinguishing critical (between-category) versus
non-critical (within-category) variations, a distinction crucial for phenomenographic analytic
rigor (Akerlind, 2005a).

The result of this synthesis was a robust set of six categories of description that

collectively represent the outcome space, the structured representation of the qualitatively
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different ways students conceptualize and experience self-efficacy development in digital
fabrication (Marton, 1986). Each category contains both a referential aspect (the "what" of
experience) and a structural aspect (the "how" of experiencing), capturing the complexity and
richness of students' evolving self-efficacy.

In the final stage, the relationships among these categories were examined to identify
hierarchical and inclusive structures. Categories such as "Mastery-Driven Confidence
Development" formed the foundational experiential base, while others like "Autonomy and
Ownership in Learning" represented more integrative or higher-order ways of experiencing self-
efficacy. The conceptual layering within the outcome space reflects increasing complexity and
synthesis in students' experiences, consistent with phenomenographic tradition and theory
(Bowden, 2005; Marton & Booth, 1997).

Categories of Description

This study identified six qualitatively distinct categories that capture how self-efficacy in
engineering develops among secondary students engaged in digital fabrication. These categories
illuminate the varied ways in which students come to understand and experience their
capabilities in engineering, each shaped by a blend of personal and contextual factors.
Mastery-Driven Confidence Development

Growth in self-efficacy begins with hands-on achievement and skill acquisition. Many
students described moments when successful completion of digital fabrication tasks, such as
producing correctly functioning 3D-printed objects or mastering new design software, provided
tangible confirmation of their abilities. For example, one student reflected, "Every time I made
something and it actually, like, printed correctly and it worked how I wanted it to, I guess that

was pretty cool." Another recounted, "I was nervous at first, but then I figured out CAD and felt
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good about it," capturing the transition from uncertainty to accomplishment. The sense of pride
in producing functional objects, like when "I made the body for the car... I felt really good about
that," often translated into broader confidence and willingness to tackle new challenges. Students
repeatedly described their confidence as growing "a lot faster and a lot more than I thought,"
with some describing the shift as "exponential." This surge in confidence frequently coincided
with improved problem-solving: learning to "fix issues" and realizing they were "actually doing
good now" with something they initially doubted.
Learning Through Social Modeling and Collaboration

Observing others and working collaboratively played an important role in building
students' belief in their own engineering abilities. Many students reported that "seeing others do
it made me feel like if they can do it, I can do it too." The classroom environment fostered group
work and peer assistance, making it easy to "ask them for help on anything I needed help with."
Watching classmates and having supportive peers nearby made it more comfortable to seek
guidance and made technical challenges less intimidating: "Watching my classmates helped...
was able to ask for help." As a result, students described feeling "definitely better" working in
groups, with confidence "enhanced" by the opportunity to share ideas and learn from diverse
approaches. This collective support, where students were "willing to help each other" and
instructors were accessible, reduced anxiety about getting stuck and created a foundation for
growing confidence.
Encouragement and Feedback as Catalysts

Constructive feedback, especially when specific and actionable, emerged as a critical
catalyst for building self-efficacy. Students emphasized that guidance and positive reinforcement

from both teachers and peers helped them troubleshoot errors, improve their designs, and gain
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confidence. One student shared, "Receiving feedback helped me improve and feel more
confident in using technology," while another described the influence of teacher guidance: "The
feedback I got from the teacher was really good because the next time I could use that feedback
and fix things." Even minor suggestions or advice could have a significant effect, "Every time I
got stuck or I didn't know what I was doing, the smallest little bit of advice would instantly help
me." Through giving and receiving feedback in peer groups, students found not only technical
assistance but also motivation and a sense of belonging in the classroom. Rather than being
perceived as criticism, feedback became a form of caring guidance that encouraged resilience
and persistence.
Emotional Experiences and Resilience Building

Students' pathways toward self-efficacy were often shaped by emotional responses to the
challenges of digital fabrication. Encountering setbacks, mistakes, or uncertainty, while
sometimes discouraging, ultimately became opportunities for growth. One student admitted, "My
failures ... never feel good, but they never made me feel like I should quit. I never felt like
quitting. .. they were more of inconvenience, if anything." Initial nervousness or discomfort was
common: "At first, I was uncomfortable... but persistence helped me gain confidence." Working
through confusion and frustration, students recognized the value of perseverance, with one
reflecting, "Making mistakes made me focus more next time." Over time, as students "definitely
gained the ability to use [the machines] confidently after that," resilience and self-assurance
grew. This iterative process of confronting ambiguity and learning from errors became central to

developing sustained motivation and the willingness to face future engineering challenges.
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Autonomy and Ownership in Learning

A sense of autonomy proved essential for many students, as the freedom to explore, make
choices, and learn from mistakes fostered a deeper belief in their abilities. One student explained
that "having freedom to explore and make mistakes helped me believe in my abilities,"
highlighting the value of self-directed learning. Participants expressed appreciation for
assignments that allowed latitude and avoided "micromanagement," saying, "I think I had a lot of
freedom... our project was a general idea, but we weren't micromanaged." This freedom extended
to shaping project outcomes, managing time, and solving problems independently, which
promoted engagement and a stronger sense of responsibility. The opportunity to "build our own
thing... like the mousetrap car" empowered students to take risks, persist through difficulties, and
see their growth reflected in their work, ultimately tying autonomy and ownership tightly to the
development of self-efficacy.
Contextual Facilitation Through Access and Environment

The classroom environment and access to resources played a foundational role in
enabling students' self-efficacy experiences. Easy access to technology such as 3D printers and
CAD software removed barriers and encouraged experimentation. Students consistently
emphasized how these conditions boosted their confidence: "That definitely helped, affect it a lot
because I had access to them, and I had always had access to them as long as I had a computer
and the 3D printers were open," one noted. Another remarked, "It definitely boosted my
confidence... being able to go and 3D print whenever we needed to was helpful." Physical space,
organizational structure, and classroom culture further supported meaningful engagement. As
one student described, "The classroom environment... was more free-spirited but not chaotic. I

like it," while another appreciated that the space was "just set up really well." Sufficient time for
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iterative design, testing, and refinement was also critical. Although minor challenges such as
waiting for equipment occasionally arose, overall, the enabling environment allowed students to
engage deeply and confidently in engineering tasks.

These categories, grounded in authentic student voices, collectively define the outcome
space of this study. They reveal the dynamic interplay between individual mastery, social
experiences, emotional resilience, autonomy, and the critical enabling conditions of learning
environments together shaping how students come to see themselves as capable of engineering
through digital fabrication.

Relationships Between Categories

The categories of description identified in this study demonstrate a clear logical hierarchy
within the outcome space, aligning closely with phenomenographic methodology and emerging
directly from the data. This hierarchy is inclusive and structural, illustrating increasing levels of
complexity and integration in the ways students experience and understand the development of
self-efficacy in digital fabrication and engineering.

At the very foundation lies "Mastery-Driven Confidence Development," which serves as
the core or entry-level category. Here, students' direct experiences of achieving success in
practical tasks and building technical skills provide the initial spark for self-efficacy growth.
Without this sense of accomplishment, more sophisticated expressions of confidence are unlikely
to emerge.

Building upon this foundational layer, the categories of "Learning Through Social
Modeling and Collaboration" and "Encouragement and Feedback as Catalysts" introduce
additional complexity to students' self-efficacy development. These categories capture how

students' confidence is further shaped and enriched through social interactions, whether by
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observing capable peers, working collaboratively, or receiving timely and constructive feedback
from teachers and classmates. These experiences extend and deepen the foundational mastery
experience, highlighting the importance of the social fabric of the classroom.

Bridging and mediating these domains is "Emotional Experiences and Resilience
Building," a category that reflects how students' ability to manage frustration, anxiety, and
setbacks directly conditions the impact of both mastery and social experiences. The capacity to
persist in the face of challenges and to view mistakes as growth opportunities not only sustains
engagement but also amplifies the benefits of previous categories, reinforcing students' belief in
their own capabilities.

At a higher level of complexity is "Autonomy and Ownership in Learning," which
represents an integrative form of self-efficacy. In this category, students do not simply achieve
and socialize but also exercise meaningful choice and agency over their learning. They begin to
own their projects, take creative risks, and self-direct their learning, drawing upon their
accumulated mastery, social support, feedback, and emotional resilience. In this way, autonomy
and ownership inherently synthesize and incorporate all preceding categories, marking a mature
and multifaceted sense of efficacy.

Throughout this developmental hierarchy, "Contextual Facilitation through Access and
Environment" plays an essential enabling and encompassing role. Rather than representing a
distinct rung in the hierarchy, context functions as the necessary groundwork providing the tools,
resources, supportive climate, and organizational structures that allow students to navigate,
integrate, and build upon all other experiences. A well-facilitated environment makes it possible
for students to progress through the hierarchy, facilitating the emergence and integration of each

category.
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This outcome space illustrates a developmental trajectory: students' self-efficacy in
engineering grows from foundational mastery, is enriched by social and emotional experiences,
reaches deeper integration through autonomy and ownership, and is underpinned at every stage
by the enabling role of their learning context. This structure not only reflects the data but also
provides a nuanced map for understanding the layered development of engineering self-efficacy
in technology-rich classrooms.

Visualizing the Hierarchy

Figure 4.3

Outcome Space Visualization

Development
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The outcome space can be visualized as concentric rings or a layered diagram, where
each interior layer (foundational experience) is included within the more complex, outer layers.
Higher-order categories encompass and synthesize the elements from foundational categories,
representing more sophisticated or integrated ways of experiencing self-efficacy.

Empirical Support

Student voices from the study reflect this hierarchy. Many began with uncertainty, built
confidence through small mastery wins, were supported by peers and feedback, managed
emotions, and ultimately described an empowered sense of agency as they took on more
independent, creative tasks.

For example, students reached autonomy and a deep sense of competence only after
experiencing mastery, support, and learning to cope with challenges, demonstrating how these
categories build upon one another rather than standing alone.

The outcome space is both hierarchical and relational: the categories are distinct but
logically connected, with later (more integrated) ways of experiencing self-efficacy building
upon earlier ones. This structure is grounded in student data and reflects core phenomenographic
principles, as described by Bowden and Green (2005).

Alignment with Research Questions

RQ1: What Specific Aspects of the Student Experience in a Technology and Engineering
Class Using Digital Fabrication Contribute to Changes in Self-Efficacy in Engineering
Among Secondary-Level Students?

This study explored the qualitatively different ways secondary students experience and
develop self-efficacy in engineering through engagement with digital fabrication technologies.

The findings, organized into six categories of description, reveal how students' experiences
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across mastery, social interactions, feedback, emotional journeys, and autonomy collectively
foster their engineering self-belief (Bowden & Green, 2005; Marton & Booth, 1997).
Mastery Experiences as the Foundation

Students' confidence was most powerfully shaped by direct success in engineering tasks,
such as mastering CAD software or 3D printing. Tangible accomplishments provided concrete
evidence of their abilities and spurred further motivation and engagement. This aligns closely
with Bandura's (1997) identification of mastery experiences as the strongest source of self-
efficacy. As one participant shared, "Every time I made something and it actually, like, printed
correctly and it worked how I wanted it to, I guess that was pretty cool." Another explained, "I
was nervous at first, but then I figured out CAD and felt good about it." These experiences
underscore how hands-on learning with digital fabrication tools forms the bedrock of growing
engineering confidence (Pajares, 1996).
Social Modeling and Collaboration

Working collaboratively and observing peers succeed enabled students to envision their
own success through social modeling, another key source of self-efficacy as described by
Bandura (1997). Teamwork facilitated knowledge exchange, mutual reassurance, and
motivation: "Seeing others do it made me feel like if they can do it, I can do it too." "Working
with a group because then I could ask them for help on anything I needed help with." These
findings echo research indicating that vicarious learning and peer interaction are critical in
building students' engineering efficacy and engagement (Rosli & Saleh, 2023; Zimmerman,

2000).
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Encouragement and Feedback

Constructive feedback from teachers and classmates operated as a form of social/verbal
persuasion, another foundational self-efficacy source (Bandura, 1997). Students highlighted how
actionable advice and positive reinforcement directly improved their skills and sustained
persistence: "The feedback I got from the teacher was really good because the next time I could
use that feedback and fix things." "Every time I got stuck or I didn't know what I was doing, the
smallest little bit of advice would instantly help me." Such feedback, perceived as supportive
rather than critical, motivates students to continue learning, consistent with Pajares's (1996)
emphasis on feedback's role in academic motivation.
Emotional Experiences and Resilience Building

Negotiating frustration, confusion, and initial anxiety was a common thread across
participants. Students described how overcoming emotional hurdles through persistence led to
longer-term confidence gains. This aligns with Bandura's (1997) recognition of physiological
and emotional states as a source influencing self-efficacy development: "Making mistakes made
me focus more next time." "At first, I was uncomfortable... but persistence helped me gain
confidence." Resilience-building through emotional regulation supports sustained motivation and
self-belief in STEM learning contexts (Zimmerman, 2000).
Autonomy and Ownership

Allowing students choice and control over their projects via open-ended tasks and
encouragement to explore empowered them to take ownership of their learning, fostering deeper
engagement and innovation. Contemporary self-efficacy research and Self-Determination Theory
underscore autonomy's role in motivating and sustaining confidence (Bandura, 1997; Rosli &

Saleh, 2023; Zimmerman, 2000). Students expressed: "Having freedom to explore and make
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mistakes helped me believe in my abilities." "We had enough freedom to be able to build our
own thing... like the mousetrap car." This sense of ownership promotes intrinsic motivation and
agency essential for enduring efficacy beliefs (Pajares, 1996).

Interconnected, Hierarchical Experiences

The outcome space constructed in this study illustrates a hierarchy of experiences.
Mastery forms the foundational level, enabled and amplified by social support and feedback,
modulated by emotional resilience, and culminating in autonomous, ownership-driven
engagement. Students' narratives reveal that progression through these layers underpins the most
robust and enduring self-efficacy outcomes (Bowden & Green, 2005; Marton & Booth, 1997).

These data demonstrate that student self-efficacy in engineering emerges not from
isolated experiences, but from the interdependent interplay of mastery, social learning, feedback,
emotional growth, and autonomy. Collectively, these findings offer a nuanced, empirically
grounded answer to RQ1, highlighting how varied and interconnected classroom experiences
shape secondary students' confidence and motivation as engineering learners in digital
fabrication environments.

RQ2: To What Extent Do Contextual Factors Such as Access to and Autonomy With
Digital Fabrication Technology Impact Student Self-Efficacy in Engineering at the
Secondary Level?

This study reveals that contextual factors, particularly access to technology, classroom
environment, and autonomy-supportive structures play a pivotal role in shaping students'
development of self-efficacy in engineering through digital fabrication. These contextual
dimensions function both as enablers and, at times, constraints, influencing how effectively

students can build confidence and competence (Bandura, 1997; Pajares, 1996).
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Access to Tools and Resources

Students consistently emphasized that ready and reliable access to digital fabrication
tools such as 3D printers and CAD software was crucial for developing self-efficacy. When
access was open and flexible, students could engage in iterative practice and promptly apply
feedback, thereby reinforcing their confidence: "That definitely helped, affect it a lot because I
had access to them, and I had always had access to them as long as I had a computer and the 3D
printers were open." "It definitely boosted my confidence... being able to go and 3D print
whenever we needed to was helpful." This finding aligns with Bandura's (1997) model, which
underscores mastery experiences as primary efficacy sources, made possible through authentic
hands-on engagement with tools. The availability of learning technologies supports mastery and
self-efficacy growth by facilitating repeated practice in authentic contexts, as supported by
Martinez and Stager (2013) and Rosli and Saleh (2023). Conversely, limitations in access, such
as tool wait times or restricted hours occasionally led to frustration and deferred progress,
dampening motivation and efficacy (Bandura, 1997).
Classroom Environment and Physical Space

A well-organized and psychologically safe classroom environment enabled students to
take intellectual risks, collaborate effectively, and concentrate on learning. Features such as
ample workspace, structured timelines, and a free-spirited yet orderly culture were described as
key enablers: "The classroom environment... was more free-spirited but not chaotic. I like it."
"When you first walk in, you just see the 3D printers right in front of your face, ... And that
environment ... made me feel smarter for some reason. Like, I could do anything I put my mind
to." Supportive environments like these correspond with findings from educational psychology

emphasizing that autonomy-supportive contexts and social-emotional safety are fundamental for
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fostering engagement and sustained self-efficacy (Pajares, 1996; Zimmerman, 2000).
Experiencing psychological safety encourages experimentation and learning from mistakes,
which Bandura (1997) identifies as critical for building resilient self-beliefs.
Autonomy-Supportive Structures

Students valued the opportunity to exercise agency within projects, reporting that choice,
creative control, and self-direction were empowering and motivating: "Having freedom to
explore and make mistakes helped me believe in my abilities." "I think I had a lot of freedom...
our project was a general idea, but we weren't micromanaged." The importance of autonomy in
enhancing motivation and self-efficacy is well-documented in both self-efficacy theory and Self-
Determination Theory (Bandura, 1997; Rosli & Saleh, 2023; Zimmerman, 2000). Autonomy-
supportive learning structures promote ownership of learning, intrinsic motivation, and greater
resilience in overcoming challenges (Pajares, 1996).
Time and Organizational Resources

Adequate time allocation for iterative design work and well-organized access to resources
contributed further to students' confidence and skill development. While some students
experienced occasional constraints such as limited printing capacity, these challenges were
generally offset by the overall supportive context.
Barriers and Constraints

Some participants identified barriers, including limited time and competition for
technology access, which occasionally produced frustration and hampered progress. These
experiences reinforce that the context operates not only as an enabler but also as a potential
inhibitor of self-efficacy development when environmental conditions are suboptimal (Bandura,

1997; Pajares, 1996).
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In summary, these findings demonstrate that contextual factors, including material
access, a supportive physical and social environment, and autonomy-supportive structures, are
fundamental to the cultivation and maintenance of engineering self-efficacy in digital fabrication
learning environments. When students have the necessary resources, supportive spaces, and
freedom to direct their learning, they are more likely to develop the confidence, competence, and
resilience essential for success as engineering learners (Bandura, 1997; Marton & Booth, 1997).
The outcome space constructed in this study highlights context as both a foundational base and a
catalyst enabling the experiential sources of self-efficacy to emerge and thrive, thus directly
answering RQ2.

Summary

This chapter has presented a comprehensive phenomenographic analysis of secondary
students' experiences developing self-efficacy in engineering through active engagement with
digital fabrication technologies within technology and engineering classrooms. Anchored by the
study's research questions exploring (a) how student experiences with digital fabrication
influence self-efficacy and (b) how contextual factors impact this development, the findings
reveal a nuanced, layered understanding of how digital fabrication serves as a powerful
pedagogical medium that fosters students' confidence as emerging engineering learners.

The analysis identified six distinct yet interrelated categories of description representing
qualitatively different ways students experience and understand the development of engineering
self-efficacy. At the foundation lies "Mastery-Driven Confidence Development," where hands-on
success with digital fabrication tools, such as CAD design software, 3D printing, and prototyping

forms the core source of students' engineering self-efficacy. By providing tangible, experiential
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learning opportunities, digital fabrication actively engages students in authentic engineering
problem-solving and skill acquisition that is crucial for building self-efficacy.

This mastery experience is dynamically supported and amplified through "Learning
Through Social Modeling and Collaboration" and reinforced by "Encouragement and Feedback
as Catalysts," highlighting the social and instructional dimensions that enrich learning with
digital fabrication. Observing peers' workflows or collaborating on fabrication projects enables
vicarious learning, motivation, and refinement of engineering practices, which are integral to
evolving self-efficacy.

Emotional factors also play a critical mediating role, with the category "Emotional
Experiences and Resilience Building" describing how students navigate initial anxiety,
uncertainty, and frustration commonly associated with mastering novel digital fabrication tools.
Developing emotional regulation and resilience supports sustained engagement and persistence
required for iterative engineering processes.

At a more advanced level, students develop "Autonomy and Ownership in Learning,"
exercising choice, creativity, and self-direction within the flexible and exploratory structure
afforded by digital fabrication projects. This autonomy fosters deeper agency and confidence, as
learners take control of design decisions and problem-solving strategies in authentic engineering
contexts.

Crucially, underpinning all these experiential categories is "Contextual Facilitation
Through Access and Environment," the ready availability of digital fabrication tools, supportive
classroom culture, ample time for design iteration, and psychological safety that collectively

enable meaningful and sustained self-efficacy growth. The presence of these enabling conditions
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ensures that students can fully engage with digital fabrication as an effective instructional
medium.

Together, these categories form a hierarchical and structural outcome space that
showcases how digital fabrication acts as both a catalyst and context for self-efficacy
development in engineering learning. Foundational mastery experiences facilitated by tool use
are scaffolded and enriched by social and emotional processes, culminating in autonomous,
motivated learners who see themselves as capable engineers. The well-resourced and supportive
learning environment makes these developmental trajectories possible and authentic.

Grounded in rich participant descriptions, these findings directly answer the research
questions by detailing not only the diverse experiential forms nurturing self-efficacy but also the
pivotal role of digital fabrication as an interactive, hands-on teaching tool shaping these
experiences. This study highlights the intricate interplay of individual psychological factors and
external environmental supports embedded within digital fabrication-enhanced instruction.

Theoretically and methodologically, the study adheres to rigorous phenomenographic
principles (Akerlind, 2005; Bowden & Green, 2005; Marton & Booth, 1997) while aligning with
and expanding Bandura's (1997) foundational self-efficacy framework by situating these sources
within technology-rich, fabrication-centered learning environments (Pajares, 1996).

This chapter demonstrates that digital fabrication, when integrated as a core pedagogical
medium in secondary technology and engineering classrooms, provides crucial hands-on
learning experiences that promote mastery, social learning, feedback, emotional resilience, and
autonomy, all of which converge to build robust engineering self-efficacy. These insights offer
valuable guidance for educators and curriculum designers aiming to leverage digital fabrication

technologies to foster confident, competent, and motivated engineering learners.
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Building on these findings, Chapter 5 will discuss the broader implications for
instructional practice, curriculum design, and future research directions focused on maximizing

the potential of digital fabrication to enhance engineering education and student self-efficacy.
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Chapter 5: Discussion and Implications
Introduction

Chapter 4 presented a detailed phenomenographic analysis of how secondary students
develop self-efficacy in engineering through engagement with digital fabrication technologies.
The analysis identified six interrelated categories that capture qualitatively different ways
students experience this development. At the foundation is "Mastery-Driven Confidence
Development," which emerges through hands-on success with tools such as CAD software and
3D printers. This initial confidence is further reinforced through "Learning Through Social
Modeling and Collaboration," as well as "Encouragement and Feedback as Catalysts" from
teachers and peers, both of which provide motivation, validation, and opportunities for skill
refinement. As students navigate the challenges of digital fabrication, their "Emotional
Experiences and Resilience Building" shape their persistence and willingness to continue.
Progressing further, students' self-efficacy deepens through experiences of "Autonomy and
Ownership in Learning," in which they exercise agency and creative control over their learning.
Throughout this process, "Contextual Facilitation Through Access and Environment," including
access to tools, a supportive classroom climate, and autonomy-supportive structures, enables and
enhances the expression of all other categories.

These six categories collectively form a hierarchical and relational outcome space,
illustrating the dynamic interplay of technical, social, emotional, and contextual factors that
underpin students' growing belief in their engineering capabilities. This study contributes to the
understanding of engineering education by demonstrating how digital fabrication technologies
can serve as powerful pedagogical tools for cultivating student confidence, competence, and

intrinsic motivation.
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In the sections that follow, this chapter interprets the findings in relation to existing
research and theory, articulates their practical and theoretical implications, discusses the study's
strengths and limitations, and suggests directions for future research. This synthesis not only
responds directly to the study's guiding research questions but also situates its contributions
within the broader discourse on self-efficacy and learning in technology-rich engineering
education environments.

Interpretation of Key Findings

Experiential and contextual factors jointly shape students' development of self-efficacy in
engineering by intertwining direct mastery, social learning, emotional regulation, autonomy, and
enabling environmental conditions into a coherent experiential process. At the core, experiential
factors refer to students' hands-on successes and challenges with digital fabrication tools such as
mastering CAD design or producing successful 3D prints, which serve as tangible evidence of
engineering competence. These direct mastery experiences are the most influential source of
self-efficacy, as they offer firsthand proof of capability and progress (Bandura, 1997; Pajares,
1996).

"Every time I made something and it actually, like, printed correctly and it worked how I
wanted it to, I guess that was pretty cool."

"When I printed it, it like, went together really nicely... That was, like, the first step to
more confidence. It helped me realize that there was more stuff that I could do than what I was
already doing."

These mastery experiences are enriched by social learning processes. Vicarious learning,

observing peers overcome similar challenges, and collaborative efforts help students refine their
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skills and self-perceptions through shared problem-solving, mutual encouragement, and
performance comparisons (Bandura, 1997; Rosli & Saleh, 2023).

"I had my friends with me... sometimes we had to make an exact replica. So which one
can make the exact same thing faster than the other one? Which was also kind of fun... It
sparked a bit of competition."

"If I was working with a group, then I could ask them for help on anything I needed help
with."

Social persuasion, particularly in the form of encouragement from teachers and peers,
reinforces students' sense of capability, especially when paired with authentic feedback during
iterative project work (Lee et al., 2024).

"Feedback I got from the teacher was really good because the next time I could use that
feedback and fix things... Or even listening to the feedback for other students..."

"If I ever got, like, complimented saying I did a good job on this... it brought, like, joy to
me... | could easily apply those same things confidently."

In tandem, emotional experiences such as managing anxiety, overcoming frustration, and
experiencing pride after task completion contribute to emotional regulation and resilience. These
affective elements sustain long-term engagement and reinforce beliefs in one's ability to persist
in engineering tasks despite setbacks (Chang & Chiou, 2017).

"It really, really did stumble me a few times because I was really lost, but eventually I got
the hang of it. And it's actually really nice to use... it was kinda stressful... but it really did help
me out."

"Sometimes you'd forget just the tiniest little move down or up and you'd realize it very

quickly... but if you have, like, help, it you easily just figure something out."
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At the same time, contextual factors play a critical enabling role in shaping these
experiential processes. Ready access to digital fabrication tools allows students to iterate,
troubleshoot, and witness the materialization of their designs, building confidence through
repeated success (Bandura, 1997; Rosli & Saleh, 2023).

"There was always 3D printers available... I always had access. So, like, it was never
stressing about a deadline unless it was my own time management."

"We had everything we needed to complete the task efficiently and effectively... that was
a big part in my success was just knowing that I had access to whatever I needed."

Autonomy-supportive environments, where students have ownership over their projects
and design decisions, promote deeper cognitive engagement, intrinsic motivation, and sustained
self-efficacy growth (Marton & Booth, 1997; Zimmerman, 2000).

"With the freedom, it shows me that I'm good at what I do, not because I'm good at
following instructions, but I actually have skills."

"It made me feel good. Like, I could actually do it, and then it made me wanna work on
the project even more."

Additionally, the presence of a psychologically safe and socially supportive learning
space fosters collaboration, experimentation, and help-seeking behaviors, all of which reinforce
students' sense of competence and agency (Lee et al., 2024).

"Having people explain to me how they figured it out... that really helped, like, not just
my confidence, but also just it helped me to learn."

"Definitely helped... especially the girl that was sitting next to me. I would ask her to

help me... seeing them do it first and then do it myself."
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This interaction between experience and context forms a hierarchical and relational
outcome space. Foundational mastery experiences provide initial boosts in confidence, which are
reinforced through emotional regulation and peer modeling. As students develop skill and
resilience, they become increasingly capable of autonomous engagement with engineering
challenges. The instructional environment, including tools, time, autonomy, and support, acts as
a necessary scaffold that determines how and when these experiences can unfold effectively
(Marton & Booth, 1997).

Recent findings in engineering education further support this synthesis. For instance,
Rosli and Saleh (2023) emphasized the role of social persuasion and access to resources in
shaping female engineering students' self-efficacy development. Lee et al. (2024) found that
school contextual supports mediated the relationship between perceived barriers and engineering
self-efficacy among Latinx adolescents, reinforcing the idea that environmental conditions can
either inhibit or enable efficacy growth. Moreover, Chang and Chiou (2017) demonstrated that
the emotional valence of experiences interacts with prior self-efficacy beliefs, influencing the
trajectory of students' confidence development over time.

Self-efficacy in engineering emerges from a dynamic system where hands-on mastery,
emotional resilience, social collaboration, and contextual support coalesce. This multifaceted
interplay allows students in technology-enhanced classrooms to build robust confidence and
competence in engineering through meaningful, situated digital fabrication experiences.

How Experiential and Contextual Factors Shape Self-Efficacy

Findings from this study demonstrate that direct interaction with digital fabrication tools

such as 3D printers and computer-aided design (CAD) software is pivotal in shaping students'

engineering self-efficacy at the secondary level. These technological resources do not function
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merely as instructional aids; rather, they serve as central catalysts around which students' beliefs
in their abilities and approaches to engineering challenges are developed and transformed.

"Every time I made something and it actually, like, printed correctly and it worked how I
wanted it to, I guess that was pretty cool."

"I got a lot of experience with CAD software. I did a few projects. It kinda gave me a
perspective on engineering."

This aligns with Novak et al. (2021), who found that learning through 3D printing and
similar technologies fosters deeper engagement, active learning, and sustained confidence in
STEM contexts.

Students most consistently identified hands-on mastery with digital fabrication tools as a
primary source of confidence. Successfully designing, prototyping, and producing tangible
artifacts fostered a sense of accomplishment that generalized to broader engineering tasks,
echoing Bandura's (1997) assertion that mastery experiences are the most influential source of
self-efficacy.

"When I printed [the top spinner], it went together really nicely... it had good quality to
it... that was the first step to more confidence."

"I made a Duplo block... it felt like I actually made something that works... it wasn't just
an idea on paper—it actually worked."

"We did a lot of modeling on Fusion 360... it was stressful... but eventually I got the
hang of it... it really helped me learn how things are put together."

The ability to realize a concept through digital fabrication reinforced students' beliefs in

their problem-solving skills and technical competence, consistent with findings by Chang and
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Chiou (2017), who noted that positive experiential valence, especially among students with
lower initial self-efficacy, can significantly enhance engineering self-belief.

"After I completed [the hinge box], and I fixed some stuff... I created the best one yet, |
think that boosted my confidence in creating more stuff as well."

"Sometimes you'd forget just the tiniest little move... but if you have help, you figure it
out... being able to help others was a boost of confidence."

The context in which students accessed and used fabrication tools was equally crucial.
When students were granted meaningful autonomy, making decisions about their projects,
experimenting with different tool functions, and iterating on their own designs, they reported the
greatest growth in self-efficacy.

"With the freedom, it shows me that I'm good at what I do, not because I'm good at
following instructions, but I actually have skills."

"After I figured things out on my own, it became a lot easier and really helped me out,
taught me new stuff."

"The freedom to explore definitely helped because I made a lot of mistakes when I was
doing it... I had enough time to correct them."

This supports Zimmerman's (2000) work on self-regulated learning, as well as Marton
and Booth's (1997) emphasis on learner awareness and contextual variation. Autonomy, enabled
by access to tools, allowed students to transform abstract ideas into tangible outcomes, making
learning more authentic and empowering.

"It felt more like an adventure... just exploring by myself... it was kinda weird... but if

you look into it and read about it a bit, I feel like I could get it down really well."
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"I felt very confident... exploring helped... it made me realize that, like, there's different
options... it helped with overall coming up with different ways to do the same product."

Relatedly, Wingard et al. (2022) highlighted how creative agency within STEM design
contexts enhances students' belief in their own competence and potential.

"It made me feel good. Like, I could actually do it, and then it made me wanna work on
the project even more."

Social dimensions also shaped these experiences. Collaborative engagement with peers
around fabrication technologies facilitated vicarious learning, as students built confidence
through observing others' success, engaging in joint troubleshooting, and sharing discoveries,
confirming Bandura's (1997) and Usher and Pajares' (2008) identification of vicarious
experiences and social persuasion as central self-efficacy sources.

"Sometimes we had to make the exact same thing... who can make it faster... it sparked
a bit of competition. That was kind of fun."

"Working in a group helped me get better with 3D modeling because I would have
someone there that knew what step I'd be at."

"Aaron helped me with CAD modeling... watching him definitely helped with my
experience and gave me more confidence."

Encouragement and feedback from instructors helped students navigate setbacks and
reinforced their progress, building emotional resilience, a key component of persistence in
engineering education (Fantz et al., 2011; Phan et al., 2023). Notably, students who lacked
consistent access (absences, time constraints, etc.) to digital fabrication tools or whose
interaction with them was tightly constrained by rigid instructional structures expressed more

limited self-efficacy growth.
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"There were times all the 3D printers were taken up... I had to wait to print something...
kind of an issue."

"Sometimes I'd be worried I wasn't going to have time to do something... but usually, I'd
have something else to work on."

This finding resonates with Lee et al. (2024) and Lent et al. (2003), who emphasize that
contextual barriers and structural limitations can attenuate the effects of otherwise promising
experiences. Access alone is insufficient; it is the active, autonomous, and socially supported
engagement that yields the strongest gains in engineering self-belief.

Active learning and interaction with digital fabrication tools stands at the heart of self-
efficacy development in this educational context. When students are empowered to explore,
create, and collaborate using these technologies within supportive and autonomy-rich
environments, experiential and contextual factors converge to produce a robust and enduring
sense of engineering confidence (Geisinger & Raman, 2013; Lent & Brown, 2006; Pajares,
1996).

"With having all of them around... I was able to 3D print two of them at once... it was
really easy to get in and get it done."

"Being surrounded by tools that can do so many different things... I just wanted to start
making something... make it come to life."

Discussion of Hierarchical and Relational Structure of Qutcome Space

The outcome space developed in this study reveals a distinct hierarchical and relational
structure that elucidates how secondary students' self-efficacy in engineering through digital
fabrication evolves in increasingly complex and integrated ways. At its foundation, the hierarchy

begins with "Mastery-Driven Confidence Building," representing the initial and essential stage
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where students gain direct, hands-on success with digital fabrication tools. This foundational
category serves as the entry point from which more layered and interconnected experiences
emerge.

Building upon this foundation, the categories related to Social Modeling and
Collaboration alongside Encouragement and Feedback introduce a crucial social dimension that
extends and amplifies students' confidence. Through observing peers, engaging in collaborative
problem-solving, and receiving constructive feedback, students enrich their understanding of
their capabilities within a shared learning context. These social experiences are not isolated but
instead interweave with mastery experiences to sustain and elevate self-efficacy development.

Nestled within and bridging these layers is the Emotional Experiences and Resilience
category, reflecting the internal psychological processes that mediate the impacts of social and
mastery experiences. The development of emotional regulation and resilience allows students to
persist through setbacks and challenges, transforming potential discouragement into motivational
fuel. This capacity to manage emotions reinforces and enhances the positive effects of hands-on
success and social support.

At the pinnacle of this hierarchy lies Autonomy and Ownership in Learning, which
represents a mature and integrative expression of self-efficacy. Here, students not only
accumulate skills and social validation but also exercise agency, creative control, and self-
direction over their learning projects. This category synthesizes the foundational and social
elements, reflecting a sophisticated, self-regulated engagement with engineering tasks that is
both personally meaningful and motivationally powerful.

Contextual Facilitation acts as a pervasive and enabling dimension across all levels,

underpinning each category and facilitating the progression through the hierarchy. Access to
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digital fabrication technologies, supportive classroom climates, autonomy-supportive structures,
and time for iterative design collectively create the conditions necessary for students to engage
fully and meaningfully with each aspect of self-efficacy development. Without this contextual
grounding, the developmental trajectory mapped in the hierarchy would be difficult to realize.

The relational aspect of this outcome space highlights the interconnected nature of the
categories: rather than discrete steps, they represent a dynamic system in which mastery, social
interaction, emotional resilience, autonomy, and context continually influence and reinforce one
another. This relationality reflects the authentic learning environments in which engineering self-
efficacy is cultivated, emphasizing how personal, social, and environmental factors coalesce
rather than operate in isolation.

Overall, the hierarchical and relational structure of this outcome space provides a
nuanced understanding of how diverse experiences and conditions combine to shape engineering
self-efficacy in technology-rich secondary classrooms. It offers a valuable conceptual model for
educators and researchers seeking to foster robust and sustained student confidence and
competence in engineering.

Implications for Practice
Recommendations for Educators

Building on the study's findings, which underscore the critical role of digital fabrication
in fostering engineering self-efficacy among secondary students, several key recommendations
are offered for educators in technology and engineering settings.

First, educators should ensure that students have consistent, meaningful access to digital
fabrication tools such as 3D printers, laser cutters, and CAD software. Hands-on engagement,

not just observation, is essential. Equitable access must be a priority, with attention to
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scheduling, equipment availability, and foundational skill development to prevent exclusion
(Bandura, 1997; Fantz et al., 2011).

Equally important is the promotion of student autonomy. Curricula should incorporate
open-ended, student-driven projects that foster choice, self-direction, and iterative design. These
opportunities deepen engagement and intrinsic motivation while strengthening self-efficacy
(Marton & Booth, 1997; Zimmerman, 2000).

Intentional scaffolding of mastery experiences is also key. Educators should design
learning progressions that allow students to experience early success and progressively more
complex challenges. These concrete accomplishments bolster confidence and reinforce students'
sense of competence (Novak et al., 2021; Pajares, 1996).

In addition, collaborative learning environments provide powerful opportunities for social
modeling and vicarious learning. Structured peer interactions through group work, peer
feedback, and project presentations enable students to observe strategies, receive encouragement,
and normalize the iterative nature of engineering tasks (Usher & Pajares, 2008; Wingard et al.,
2022).

Supportive, constructive feedback further enhances students' ability to cope with
challenges. Educators should emphasize effort, creativity, and persistence, framing setbacks as
valuable learning moments. This approach nurtures emotional regulation and resilience, critical
components of long-term engagement (Chang & Chiou, 2017; Phan et al., 2023).

Creating emotionally safe classrooms is essential, particularly when students confront the
uncertainty of new technologies and open-ended tasks. Teachers should foster environments
where students feel comfortable sharing struggles and seeking help, which reinforces a growth

mindset and promotes persistence (Lee et al., 2024; Lent & Brown, 2006).
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To implement these practices effectively, educators must pursue continuous professional
learning. Staying informed about emerging technologies and pedagogical strategies, while
connecting with peer networks, strengthens educators' capacity to support student success
(Moore et al., 2014).

Finally, institutional support is vital. Educators should collaborate with school leaders to
secure funding for equipment, consumables, and teacher training. Documenting student
outcomes and sharing success stories can help build institutional commitment to technology-rich,
hands-on learning (Lent et al., 2003; Rosli & Saleh, 2023).

Through these actions, educators can not only develop students' technical competencies
but also instill the confidence and agency needed to persist and thrive in STEM fields.
Strategies for Fostering Self-Efficacy Through Curriculum and Classroom Design

Enhancing engineering self-efficacy requires deliberate curriculum design and supportive
classroom practices. Drawing on the study's findings and grounded in social cognitive theory
(Bandura, 1997; Usher & Pajares, 2008), the following five strategies offer a practical
framework for educators.

Promoting Mastery Experiences

Mastery is the strongest source of self-efficacy. Designing sequential learning
experiences that allow students to repeatedly engage with fabrication tools supports sustained
skill growth. Scaffolded projects that build in complexity, from basic prototypes to more
advanced creations, enable students to experience and reflect on tangible success (Chang &

Chiou, 2017; Phan et al., 2023; Zimmerman, 2000).
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Facilitating Social Modeling, Collaboration, and Feedback

Peer modeling and collaborative problem-solving enrich learning and build confidence.
Group projects and peer teaching provide exposure to diverse strategies and foster collective
problem-solving. Timely feedback from both teachers and classmates reinforces progress and
encourages iterative improvement (Menold & Jablokow, 2019; Pajares, 1996; Sadler et al.,
2013).
Supporting Emotional Resilience

Engineering tasks naturally involve trial and error. Helping students reflect on and
manage frustration, view failure as informative, and hear stories of real-world perseverance
fosters resilience. This emotional support reduces anxiety and strengthens persistence (Fantz et
al., 2011; Kuchynka et al., 2021; Lent & Brown, 2006; Lent et al., 2003).
Enabling Autonomy and Ownership

Offering students choices in project themes, tools, and workflows cultivates ownership
and intrinsic motivation. These opportunities empower students to pursue personally meaningful
goals and build confidence through self-direction. Reflection and documentation of decisions
deepen metacognitive awareness and reinforce self-efficacy (Lee et al., 2024; Rosli & Saleh,
2023; Van Aalderen-Smeets et al., 2019; Zimmerman, 2000).
Ensuring Contextual Facilitation: Access and Environment

Contextual supports like access to tools, mentorship, and a supportive culture are
essential, especially for students from underrepresented backgrounds. Ensuring equitable access
and a psychologically safe, collaborative learning space helps all students engage fully and
persist through challenges (Geisinger & Raman, 2013; Lent et al., 2003; Moore et al., 2014;

Novak et al., 2021).
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By embedding these strategies into engineering classrooms, educators can build
environments that empower all students with the skills, confidence, and mindset needed for
future success in STEM.

Implications for School Leaders and Policy

To ensure equitable and impactful engineering education, school leaders and
policymakers must play a proactive role in shaping the systems that support self-efficacy through
digital fabrication.

Investments in digital fabrication infrastructure, including tools, maintenance, and teacher
training, are foundational. Sustained funding is critical for program viability and equitable access
(Moore et al., 2014; Novak et al., 2021).

Leaders must address structural barriers that limit participation, especially among
underrepresented groups. This includes access to resources, transportation, and prerequisite
learning opportunities that support readiness and inclusion (Lee et al., 2024; Van Aalderen-
Smeets et al., 2019).

Professional development should be prioritized to equip educators with both technical
fluency and the pedagogical strategies needed to cultivate self-efficacy in diverse learners
(Sadler et al., 2013; Usher & Pajares, 2008).

Policy frameworks should encourage autonomy-driven, project-based curricula that foster
student choice, creativity, and resilience (Bandura, 1997; Wingard et al., 2022; Zimmerman,
2000). Likewise, classroom cultures that normalize failure and encourage collaboration support

emotional well-being and social learning (Menold & Jablokow, 2019; Pajares, 1996).
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Crucially, self-efficacy should be treated as a core educational outcome, not merely a
byproduct. Assessment systems should measure growth in confidence, agency, and persistence
alongside technical achievement (Lent et al., 2003; Phan et al., 2023).

Finally, school leaders can serve as advocates for systemic change, supporting funding,
standards, and evaluation models that recognize the transformative potential of digital fabrication
in advancing STEM equity and opportunity (Geisinger & Raman, 2013; Kuchynka et al., 2021).
Strengths and Limitations of the Study
Strengths
Depth and Richness of Data

The use of a phenomenographic approach enabled a deep exploration of the varied ways
secondary students experience and develop engineering self-efficacy through digital fabrication.
In-depth interviews elicited a broad spectrum of perspectives, allowing for nuanced insights into
learners' experiences. The use of direct participant quotations further grounded the findings in
authentic student voices.

Empirical Grounding and Authenticity

The categories of description and the resulting outcome space were inductively derived
from participants' own words and reflections. This empirical grounding enhances the authenticity
and trustworthiness of the findings, ensuring they reflect student perspectives rather than being
imposed by preexisting theoretical constructs.

Theoretical Integration
The study effectively integrates phenomenographic methodology with Bandura's (1997)

theory of self-efficacy. This alignment strengthens the interpretive framework, allowing for
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richer explanations of how students' experiences relate to known sources of self-efficacy such as
mastery experiences, vicarious learning, verbal persuasion, and emotional states.
Coherent and Actionable Outcome Space

The outcome space presents a logically structured and relational view of how experiential
and contextual factors contribute to self-efficacy development. This holistic model provides
educators and researchers with a comprehensive and usable framework for supporting student
growth in engineering contexts.
Methodological Rigor

The research process was iterative and reflexive, employing constant comparison,
multiple rounds of coding, collaborative dialogue, and checks for saturation. These strategies

contributed to analytic rigor and reduced the influence of researcher bias on category formation.

Limitations
Contextual and Sample Specificity

The study was conducted in a specific educational setting (secondary-level digital
fabrication classroom) with participants who had access to particular tools, pedagogies, and
teacher support. These contextual factors limit the generalizability of the findings to other

educational environments.

Transferability Rather Than Generalizability

As is typical in phenomenographic research, the aim was not to generalize findings
statistically but to map the range of variation in how students understand and experience a
phenomenon. The conceptual insights offered are therefore best applied through transfer to

similar educational settings rather than assumed universal applicability.
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Reliance on Self-Reported Data

All data were self-reported through interviews, which introduces potential biases such as
selective memory, social desirability, or recall limitations. While interview prompts were

designed to encourage reflection and depth, some experiences may have gone unarticulated.

Limited Temporal Scope
The study captures student experiences at a single point in their learning trajectory. A
longitudinal design could provide insight into how sources of self-efficacy evolve over time or

across different stages of engineering education.

Interpretive Subjectivity

Despite using collaborative coding, triangulation, and category validation strategies, the
interpretation of data is ultimately shaped by the researcher's perspective. Complete bracketing
of prior knowledge or bias is difficult in qualitative inquiry, particularly in a phenomenographic
approach where meaning is co-constructed through interpretation.

In summary, the study's strengths—its depth, authenticity, theoretical alignment, clear
outcome space, and methodological rigor—Iend credibility to its findings. However, limitations
related to contextual specificity, reliance on self-reporting, temporal constraints, and interpretive
subjectivity should be considered when applying these insights to broader educational contexts
or future research.

Directions for Future Research

Based on the strengths and limitations highlighted in this study, several directions emerge

for future research to deepen and expand understanding of self-efficacy development in

engineering and technology education through digital fabrication:
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Longitudinal Studies

Long-term, longitudinal studies are needed to capture the developmental nature of self-
efficacy and STEM identity formation. Investigations that follow students across multiple
academic years or course sequences could reveal how self-efficacy beliefs and their sources
evolve over time, providing a dynamic view of learning and persistence in engineering pathways.
Such research would address the temporal limitations of cross-sectional designs and offer insight
into how students’ confidence, mastery experiences, and sense of belonging in STEM disciplines
transform through successive educational experiences (Bandura, 1997; Usher & Pajares, 2008).
Integrating longitudinal approaches with validated, domain-specific self-efficacy measures
(Denson et al., 2022; Kelly & Denson, 2020; Mamaril et al., 2016) would further strengthen the
precision and interpretive power of future studies in engineering and technology education.
Broader Contexts and Diverse Populations

Future research should consider replicating or adapting the study across varied
educational contexts, such as primary schools, community-based programs, and post-secondary
institutions, especially in settings with different levels of resource access. Including students
from underrepresented or marginalized populations may uncover unique pathways to self-
efficacy, contributing to a more inclusive understanding of engineering identity and engagement.
Intervention and Design-Based Studies

Intervention-based studies could examine how specific pedagogical strategies, such as
structured feedback mechanisms, emotionally supportive design experiences, or autonomy-
enhancing project formats, affect self-efficacy development. Such work could use mixed-
methods or quasi-experimental designs to determine which interventions yield measurable

growth in student confidence and skill.
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Comparative Research

Comparative studies contrasting self-efficacy experiences between digital fabrication
contexts and traditional STEM learning environments may clarify which elements are uniquely
impactful in fabrication-based settings. These comparisons can help distinguish the influence of
authentic, hands-on design experiences from broader engineering education principles.
Teacher Perspectives and Pedagogical Approaches

Investigating how teachers support self-efficacy through their instructional practices is
another essential avenue for research. Understanding teacher beliefs, strategies, and training
needs related to student confidence-building in digital fabrication environments could strengthen
the pedagogical framework for this field.
Emotional and Social Dynamics

Further research should explore the emotional and social dimensions of learning, such as
how peer relationships, resilience, and classroom climate contribute to or hinder self-efficacy
development. Qualitative studies and social network analyses could offer deeper insights into the
collaborative and affective nature of engineering learning (Bandura, 1997).
Technology Integration and Resource Equity

Studies examining how variations in technology access, usability, and classroom resource
allocation impact self-efficacy outcomes are crucial. Insights into effective management of
digital fabrication tools under varying constraints could inform equitable implementation
strategies, particularly in under-resourced settings.
Measurement and Assessment Innovations

Future research should continue to refine and validate assessment tools capable of

capturing nuanced shifts in student self-efficacy, mastery experiences, and contextual influences.
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Drawing on established frameworks for scale development in engineering education (Denson et
al., 2022; Kelly & Denson, 2020; Mamaril et al., 2016), scholars are encouraged to adapt and
extend these efforts into emerging domains such as digital fabrication and other digitally rich
learning environments. The development of both qualitative and quantitative instruments that
accurately measure domain-specific self-efficacy within these contexts would improve the
consistency and comparability of findings across future studies (Usher & Pajares, 2008).
Advancing this line of inquiry holds promise for generating a deeper, more equitable, and
practice-oriented understanding of how engineering self-efficacy can be cultivated through
innovative STEM education approaches.

Conclusion

This study set out to understand how engagement with digital fabrication technologies,
specifically computer-aided design (CAD) and 3D printing, influences the development of
engineering self-efficacy among secondary students. Employing a phenomenographic
methodology, the research captured diverse student experiences. It illuminated the complex
interplay of mastery, social interaction, emotional resilience, autonomy, and supportive
classroom contexts in shaping students' confidence and interest in engineering.

The findings demonstrate that self-efficacy is constructed through a dynamic process,
rooted in hands-on mastery and reinforced by peer and instructor support. Students described
transformative moments when overcoming challenges with digital tools led to heightened self-
belief, while collaborative learning environments provided vital opportunities for encouragement
and shared achievement. Emotional factors such as transitioning from anxiety to excitement
further contributed to students' persistence and engagement, underscoring the importance of

positive affect and psychological safety.
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Additionally, the study revealed that autonomy, opportunities for choice, exploration, and
self-directed learning play a crucial role in fostering ownership and intrinsic motivation. When
students felt trusted to chart their own learning paths, their investment and confidence flourished.
These findings affirm the need for educational environments that intentionally blend structure
with freedom, providing both scaffolding and space for student-led discovery.

From a practical perspective, this research offers actionable insights for curriculum
designers, teachers, and policymakers. Integrating digital fabrication technologies in a manner
that emphasizes mastery experiences, social connection, and emotional support can significantly
enhance students' engineering self-efficacy and, by extension, their likelihood of pursuing further
STEM education and careers. This is particularly urgent in the context of ongoing efforts to
diversify and expand the STEM pipeline.

Nevertheless, the study's qualitative, context-specific approach also signals certain
limitations. The experiences documented reflect a particular educational setting and cohort.
Broader applicability requires further research across varied contexts and diverse populations.
Longitudinal studies might also uncover how early self-efficacy gains with digital fabrication
shape students' attitudes and choices in later academic or career stages.

Future research could explore how digital fabrication impacts underrepresented groups in
engineering, investigate optimal teacher preparation practices, or examine the interplay of self-
efficacy with other key factors such as creative thinking or problem-solving ability.

In conclusion, cultivating engineering self-efficacy through digital fabrication is not
merely a matter of providing new tools; it is an educational endeavor that calls for thoughtful,
student-centered pedagogy and a commitment to equity and inclusion. When classrooms become

spaces for mastery, collaboration, and autonomy, students are empowered to view themselves as
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capable, innovative engineers prepared to shape and adapt to an evolving technological world.
The integrated approach described here has the potential to transform not only individual

learners but also the broader landscape of STEM education moving forward.
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Appendix A

Interview Protocol
Introduction
e Introduce my role in the research process and the purpose of the interview
o The goal of the interview is to understand the student experience in the class with
digital fabrication technology and not to evaluate their performance.
o Clarify terminology that will be used during the interview
= Digital fabrication technology — means the CAD software, slicer software,
the 3D printers and 3D scanners.
= Self-efficacy is the belief in one’s own ability to complete a task.
o Remind them of the ascent agreement and that they can opt out at any time during
the research period.

Warm-up Questions
1. Can you tell me a bit about yourself and your interest in technology and engineering
classes?
2. How would you describe your experience in the technology and engineering class you
completed?

Section 1: Exploring Aspects of Student Experience (RQ1)
Objective: To investigate the specific aspects of student experience with digital fabrication that
contribute to changes in their self-efficacy in engineering.
Mastery Experiences:
3. Can you recall a time when you successfully completed a task using digital fabrication
tools? How did that success affect your confidence in tackling future engineering tasks?

4. Were there any challenges or failures when using the technology? How did those
experiences influence your belief in your ability to use these tools effectively?

Vicarious Experiences (Social Modeling):
5. Have you observed classmates or instructors successfully using digital fabrication
technology? How did watching others influence your own confidence in using the tools?

6. Do you think seeing someone like you succeed at using the tools affected your belief in
your own ability to do the same? Can you explain how?

Social Learning and Peer Interaction:
7. How did working with classmates or in groups affect your confidence in using the digital
fabrication tools? Did collaboration enhance or reduce your belief in your own abilities?

8. Did receiving feedback or guidance from your teacher or peers influence how capable
you felt in using digital fabrication technology? Can you explain how?

9. How confident did you feel in making decisions about how to use the technology on your
own? Did the freedom to explore and make mistakes affect your belief in your abilities?
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Physiological and Emotional States:
10. How did you feel when you first started using digital fabrication tools? Did nervousness
or excitement impact your belief in your ability to succeed with them?

11. Were there times when you felt anxious or stressed while using the technology? How did
those feelings affect your confidence in completing the task?

Section 2: Contextual Factors (Access and Autonomy) (RQ2)

Objective: To explore how contextual factors such as access to and autonomy with digital
fabrication impact self-efficacy.
Environmental Influences (Access to Resources):

12. How did the availability of digital fabrication tools in your class affect your confidence in

using them for engineering tasks?

13. Were there any limitations in the classroom setting that affected your ability to engage
with the technology? How did these limitations influence your confidence?

Autonomy and Self-Regulation:
14. To what extent did you feel in control of how you used the digital fabrication tools? How
did that freedom or autonomy influence your belief in your ability to succeed?

15. When you were able to decide how to approach a project or task using digital fabrication
technology, did that sense of autonomy affect your confidence in using the tools
effectively?

16. How much freedom did you have to choose what projects or tasks to work on with the
digital fabrication tools? Did having autonomy over your projects affect how capable or
confident you felt about using the tools?

Influence of Classroom Structure and Organization:
17. How did the structure of the class (such as the amount of time given to work with the
tools, or the organization of tasks) impact your confidence in learning how to use the
digital fabrication tools?

18. Were there any barriers in the classroom environment (like limited time, restricted access,
or shared resources) that influenced your confidence in your ability to use the technology
effectively?

Emotional and Physiological States (Reactions to Environment):
19. How did the classroom environment (e.g., physical space, access to resources) impact
your feelings toward using digital fabrication technology, and how did that influence
your self-confidence?

Section 3: Reflection on Self-Efficacy
Objective: To get a deeper understanding of how the experiences shaped their self-efficacy in
engineering.
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20. Thinking back, how would you describe your confidence in doing engineering tasks
before and after the class?

21. In what ways, if any, do you feel that using digital fabrication has prepared you for future
engineering tasks or projects?

22. How would you describe your overall growth in terms of your abilities and confidence in
engineering from the beginning to the end of the course?

23. If you could change something about the class, especially regarding the technology or
how it was used, what would it be and why?

Closing
o Is there anything else you’d like to share about your experience with digital fabrication or

your feelings about your abilities in engineering?

o Thank the participant for their time and insights.
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Appendix B

Parental Consent Form

Title of Study: Digital Fabrication and Engineering Self-efficacy: A Phenomenographic Study
of Secondary Technology and Engineering Students

IRB Protocol: 27383

Principal Investigator(s): John Scarfpin, email@ncsu.edu, (***)##*s#4*

Funding Source: None

NC State Faculty Point of Contact: Aaron Clark, email@ncsu.edu, (***)-#**_eek®

Your child is being asked to participate in a research study about the impact of digital fabrication
technology on high school student self-efficacy in engineering. The specific digital fabrication
technologies being investigated are computer aided drawing (CAD) software and 3D printing. If
you participate in this study, your child will have already completed the Technology Engineering
and Design course as normal and allow the researchers to access the information from your
course performance to use as data for research. If your child participates in this study, they will
be asked to participate in an interview about their experiences with 3D printing and their beliefs
in their abilities in engineering, these beliefs are known as self-efficacy. Craven County Schools
has given permission for this research to occur.

The information that will be used from the Technology Engineering and Design course as
research data includes examples of student work, course grades, and interview transcripts. This
information will be accessed during the Fall 2024 and Spring 2025 semesters where it will be de-
identified and will be retained for a period of one year before being deleted. This study includes
the collection of your child’s student grade records. Mr. Scarfpin will collect student work
samples from archived Canvas courses and grades demonstrating student performance. The
purpose of collecting these student records is to illuminate any connection between student
performance and their perceived self-efficacy in engineering. This information will be accessible
to the researcher and committee advisors for the purposes of fulfilling dissertation

requirements. The dataset will remain anonymous so students cannot be directly identified. In
compliance with NCSU data policy for records retention, the research data will be retained for
three years and the data will be securely destroyed by January 1, 2028.

While participants have completed the course, participants will participate in audio recorded
interviews during the research activities. If you do not want this information collected, you
cannot participate in this research. We would like to use these recordings for transcription only.
We will keep these recordings until transcriptions have been verified.

It is not an expectation nor requirement of the Technology Engineering and Design course that
you allow your information to be used as data for research. It is not an expectation of any
personal or professional relationships you may have with members of the research team that you
allow your information to be used as data for research.
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There are minimal risks associated with your child’s participation in this study and there are no
direct benefits to you or your child from participating in this research.

Participation in this study is strictly voluntary. You can choose not to participate in the study or
stop participating at any time by emailing John Scarfpin at email@ncsu.edu.

It is not an expectation nor requirement of the Technology Engineering and Design course that
you allow your child’s information to be used as data for research or that your child participates
in any research activities. It is not an expectation of any personal or professional relationships
you or your child may have with members of the research team that you allow your child’s
information to be used as data for research or that your child participate in any research
activities.

Your child will not receive any payment or compensation for completing these
educational/assessment activities.

If you have any questions about the research or how it is implemented, please contact the
researcher, John Scarfpin at jdscarfp@ncsu.edu and ***-***_**** Yoy can also contact the
faculty advisor for this research, Aaron Clark, at email@ncsu.edu and *#*- ¥ ek

If you have questions about your rights as a participant or are concerned with your treatment
throughout the research process, please contact the NC State University IRB Director at IRB-
Director@ncsu.edu, 919-515-8754, or fill out a confidential form online at
https://research.ncsu.edu/administration/compliance/research-compliance/irb/irb-forms-and-
templates/participant-concern-and-complaint-form/ You will receive a copy of this form for you
to keep.

If you DO NOT consent to have your child participate in this research, you do not have to return
this form.

If you want your child to participate in the project, please complete the portion below and return
the form to school where it will be collected by Mr. Scarfpin.

Child’s Name (Print):

Parent/Guardian Name (Print):

Parent/Guardian Signature:

Date:
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Appendix C

Student Assent Form for 14 to 17 years old

Title of Study: Digital Fabrication and Engineering Self-efficacy: A Phenomenographic Study
of Secondary Technology and Engineering Students

IRB Protocol: 27383

Principal Investigator(s): John Scarfpin, email@ncsu.edu, *#*-*#*_ k%

Funding Source: None

NC State Faculty Point of Contact: Aaron Clark, email@ncsu.edu, *#%-s## sk

I am inviting you to participate in a research study about your experience with 3D printing in the
Technology Engineering and Design course you have completed.

Your parent(s)/guardian(s) know I am talking with you about the study. This form will tell you
about the study to help you decide whether or not you want to participate in this research.

What is the purpose of this research study?

The purpose of this study is to investigate if there is any connection between the use of 3D
printing in engineering classes and your belief in your own abilities to complete engineering
activities.

What will I do in this study?

If you decide to be in the study, I will ask you to allow access to work you have already
completed in archived Canvas courses and the grades associated with your efforts. In addition to
this, I will be asking you to sit down with me for an audio recorded interview to get a better
understanding of your personal beliefs in your abilities in engineering. I will transcribe the
recordings or type out everything recorded during the interview. I will then have you verify that
everything said in the transcript is accurate and interpreted correctly.

I expect that you will be in this research study for the Fall 2024 and will be finished during the
Spring 2025 semester. I anticipate the interview taking approximately an hour and another 30 to
45 minutes of your time to verify the transcripts. If there are any follow-up questions, they will
take place before the end of the Spring semester via school email.

Can I participate in this study?

You are invited to participate in this study if you agree to be in this study, your parent or
guardian allows you to participate in this study, and have previously completed the Technology
Engineering and Design course. Current students will not be included in the research data.

You cannot participate in this study if you do not want to participate in this study, your parent or
guardian does not want you in this study, or you refuse to allow audio recording of the interview.

What benefits do I get for participating in this study?
Taking part in this study does not have any direct benefits for you.
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Can anything bad happen if I am in this study?
There are minimal foreseeable risks; some teens, however, may feel nervous about being interviewed.

Will anyone know what I said or did in this study?

Data collected in this study will be de-identified so you cannot be connected to it. Pseudonyms
will be used when discussing your experience in the narrative of the research. Direct quotes from
the transcripts may show up in the final version of my dissertation. Anything you say will not be
able to be reconnected to you directly.

Everything that you share will remain private unless I think you are being hurt by someone else
or in danger. In those rare and unusual circumstances, I am required as a mandated reporter to
tell someone only enough information in order to help you be safe.

Will you share what you learn about/from me with other people?

I plan to share information that I learn from you with others by writing my dissertation from the
data collected in this study. The details shared will include your feelings about your abilities in
engineering and your achievements in the class. I will also be asking about your struggles with
engineering tasks and how you approached them. I hope by sharing this information the
educational community can make learning experiences better for students like yourself. Again,
anything you say in the interview and your information will not be able to be linked back to you
directly.

Do I have to be in the study?

No, you do not. The choice is yours. No one will get angry or upset if you do not want to do this.
You will not lose out on anything if you do not want to do this. You can also change your mind
anytime if you decide you do not want to be in the study anymore.

What if I have questions?

If you have questions about the study, you can ask the researcher, John Scarfpin, at
email@ncsu.edu and *#*-*#*_*#%% Yoy can also contact the faculty advisor for this research,
Aaron Clark, at email@ncsu.edu and *%%- %% % _F&%*

If you have any questions about your rights as a participant in this research or if you feel you
have been hurt by this research, you can contact the IRB Office at irb-director@ncsu.edu or
(919) 515-8754. You will receive a copy of this form for you to keep.

Printing/typing your name below means that you have read this form or have had it read to you
and that you want to be in this study.

D Yes, I want to be in this research study.

Name Today’s Date

D No, I do not want to be in this research study. Thank you for your consideration.
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Appendix D

Pooled Answers

1. Can you tell me a bit about yourself and your interest in technology and engineering
classes?

11820
I guess my interest about it is just it sounds it sounded fun. Being able to learn how to make
things and be able to, like, actually turn them into a real object. It just sounded cool to me. Okay.

22693
Alright. Sure. I wanna become a mechanical engineer. Well, obviously, I took the engineering
class.

25831

I've always had an interest in , like, technology and stuff because I watched my dad build his
own, computer thing, you know, the little boxes, not the monitors. And I watched him make this
whole set up, and it was really cool. And even before that, it's just technology had, like, a certain
interest for some reason. Just didn't find it interesting. And, in 2019, back in, like, Arizona, they
had, like, this community college, like, summer camp thing for, like, a week. And we gotta build
robots out of Legos and then program it to, like, take this track take this track thing and, do some
task, and it was really fun. And I finished early and got bored and had a spell out my name in
cursive. And the teacher said that it takes college students a whole semester to learn how to do
that, so I was proud.

30980

Well, a little bit about myself. I'm still figuring out, like, what I wanna do and stuff like that.
And I took, like, this class or the engineering or technology sort of class because I hadn't

done that before in middle school. So I didn't really know, like, what happened in those classes
or, like, what you learned about or anything like that. So I really just wanted to broaden my
horizons and just learn more about it.

44222

So, like, by myself, like, things I like to do and stuft? Sure. Well, I do play basketball. I
actually have built I built my own PC, and I used to actually do, like, coding stuff, like, on my
coding apps. I don't remember what exactly they're called. But I used to do that. And then I
stopped for a while after I built my PC, and then I kinda just I haven't really done anything till I
came to this class. Like, I did do it for gaming, and then I was like, it'll be convenient for, like,
school and all those things.

Actually, for like six years, before I built my computer, I was like, [ wanna do something in
computer engineering. But I think I'm more like of a hands on kinda guy, like, actually building
and all that kinda thing. So yeah.
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44381

So, I'm very interested in engineering. It's something I wanna pursue, definitely. And if I'm given
opportunities in that career, career pathways, then I probably will take some of those, and it's
something I definitely wanna advance my own personal abilities in. I've had classes before that
were engineering type classes, and I've always shown interest in them. I've always enjoyed them.
They've just been something I was like, this is cool to me. This is new things that seem like I can
actually use them everywhere, really.

49660

I'm a senior in high school. I'm pretty interested in acrospace engineering, and it's what I plan on
doing in college.

50159

I honestly didn't really consider engineering as something to go towards. But I ended up taking
the class anyways, and by the end of semester, | actually really ended up enjoying it because,
like, it allowed me to get a new perspective on not only, like, the things I'm doing

But also, like, different ways to think about the stuff happening in my life.

53753

Well, I've always kind of been interested in some sort of medical or engineering CTE

type career thing. And so, you know, I took this class, and I have a 3D printer of my own too.
And so I thought that this class would both help me with my 3D printer and with, like, any
skills that I might need, like, in any of those fields and stuff like that.

['use my 3D printer to just make whatever I want. Like, smaller things because it's not a big one,
plus I don't have that much filament. So I make, like, small little trinkets, and I make a lot of
gifts. Like, for Christmas, I'm gonna be mostly making gifts.

70845

Okay. So a bit about myself. I love everything and anything, traveling, athletics, and I love
everything in business too. And specifically with technology and design, I love the way that
you're able to create whatever you put your mind to. And with that, you know, comes your
ability to comprehend new things. And, again, with just creation of anything that you think
about, it's that's the biggest part, I think, that I feel has a great impact on someone's mind and,
you know, specifically with designing, that helps them make whatever they want.

I chose this class because, you know, I was interested specifically in computers a little bit. But,
you know, I actually really liked that class. But sadly, it wasn't a part of the honors thing that |
wanted for my GPA specifically. But, I've really um I put it as, like, my second elective choice.
But, yeah, I really wanted to take it, but it was fun.
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81162

Growing up, I've always had, like, a little interest in, like, building things, taking them apart, see
how they're made. That's always interested me. Throughout the years, I've slowly looked through
each type of course and see what was best for me, and that slowly turned into mostly
architecture. I don't know how. I just like how it is.

94231

I took this class in my senior year. I especially like graphic design, it has a lot to do with, like,
modeling. And especially when you want to, like, create a design, like, on a real product, I think
3D printing would be or 3D modeling would be really useful in doing that, especially if you
want, like, really unique products to put it on.
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2. How would you describe your experience in the technology and engineering class you
completed?

11820

It was pretty good. I definitely did learn how to use the 3D modeling software. I just don't have
any of my own that I could use at home. So Okay.

22693

Oh, well, I'd say it might actually be one of the best classes I ever had in high school. Well, one,
for one thing, the subject is generally interesting. I always felt like the assignments were
meaningful and never just busy work. I felt like I actually learned something.

25831

It was a lot of fun, if I could, I would definitely do it again because it was just so much fun.
30980

It was really fun. Like, I really liked that class. And yeah. I don't know. It was like it like, it was
something that I looked forward to every day because, I mean, I had people in there.

I knew we were gonna be doing something where I wasn't just sitting down and you know?

All the time. So that was nice. But I don't know, like, with the class like, of course, the

class is really fun, but I don't know if that's something I would pursue, like, as a career.

So that's just that's just how I feel about that.

44222

It was, like, a class. Right? Yeah. I enjoyed it overall. I think I definitely, like, learned things
and, like, learned how to, like, work as, like, a group, like, for the group work and for, like, the
last project individually too. Like, just working on things.

44381

My experience was really good. I think all the assignments we did were fun. They didn't feel like
assignments I had to do. They just of course, I mean, obviously, did have to do them. But they
just felt like something I wanted to do, something that came, like just something I wanted to do
for fun, do for myself because I kinda I enjoyed these things. These are things I wanted to do.

49660

I thought they were pretty good experiences. I got a lot of experience with CAD software. [ did a
few projects. It kinda gave me a perspective on engineering.

50159

I had a really good experience. We did a lot of fun projects with like, whether it was, like, by
ourselves or, like, a group project with, like, a partner. And, honestly, it helped raise my
confidence at the end when I had to do the presentation because I was really nervous for it. But
then, like, once I got it done with, I felt, like, I felt really, like, relieved and content with how I
did.
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53753

I would say it was really good. I really liked it. I didn't have that many friends in it, but I like the
course itself and the, stuff we did in it.

70845

So prior to that, I haven't really done anything with technology and design until that class. But,
you know, going through it, I really found an interest in it, and I got better with designing and
stuff for sure.

81162

I really, really learned a lot and I really enjoyed doing it. Mostly, I just found it fun. It was like a
little hobby for me at the point. Definitely learned a few things and was able to, like, build my
knowledge on this type of stuff. That's really it. I just really had fun, learned how things worked
and how people came out to using different possibilities and solutions.

94231

Yeah. I would say it was, a bit intimidating at first because I didn't have, like, a lot of knowledge
with, like, Python and coding.

So I think that was the most difficult part of the process. But, I definitely, like, asked a lot of
questions and a lot of help from people, so that helped me a lot. And it was it was pretty
enjoyable even though, like because I got to learn a lot of things that I didn't know at first.
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3. Can you recall a time when you successfully completed a task using digital fabrication
tools? How did that success affect your confidence in tackling future engineering tasks?

11820

Okay. So, I guess every time I made something and it actually, like, printed correctly and it
worked how I wanted it to, I guess that was pretty cool. When we were making the mousetrap
cars, and I made the body for the car and the mousetrap fit in, like, this little hole that I put in
there perfectly. I felt really good about that.

22693

Yes. The task that first comes to mind was when I completed the task in the library to make clips
to help the library's sign stand up. I would say that gave me confidence in my abilities.

25831

One that I can think of is, like, a project we did. It was the mousetrap vehicle. I liked how I put it
together, and I thought it was, like, good and gave me confidence to, like, work on it more when
we put it together. So that when we got to the hands-on part and, like, building it That when we
got to a certain part, I tried to edit it or, you know, fix it up a little bit different, change things So
it would go farther. It didn't really go, it ended up going, like, shorter distance than it did the
first two times, but it's okay. I learned from it.

30980

Yeah. So when we were doing the, like, our first few, like, units or whatever, when we were
doing the 3D printing, having the videos and stuff like that really helped me because then, like, if
I did something wrong, I could go back and figure out what I did wrong or something like that.
And it it just like, for me, like, when I'm learning something, it just helps to have something that
I'm following along with. So, yeah, I made some things, like, when we were 3D printing, and
that was really fun. Like, that made me super excited because I was like, I'm doing something,
and I didn't like, I didn't know how to do this before. So that made me confident in that sort of
thing. But, like, later on, I think when we were doing, like, some of our later projects and stuff
like that, I think it was harder for me to, like, have the same confidence because, I mean, I didn't
have the videos, which clearly, like, I need to grow my, like, my knowledge on it and just
practice it. But I think since I hadn't practiced too much, like, it was just hard to, like, you know,
stay committed to it, especially since I it was, like, this whole new thing to me that I've never
done before. Before. So and I'm just not good with technology.

44222

A task? I think it was, like, the one of the first ones we did with the was the airplane or the pencil
copter. Yeah. I felt really good about that one when we first started the, what's it, the 3D printing.
I felt good about that one. I think that would be pretty good on that. Yeah. Because after we did
that, I was like, okay. I'm starting to understand how it works now. So, yeah, I think it helped.

44381

I've always liked, like, 3D designing things. It's always really interested to me because I feel like
I'm actually creating something and making something. And in your class specifically, I made a
dupe lugs block or, you know, I made a Duplo block. I can't say that right.
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Yeah. And I just felt like I had so many good details in there. I felt like I did it well, and it fit
together well. And it just It felt like I actually made something that works, made something that
was useful and that I could I mean, it was just you know, I actually could hold it. And it was,
like, it wasn't just an idea that I put down on a computer or a piece of paper or something I could
see. You know? I was like, wow. This actually works.

49660

Yes. So the first project was the bridge project I remember doing, which I went in and CAD
modeled the full bridge model and then built off that model, also printing off using CAD to print
off a blueprint of it, and it helped me build it.

50159

Yes. I did when we the one that I think I did the best on was the top spinner. Because when I
printed it, it, like, went together really nicely. And then, like, when I would go to spin it, it would
spin for a while, and, like, it had good quality to it. That was, like, the first step to, like, more
confidence. It like, it helped me realize that, like, there was more stuff that I could do than what I
was already doing. Like, there was more options to me.

53753

Yes. We made a book for, like well, I made the book when we did that, make your own. Just
design whatever you want with your name on it. And I made a little book with it. And I
remember because I had to use different tools I hadn't used before, and it was kinda hard, but it
turned out good like I wanted.

70845

Okay. So, again, with the probably the hinge box, it was a small, but it was a probably a big |
think so. But I think that was one of our first ones that we made or because I think the flagpole
was second. But, again, with that, that was the first thing I really probably digitally created. And,
you know, after I completed that and I fixed some stuff up after, you know, my first few rounds
of it not becoming out perfect, I was able to, find where I was struggling a little bit. But, I think
after that, once I created, like, the best one yet, I think that boosted my confidence in creating
more stuff as well.

81162

We did a lot of modeling on Fusion 360, and it really showed me how little pieces work together
to create a big thing. And it's a lot of work. It really, really did stumble me a few times because |
was really lost, but eventually I got the hang of it. And it's actually really nice to use. It's really
important when you're thinking about making something because it really makes you go, can I
do this? And make sure it works properly. But yeah. It really did help me out in learning how
things are put together, and it was kinda stressful because sometimes you'd be lost and didn't
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know what you were doing, and other times you just couldn't figure out what was going on. But
other than that, just really helped me out in learning how things were put together and made.

94231

I remember this one project we did or kind of like a mini project. We were supposed to create a
phone case for a phone, and I think it was like, some of the dimensions were a little bit off, but it
I was able to get it on. I would say it definitely affects confidence, like, especially when you,
don't have experience, like, with a certain thing, it allowed me to, be confident in being able to
do the research to figure out a certain problem. So I think that definitely helped.
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4. Were there any challenges or failures when using the technology? How did those
experiences influence your belief in your ability to use these tools effectively?

11820

Yes. Also during the mousetrap car when we were making the wheels and they wouldn't fit.
They would either be not they would either be too like, the hole in the middle would be too big
to go around the stick or too small to fit around the stick, and we couldn't act like, it took us a
while to actually get it to fit perfectly without being too tight or too loose. And we also had to,
like, change the size of the wheels because I think we originally had smaller wheels, but then we
ended up changing the size of the wheels.

22693

In the first few times, sure. I failed to account for the fact that when the signs clip on, they would
bend and therefore not clip onto the signs as well. So I had to, of course, reiterate the signs,
account for variations on the shelving, and try to find a more universal design. So, yes, there
were some difficulties. My failures specifically well, of course, they never feel good, but they
never made me feel like, hey. This is a failure. You should quit. I never felt like quitting. But, of
course, they were more of inconvenience, if anything else.

25831

Probably when I first started, I had no idea what I was doing. Yeah. There was the first thing that
we're having to do was, like, the tire rim thing. And, apparently, I clicked the wrong thing, and it
was put it on the wrong axis. And I didn't realize that until I was, like, having to put the holes in,
had to, like, do the thing where, like, circles around a cut style and, like, around the axis thing.
And it was a completely different thing. It was looking weird. So that was why and I did that
miss like, clicked on the wrong thing multiple times for some reason, multiple, different times
for the different axis than it did in the video. But it was still funny because then I had to, like, go
back and figure out what axis I did put it on so then I could put it on right. It's, made me realize I
need to be, like, focusing on a little bit more I'm not really focusing on it. More concentrating on,
like, what axes and stuff I'm playing on and, like, pay more attention to what I'm actually to what
I'm doing and, like, what axis and stuff like that I'm clicking. Because when if you don't know
what axis to click then it could cause a big problem later when you're doing something.

30980

There's definitely a lot of those. I think just throughout the projects, I had, like, just some like
like I said, whenever I didn't have the videos and I was trying to figure things out on my own, it
was definitely frustrating because, like, there's some things that I had no idea what they meant.
Like, there's, like, random words on there, and it looks like I'm reading a puzzle or something. So
that was a little difficult. And, like, when we were doing our final project or our PBM or
whatever, when we were doing our bridge, that I did not know what I was doing. So that was
pretty difficult. So it did make it harder to be motivated and stuff like that because I was like, I
don't know how to do this. Why am I even trying? So that definitely, I think, didn't help with,
like, the confidence or staying motivated or anything like that, but I think definitely asking for
help helped a lot too.

44222

I think trying to, like, remember certain steps of, like, building, like, on the actual when
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you're designing and stuff. It's like where things are and just building miss a step or You know,
and it'll mess you up later. I think sometimes it gets annoying, but overall, like, once I figured it
out, it wasn't it wasn't bad. I, like, I enjoyed doing it.

44381

There were definitely some, like, setbacks where when I was looking at things, I was just like,
wow. This is a lot. And I was just kinda confused on some of the, like, some of the, tools in the
software. I mean, obviously, there is a lot, and it's very, like, professional. It's a professional
software, so I wasn't always gonna get all of it. But there were also times where there's tools I
was supposed to know how to use. And I didn't know how to use them right at the time, but I
definitely gained the ability to use them, and I could use them confidently after that.

49660

Yes. I would say so. During my time in the course, I was sick. Over the time of learning CAD, I
had a lot of challenges trying to relearn it. And then also coming into the second level class,
relearning CAD again, I did have some challenges, a lot of questions again, but I think I was able
to pick it up again and gain my confidence back in it. I think if [ was practicing actively, my
belief in using the tools, I think I could use them pretty well. So mainly, just having the
experience was a good way to get started. But, practicing it for a while let me comfortable
enough to use software and tools.

50159

When we did the Lego project and we had to 3D print it, it didn't line up correctly the first time. I
did it so it made me have to, like, go in and be like, okay. I need to pay attention to more of these
details because it wasn't sticking to the other LEGO blocks. So when I was able to go in and redo
it, it, like, it kinda made me have to, like, rethink it and, like, redo the math, like, make sure
everything was correct, double check it, and then do the steps again.

53753

Yes. We tried to design a treasure chest, and that took a lot of trial and error. Because we tried to
use some tools, and they wouldn't work. And it took a very long time for it to turn out good and
the hinges to work without it breaking.

70845

Again, I think it was just that little the little details and every little, thing that we created was
something if wasn't if something wasn't, like, perfect, then it wasn't it wouldn't come out right in
the printer. So I think it was just correcting those little mistakes to really solidify, like, the overall
product. I think it wasn't I don't think I had, like in my head, I wasn't thinking about, like, oh, this
might be a me mistake, but probably my mistake and just, like, the little details and
measurements, | had to double check myself on. But I think I definitely think I did have the
confidence to complete it, though.
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81162

Definitely. If you missed a specific step, it could all go wrong. Like, if you didn't put supports on
a specific part, it could just fail when three d printing. Sometimes you'd forget just the tiniest
little move down or up and you'd realize it very quickly. But other than times, just Sometimes
but if you have, like, help, it you easily just figure something out.

94231

I guess I would say, like, just, like, figuring out, like, the certain tools to use to, like especially,
like, when you wanna create a certain thing in the CAD software, just, like, figuring out how to
do it was, like, the biggest challenge. But, like, I guess once you get through that, it gets easier.
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5. Have you observed classmates or instructors successfully using digital fabrication
technology? How did watching others influence your own confidence in using the tools?

11820

I can't recall any times of that. I guess whenever they would they went during the rover, when
they would three d print the entire body of the car just and it has just, like, a cup holder in the top
for the bottle. I'm like, that's pretty cool. Didn't do it, but that was pretty cool.

22693

Yes. I have. That made me feel good. I felt like when you see other people doing it, it makes you
more confident. If other people can succeed, it makes you feel like there's not no hope. If
everyone else around you fail, then I would give up hope immediately because if everyone else
failed to do it, what hope would I have?

25831

A friend of mine that was in this class, she was really good at it. And, sometimes, you know, we
all love those off days when you, like, something slips your mind. I go to her and ask her how to
do something. She'll tell me how to, like once I forgot how to get to the drawing part, so she told
me how to get to the drawing part. And she was really helpful, and, she was definitely really
good at it, better than I was, but it was it was fine. It was cool. Because it made me realize that if
she can do it, I could still do it too. Like, probably not as fast as her or not be at the same level
because you might have been smarter than me. I don't know.

30980

I don't know if I necessarily watched somebody do it. I mean, obviously, those videos, like, I
would watch you do that. And that honestly like, that helped. But I don't know. Like, I don't
think I really watched any of my classmates doing it that [ know of. But I think watching what
you did helped me to know what to do and how to use some of those, like, on Fusion 360. Like,
it helped me use some of the, whatever they're called (tools). I don't know.

44222

Definitely watching, like, my classmates helped because they ones that didn't know how to do
stuff, if [ needed help with something, you know, I was able to ask them. Yeah. I definitely had,
like in our class, it was I think it was Wyatt. He was a big help for me. Wyatt and Alex.

44381

Yeah. So when I was in that class, | have my friends with me. And when they would make
something, it was just kinda cool to me because it also felt like a bit of competition, see who can
make a better thing, who can make a cooler thing. Or even which one can make because
sometimes we had to make an exact replica. So which one can make the exact same thing faster
than the other one? Which was also kind of fun to do. It's just a bit of, like, competition within
our assignment. To do a better or faster.

49660

Yeah. So in the second level class, Aaron mainly helped me with all the, CAD modeling and
stuff like that, and I also watch you go around helping students. So Aaron helped me a lot, and |
watched him use it in a manner that definitely helped me with my experience and gave me more
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confidence in using it in the future because he taught me some things along with you teaching
me some things. I think it definitely challenged my belief about how confident I was in the CAD
software. But after using it, I think I reinstated that confidence because I overcame the challenge.

50159

When we would have to use fusion and I would, like, look around and, like, see other people,
like, sometimes there's people ahead of me. Sometimes there's people, like, kinda a few steps
behind me. And if they were ahead of me and if I was struggling with a certain part, then then I
would, like, ask them to help me, and they would be able to help me Which would help me know
how to use it, and it'll help me with my confidence for the next time I have to use the app.

To 3D print or just to design. And or, like, when I saw the people that were a little bit behind me,
it gave me a little bit more confidence because I'm like, well, I'm doing okay in this class. Like
this may not be what I first thought I wanted to do, but I'm starting to enjoy it, and I'm starting to
get good at it.

It helped give me that, like, extra push to, like, keep going more and, like oh my gosh. I don't
know how to word it, but, like, it just, like, helped me with the stuff that I was struggling with.
And with that, like, I don't know how to explain it.

53753

I did. And especially with my classmates, if [ needed help, I would ask, especially the girl that
was sitting next to me. [ would ask her, to help me. And then when you would give the examples
and I would watch the videos online, those would definitely help. And because I like to it helps
me to see things by example, and so it would help me to see them do it first and then do it
myself.

70845

Yes. So an example for you, I would very carefully watch what you would do specifically on the
projector or if you would help me, like, in class. When you like, you would take my laptop, you
would I would really watch what you were doing. And, and with some of my classmates, you
know, some that were more technology, like, focused and it was a bigger interest to them, they
were obviously, they were a little bit better at doing it than I was since, you know, it was my first
time in this class in technology design related. But, it was, yeah, it was just good to see, I guess,
a new perspective on everything.

81162

Yeah. 100%. Seeing people do something really allows me and helps me to understand what I'm
supposed to do. Like, when the videos you gave us on how to make something, it really helped
me understand what the software I was using and how to use it and what it did. I really enjoyed
those and seeing other people work, I was sometimes able to help them out and tell them what
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they did wrong which made me feel a lot better. -- Being able to help others was a boost of
confidence.
94231

Definitely playing with, like, 3D printing, like, seeing how other people did it really helped me
in, like, figuring out how to do it myself.
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6. Do you think seeing someone like you succeed at using the tools affected your belief in
your own ability to do the same? Can you explain how?

11820

Yeah. Because I think it made me think that if they can do it, I can do it too. We're in the same
class, maybe we got relatively the same skill level. Okay. So I don't see why I wouldn't be able to
do it. So it depended on what we were doing because I felt like I was fairly okay at the 3D
modeling, but sometimes there's somebody else at the table who was really good at it. And I was
like, you know, why can't I be that good? But I'm Okay. And I'm okay with that.

22693

Yes. I would say so. Well, it's easier to see your own success if it's someone you can easily relate
to. Seeing a teacher who has years of experience doing it doesn't really give you the same
perspective as seeing a student who's just as new as you succeeding.

25831

Yeah. Definitely. Because it made me realize that if she can do it, I could still do it too. Like,
probably not as fast as her or not be at the same level because she might have been smarter than
me. [ don't know. But she's had different experiences.

Definitely. Seeing her be able to do it in, like, some other classes, it makes me able to do it so
easily. I could go to them for help, and, they can, like, help me a little bit, and it'll, make me
better at it. So the next time I go to do it, I know how to do it, and it makes me better in the end.
30980

Yeah. I think so. Like, I mean, I had Maddie. So when she would do something, we'd help each
other. So that was nice, especially, like I don't know. I feel like there weren't too many girls in
that class. So seeing somebody else, like you know? Because especially, like, knowing some of
those other are like you, some of the other guys that I had in my class, like, I knew they were
super smart, and I knew they knew how to do this sort of thing. So, yeah, seeing, like, other
people also be able to do it was nice.

44222

Yeah. [ mean, when if [ see , like, someone doing it, I'm like, oh, okay. It kinda can give me
motivation to be like no, I got it.

44381

Yeah. [ mean, just seeing that I can actually do these things and that it wasn't as far away from
me as I thought it was. I actually thought, hey this is something that I can move very far in
before, like or unlike prior to the class where I just kinda thought it's a vague idea. It's something
I couldn't maybe do if I really wanted to, if I really tried hard at it, but now it's something I'm
like, I can do this if [ put my mind to it, really. By gaining that experience, it's just kinda build up
your confidence. For me, I feel like I’'m closer to, like, my goal.

49660
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Yeah. I think seeing people that I thought I was similar to, overcome the same challenges
definitely gave me the confidence to try those challenges and eventually overcome them.

50159

Yes and no. Yes because it made me feel a lot more comfortable in the area because I knew, like,
I wasn't the only girl and then seeing them, like, succeed was, like, also, like, a push to, like,
keep going throughout the class. But then there were other times where, like, it was almost like |
didn't even realize they were there because, like, I just got so used to them being there. But it was
it was a comfortable environment, like, with them there.

53753

Yep. It does. Especially seeing my classmates all, like, struggling with it too and then getting it
like I did.

70845

Yes. For sure. I think having, again, like, another perspective specifically in technology and
design to show you and to demonstrate and to help you learn as another individual secondhand to
them, I think it was a great, just like a great support to your learning and my own personal
learning as well.

81162

100%. I love seeing people do what they think is fun and what they like, and seeing them
succeed brings me hope that I can succeed.

94231

I would say so. Well, I didn't notice it at first, but it is very male, predominated. But I don't think
that really affected, like, my confidence or abilities because well, I guess well, my kind of
misconception was that, like, most people that came in here had, like, knowledge of, like, like,
3D printing and, like, coding and taking coding classes in the past. So, I guess since, like, I didn't
have that foundation, it was a bit, like, harder.
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7. How did working with classmates or in groups affect your confidence in using the
digital fabrication tools? Did collaboration enhance or reduce your belief in your own
abilities?

11820

I definitely felt better whenever I was working with a group because then I could ask them for
help on anything I needed help with. But if [ was working alone, I just I didn't feel like I should
be asking for help because I was working alone. So 1, ... yeah.

22693

I'll say that improved it too. It's nice knowing that people are there to help me, people who have
experience. Nice to know that I'm not alone.

25831

Going to doing it in groups was fine because, like, you can also talk to friends during it. But,
also, when you're, like, planning things out and, like, putting things together in fusion, you can,
like, do something, and then they could have an idea that might make it better. And, basically,
like I said, once in the project, you could work together and get rid of the idiotic ideas of putting
these things together.

30980

Yeah. Honestly, I think it helped me a lot, to be honest, because I could talk about, like, what I
didn't know how to do, and I'd have somebody helping me and, like, help me figure it out. So it
wasn't just, like, just going to you and asking you to help me or, like, just do it for me. I was
having people, like, explain to me how they figured it out and stuff like that. So I think that really
helped, like, just in general, like, not just my confidence in it, but also just it helped me to learn.
And, like, I could just talk about it with, like, other people.

44222

Well, working, like, as a group, we definitely had to, learn how to, like, work together. It's like
for us both to be able to make it, make the thing we're working on. I think it did help build it
because, [ mean, some because it like, with the group work, it does cause, like, you know, you
have to figure out how to work with your group doing it. But I think overall, like, after doing it,
it's like, okay. It helped me learn how to use it, and it helped me work as a group too.

44381

So like I said before, if [ was working, like, side by side but we weren't working on the same
thing, it sparked, like, a bit of competition within me. And it made me I feel like I wanted to
make it better, than before if [ was just working by myself or, like, in a singular classroom or
just, like, when I'm at home making stuff. And then if I'm working with a friend. It's also just fun
to have, like, collaborate on these things. Because usually when I'm trying to share ideas, it's just
hard to get my ideas across. It's hard to, like, shape things. But when I can, like, just easily put it
on a computer and they can see it and they can move it around and they're like, oh, yeah. So this
is what you wanna make. And it's just easier to communicate that way for me.

49660
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So working with Aaron mainly was my partner in the second level class, helped me get way
more comfortable with CAD modeling and building stuff and 3D printing stuff because he knew
the basic gist of it, and he was really confident with it. And I think that just overall gave me more
confidence.

50159

It definitely helped me work on my weaknesses in certain things. Like, I did there was times
where I would struggle with, like, the 3D modeling. And working in a group would help me
would help me get better with that skill. Because I would have someone there that, like, knew
what step I'd be at and would be able to help me through it.

53753

It would improve it (confidence in abilities) because I learned new things from them, and they
could help me in areas I didn't know that well. I would say working in groups enhanced it unless
I started to rely on them too much, and then I wouldn't know how to do it myself. But mostly, it
enhanced it.

70845

So working in groups, I think, obviously, being able to collaborate more with others and to really
see how everyone's self's minds work and not just your own to, you know, invite new ideas into
the whole group and to, like, share your own thoughts and opinions. I think I really like working
in the group settings rather than my own personal setting and, like, alone because, you know, you
get help with stuff too rather than sometimes when you're just alone, you have questions and,
you know, sometimes you're not really sure to ask them or what to ask specifically. But when
you're in groups, more people might know stuff rather than your own head and, like, working
together. Everyone's thoughts just combining.

81162

Really boosted my ego. It really boosted my ego. But it also made me learn patients a lot better
and how everyone learns differently. It also just kinda helped me improve in my own skills.
Some people take a lot longer to understand software and what they're doing exactly, and it just
some people learn it faster than others. I learned it pretty quickly and others took a while, which
is okay. I was able to help them for the most part that I could. And just really get actually build a
lot of friendships by helping.

94231

Yeah. I think, definitely, like, working with other people definitely helped that. I feel like
because I didn't have, like, that knowledge and stuff, so I definitely, like, asked a lot of people,
like, for help if I didn't know, like, a cert like, some how to figure out something. So I think that
definitely, like, built my confidence up. Because a lot of people had that knowledge that I didn't.
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8. Did receiving feedback or guidance from your teacher or peers influence how capable
you felt in using digital fabrication technology? Can you explain how?

11820

Yes. So whenever I would come up to you to ask for help and you'd come help me, and, like, you
just showed me on my computer with me right there, it helped me figure like, it just helped me
with the visual of you doing it on my computer really helped me.

22693

Most certainly. I feel like without the guidance, I wouldn't feel nearly as confident. Well, you
see, if when I didn't have guidance, I felt more lost. Without with the guidance, I felt like I at
least had a direction, if any if not anything else.

25831

Definitely. The, feedback I got from the teacher was really good because the next time I could
use that feedback and fix things that I did the problems I did before. Or even listening to the
feedback for other students because I remember in the last project, I kept playing lowercase i's
for some reason. I remember that one dude. So I went back, and I fixed all of that because I
caught it. And then I'm like, oh, I need to go back and fix all these. So okay.

30980

It honestly it helped a lot, especially when we were doing our, our projects and when we were
presenting them. It helped a lot to hear, like, your feedback and, like, if I did good on my project
or, like, if there were things that I needed to focus on more or change, it helped me to do better
next time. And I'm a person like, I need somebody to tell me, like, what I'm doing right and what
I'm doing wrong so that I know what to fix. So and also just knowing that or, like, hearing that
I'm doing the right thing like that helps a lot too.

44222

Oh, yeah. The feedback definitely helped because, like, let's say, like, we started, like, on the first
project. And, like, when we were doing, like, the PowerPoints when we had to present, the
feedback you would give us was definitely helpful. Especially, like, from the first project to the
last, I was able to, like, see what I needed to work on in the future.

44381

Yeah. So if [ ever got, like, complimented saying I did a good job on this or this looks like it was
made well or constructed well, I always felt proud of myself or just it brought, like, joy to me
because [ felt like I've actually completed something, or I yeah. I think I should say completed.
So then if I ever encountered, like, a similar challenge in the next assignment or something I
wanted to do, I could easily apply those same things confidently knowing that when I did this, it
worked out well. So I can do it again, and it'll work out the same way.

49660

Yeah. So whenever I got feedback on things or found a better way to use things, I felt way more
comfortable with the software, getting feedback, having questions answered, and stuff like that. I
felt way more comfortable using it. I was way more confident in my ability to tackle challenges.
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50159

They did because it helped me realize that, like, I was actually doing really good with something
that, like, I would would sometimes think I was doing really bad with or, like, I wasn't doing the
best with. And it definitely made me feel a lot better with what I was doing. It made it feel worth
it.

53753

Yes. Because they would tell me, like, ways to do it easier because sometimes I would do what I
knew how to do the long way, and then they would show me shortcuts.

70845

Yeah. I will say there was there was a few times where, you know, I did doubt myself a little bit,
but I tried to overcome those doubts in creating, you know, whatever product we were making.
Mhmm. But again, with feedback from you and my classmates, I was able to create something
that was just awesome. And it turned out pretty well too.

81162

Yes. Every time I got stuck or I didn't know I was doing, like, the smallest little bit of advice
would instantly help me in learning something. 3D printing, I had no idea how to use them until
someone, you, told me how to work them and then I just immediately picked it up. I think that's
just because I pick up on things really quickly which is a very good skill of mine and just helped
out.

94231

Yeah. I think for the last project, it was, like, the mount I created for the Arduino. I think I felt
confidence in that, especially with, like, the last project because it was a lot of, like, I could, like,
put in, like, my own thoughts and, like, my research. And, like, kind of influenced that. Because
it was it wasn't only just based on, like, the design. But, like, more so of, like, the solution and,
like, your ideas that came with that.
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9. How confident did you feel in making decisions about how to use the technology on
your own? Did the freedom to explore and make mistakes affect your belief in your
abilities?

11820

Not very confident. Not very confident. Yeah. Because if I had to choose what I did, I'd probably
go with something that I found cool or interesting just to realize that it's way too difficult for me
to actually make. And I'll go start making it, and I'm like, oh, I can't do this. This is too difficult.
So, did having freedom to explore and make mistakes affect your belief in your ability?

Yeah. I think so. Like, I would there's sometimes where I would just sit there and just do things
on the 3D modeling software and just after I was done, I would just undo everything. Just simply
because I just play around with it. Make random shapes, make random objects, and then just
delete it, figure out how it works.

22693

After I got familiar with it, I felt pretty confident in myself. With the freedom, it shows me that
I'm good at what I do, not because I'm good at following instructions, but I actually have skills.
Most of school isn't actually a test of skill, it’s just following directions.

25831

Towards the end, I was pretty confident. It was, after learning how to do it and having my friends
help me along the way, it made it a lot easier to understand and stuff like that. So it made my
confidence a little bit better.

30980

I wouldn't say I was super confident, but I also wasn't, like, I can't do this at all. Because there
were things that, like like I said, I just kinda figured out on my own. I kinda just went with it. So,
I mean, I was I wasn't. I was kinda in the middle.

I mean freedom to explore, affected confidence. It was kinda like a mix of good and bad because,
I mean, it helped me. Like, when I figured something out on my own, I was like, oh my
goodness. I'm doing it sort of thing. But then when you, like, mess up, of course, you're gonna be
like, oh, what am I doing? So but, yeah, I think, like, just being able to, like, have the trial and
error sort of thing. Not only did it help with, like, I mean, what the class is about, but also just,
like, in general.

44222

It was kinda like back and forth in certain areas because, like, sometimes how confident I was.
So I think still, like, at first, it might be like, woah. I have to do this myself. But, I mean, I
figured it out. And, again, with, like, help of classmates, if you needed something, I was able to
figure out what I needed to do.

Well, being able to do it (explore), it helped because then I was able to see what I needed to do
next. Like, if I messed up, like, oh, I did this wrong, then now I know how to fix it, or I need to
figure out how to fix it.

44381
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It felt more of like an adventure because when I was on my own and just, like, exploring it by
myself, it was just like I'm looking around for new things. And it was kinda weird. I kinda felt
lost at sometimes because there was these tools that, like, I would click around a bit to see if they
would react to something and they would, but it just wouldn't make sense to me. But I could
always just look it up, and it would sometimes it would click. Other times, it wouldn't. It's just a
very complicated thing. I'm talking about CAD specifically. So it was it's just it's really
complicated, but, like, if you look into it and read about it a bit, I feel like I could get it down
really well.

49660

I felt pretty confident in the times to use certain, like, when I should CAD model and 3D print
something. I think a great example was the UAV project. I pretty confidently chose to use a 3D
printed central part. And, it didn't really work out that well, but I was still have the confidence
that I can make those decisions. Being able to explore and do more things, it always just made
me more comfortable with it because it's just more experience. And I think even, uh, having
mistakes, it may, like, have my belief falter a little bit, but eventually, getting the gist of it, my
confidence goes up.

50159

I felt very confident. I felt like I did a good job with using all the tools and, like, when to use the
tools. Exploring helped because whenever I would mess up or make a mistake, and I would have
to go back to it and, like, think of a different way to do it. Then it made me realize that, like,
there's different options to it, and it made me think more into it. And it helped I feel like it helped
with, like, just, like, overall coming up with, like, different ideas and different ways to come
about the same product.

53753

I feel pretty good about it. Some of the tools I didn't know that well, so I didn't go into different,
like, sections of the tools, but, like, just the general tools. And even some tools that had a good
description of them, I felt good using them and making other things with them that I hadn't
before. Yes. The freedom to explore definitely helped because I made a lot of mistakes when I
was doing it. And since I had enough time to correct them, that definitely helped me whenever I
got to one that had less time for me to know how to do it correctly.

70845

So I guess on my own, it would kinda be a little bit different. I was confident in using most of the
stuff, but, again, there was there was a few questions I had on some things. But with the help of
others, I was able to overcome those challenges. And I guess just, yeah, just make everything
turn out okay in the end. I knew help was there if [ needed it, and I could ask any question I
needed to.

81162
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On my own, depends on where I was. Like, in the beginning, I was usually always lost and
always had to go back to, like, videos to see how things worked. But eventually, after a few
weeks, I just figured things out on my own and it became a lot easier And it really helped me out,
taught me new stuff.

94231

It was definitely, like, a lot of trial and error. So I wouldn't say, like, a lot of confidence, but as, I
guess, as soon as, like, I, like, came up with a solution that was hard to, like, achieve at first, like,
getting through that first step it definitely, like, built confidence in being able to, like, the next
hardest step. So I think that was helpful. A lot of that was, like, making mistakes and, like, trial
and error. So I think because it's easy to be, like, wanting to be, like, perfect all the time, but,
making mistakes are I think it's so important.
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10. How did you feel when you first started using digital fabrication tools? Did nervousness
or excitement impact your belief in your ability to succeed with them?

11820

I was definitely excited. Being just learning how to make things of my own, like, just out of my
brain, however I thought of it, was just really cool. And I'd always wanted to do it, but I was like,
this is just it's way too difficult. But I also just didn't have access to it at home. So being able to
have a class that I learned how to do it was pretty great.

22693

At first, I was uncomfortable. I didn't dislike it, but it felt foreign.

25831

It was definitely excitement and, more excitement and not knowing what to do. I would mess up
a lot because, obviously, I was new, but, also, I'd also mess up because of the excitement. I
wasn't really paying attention. I'm just, like, trying to get this done, be cool, you know, so I can
show up and get through it. I rushed through it the first few times and created a few problems.
30980

I was so confused. I had no idea what I was doing. I was like, what is this? But I think over time,
it got better. Like, thing like, knowing what I was doing or what I was looking at.

Because at the beginning, I had no idea what I was even doing and I didn't even know what I was
looking at. I was like, I see a grid, and I see some random menus or whatever. At first, [ was a
little nervous because I was like, I don't I have no idea what I'm what I'm doing. I've never done
this before. But I think just getting to learn over time helped.

44222

Well, when I was, like, linked to it, I definitely was like, woah. This would be pretty cool to,
like, learn how to 3D print and all that. And then when we when we first started actually doing it,
I definitely was, like, confused at first. But after, like, having the videos in your, like, tutorials
and stuff, I started, like, to figure it out, and I enjoyed it.

44381

I think I was definitely excited because I've always liked 3D designing things, especially when I
get to, like, actually print them out. Because if I'm just 3D designing them, it just feels like I'm
just making an idea, and it's never actually gonna come to life. But when I get to print them, and
I know I have the option to print something, it just makes it all the more real, all the more
immersive in my, like, decisions. Everything I do, it will come to life. So it always excites me
when I get to do it.

49660

50159

It was honestly kinda both because I was excited to use all the tools, but I was also really nervous
because I didn't feel like I'd be good at it. And in the beginning, it was a little bit of a struggle.
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53753

I was excited because I knew that if I could use it, I could probably end up using it on my own
three d printer too. So I was excited to learn, but I was also nervous because I haven't always
been great with that sort of stuff. So I was kinda like, am I gonna be good at this?

70845

So I think it was fifty-fifty for sure. You know, when something's new, you don't wanna, like,
potentially break it or you don't want anything to go wrong. But, again, you're really excited to
use it. And that's exactly how I felt. Like, I was both nervous and excited, but I also had I had to
remember that confidence in me that, you know, I can do this, and I believe in myself to do this
even though if it was something brand new. But, yeah, I will say I was, like, fifty-fifty pretty
much.

81162

I was very nervous because it was something new and something I was not familiar with. And
while it did look fun and interesting to me, it was really difficult to pick up. But with the help of
others, it definitely I eventually got it, and it just helped.

94231

Yeah. I felt, like, excitement, but also, like, a bit of nervousness because, like, I was definitely,
like, unfamiliar with the tools, but I think it was, like, really cool to, like, play around with Yeah.
Especially starting with the cube and yeah.
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11. Were there times when you felt anxious or stressed while using the technology? How
did those feelings affect your confidence in completing the task?

11820

I was definitely excited. Being just learning how to make things of my own, like, just out of my
brain, however I thought of it, was just really cool. And I'd always wanted to do it, but I was like,
this is just it's way too difficult. But I also just didn't have access to it at home. So being able to
have a class that I learned how to do it was pretty great.

22693

I never felt like, ... I would say yes. I never felt like I would fail. It's just like, I was excited, but I
didn't think I was gonna fail. But, like, when I first started doing it, I didn't actually envision
success or failure. That's the thing, it was so new to me that I couldn't really envision anything at
that moment. I'm just kinda going with it. I didn't really know what would what happened.
25831

Not really. I was just like, shoot I need to figure this out. So I had to, like, rewind a few steps,
figure out what I did, and go back. Sometimes I had to go all the way back to the beginning to
realize that I put it on the wrong axis. And even when I couldn't figure it out and all my friends, |
went to the instructor, and, he helped me figure out that I had it on the wrong axis. I'm like, oh,
so sometimes that orientation matters.

30980

I think I did get stressed a little bit. I don't know if it was just, like, overall, like, the stress of life
or if it was, like, the, assignments or using the digital fabrication or something like that. Because
I know in class, sometimes I would have days where I was just like, this is too much right now.
Like, I have to try and figure all this out, and I have all this other stuff. So it was stressful, but, I
mean, every life is stressful, so you can't really avoid that. But, yeah, I think it did it is it was
stressful a little bit, but, I mean, I got through it. Because, like, once I hit that submit button, I'm
like, thank goodness that's done.

44222

Oh, yeah. There was definitely times where I was just like, I did not know how to figure this out.
Yeah. Though after those times, you know, [ would probably get upset sometimes, but,
eventually I mean, obviously, eventually, I was able to get help and figure out what I was stuck
on. | would try multiple times to fix what I was stuck on. And if I couldn't figure it out, I would
ask someone around me like a classmate. And if they were stuck, then I would probably I'll go to
you if I need help.

44381

Not necessarily. There were times I would be pressed for time, but that's on my own fault for I'm
not the best of about time management, and CAD does take a considerable amount of time to do.
So sometimes I had to rush it. Sometimes I had to, like, it wouldn't come out exactly as I planned
or sometimes there were just, like, things I didn't know exactly how to do. But I always, always
worked it out. Nothing ever went terribly wrong.

49660
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I could do the challenges so I didn’t feel stressed
50159

There was one time when I had to miss two days of school, and we had, like, three different
assignments of 3D printing. So [ was a little bit stressed about that. But, like, once I got to it and,
like, there was a few times I needed help, and I was able to, like, get it done, like, I was proud of,
like, the product of it and with how well it turned out even with, like, having to do different
things all in one day. At first, I didn't think there would be enough time, but there was.

53753

I got a little bit stressed when it would start printing because I didn't know if it was gonna turn
out like I wanted, but I wasn't really stressed or anything because I knew that there was a way to
do it. And sometimes [ would get frustrated when things weren't going right. But [ would say,
overall, it wasn't, like, anxious or stressed. But when you're stressed. I just felt like, am I gonna
do this wrong or right? Or, like, is it gonna be done on time?

70845

Yeah. I guess, again, with just the exact measurements of stuff and, you know, coming up with,
you know, how to do this and how to do that because since, you know, I've never used anything
digital before. It was that was probably the my main stressors just to make sure [ was doing
everything right. And I I'm not really sure if that affected my confidence more so, but just my
personal ability to, you know, go through with something. It was my first time. But, you know,
with the help of you and the help of my friends, I was able to, you know, complete the course
and learn a lot of good stuff in it for my future.

81162

Depends on which I was using. 3D printer, easy, just simple little thing. Fusion 360, it was very
difficult to figure out what everything did, but eventually you just figure out that some things
you don't really touch often and some things you just use on the regular basis. The slicer one, it
was easy to figure out. I just figured that if I just make the settings to how I want them and then
save that, that'll save me so much time instead of going back and checking. But, yeah. Other than
that, it was pretty simple.

94231

The one thing about, like, the, 3D modeling software when it would, like, kind of, like, bug out.
That would get kind of, like, annoying at times, and you'd have to restart it. And sometimes it
would, like, delete everything. I have a habit of, like, I'll save. I'll save, like, every time. If you
don't develop that habit, I mean, you will very quickly once you start using it.
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12. How did the availability of digital fabrication tools in your class affect your confidence
in using them for engineering tasks?

11820

That definitely helped, affect it a lot because I had access to them, and I had always had access to
them as long as I had a computer and the 3D printers were open.

22693

Well, I mean, the fact that we had them in the classroom itself already boosted my confidence. It
is an environment where you can create anything.

25831

It definitely boosted my confidence. Like, when we made the, mousetrap vehicle. We kept
getting the wheels wrong, and the wheels wouldn't print at all. So we had to go do multiple
wheels at a time because they took so long to print, and the axis is what they hot glued and spin
them on. We broke at least two, so we had to reprint them to fix our mistakes and fix how the
wheels were and definitely being able to go and, like, 3D print them whenever we needed to was
definitely helpful to our confidence because we can use it whenever we needed to get what we
need done and fix the mistakes.

30980

I mean, it made me feel more confident because I was like, I have all these things that are gonna
they're supplies. They're gonna help me. Like, I have my computer every day whenever I needed
it, or if [ didn't need it, I didn't have to use it sort of thing. So and all the 3D printers, like, if [
mess something up, I could always just go and reprint, and I didn't have to worry about it.

44222

I think I don't know. It made me feel more, like, excited or confident to, like, do things. I was
like, oh, I have options or, like, freedom to, like, make stuff, especially if, you know, if you have
your things done. You know?

44381

Well, when I was just, like, surrounded by tools that can do so many, like, different things and
that can make so many different things. I just I don't know. It was like a I feel like I just wanted
to go make something at the time. I just wanted to, like, start making something and use all these
tools to, like, put it put it together and make it come to life. Just it made me feel like I was there
ready to make something like a real world job.

49660

Well, I mean, there was always 3D printers available since there's, like, 13 of them. So, I mean,
there was never, like, a time constraint on when I could print something, so it didn't really affect
how available things were so I could do these challenges. I always had access. So, like, it was
never stressing about a deadline unless it was my own time management.

50159
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With having so many different options around, it allowed me to, like, think of different ways to
do stuff. Well, like I said a minute ago, like, when I missed class, like, with having all of them
around, like, I was able to do, like, two of them at once, like, 3D print two of them at once
because that was, like, the main step of it. It was, like, the actual 3D printing part after the
modeling. And so having so many, like, different printers around and, like, a bunch of the people
who had, like, already finished the other ones, like, when I would go in to go make up the
assignments that [ missed, then, like, it was really easy to, like, get in and get it done.

53753

It definitely helped it, especially since I had access to so many different kinds and so many
different tools in the website that we had. Like, it had a lot of different tools, so that was
definitely helpful in all engineering tests that I've done since then.

70845

So I would definitely say we had everything that we needed to complete the task efficiently and
effectively. And with, you know, us being given the laptops to use and obviously the 3D printers
and, you know, your whole wall of everything and anything, it just you know, it made the class
turn out good too. And, you know, there's nothing really sad I never found in there because I
couldn't find anything in there. But, yeah, I think that was that was a big part in my success was
just knowing that I had access to whatever I needed.

81162

Very. I as soon as [ figured out what I was using and where it was and how to use it and all that,
it just regular little schedule. Do one thing, find it, do the other thing. Basically, a whole line of
where is it, what do I do, do it.

94231

Yeah. [ would say, like, since, like, it's basically like, there's spots, like, literally everywhere for,
like, three d printing, made it really accessible, for a lot of things, especially, like, the specific
tools that you would need to use especially for the different modules.
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13. Were there any limitations in the classroom setting that affected your ability to
engage with the technology? How did these limitations influence your confidence?

11820

None that I can think of. Like, I felt mostly like I was in control. I could just make whatever I
wanted, and you just let me 3D print it. You don't have to ask as long as I made it, you I could
just 3D print it.

22693

I'm sure I had some limitations, but none of them really ever applied to me. So

25831

The only limitation I can think is the requirements of the projects and stuff, but that was pretty
easy to follow.

30980

I there were definitely times that, like, all the 3D printers were taken up, so I had to wait to print
something. So that was I mean, it was kind of an issue kinda I mean, I got around it usually, but
that was definitely, part of it. I think, like, I think there was maybe one time that the tape or
something like that, there was only a few, but every table needed one, so we had to, like, walk
around and share. But it's, like, it's just little things. It's nothing, like, huge. You know what I
mean?

44222

Honestly, I really like the layout of how everything was. I think the only thing which it's not
really something to fix. It's just in general, like, during the projects, more time to, like, you
know, like, test it. Now if I have more time to, like, make another one to make it better or
something.

44381

I think at times, it was just time, but, again, that's on my own fault. Me not managing it well,
sometimes messing around too much, but I think that happens. But besides for that, I think the
class, like, layout set up and the whole, like, course was set up well. Not rushed, not too short. It
was just it felt like it felt nice.

49660

I don't believe so besides maybe one time, which was the issue with getting wires for the robot in
the second level class, but it was pretty easily overcome by just asking people to get some.

50159

There'd be sometimes where, like, a bunch of people were at, like, the same part in their projects,
so a lot of the printers would be used up. But a lot of them would take different amounts of time,
whether, like, one of them was started the day prior and then about to end, like, halfway through
the class or one of them got started at the beginning of class. So there was times, like, probably
for, like, just a couple of minutes where, like, all the printers would be used for the most part.
And so, like, you would have to wait because there were so many people trying to use the
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printers at once, but that was really it. And, also, like, with time, like I said, like, the printers take
a while to print.

53753

Only when the computer was dead because the person that went before me didn't charge it. It
kinda holds you up. I mean, sometimes I would just be worried that I wasn't gonna have time to
do something, but usually it'll have something else that [ needed to do. So then I wasn't that
worried about it.

70845

No. Not at all. Like I said, I had really everything I needed. All the tools were there.

81162

Sometimes people would use the 3D machines for, like, their own little projects, which is love,
adorable. But I gotta use that, man. Really bothered me sometimes. But other than that, pretty
cool.

94231

I wouldn't say it would be kinda cool if, like, every now and then, we kind of, like, moved
around and, like, kinda interacted with different people.
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14. To what extent did you feel in control of how you used the digital fabrication tools?
How did that freedom or autonomy influence your belief in your ability to succeed?

11820

Yeah. It made me feel good. Like, I could actually do it, and then it made me wanna work on the
project even more.

22693

Oh, man. That was a 100 %. It made me feel good. I felt like I could succeed. I trusted myself
more. And, yes, it did affect my confidence in a positive way.

25831

Definitely in terms of my belief in my own abilities because, one time when we made the, name
tag thing, I did it for my dog, name of our dog to give it to my sister. So, like, a little thing to put
on her desk when she's gone. She just moved out and stuff. I was keeping it in my backpack for
Christmas and broke. So being able to go back and print another one and fix it up also made me
realize how the first time I had some mistakes and I need to fix that. Like how I had it laid. Some
point, it was like printing in mid air. So Yeah, I had to fix how it was laid and all that stuff. And
it was definitely helpful in my belief in my own ability because it made me realize that I could
fix this on my own once I figure out what the problem is.

30980

I feel like there was still, like, there was still confusion. There's still things that I didn't know how
to do. But for certain things, like, I felt like I could actually do it, and I was, like, I was proud of
that. Like, I know how to do this or I know how to do that. You know?

It made me more confident knowing that, like I mean, I have more knowledge than I did up to
begin with. So just, like, the basics. I feel like that's kind of all I know, but, like, just knowing the
basics helped me to, like, be more confident in learning more about it. You know?

44222

Well, I mean, other than, like, the task of, like, what we needed to actually make and, like, of
what we needed to do for, like, the assignment, I feel like we had enough freedom to, like, be
able to build our own thing. Like, for example, like, the mousetrap car, like, just anything 3D
printing. We had made our own designs. You know? We were able to design our own thing.

44381

Sometimes I felt like I was a little bit limited on what I could do with them because we did
always have an assignment that was needed to be done, and I didn't always have, like, all the
time in the world to, like, make my own thing or do what I wanted to do. And, of course, like, if
you give gave students the time to, like, make whatever they wanted, it wouldn't kids wouldn't
really do anything. So there's I don't know what we could do really about that, but it's just
sometimes I felt, like, a little bit limited to the assignment. But then there were other times where
I was given an assignment that had so much, like, freedom that that's what I wanted, and that
made it fun to make those assignments. Those were the ones I enjoyed the most.

49660
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With the 3D printers, it was always a relearning experience after, like, the whole summer, but, I
was always comfortable using it. It was never, like, an issue if I'm gonna break it or something. I
think having, like, almost near complete freedom besides, like, constraints and criteria made me
have a way more creative way of tackling challenges, and I think it helped me succeed a lot.

50159

I did because when you would, like, give us projects and stuff, like the mousetrap vehicle. We
got to 3D print part of it, but then we also had some limitations of, like, the different materials
we were actually allowed to use. And so, like, it was a little bit, like, limiting, but enough space
to where you could do a lot of things, which is, like, a small amount of stuff. Being able to make
decisions definitely, like, made me feel a lot more comfortable because I was able to, like
because me and my partner, when we were doing the project, we were able to come up with a
very, like,.... I felt like it was a very good design. Like, even though it didn't produce, like, the
best product and it struggled a lot, like, during certain parts, it I feel like it did really good
overall, and it allowed us to get, like, another chance to, like, think about it because we had so
many different options of what we could do.

53753

I feel like I got pretty good with the ones I use the most, especially, like, extrude and just the
basic ones. And then with the other ones, I got somewhat comfortable just because I kind of like,
they would give you description, so I kinda, like, figure it out. In the category of 3D printers. I
got fairly comfortable with it. Having freedom definitely helped, I would say, because, like,
using the 3D printers with the computer helped because I could go back and forth between them,
and I could see on the computer how it was gonna print off in the machine. So I would see when
it was going, then I knew it was going like it should be.

70845

Oh, yeah. Just, you know, again, being able to access anything and everything, I was able to
explore my own interests and what I was wanted to do in that class. And with the design, you
know, like you said, I was able to make a flagpole, which I thought was pretty cool. And, you
know, being given access to everything was a great, great part of my course. It was probably just
like another practice of being able to design something new. And I will say that it's again, it
made me more confident. Again, it was more practice to create something that was not, you
know, scripted or in the curriculum, but just something that, you know, I liked, which I thought
was [ thought was pretty cool too for sure.

81162

I practically had almost all control. I knew what I was doing, and I wanted to do it, and I didn't
feel like I was pressured to do anything I didn't want to do. So pretty much. I felt like I knew
what [ was doing. I felt proud of myself, and it helped me out.

94231
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Yeah. Definitely, like, the last project because we weren't making, like, a specific thing, but we
can, like, we could just, like, make whatever we wanted based on, like, I think the project was to,
come up with a solution for a problem in the school. So we had that freedom to, like, kind of
explore what tools would work for that specific problem. So it gave me a lot of freedom in doing
that. I would say I definitely, like, stuck to, like, the Arduino board and kind of like the 3D
modeling. And so I feel like because I was able to, like, combine all the different things that I
learned to create something different. So I think that, like, built some confidence with, like,
creating something that's new.
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15. When you were able to decide how to approach a project or task using digital
fabrication technology, did that sense of autonomy affect your confidence in using the
tools effectively?

11820

I think we've for all of them for the most part. Like, for the rover project, we could use the 3D
printer, but like we saw with ours, we really didn't. But for the other for some of the other
projects, I think we definitely I think we used it more. I don't really know. I don't remember.
22693

I think I had a lot of freedom. We often have we often have to do something, but, like, it was our
way we had to do it. Like, our project was a general idea, but we weren't micromanaged. Yeah.
Some projects were just freestyle. I myself chose to work on a wand. Having the ability to
choose positively impacted my confidence.

25831

Definitely made me believe more of my skill because when I select the approach, being able to
go and print things when I needed them and for certain things, and sometimes they don't even
work out and I can go print something else, it definitely helps with making the projects and my
belief that I can do this.

We have, like, things we had to make, like the mousetrap vehicle, but we could make it however
we want as long as it was within the limitations. Like, I saw some people do it with three wheels,
and there was just two girls that made it with only two wheels, which was really cool. And they
got, like, the farthest or something. One of the farthest. It was really cool to see. I didn't even
know that was possible. And so we all could do like, it was the same type of project, but we
could all do our own thing and put our own ideas together in different like, for the bridge stuff. A
lot of people did different designs. They some people went back to their crane design. And others
did something completely different like I did. Didn't work out too well, but So trial and error.
30980

I'm not sure. I think I think it was hard to decide, like, where to start because sometimes I had no
idea what I was gonna start with. Like, obviously, I was gonna start with modeling, but I didn't
know, like, what part of the, design I needed to start with or anything like that. So that made it
difficult, and it kinda just added to the confusion. But, [ mean, I figured it out eventually. Like,
it's just too broad of a horizon. Like, it's just there's too many too much to pick from.

44222

Well, I mean, other than, like, the task of, like, what we needed to actually make and, like, of
what we needed to do for, like, the assignment, I feel like we had enough freedom to, like, be
able to build our own thing. Like, for example, like, the mousetrap car, like, just anything 3D
printing. We had made our own designs. You know? We were able to design our own thing.

44381

Yeah. So those assignments were a lot more enjoyable. I think the first one I got, I was, like, a
little bit shocked. I was like, oh, I have to I have to fully make something then. Then I was like,
oh, I can do what I want here. I can make my own version of this. I can make my own. Like, we
we didn't get to print them. I think I could've if I wanted to, but we had to design, like, crane or
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crane booms, mouse job cars, and all that stuff. And I just felt like I had the creative, ability to
make these myself instead of just instructions.

49660
I wouldn't say so. No. I don't think I don't know how much I can add to that.
50159

It did because I felt very, like, I felt very good with the ideas that I came up with. And it was just
overall, like, when it was, like, a good confidence booster because once I would finally get that
final, like, idea of what I wanted to do and I was able to do it, it was just very, like, relieving that,
like, it was a good idea. Just, like because I didn't think that I'd be good at this. When I first
started. So, like, as I was going through the class and, like, getting better, like, every single time,
like, we would get a project, I would kinda be like, I don't know if I'm gonna do good at this. But
then, like, once I would come up with an idea and I felt comfortable with that idea, then I felt
relieved because I'm like, oh, well, I'm actually doing good now. I felt like each time we got a
project, I was growing and growing.

53753

Yes. It did help when I could do when I could freely mess around with it because then I could
learn new tools and learn what did and didn't work. Because sometimes if | had extra time or
those extra videos in Canvas that you could look at the old at, like, other projects to do, like the
spinner thing and stuff. Those ones definitely helps them when I could just do it in my own free
time because then I could there are new tools and how and feel more comfortable with some of
the older ones too.

70845
Oh, a lot of freedom. Like, as much I could do it pretty much whenever I wanted to create.
81162

Definitely. Because it I knew what I was doing, and I felt like I could do it and didn't really cause
me any stress or problems.

94231

I guess since it was sort of like smaller projects, it would be cool if, like, I built it out a little bit
more if we had, like, a longer timeline. Yeah. And I guess I was kind of, like, intimidated with
doing something that's a bit larger scale. Like, where if, like, I messed up and then I would have
to, like, restart. Something like that. So I definitely, like, stuck to something that's bit smaller.
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16. How much freedom did you have to choose what projects or tasks to work on with
the digital fabrication tools?

11820

I think we've for all of them for the most part. Like, for the rover project, we could use the 3D
printer, but like we saw with ours, we really didn't. But for the other for some of the other
projects, I think we definitely I think we used it more. I don't really know. I don't remember.
22693

I think I had a lot of freedom. We often have we often have to do something, but, like, it was our
way we had to do it. Like, our project was a general idea, but we weren't micromanaged. Yeah.
Some projects were just freestyle. I myself chose to work on a wand. Having the ability to
choose positively impacted my confidence.

25831

Yeah. Definitely. Because, having the option to, like, figure out how we wanna do this and, like,
make it so, it wasn't just all the projects look like they're copy and paste. You know? It definitely
gave me more confidence because I can, ..... lost my train of thought. ADHD. It gave me more
confidence. It's on the tip of my tongue. Having autonomy definitely gave me more confidence.
Yeah. Because I had some freedom to make my own choices and use some, like, trial and error
stuff, like, when with the mousetrap vehicle when it went farther. I saw some others going pretty
far, and I wanted to try that myself. So took it apart a little bit, put some different things on it,
changed things around, and it didn't go as far, but it definitely gave me confidence that I could
change it and get to where they were eventually.

30980

How much freedom? Well, I mean, we were given our assignment, but we were given a lot of
freedom, like, when we were picking our design and stuff like that. So, of course, we had, like,
our topic, but when we were actually designing, we could I mean, it was free rein. We could
basically do whatever. I mean and yeah. Having that freedom within your projects I mean, part
of it, it was hard because, like I said, the broad horizons, it's hard for me to pick. But at the same
time, when we were researching and stuff like that, that helped me to decide, like, what would be
better.

44222

I mean, I feel like you gave us enough freedom. I mean, you told us the criteria and constraints of
what we needed. And, obviously, of the project we're doing. And then we go make what we need
to make.

44381

I think there weren't really that many, like, or, yeah, numbers of options. We we had multiple,
assignments, which was nice, so it wasn't just, like, one long assignment that we worked on. But
and since we had, like, multiple option or multiple assignments that we did, it didn't feel like we
were just limited to one thing. Mhmm. Even though we only had one assignment we were
supposed to be doing, it did feel like we actually did more than like, it it felt like we had our own
choices because, like, the assignments that we didn't wanna do just kinda block those out, forget
about those. These times we did enjoy are the ones we, like, remember focused on.
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I think that freedom I think itjust made me wanna, like, try things more for sure because, like,
I'm making something new, and all those videos showed me a lot of new things. So I wanted to
just do my own thing this time. And maybe try to use some new tools I haven't used, try to use
just new things, and you could try to get a different outcome.

49660

I mean, everything was in a set standard of what projects you had to do by what deadline, but, I
mean, it was a vast majority enough. I think we have pretty broad freedom about how we could
approach it, but the projects we did were kinda set standard.

50159

It was, like, a lot of freedom because, certain assignments, like the top spinner or the Lego block
or, like, the truss bridge or, like, any of that, like, yes, we would get those assignments. But, like,
if we had time, if we wanted to, we could design something we wanted to design personally. And
then you would let us print it out. Having the autonomy helped because I was able to experience,
like, experiment with what I wanted to do and, like, try different things that, I'm like, oh, this
would be cool to print. And I was able to print it out, and, like, it came out with some really good
outcomes.

53753

I think I had pretty good freedom. I mean, there were obviously assignments, but I think within
them, there's pretty good, like I don't know the word for it. Like, just, like, differences between
how you could do it from person to person. And so that was helpful because, like, the name
project, you could do whatever with the name project. And then it didn't all have to be exactly
the same as long as the outcome actually worked like it was supposed to. I liked being able to do
it myself, and that definitely helped me feel better with the tools because I could use different
ones, and I could make it look like I wanted as long as it still worked. And then I could try new
tools, and then if those didn't work, I could try other tools.

So it was more about the designing than it was about the end product.

70845

Oh, a lot of freedom. Like, as much I could do it pretty much whenever I wanted to create.
81162

I had a lot of freedom, and it really expanded my knowledge on different stuff, like bridges and
cranes and just how things work. I learned a lot.

94231

I would definitely, like, say, like, the beginning. Like, when we're figuring out, like, the tools, we
had to create certain things. But I think, definitely, like, the later projects was a bit more
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freedom. So I think it would be cool, like, especially, like, for the projects where we maybe we,
like, design something in, like, Autodesk based off of something that in real life. I think that
would, like, give us more freedom, something like that.
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17. How did the structure of the class (such as the amount of time given to work with the
tools, or the organization of tasks) impact your confidence in learning how to use the
digital fabrication tools?

11820

I guess so this is really can't be changed, but the class period length, I feel like if we had a longer
class period, it would be better, but we also can't really change that very easily. I was really into
it, and then like I look at my watch and my, oh, that was about to ring in, like, four minutes. I
gotta clean up. And then I just Yeah. Lose every like, I don't lose everything, but I just lose my
motivation to keep working on it.

22693

You know what? I really like the structure of this class particularly. I never felt overwhelmed
with work. I remember that in my first year that [ was gone for a few days, so I got behind, and
yet I still managed to catch up. So I really think that the work balance was really good.

25831

Third period is like the longest class period. So it definitely helped my confidence because I
knew that I had a bunch of time to work on things. And if there was a problem, I had, like, the
whole class period figure it out, and I could fix it and or even change things if I didn't like it.
30980

It honestly it added to my confidence a lot. I love like, I've always thrived in, like, classrooms
where I can work at my own pace sort of thing where, like, the teacher's not talking the whole
time, and I can really just sit down and focus on what I'm trying to do. So having a classroom
where, like, we were given a timeline, like, where we should be throughout, like, our projects.
That helped me to stay on task because I didn't wanna fall behind. So that helped a lot. And just,
like, we were given the whole like, every class to work on our, projects. So that helped a lot too.
Just knowing, like, I have this class period. I need to focus for this class period and just get it
done. So that really helped a lot. And, like, just the way the classroom was, like, how we knew
we could talk, like, that sorta thing. Like, we could talk or we could sit with whoever and that,
like, that helped a lot, especially, like, being able to talk to, my friends and stuff like that, my
peers. So, it enabled me to find a group that could work with each other. Yeah.

44222

I actually like the layout of how you had it because we you were able to, like, show us to, like,
teach us about the general topic, and then you showed us what we needed to do for the project.
And then we were able just to go build. And then when we needed help, we had the help from
you and the people around us. So think I think I like the group activity more because I was able
to just, like, I was able to learn more. And if we were able to get stuff done but it really depends
on, like, depends on how I was doing at that time. Because, like, sometimes in a group, you both
can have different ideas and then it'll, like, like, designing something, like choosing the design.
But then individually, it's just your own mind, and you choose what you wanna do. So a little bit
in middle of both. A little bit.

44381

The structure of the class was really, I think it was really well structured. I think it was a good,
like, easy walk into a, like, a, basically, a steady jog into a run because it wasn't like, hey. We're
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gonna throw you into this assignment. Make this. But it was like, here. This is how you make
this. These are the tools. This is everything. And you give us a few assignments to, like, warm up
to it. And then once we got it, more and more, and at one point, we just didn't get any, like, really
we just got a prompt, not even, like, a layout or what we should do or start. It was just a prompt,
and then we got to make it ourselves.

49660

I think I always had enough time to get familiar with the tools. Mainly, if [ wasn't, it was because
something came up like me being sick, having to leave, or just my own failure at time
management. But I think there was pretty good given time, time set in place to learn everything.

50159

The structure impacted my confidence because, like, when we would first get it, I'd be like, oh,
this is plenty of time. And then, like, two days later, I'm like, oh, no. I don't think I'm gonna be
able to do this. And then, like, I would have, like, four days left, and I'm like, I'm actually doing
really good. I'm exactly where I wanna be. Like, this is coming along really really well. And,
like, we just like, everything that was, like, happening in the class because there were so many,
like, different groups happening. So, like and people trying to figure out different things. Like, it
was nice to have, like, another partner to work with or even just, like, by myself. Like, I could
ask someone for help if [ needed it, and, like, I just felt very comfortable to go to people, like,
even you, like, to ask for any assistance that [ needed.

53753

The classroom environment definitely helps my confidence because there is a lot of people in
there that were helpful towards it. Because I think most of the people in there wanted to be in
that class. So I think most of the people wanted to be in that class, and so it was helpful because
everyone was kinda willing to help each other. I didn't ask that much just because I'm not that
much of an asker to people I don't know. But, it was definitely helpful if I needed something, and
then you were always super helpful if ever I needed help. And I would say it was definitely busy.
Like, there was a lot going on at once, but I was very confident with it and then from the second
half.

The lessons built my confidence because we would start smaller and then build up. And there
would be a lot of videos on how to use different tools, like the pictures ones and stuff like that.
Like, that was definitely helpful in building my confidence. And then time wise, I would say that
helped too because especially at the beginning, you would have a lot of time to figure it out and
more instruction. And then as we went, it would like, even, like, the final project, we still had
plenty of time to do everything that we needed to do as long as you spaced it correctly.

70845

So, again, starting off with the Canvas course, everything was pretty much, given directly to us.
It was all organized. We knew what we were doing. We were given an agenda every day. And, |
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think knowing that everyone else is doing the same thing around you and no one's, like, goofing
off, that helped a lot. And because the class you know, we are very well mannered class, and, |
think that that was also part of the structure of the overall, like, the environment that I think
helped me as an individual knowing that, I could be confident in whatever I was doing because |
had a class that, you know, was supportive and they would pay attention to everything as well.
Well. So I think the structure and the environment of the classroom was great for Awesome. For
sure.

81162

Depending on what we were doing, but knowing that as long as you were fine with it, I could use
it, really helped in basically, like, limiting what I could do and learning on how to work around
that. And it really helped me out in learning new things, Like, oh, I can't use this, so maybe I can
use this instead. Kinda like that.

94231

Yeah. I think, organization is really really important, I guess, for me. I'm naturally, like, I guess,
organizational. So I feel like just, like, being able to, like especially, like, for smaller pieces and
things like that, it was, like, because needing that organization is very hard. Because when you
lose a piece, you have to, like, figure out how to put all this stuff together. So I think that's really
important. In projects I would say, like, I guess I'm naturally the person, when we have group
projects, I'll just, like, let whoever come to me. I don't really pick group members. So I think I
guess, I don't know if this would be the best solution, but sort of like organizing tasks for specific
people. But I don't want that to get in the way of, like, what people want to do. So maybe, like,
organizing specific because I think that we kinda chose, like, whatever we wanted to do Right.
For the final project. We just came up with whatever, like, task. So I think maybe not putting
specific people on certain tasks, but, like, creating specific tasks, if that makes sense, for, like,
the specific project. Like, here's this specific problem, make this part or make something that
will fix this thing.



171

18. Were there any barriers in the classroom environment (like limited time, restricted
access, or shared resources) that influenced your confidence in your ability to use the
technology effectively?

11820

So probably just time, mostly. The physical layout doesn't really matter as long as we have the
equipment and tools available. I personally don't ever really care about that kind of stuff. It's
wherever whatever it looks like is how it looks. I don't it doesn't it doesn't bother me at all,
however it looks.

22693

None that I can think of. No. I'd say the classroom that I've been influenced me in a positive
manner. The way it's structured slightly differently than the normal class with it being more free
spirited, if I have to use the word, but not chaotic. I like it.

25831

Not really.

30980

I don't think so, to be honest. I don't think there was really, nothing that I could really think of.

44222

I don't think there was really any barriers, though. I mean, the only thing could really be, like, if
all the, like, 3D printers are full and you're, like, waiting for one to be finished. But other than
that, I don't think so. Everything was, I was able to build when I needed to.

44381

Again, time. It's just sometimes I felt like I was too slow to do some things And then I if I could
work faster, I'd be able to make so much more. But I think I was given the proper amount of
time, and I just didn't use it wisely. So I like, reflecting back on it, I know why I can do all those
projects better than I did them the first time. And I could manage my time a lot better. But, yeah,
besides that, I think everything else in the class just worked out well. I didn't feel limited by any
physical factors, and I feel like I can make what I wanted.

49660

I don't think there were any barriers at all because, like, basically, everything was available to
me.

50159

When there was times when the 3D printers were full and, like, I had to print

something out because if, like, something didn't print properly and I needed to redo it, then, like,
I'll get a little, like, stressed because or, like, nervous because I wouldn't know, like, if I would
have enough time to print it or not. Or on our final project, when one of the it was the two
supports that ended up being the reason why my bridge snapped. It wasn't, like, gluing

properly when I was trying to glue it, and I kept on having to redo it. And once, like, I finally got
it,
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then, like, I had to wait for it to dry, and it was like, just taking a while. The only limitation was
time.

53753

I would say sometimes not having access to your machine would be, like, concerning, especially
if you needed a part printed, since some of them, you know, wouldn't have filament or they
would all be printing because there were so many classes. But, I mean, I think that overall, none
of it really affected my confidence that much because I also knew that we would offer to put
them in after school if something had, like, thirty minutes left and there's 20 left in class and you
put it in after. So I wasn't really that worried about it.

70845

So I don't really necessarily think there was any barriers. I think necessarily think there was any
barriers. I think, you know, we were given a timely manner to complete our tasks, and, you
know, we had access to a lot of good stuff that we needed to use. And although, you know, we
might have had to wait for, you know, the printer to be done or anything, but that was just, like,
like, a time issue. But, you know, I think I think everything was good. There was really no
barriers, I think.

81162

Definitely. Sometimes I had too much time, and sometimes I had no time and it really challenged
me to figure out when to do stuff and how to do it in that required time And with the limited
resources, it was really difficult because sometimes I'd be stuck and I wouldn't know what to do.
And, of course, I'd go to my lovely little peers and go, what do you think about this? And just
pray that they also know what they're doing.

94231

I guess, as far as, like, like, 3D printing. I would mostly do it in class. So I think, I guess, finding
the time out of class to, like, times 3D print would be really nice. Like, an open lab hour where
you can come in and work on things.
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19. How did the classroom environment (e.g., physical space, access to resources) impact
your feelings toward using digital fabrication technology, and how did that influence
your self-confidence?

11820

22693

I'd say the classroom environment that I've been influenced me in a positive manner. The way it's
structured slightly differently than the normal class with it being more free spirited, if [ have to
use the word, but not chaotic. I like it.

25831

They're all pretty spaced out. And you had plenty of room to work. They're pretty big tables, and
there was only, like, five of us. We all had our own little space. And sometimes, like, we kinda
our stuff kinda bled over into some other people's stuff, but it's okay. It was wasn't hard to figure
out which was which.

30980

It made me, like it made me want to learn more about it. Like, it was something that especially, I
think, having, like, a close friend or getting a close friend in classes like that, it's really nice
because, like, you get to bond over this thing that you're both learning how to do. So sorry. I'm
going off topic. So it made me more confident because, because, like, I could I mean, me and
Maddie, clearly, we were having some fun in that class but still getting our work done. But it
also it was nice that we could, like, work in groups together because we could I mean, me and
Maddie have known each other for a while. So just, like, we know each other's abilities, so we
can, like, we can split up our tasks to where, like, it's in our strengths. And yeah. And it was cool
to use a 3D printer because [ haven't done that before.

44222

I don't think so. I mean, we had enough space to work, and the desks were big enough. And we
had I mean, there was enough space to go 3D print. Yeah. We had and I mean everything was
pretty good.

44381

The physical environment was just set up really well. There wasn't anything wrong with it at all.
Like, we didn't have any limited computers. Our computers ran well for every single project we
needed to do. And we had all the 3D printers we could need, all the, filament we could need.
And we had every all the tools were around us. And if we needed a bigger 3D printer, we had
those. There wasn't really any limiting factors to us in the class.

49660

Well, with the classroom, it's like you could always ask someone next to you if you needed help,
which definitely was made me a lot more confident to approach things. So I wasn't really worried
about if I ever got to a point where I was stuck, I can just ask someone for help.

50159
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I definitely felt more confident when I, like, got used to the area because for a few days, like, I
didn't know where everything was, and, I was kinda like, I don't know how to use certain things.
But, like, after a couple days, like, the second week of school, I felt like, so much more
confident, like, just walking into that class. And just, like, with everyone that was in there, like, I
felt comfortable talking to anyone that was there.

53753

The classroom environment definitely helps my confidence because there is a lot of people in
there that were helpful towards it. Because I think most of the people in there wanted to be in
that class. So I think most of the people wanted to be in that class, and so it was helpful because
everyone was kinda willing to help each other. I didn't ask that much just because I'm not that
much of an asker to people I don't know. But, it was definitely helpful if I needed something, and
then you were always super helpful if ever I needed help. And I would say it was definitely busy.
Like, there was a lot going on at once, but I was very confident with it and then from the second
half.

70845

So, you know, right when you first walk in, you just see the 3D printers right in front of your
face, and then you see all the cords hanging from the ceiling. And, again, you have the desks
everywhere and everything just it seems so, like, technology based right when you first walk in,
you see the printers. And that environment just walking in just made me feel smarter for some
reason. Like, I could do anything I put my mind to. And I think that was a big part of my overall,
attitude during the course. And, yeah, I think it was I really love being in there, honestly.

81162

The classroom environment and everything I had at my disposal really helped me a lot because
you had a lot of stuff that probably most other places may not have, and it really helped me learn
how things worked and just really helped me out in learning stuff.

94231

I guess as far as, like, 3D printing software or, like, 3D modeling software or 3D printing
specifically, I never thought about that. Like, having, like, the Autodesk software outside of
class, I

think. Because most of the time, I was able to get, like, the work done within class.



175

20. Thinking back, how would you describe your confidence in doing engineering tasks
before and after the class?

11820

So before the classes, I didn't even really think about it. I didn't really think of any kind of
engineering type tasks. But now after the class, anytime I encounter some sort of problem, I try
and figure out a way to fix that problem, like, on my own without help before asking for help at
least.

22693

Before, I didn't lack confidence to say. I had done engineering before, and I was pretty good. But
I've noticeably gained confidence since then. I feel like the confidence did come with the skills,
but also just being around other people, who like engineering. I feel like both of them did a lot of
good to me and made me more confident in my abilities today.

25831

Before, I was definitely pretty confident to begin with, and I'm like I was all, like, I can do this. It
was gonna be great. I'm gonna be, like, one of the best in the class. And so, after, I still feel like
I'm pretty good, but I know I'm not the best because I saw people that are better. And it gave me
confidence that, the next time I go through something like this, there's possibility to get better
and be better.

30980

Before the class, [ mean, I had no idea what [ was doing with anything engineering. I didn't even
really know much about engineering. So I kinda knew it was, like, hand in hand with math sort
of thing, but that was about it. And, I mean, I hadn't taken, any sort of engineering classes, so |
hadn't been involved or around any of that. But now, like, I mean, I feel more confident that I can
model something or I can 3D print something if I needed to. So that definitely helped with that.

44222

I think after the class, it just definitely gave me more. Like, I was able to think more in depth of
things, like, when designing something or just going over, like, something. Because, like, I don't
know. You just teach us how to, like, just I don't know the words of it. Yeah. I definitely do feel
like my confidence went up because I mean, I learned new things, and I learned how to use new
tools and stuff. So my confidence definitely went up more than what it was before.

44381

Before the class, 3D design was something I'm like, hey. I'm a beginner to this. I know how to
use, like, maybe Tinkercad or something. And I was like, that's a child software, but I can still
use it. I can still make something I've really tried. But now that I've actually used the CAD, I feel
like it's a lot closer to me, and it's a lot easier to obtain. And it's a lot it's just a lot simpler than I
thought it would be. It's just and that 3D printing was a lot more complicated and but it's to, like,
make something and put it in my hand, it's a lot easier than I really thought it would be. It
definitely brought my self confidence up in that.

49660
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Before it I mean, when problems did come up, I think I was way more, I guess, tunnel visioned
on certain things and a way to approach things. I didn't have as much creativity towards
problems. Yeah, it’s given me a whole, like, new way of thinking, basically.

50159

So before, I was not very good at it. Like, I never really, like, thought of things in that way. Like,
engineering, you have to, think of different ways to propose the best idea. And I was not very
good at that at the beginning, but throughout it, I ended up doing really good. And I was really
proud of, like, my outcome by the end of the class, like, once the whole class was over. And,
like, with my final project, like, I was really proud of, like, the results that I got from that
because it made me feel so much better to go from the crane to the truss bridge and, like, the
difference between the two. Because the crane did okay, but then my truss bridge, I felt like I did
really well with it because it held one of the most weight. And it was I felt like it was honestly a
simpler design, but, like, it had more like, the way that I like, because it was the one that had,
like, the slant and then, like, the two, like, different pieces In the middle. And, like, at first, I'm
like, oh, no. This is probably gonna be the reason why it snaps because I didn't feel like I did a
good job with it. So, like, every single time we did a project, [ was very hesitant about it. I'm
like, I don't know if this is gonna turn out good. But then, like, throughout the project and, like,
throughout same thing throughout the class, I was just like, I felt more confident over time with
each project, with each step of the projects. I just felt a lot more confident by the end. But, like,
even towards the end, I was kinda struggling with fusion. So when I had to model it, I was kinda
like, know how to do this. Like, I'm kinda struggling with it. But then once I was able to figure
out how to do one, then I'm okay. This is good. I can do this. And, like, it helped raise my
confidence then for when I was actually building it. I can do this. I was able to model it. I can
build it.

53753

Before the class? I would say I was only about as confident as, like, my science classes have
made me, which doesn't really have anything to do with this sort of technology. So I wasn't that
confident in jumping into the actual technology part and printing part in my because I have a
3D printer, like I said. I had printed stuff before, and I've I had never designed anything. So I
wasn't super confident with the designing aspect. But then afterwards, I was definitely confident
with it, especially enough to go off to other software and design more.

70845

So definitely before, you know, I had zero clue in anything. I didn't even know what
technological design was, honestly, before I started that. You know, I was fresh out of middle
school, and I was just starting to explore different interests. But, you know, having no experience
from after completing the class. Having a lot of experience with technology and 3D printing,
design, all of that and, you know, creating things with different measurements. And it was
definitely a big jump, I feel, from having nothing to, you know, your brain different, you know,
ideas and thoughts about design for sure. I think, yeah, it was a big jump, but I'm knowledgeable
about it now. So I think I can definitely use it sometime in my future if I need it.



81162

Before, I was really basically a beginner, as one would say. I kinda didn't know what I was
doing, and I was usually always lost. And I did find it fun, and then after, I just I feel really
proud of myself, and I know what I'm doing most of the time.

94231

Yeah. Before, I definitely had, like, no knowledge, of, like, any, like, modeling software. And
then I think I would say after, I definitely had that, like, experience, like, messing with the
software and especially, like, going into, like, [llustrator programs and Photoshop. So those
programs are, like, pretty similar. So, like, progressing into that, like, made it a bit easier.

177
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21. In what ways, if any, do you feel that using digital fabrication has prepared you for
future engineering tasks or projects?

11820

I feel like it'll help me get that engineering job or whatever because I will have the experience of
using it, and I will know how to use it. So it can also help me just in the job in general.

22693

Well, first, they're the obvious actual skill of using CAD software in 3D modeling. That's very
useful in engineering. I've also learned how to read blueprints during this, which is another skill
necessary. And beside the actual skills, like I've been saying, confidence is the big thing and the
willingness to learn. I really feel like those skills will take me far.

25831

Yeah. Definitely. Learning how to do it in the beginning and towards the beginning when you're
starting to, like, get somewhat good in, like, making those little 3D printed, like, name tag things,
that was pretty fun. It definitely encouraged my ability that I can do something like that and also
something simple like making the wheel for the mousetrap vehicle and the axles and stuff.

30980

Well, I mean, if I choose to continue taking these classes, I mean, I'll obviously know the basics,
so that's gonna help. And, I mean, like I said, I'm not sure if I'm gonna like, this is I don't know if
this is something I would want to pursue, like, as a career. But if I did want to, I mean, it would
make me feel more confident knowing that I've taken something like this, and I have some sort
of experience, and I'm not just going in blind.

44222

I think, like, in general of the tools, it'll be helpful if you wanted, like, a job for later and
somewhere in that category. But if you're not trying to, like, do convenient engineering, it helps
you, like, if there's a issue, how to, like, try to solve it and how to, you know, how to get around
the issue and the problem.

44381

I think it's definitely introduced me to the idea of, like, a good 3D layout and a good 3D design
of an object on a professional software. I think it's like, I feel like it is definitely something I will
use later on in life. Like, if I'm any sort of engineer. And I since I have this ability, I can use it,
like, whenever I wanted to. If I wanted to, like, recreate a part, show it to someone, and not have
to take this 20 ton object, I don't, like, wing out of this, like, warehouse to go show someone. I
can just put it on a computer and bring it over there. And yeah. So I feel like it would definitely,
it brought me or it gave me an ability I think I could definitely use in a real world job.

49660

I think insanely because CAD is used in basically every engineering facility. You're always
gonna use CAD, and 3D printing is a upcoming thing. So it's definitely giving you a lot more
confidence in the field.

50159



179

It definitely provides me with, like, a different way to come about a problem. Like, it allows me
like, if I were to be in a problem or, like, a situation with, like, people where, like, if there was a
problem between me and another person, then or, like, if I had to pick between, like, two
different people, like, to go do something. Then I would consider, like, talking about the two
options. Like, one of them is, like, going out in public. The other one's gonna be staying at home.
If we're just gonna stay at home, there's nothing really to do. Like, yes. There'd be pros and cons
to both options. And that's the same thing with engineering. There's gonna be pros and cons with
both options. And so just thinking about stuff with engineering can also help with thinking about
the stuff in real life.

53753

I would say that it's definitely helped because it, obviously, it makes me want to branch out into
new projects. And knowing how to design things and how to use that kind of technology makes
me feel more confident if I ever have to use it in the future.

70845

So, again, with, obviously, common computer foundation basics tactics I learned in that class,
that was probably the biggest thing. I'm not really sure if I'll do a lot of, like, design digitally
unless I do go into, like, different advertising stuff. But, specifically with, like, designing 3D
stuff, I'm not sure. But with, like, again, my future plans and endeavors, I really think that those
core basic computer foundations and skills would benefit me greatly in my future.

81162

Learning that things aren't always how you expect it to be and that sometimes you just gotta
slowly learn how things work in order to get the result you want, and that everything is different,
yet also similar in some ways.

94231

I would say definitely, like, more complex. Like, I did mess around with Blender a little bit. And
so, like, having that knowledge from before made it a little bit easier. Only problem is that it
would, like, crash, like, every two seconds. So, but other than that, like, I definitely wanna get
into, like, like, 3D modeling for, like, mock ups especially. I think that would be, like, really
useful.
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22. How would you describe your overall growth in terms of your abilities and confidence
in engineering from the beginning to the end of the course?

11820

So my confidence in engineering before the course was nonexistent. I didn't think about it, like,
one bit. But afterwards, now I really I feel more confident in my problem solving abilities and
just being able to fix issues and stuff.

22693

Overall, I'd have to say it'd be, like, exponential, really. Started off slow in the beginning, but
then really started to speed up the way that I got into it.

25831

I was bad at it at first. And over time with learning how to do it and having friends to help and
the instructor, definitely made my confidence better and also my abilities better to be able to do
all this stuff. I mean, we all don't do good in the beginning.

30980

I think my both my confidence and my abilities have grown quite a bit, like, with engineering
just because I mean, I was starting from scratch. I hadn't done it before, but doing it now, like I
said, I can do something. Like, if somebody asks me to go on something on, or 3D print them
something. I could not do something crazy, but if they ask me to do, like, a top or something, I
can do that. Some basic things. So, I mean, it's just cool. That's like a little thing I have in my
pocket that I could pull out, it's like a party trick.

44222

Oh, my growth definitely was, like, it was definitely better. Because, like I said earlier, I
definitely wasn't good in the beginning. I learned new tools and things and how to get, like, to
solve a problem. If I needed help and if I couldn't figure it out, I had people around me to help
solve what I was confused on.

44381

[ think I personally grew a lot faster and a lot more than I thought I ever would in 3D designing. |
definitely think there is still a lot more I wanna learn about it, and there is still a lot more I can
learn about it before I'm anywhere near an expert. But I think this course was set up really well
so I could grow, and it would nurture everyone at all levels because I have friends that aren't as
interested and aren't as there it isn't their, like, specialty or isn't what they wanted to do. And they
still thrived in the course, and they still learned. They still got what they needed to be done.

49660

I think it's gone up, like, a lot. I don't really know how to say, but it's gone up a lot.

50159

I feel like my growth over like, throughout the whole course was very like, I had a lot of growth

because, like, I keep saying, like, the beginning, I was not comfortable. I was really nervous.
Like, I didn't know what I was doing. But then, like, by the end, like, I felt, like, relieved
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because, like, I actually did good with something that I didn't think I was gonna do good with.
And I was just overall, like, really proud of, like, how I had done throughout the whole course.
So, like, it like, by the end, like, my confidence was, like, so high because, like, I felt happy with
what I had done right.

53753

I definitely grew a lot because I wasn't that confident, like I said, using the technology at first.
And then my confidence grew a lot because by the end, I definitely felt comfortable with most of
the basic tools and some of the not-so basic tools that may be specific to that program. But then,
obviously, like I have said, it was good enough to go out and try different software that had
different tools, but still similar ones.

70845

I think my growth definitely started at, like, 15%, my confidence, and it jumped up to, like, 99.9.
You know, again, I didn't I started from not knowing pretty much anything, and I'm I'm pretty
knowledgeable now. I still remember a few stuff from the class that I could probably most likely
use today, but I think that my confidence definitely after completing the course definitely went
up in my overall thoughts on designing and anything technology.

81162

Beginning to end, it definitely has gone up by a lot. Doesn't help that some of my

classmates were a little confused, and most of them didn't try their hardest, which kinda, you
know But other than that, it really boosted my confidence in working in the engineering type
field and working with these type of machines and programs. So it definitely helped me learn
some more stuff about myself, and it just it was pretty good.

94231

I would say, like, especially, figuring out the specific tools, I think that having that for the last
project, having that ability to, like, really do that research, I think it's really useful to be able to
kind of put yourself into that space, instead of being able to, like, having the foundation to design
certain things and figuring out the specific tools and then being able to, like, put yourself into it.
If that makes sense, and, like, solving a problem. Yeah. Especially, like, the design process.
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23. If you could change something about the class, especially regarding the technology or
how it was used, what would it be and why?

11820

So mainly in the second, for the first while, we were just watching videos and the projects on the
about the 3D printing. It helped, but it was also kinda boring. It should be more hands on
interactive stuff and less, sort of the informational kind of things.

22693

See, the class itself, I liked it. I don't really think there was anything bad with math that I really
need to change. Though, to be fair, if I have to say one thing, I just didn't like the PBM,
personally. I did not like the final exam portion. I don't know how to put it into words. I like that
it's a practical exam instead of a test. I really feel like that's good, but I don't know. It kinda takes
away. The building of a balsa bridge, it took out, like, the 3D printer portion of the class.

25831

Probably if the class would be a full year instead of half a year. And do more projects and get
better and definitely be a lot of fun. I'll definitely be doing the tech, two and three of this.

30980

If I could change something? I don't know. Maybe just I guess this will just go kinda hand in
hand if I took more of the classes. But having more videos, like, as backup would probably be
kinda helpful just because, like, it just like, I learned a lot from those videos. Just watching
somebody do that or, like, watching somebody work through it. Like, it helps me to work
through it. You know? So probably just more videos because those were really, really helpful
when I was, like, still learning and stuff like that. And I don't know. Maybe just more 3D
printers.

44222

I think. Change something. I don't know. Oh, yeah. | mean, yeah, Fusion three sixty. Just a little
more time just going over that just in case there's, like, some mistake or not mistake, but, like,
there was a lot of us kinda getting stuck on some areas on that. And you and me are you were
helping us, so it was fine. More, like, skill builder type activities in the beginning to help us, like,
figure that around that. But I think that's the only thing.

44381

I don't know if there is really anything I would really wanna change about the class. Maybe if
some of some assignments might they could definitely be a little more fun or a little shorter.
There's just, like I don't know. Maybe a little more. There's not much more you can do because
you it's a beginner's class. You got to, like, warm them up to it and then give them that creative
liberty.

49660
I think maybe there should be more freedom in projects. Like, instead of just having one set

project to do, you have multiple choices throughout the semester. So there's different ways to
approach problems and stuff like that.
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50159

I can't really think of, like, things I would wanna change. Like because I felt like it was a very,
like, free class, so, like, you could do, like, whatever you did or, like, whatever you needed to do.
And, like, it all fit within, like, like, what needed to be done. Like, yes, there would be, like,
some things that would, like, take a while to print, but, like, eventually, like, you'll get used to it
because they're like, okay. Well, this person, they're almost done. So, like, I just need to put like,
I need to upload it onto the flash drive and put the flash drive right next to it. That way, I don't
know, like, okay. This is where I'm gonna go next. And so I think the only thing I might change
would be some of the people in the class because there was some people that just, like they only
took it because they're like, I need to take a class. Like, it was it was just a filler class to them,
and they didn't take it as seriously as, like, some other people did.

53753

I'm not sure. I would just say that maybe sometimes another 3D printer that was open would be
nice. But, obviously, that's not really within your control.

70845

Something of a change. I guess something that I would change is I remember at the, you know,
at the beginning of the semester, we would take things a little more slower and, you know, we
would do we didn't really get into, like, the computer stuff till I think, like, the mid-ish and then
to the end when we finished our PBM. But I think, specifically, in that class, I think I would have
enjoyed it more if we could start straight out the gate, honestly, with learning the basic stuff. But,
you know, it was I think it was good to adjust, especially for younger people and younger
individuals that are just coming into high school. I think that was probably, a good class to start
off. But if it was for specifically, like, maybe older people that are, like, juniors, seniors, if there
was a class for that, you know, you could just start right up the gate with anything with the
computers for sure.

81162

Oh, I wouldn't say I would change anything. I really learned a lot, and it really helped me out, so
I wouldn't really change anything personally.

94231

I guess, like, a lot more open projects at the end would be really fun. Sort of like starting, like,
smaller and then getting a little bit bigger and bigger towards the end.



