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Abstract

This study explored pre-service teachers’ perceptions of a 3D printing integrated science, technology, engineering, and
mathematics (STEM) module within a college-level mathematics content course. Data from surveys and reflections col-
lected from nineteen participants were analyzed. Results indicated that the pre-service teachers perceived improvement
in their understanding in several areas: 3D printing technology, software utilization, the 3D crystal lattice structures, and
the application of mathematical concepts in STEM contexts. The integration of 3D printing technology within the STEM
module facilitated an experiential learning environment, enhancing the visualization and comprehension of geometric and
measurement concepts. Furthermore, the exposure to the practical applications of mathematical concepts in fields such as
chemistry, engineering, and technology enabled pre-service elementary teachers to situate their understanding within a more

profound, interconnected, and pragmatic framework.

Keywords 3D printing - Mathematics - Integrated STEM - Pre-service elementary teachers - Geometry

Introduction

To bolster science, technology, engineering, and math-
ematics (STEM) literacy across all student demographics,
STEM education has been the focus of heightened interest in
recent years (Bybee, 2013). The consensus underscores the
importance of early STEM education, ideally commencing
at the elementary level or sooner, as pivotal for establish-
ing a robust groundwork for students' subsequent STEM
endeavors (Bybee, 2013). The current movement in STEM
education advocates for an integrated approach that employs
inquiry-based learning to immerse students in complex,
real-world problem-solving (Margot & Kettler, 2019). This
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integrated approach allows students to identify and experi-
ence the connections between STEM concepts and skills
learned in the school and their applications in real-world
contexts (Buckner & Boyd, 2015; Bybee, 2013). As such,
it is likely to promote motivation for learning, and improve
student interests, achievement, and persistence (National
Research Council, 2013). Nonetheless, reports have shown
a deficiency in elementary educators’ training in mathemat-
ics and science (National Academy of Engineering, National
Research Council [NAE NRC], 2014), with even less expo-
sure to engineering and technology. The shortfall in teacher
education programs resulted in educators who “did not feel
fully prepared to integrate STEM subjects” within their cur-
riculum (Margot & Kettler, 2019, p.12).

In preparation for teaching mathematics and science, U.S.
elementary pre-service teachers (PSETs) typically complete
mathematics and science content and pedagogy courses
within their teacher education programs (Garner et al., 2023;
Liu, 2020). However, the mathematics content courses are
often taught in traditional ways, focusing on concept mas-
tery and the application of solutions to well-defined prob-
lems found in textbooks. The significance and application
of mathematics within actual science, technology and engi-
neering contexts are frequently underrepresented in these
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courses, consequently restricting PSETs’ opportunities to
comprehend the interconnectivity of various STEM disci-
plines (Liu, 2020). By incorporating STEM inquiries into
college-level mathematics content courses, PSETs can cul-
tivate a more profound understanding of the application of
mathematical concepts in real-world scenarios and expand
their perspectives on the role of mathematics in addressing
STEM-related challenges.

The integration of technology into STEM inquiries has
been pivotal in offering interactive and hands-on learning
experiences. For example, the inclusion of 3D printing tech-
nology engages students in experiential activities. Utilizing
3D printing for design and problem-solving within STEM
contexts not only deepens students' understanding of STEM
concepts but also fosters their creativity and imagination
(Brown & Burge, 2014; Lin et al., 2018, 2021). Moreover,
3D printing allows learners to investigate the interrelation-
ships among various STEM subjects, potentially augment-
ing their interest in these fields (Novak & Wisdom, 2018).
Existing research has employed 3D printing technology to
assist pre-service teachers or K-12 students in visualizing
and modeling their reasoning (e.g., Asempapa & Love,
2021; Huleihil, 2017) and to learn from productive failure
(Dickson et al., 2021) within mathematics education. How-
ever, there is a scarcity of studies on the integration of 3D
printing into STEM inquiries that specifically enhance the
application of mathematical concepts, such as geometry and
measurement, in the realm of teacher preparation. This study
seeks to explore pre-service teachers' perceptions of a 3D
printing integrated STEM module within a college-level
mathematics content course.

Literature Review
The Integrated STEM Approach

STEM education has garnered significant attention in recent
years due to the growing acknowledgement of STEM-related
fields as vital to the future workforce. It plays a pivotal
role in equipping students for success in these areas. Early
engagement with STEM can inspire students' interest and
drive to pursue careers in the STEM-related fields. Bybee
(2013) also underscores that early development of STEM
literacy is foundation for enabling students to apply STEM
concepts to real-world challenges and to make knowledge-
able decisions as conscientious members of society.

The integrated STEM approach, endorsed by the educa-
tion research community, affords learners the opportunity
to develop knowledge across multiple relevant disciplines
and to comprehend the interconnections and practical appli-
cations of these concepts (Breiner et al., 2012; Gomez &
Albrecht, 2013; Margot & Kettler, 2019; Shernoff et al.,
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2017). This approach aims to amalgamate elements of
science, technology, engineering, and mathematics into
cohesive instructional units that draw upon real-world con-
nections (Moore et al., 2014). Employing project-based or
inquiry-based learning strategies, the integrated approach
engages students in authentic problem-solving activities,
cultivates collaboration, critical thinking, and creativity,
thereby resulting the learning experience more intercon-
nected and relevant (Stohlmann et al., 2012).

Integrated STEM activities facilitate the development
of cross-disciplinary knowledge and address the challenge
K-12 students face in grasping the relevance and applica-
tion of STEM concepts, as well as in synthesizing ideas
across various fields (National Academy of Engineering &
National Research Council [NAE & NRC], 2014; Shernoff
et al., 2017). The research literature further advocates for
the integration of technology into STEM curricula. For
instance, employing technological tools such as 3D printers
in STEM education equips students with tangible, experien-
tial learning through the processes of design and creation.
This hands-on approach can enhance their grasp of STEM
concepts and cultivate creativity and imagination (Lin et al.,
2021).

3D Printing in Mathematics Education

3D printing technology has become increasingly prevalent as
an instructional resource, particularly within STEM educa-
tion. This technology enables the fabrication of three-dimen-
sional objects through an additive process, where material is
applied in successive layers (Cheng et al., 2021; Scalfani &
Vaid, 2014). The procedure initiates with the creation of a
3D digital model, often using computer-aided design (CAD)
software. Once the model is optimized for printing, the file
is transferred to a 3D printer, which methodically extrudes
plastic filament to construct the object layer by layer (Brown,
2015; Novak & Wisdom, 2018).

Although 3D printing technology has been utilized in infor-
mal learning environments such as museums and libraries for
over a decade, its integration into formal education curricula
in K-12 and higher education sectors is a relatively recent
phenomenon. The shift can be attributed to the decreased cost
of 3D printers and the availability of open-source CAD pro-
grams (Elrod, 2017; Johnson et al., 2015). A recent scoping
review by Ng et al. (2022) indicated a greater prevalence of
research on the use of 3D printing within formal mathematics
education compared to informal settings, suggesting a more
substantial adoption of the technology in structured educa-
tional environments. However, studies have identified a lack
of knowledge and experience with 3D printing and modeling
among educators (e.g., Trust et al., 2021), and a low adop-
tion rate of 3D printing, particularly in elementary schools
(Branko et al., 2023). These findings highlight the imperative
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need for teacher education programs to enhance training in
emerging 3D printing technologies. Additionally, research on
the integration of 3D printing into pre-service teacher educa-
tion remains limited (Novak & Wisdom, 2018).

Research has demonstrated that 3D printing technology
can enhance STEM education by providing students with
visualization and hands-on learning experiences (Cheng
et al., 2020). The use of 3D printing for creation and problem-
solving enables students to comprehend spatial relationships
among objects, thereby fostering the development of spatial
and visualization skills (Brown, 2015; Ng et al., 2022), skills
that are essential in many STEM careers. In addition, interac-
tive experiences with 3D printing technology have been shown
to increase students’ interests and motivation in STEM fields.
Cheng et al. (2020) found that the degree of STEM integration
in 3D printing activities directly influenced students’ motiva-
tion in mathematics. Another study by Dickson et al. (2021)
revealed that integrating 3D printing into middle school math-
ematics lessons encourage productive learning experiences and
resilience in students through the exploration of “productive”
failures.

3D printing can augment learning in mathematics by aid-
ing in the visualization of three-dimensional objects. Students
can create digital or physical models of geometric shapes such
as spheres, cylinders, cones, and pyramids, thereby gaining
a clearer understanding of these forms (Ng et al., 2022). A
study on primary students using 3D pens demonstrated the
potential of these tools in helping students solidify their geo-
metric learning outcomes (Ng et al., 2020). The manipulation
of digital 3D shapes via CAD software can help young learn-
ers grasp concepts related to dimensions, directions, positions,
and orientations (Panorkou & Pratt, 2016). Additionally, the
use of physical models allows students to visualize mathemat-
ical concepts and their interrelationships, potentially improv-
ing their understanding of the topics like the volume of 3D
solids (Ng, 2017). Ng et al.'s (2022) scoping review indicated
that 3D printing has been utilized to visualize mathematical
concepts at all levels of education, enhancing the learning of
geometric properties and cross-sections in elementary school
(Ng & Ferrara, 2020), as well as functions and calculus in
high school (Dilling & Witzke, 2020).

Furthermore, the design and creation of artifacts through
3D printing can offer students meaningful opportunities to
apply mathematical concepts. For example, students can
observe how a 3D digital model is positioned within the
software’s coordinate system, monitor the object’s creation
layer by layer on the printer's build plate, and consider the
precise measurements and placements required (Dickson
et al., 2021). They can also evaluate the scale of the object
relative to printing time and calculate the costs and materials
needed, considering the design's complexity and size (Ng,
2017). The use of various mathematical concepts during
the artifact creation and problem-solving process with 3D

printing technology helps deepen students’ understanding
of abstract mathematical concepts in practical contexts and
increase the perceived relevance of mathematics in real-
world applications.

Integrating 3D Printing in Teacher Education
to Enhance STEM Education

The integration of 3D printing into teacher education has
demonstrated promising potential to enhance STEM educa-
tion. In their scoping review, Ng et al. (2022) identified six
articles focused on equipping primary or secondary teachers
with the skills to design 3D printing lessons. Asempapa and
Love (2021) provided a day-long professional development
session for in-service teachers, emphasizing the application of
mathematical modeling concepts to design 3D printing solu-
tions for integrative STEM lessons. Their participants reported
increased knowledge in specific areas of mathematical mode-
ling, and most teachers expressed a higher likelihood of incor-
porating mathematical modeling into their teaching. Moreo-
ver, Kaya et al. (2019) conducted a study that integrated 3D
printing into an elementary science teaching methods course,
emphasizing the engineering design process, and observed an
increase in pre-service teachers’ self-efficacy beliefs in teach
engineering effectively. Novak and Wisdom (2018) imple-
mented a project-based learning activity involving 3D print-
ing for pre-service elementary teachers, which resulted signifi-
cant improvement in their science teaching efficacy, interest
in science, perceived competence in K-3 technological and
engineering design science standards, as well as a significant
reduction in their anxiety about teaching science. Cheng et al.
(2024) investigated the beliefs of K-12 teachers and found that
while teachers perceived 3D printing integration as benefi-
cial for students, they needed to develop the ability to use 3D
printers and to connect 3D printing with curricula. This study
supports the need for integrating 3D printing in teacher edu-
cation to develop teachers’ knowledge and skills in 3D print-
ing technology and the pedagogical knowledge to integrate it
into their curricula. Overall, teacher education programs can
benefit from incorporating 3D printing technology, thereby
boosting educators’ confidence in meeting STEM standards,
and improving their attitudes toward STEM education. With
the growing accessibility of 3D printing technology, further
research is essential to determine effective applications across
various STEM disciplines, supporting teacher education and
future teaching practices.

Research Questions
This study explored pre-service teachers’ perceptions of a

3D printing integrated STEM module within a college-level
mathematics content course. The developed module engaged
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PSETs in creating 3D objects by connecting and applying
geometry and measurement concepts within STEM contexts
and using 3D printing technology. The research questions
that guided this study are:

1. How do pre-service teachers perceive their learning
within a 3D printing integrated STEM module?

2. How do per-service teachers perceive the 3D printing
integrated STEM module itself?

Research Method

This study was guided by the case study method, which
employs real-life contexts as research settings and is well-
suited to addresses descriptive and exploratory questions
that typically begin with ‘what’ or ‘how’ (Yin, 2012).

Participants and Context

Twenty-five pre-service teachers enrolled in a mathematics
content course at a northwestern university in the US were
recruited in this study. However, data from only 19 partici-
pants were included in this paper, as they completed data
collection process. All 19 participants were female, with
an average age of 21.5-year-old. Of these participants, nine
were sophomores, five were freshmen, four were juniors, and
one was in her fifth year. The mathematics content course is
a mandatory component of the teacher education program
for all pre-service teachers. Students worked in groups of
three or four in the STEM module.

3D Printing Integrated STEM Module

The STEM module, “3D Crystal Lattice Structure of Solids:
Visualization and 3D Printing”, was designed to help PSETs
connect the geometry concepts with real-world applications
in a practical and engaging way. Added to the PSETs' math-
ematics content course, this module provided a context for
PSETs to understand how geometric concepts, such as regu-
lar polygons, platonic solids, and symmetry, is observed and
applied in science and engineering. Connecting to the chem-
istry concepts, the module offered five interactive simula-
tion applications for exploring various chemical structures,
including primitive cubic structure, face-centered cubic
structure, and ideal perovskite structure. These structures
can be observed in everyday chemicals (e.g., sodium chlo-
ride/rock salt), as well as in cutting-edge research on solar
energy (e.g., perovskite).

The STEM module comprised three 75-min class ses-
sions. During these classes, PSETs were enabled to design
and visualize crystal lattice structures using interactive
simulation applications and 3D printing. In the first session,
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PSETs were introduced to key STEM concepts relevant to
the topic, such as various chemical compounds and struc-
tures, and their connections to everyday uses. PSETs then
utilized interactive simulation applications (see Fig. 1 for
an example) to analyze these chemical structures. PSETs
adjusted parameters such as atom size, interatomic distances,
and the overall scale, and rotated the models to observe cubic
patterns and symmetries. By manipulating these parameters,
they designed various crystal lattice structures, which they
later 3D printed.

In the subsequent sessions, PSETs learned about the
operation of 3D printers and experimented with related
platforms and software, including Thingiverse and Cura.
Thingiverse, a web platform and repository, allows users to
upload, share, and download free 3D printable designs. Due
to a lack of time for PSETs to learn 3D modeling skills, they
were directed to explore the 3D models already designed
and shared on Thingiverse to acquire printable 3D designs.
PSETs were also introduced to Cura, a software used in
this study to prepare 3D models for printing by convert-
ing them into instructions for 3D printers. After exploring
these two resources and identifying 3D designs for print-
ing, PSETSs practiced 3D printing by transferring source files
from Thingiverse and their designed crystal lattice structures
from the simulations into Cura to prepare them for 3D print-
ing. Within Cura, they fine-tuned print settings and adjusted
scaling to achieve optimal printing quality, considering the
limitations of time and resources. Figure 1 presents an inter-
active simulation application interface from the module,
detailing a solid structure following parameter adjustment,
alongside examples of the 3D printed solids. The research-
ers developed worksheets for PSETs to guide the inquiry
process. Additionally, STEM experts, including a faculty
member and a doctoral research assistant in Computer Sci-
ence, aided with the 3D printing process.

Data Sources and Data Analysis

Data on the PSET’s perceived learning and their perceptions
of the 3D printing integrated STEM module were gathered
through surveys and student reflections. Pre- and post-mod-
ule surveys assessed the PSETSs' self-reported knowledge of
3D printing and software application, asking them to rate
their understanding on a scale from 1 (Not Knowledgeable
at All) to 5 (Extremely Knowledgeable). For instance, one
survey item prompted, “Please rate your knowledge level
in the following technology-related activities: 3D printing.”
Additionally, the post-module survey also had participants
rated the statement, “The STEM module facilitated my
understanding of how Mathematics, Science, Technology,
and Engineering relate to real-world phenomena,” using a
five-point Likert scale ranging from Strongly Disagree to
Strongly Agree.
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Reflections were requested from the PSETs as part of
their coursework, guided by specific questions to foster deep
reflection on their learning experiences within the course.
For example, reflection prompts included questions such

s, “How well does the STEM module/3D crystal structure
solids activity connect to the rest of the class materials?
What did you learn and what gaps do you believe you still
have in your understanding?” Each PSET was required to
write a minimum of two paragraphs in response to the set of
prompts. Both the survey questions and reflection questions
were reviewed for validity by a group of experienced STEM
faculty members.

The quantitative data from the pre- and post-surveys
were analyzed using descriptive statistics to calculate
means and standard deviations for each survey question.
Wilcoxon signed-ranks tests were conducted to examine
the differences in PSETs' perceived learning before and

after completing the STEM module, as the data were
not normally distributed. The reflection data were ana-
lyzed using thematic analysis, a qualitative approach that
involves identifying patterns and themes within the data
and developing a coding framework to systematically
categorize the data into meaningful themes (Braun &
Clarke, 2006). Following the suggestions of Braun and
Clarke (2006), the researchers first familiarized them-
selves with the survey data by reading and re-reading it
to gain a comprehensive understanding of the content.
Then, the individual ideas within the reflection data were
coded, and similar ideas were grouped together to cre-
ate categories. Relevant categories were further grouped
to create themes that represent important and patterned
responses in the data set (Braun & Clarke, 2006). The use
of survey and critical reflection data sources in this study
allows for a comprehensive and triangulated analysis of
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the data, providing a robust understanding of PSETSs' per-
ceived learning and their perceptions of the 3D printing
integrated STEM module.

Results

Perceived Learning in a 3D Printing Integrated STEM
Module

The perceived learning of PSETs was assessed through sur-
vey questions as well as reflection. The pre- and post- sur-
vey questions were used to assessed participants’ learning
in 3D printing and software use. The pre- survey results
indicated that participants rated their prior knowledge from
“Not Knowledgeable at All” to “Moderately Knowledge-
able” about 3D printing (M =1.42, SD=0.69) and from
“Not Knowledgeable at All” to “Very Knowledgeable” about
software use (M =2.26, SD =1.12). The post-survey results
showed that, on average, participants rated themselves
between “Moderately Knowledgeable” to “Very Knowledge-
able” for both 3D printing (M =3.84, SD=0.96) and soft-
ware use (M =3.58, SD=1.31). Figure 2 below presents the
mean scores for knowledge about 3D printing and software
use in the pre- and post- surveys. Wilcoxon signed-ranks
tests revealed that after experiencing the 3D printing inte-
grated STEM module, the participants reported significantly
increased knowledge of 3D printing (Z=-3.895, p <0.001)
and significantly increased knowledge of using software
(Z=-3.354, p<0.001) compared to the pre-survey results.

The theme analysis of the reflection data identified that
students perceived their learning gain in the following three
areas: 1) knowledge and skills in 3D printing, 2) knowledge
in 3D crystal lattice structures, and 3) mathematics in the
context of STEM.

Knowledge and Skills in 3D Printing

The reflection data indicated that most participants
(n=15) acquired valuable knowledge and practical skills

Fig.2 Comparison of PSET
mean scores for knowledge
about 3D printing and software
use before and after intervention
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in 3D printing, encompassing both 3D printers and 3D
printing software aspects. They reported learning to oper-
ate a 3D printer, with one participant sharing that “through
this class, I have learned how to use a 3D printer, includ-
ing how to turn it on, heat it up, and connect the computer
software to the printer.” Additionally, participants devel-
oped proficiency in using 3D printing software, gaining the
ability to “control the size and placement of the solid and
to split an object in half,” as one participant noted. When
preparing objects for 3D printing, participants manipu-
lated the digital models using Cura. Within the software,
they adjusted the orientation of 3D objects to examine
properties such as coordinates and scaled the models to
appropriate sizes to ensure feasible printing times (e.g.,
3 hours versus 50 minutes). These reflections corroborate
the survey findings that PSETs enhanced their knowledge
and skills in 3D printing, including the adept use of 3D
printers and software.

However, some participants expressed frustration due
to technical issues with the 3D printers. One participant
reflected on the challenges they encountered and stated that
“one of the biggest challenges we came upon was that the
printers do not always work the first time, it taught us to
be patient, especially with technology.” At the same time,
these technical issues also sparked participants’ curiosity
and desire to learn more about 3D printing technology. For
example, another participant expressed that,

I also knew a lot about the 3D printing process but I
feel there was more I could have learned about such
as why it has to heat up so much before printing and
what the probing of the corners means. There were
times where the 3D printer would get stuck ...but I
had no idea how to fix it so maybe learning how to fix
simple problems.

Given that the STEM module dedicated only one class
session to introduce 3D printers and software, PSETs noted
gaps in their learning through reflections. These insights can
serve as valuable feedback for enhancing the curriculum
design to bridge these gaps.

.84
8 3.58

2.26

Post-Survey Pre-Survey Post-Survey

Knowledge about software use
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Knowledge in 3D Crystal Lattice Structures

The second theme in PSETSs’ perceived learning pertains
to their understanding of the 3D crystal lattice structures.
Through the STEM module, PSETs were introduced to com-
mon crystal lattice structures, such as those found in table
salt and batteries. They engaged with interactive simulations
to examine various crystal lattice structures, manipulating
parameters like atom size and distance to observe changes
in the crystals’ appearance. One participant noted,

In class, we started by learning about the different sol-
ids and what they look like. This helped us understand
what the FCC [face-centered cube] solids would look
like as well as how to classify them. It also gave us a
sense of what the 3-D shapes would look like on a 2-D
sheet of paper or on the computer screen.

Another participant observed, "By altering different val-
ues away from their original state, it changed the look of the
crystal structure solids which, in turn, changed the volume
and surface area. However, the symmetry always stayed the
same."

Furthermore, PSETs recognized that different crystal
structures exhibit various forms of symmetry, including rota-
tional symmetry and reflectional symmetry, and that patterns
change based on the atomic composition of the molecule.
One participant highlighted that "the website [interactive
simulations] where you could look at all the solids was very
interesting and showed how similar solids can be but with
one little switch, it can completely change everything."
While many participants found the interactive simulations
for visualizing crystal structures interesting and informa-
tive, some wished to delve deeper into understanding the
full range of structures and their distinct characteristics to
better convey this knowledge in their future teaching roles.

Mathematics in the Context of STEM

The third theme in PSETs’ perceived learning revolves
around the application of mathematics within the STEM
context. The STEM module provided opportunities for
PSET:s to apply mathematical concepts to real-world situa-
tions. In their reflection, PSETSs detailed their use of math-
ematical concepts learned in the course, such as meas-
urements, regular polygons, rotational and reflectional
symmetry, surface area, volume, and scaling, in the design
and 3D printing of crystal lattice structures. For example,
one participant described how 3D printing reinforced the
concept of volume, stating that “you would look at volume
as a whole shape or figure the 3D print was made from the
bottom up and you can see every side included when you
calculate volume.” Another participant shared her experi-
ences with applying measurement concepts in the module,

In class, we learned about volume and different attrib-
utes of geometry such as length, width, height, area,
and circumference. These were all displayed when we
got to adjust the height, volume, and length of the 3D
structures to create our own unique shapes.

Additionally, participants observed practical applications
of the mathematical concepts of rotational and reflectional
symmetry in 3D printing crystal lattice solids. One partici-
pant highlighted the need to print a 3D crystal lattice solid
in halves due to balance issues in 3D printing, noting that
this was an excellent demonstration of applying symmetry
concepts: "when printing the solids, they would have to be
printed in half. So having two symmetrically even pieces
then glued together would give us a full shape."

Some participants reflected on how the STEM module
allowed them to appreciate the use of mathematical concepts
in real-world contexts. One participant thoughtfully noted,
“the activity of 3D printing, in itself, facilitates thought pro-
cesses related to mathematics, specifically geometry. The
process itself relies heavily on the properties of geometry
to create a stable figure." Another participant mentioned, "I
experienced a great example of how we use geometry in the
real world. The 3D structure online activity really helped
me visualize the idea of 3D printing and put the class cur-
riculum into perspective."

Through the STEM module, which linked course con-
tent with practical applications, participants gained a more
profound understanding of how mathematics is employed
in STEM fields. This contextualized approach to mathemat-
ics learning and application is poised to benefit their future
teaching endeavors.

Perceptions of the 3D Printing Integrated STEM
Module

Positive Perceptions of the STEM Module by PSETs

A post-survey question asked PSETs to rate on a five-point
Likert scale, ranging from Strongly Disagree to Strongly
Agree, whether the STEM module helped them connect
mathematics, science, technology, and engineering content
to real-world phenomena. All except one PSET rated this
statement as Somewhat Agree or Strongly Agree, with an
average rating of 4.2 out of 5. Reflections from PSETs also
revealed a generally positive perception of the STEM mod-
ule, noting it was engaging and providing hands-on activi-
ties that applied their learning. Participants described the
STEM module using adjectives such as "interesting," "very
fun," "informative," "effective," and "important." One par-
ticipant reported, "I loved learning about 3D printing... |
found the module to be very effective in keeping myself
engaged throughout this course..." Another participant

"non
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reflected that "I really enjoyed the STEM learning, as I have
never used a 3D printer before, and was thankful that I got
the opportunity."

Several participants noted that they were initially intimi-
dated by the subject of the STEM module when they first
introduced to it. However, after engaging with the module,
they reported more open and positive attitudes. One reflected
that “at first, I was a little intimidated by the 3D printers
because I am not that great with technology, but once we
started, I realized how easy it was to get the hang of it, and
I also had some fun along the way." Similarly, another par-
ticipant shared, "I thought this was a very fun activity that
we did, and I learned a lot. I am proud to say I now know
how to 3D print, and it was a lot easier to learn than I first
perceived when told about the assignment." Overall, the
positive feedback from PSETs underscores the engaging and
effective nature of the STEM module, with some partici-
pants overcoming their initial reservations and developing
a more favorable attitude towards the subject through hands-
on learning experiences.

Hands-on Experiences Reinforcing Mathematical Concepts
in the STEM Module

Several PSETs reflected on how the hands-on experiences
offered in the STEM module reinforced or enhanced their
understanding of the mathematical concepts learned in the
course and prepared them for future teaching. One partici-
pant appreciated how the hands-on activity helped solidify
her learning, especially through visualizing concepts during
the 3D printing process, stating, "I am a very visual learner,
so being able to work with different materials and then make
those connections to the lesson we learned in the lecture
format really helped me tremendously."

Participants also recognized the importance of incorpo-
rating hands-on STEM activities that involve mathematics
in future teaching. One participant remarked,

...our class is centered around teaching, so experiment-
ing with a hands-on project was great for our class, as
future teachers, to explore exciting new ways we can
teach our students. STEM activities involve math, so
teachers should create STEM projects that can help
their students learn or reinforce the math they are
teaching in a tangible and interesting way.

During the process of preparing 3D objects for printing,
participants were able to apply various mathematical con-
cepts like scaling (a similarity concept) and symmetry in the
real-life context. For instance, one participant related the
concept of volume to her observation of the additive layers
of 3D shapes produced by the printer. Another participant
described adjusting the dimensions of a 3D model to dif-
ferent scales in Cura, effectively creating similar objects of
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various sizes. Additionally, a participant demonstrated the
application of symmetry by detailing the process of print-
ing a 3D crystal solid in two halves and then joining them
together.

Moreover, participants recognized the interconnectedness
of mathematics in various STEM disciplines. One individual
emphasized the STEM module's role in showing the practi-
cal importance of mathematics and geometry in fields such
as engineering. They pointed out that even at the elemen-
tary school level, understanding geometry is fundamental
to STEM activities involving building or creation, where
decisions about shapes and surfaces are essential.

Discussion

Perceived Learning in a 3D Printing Integrated STEM
Module

This case study explored PSETSs’ perceived learning within
a 3D printing integrated STEM module, revealing enhanced
knowledge and skills in areas such as 3D printing, soft-
ware use, knowledge of 3D crystal lattice structures, and
the application of mathematics within STEM context. Pre-
and post-survey results indicated a significant increase in
participants' knowledge of 3D printing and software use
following exposure to the STEM module. PSETs reported
increased proficiency, gaining valuable operational skills
for 3D printers and software applications. This outcome
is promising, demonstrating that PSETs can acquire foun-
dational 3D printing and software knowledge from a brief
integrated STEM module, corroborating findings from Ng
et al. (2022), which suggest that 3D printing bolsters stu-
dents' digital competencies, including modeling and spatial
skills.

Nonetheless, technical issues during the 3D printing
activities presented obstacles, echoing difficulties reported
in prior studies (e.g., Bower et al., 2020; Cheng et al.,
2020; Dickson et al., 2021; Song, 2018). Although learn-
ing from mistakes is a crucial component of Moore et al.
(2014) framework for quality K-12 STEM education, and
productive failure can be beneficial (Dickson et al., 2021),
such technical issues may still cause frustration and demo-
tivation. To mitigate this, future implementations should
promote a growth mindset in dealing with technical chal-
lenges and provide comprehensive troubleshooting guid-
ance to better prepare PSETs for potential difficulties. This
is increasingly important as 3D printing technology gains
prominence across disciplines, and troubleshooting abilities
become essential for teachers integrating this technology in
their classrooms.

Analysis of PSETs' reflections revealed that participants
not only gained knowledge of 3D crystal lattice structures
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but also effectively applied mathematical concepts within
the STEM applications during the module. Participants
adeptly utilized mathematical concepts in the design and 3D
printing of their crystal structures. Digitally manipulating
3D objects with 3D printing preparation software enhanced
participants' visualization of symmetry, patterns, and the
function of scaling. This finding aligns with prior literature,
demonstrating that the use of 3D computer-aided design can
enhance the development of spatial skills and mathematical
concepts like geometry shape and space (Ng & Chan, 2019),
and dimensions, such as directions, positions, and orienta-
tions (Panorkou & Pratt, 2016). It also supports the findings
of Ng et al. (2022) that 3D printing helps students overcome
difficulties about 3D geometry such as mental rotation and
mental transformation of 3D figures, making abstract think-
ing more concreate (e.g., Huleihil, 2017; Ng et al., 2020).

The STEM module effectively allowed participants to
apply mathematical concepts and recognize the relevance of
mathematics within STEM fields. This underscores the inter-
disciplinary nature of STEM education and aligns with the
objectives of the integrated STEM approach. This approach
focuses on interconnecting learning across multiple STEM
disciplines for application in real-world contexts, thereby
enhancing the quality of K-12 STEM education (Moore
et al., 2014). This study showcases the potential of a 3D
printing integrated STEM module to enhance pre-service
teachers' comprehension of 3D printing and software use,
preparing them to incorporate this technology into their
future educational settings.

Perceptions of the 3D Printing Integrated STEM
Module

The positive perceptions of the STEM module among many
PSETs suggest that it successfully engaged the participants
through hands-on learning experiences. This finding is in
line with previous research indicating that active, experi-
ential learning can enhance student engagement, motiva-
tion, and learning outcomes in STEM education (e.g., Long,
et al., 2020). The participants’ positive feedback regarding
the visualization of 3D printed models reinforces the notion
that visual aids are effective in supporting the learning pro-
cess, particularly for visual learners (Mayer, 2001). In addi-
tion, the hands-on experiences with 3D printing not only
reinforced mathematical concepts and enhanced understand-
ing, but also equipped participants for future teaching by
offering concrete and engaging examples of how 3D print-
ing can serve as a context for applying mathematical con-
cepts. Participants acknowledged the value of integrating
3D printing into their future teaching to make mathematical
concepts more accessible and relevant to their students. This
study helps address Cheng et al.'s (2024) call for developing

educators' pedagogical knowledge of integrating 3D printing
into their curricula.

Within the STEM module, PSETs were provide with a
conducive environment to explore and apply their math-
ematical knowledge and skills by creating 3D crystal lat-
tice structures through 3D printing technology. They also
received support in developing their 3D priting skills. This
finding is consistent with Trust et al.’s (2021) suggestions
that both current and future teachers benefit from engaging
with 3D printing and modeling technology in a supportive
setting, where they have access to expert guidance to under-
stand the technology and troubleshoot effectively.

Both the survey and reflection data revealed that the
majority of PSETs agreed that the STEM module effectively
facilitated the connection of mathematics, science, technol-
ogy, and engineering concepts to real-world phenomena.
This finding aligns with the integrated STEM educational
approach prompted by the research community, which
advocates for connecting STEM disciplines and solving
real-world problems through hands-on and project-based
learning (Bybee, 2013; Wang et al., 2020). Comments from
participants suggest that the module provided opportuni-
ties to apply mathematical concepts in the context of 3D
printing, corroborating the positive effects documented in
previous research on 3D printing within mathematics educa-
tion (Ng, 2017; Ng et al., 2022). This also corresponds with
findings that teachers who participated in extensive profes-
sional development involving integrated STEM activities
developed a more profound understanding of the interre-
lationships among STEM fields (Ching et al., 2020). The
participants’ favorable feedback on the module's capacity
to connect STEM content with real-world applications and
mathematical concepts highlights the effectiveness of an
integrated STEM education. Future studies could further
investigate the impact of integrating 3D printing technology
into additional STEM subjects to enhance PSETs' learning
outcomes in those subjects. Additionally, due to time limita-
tions, this study only allowed PSETs to use pre-designed 3D
models and did not provide the opportunity to design their
own 3D objects from scratch. Future studies are encouraged
to provide opportunities for pre-service teachers to create 3D
models themselves as a context for applying and understand-
ing geometry concepts in a mathematics content course.

Limitations

Since this study involved pre-service teachers from only one
university, the findings may not be representative of pre-
service teachers at large. The influence of the 3D printing
integrated STEM module needs to be further examined in
other contexts or PSETs of various backgrounds and charac-
teristics. Additionally, the study's reliance on self-reported
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learning perceptions may introduce bias or reporting inaccu-
racies. Future research with larger and more diverse samples,
along with the use of objective learning outcome measures
such as performance assessments, could provide a stronger
validation of the findings and enable broader generalization
of the results.

Conclusion

This case study provides an in-depth examination of PSETSs'
perceived learning and perceptions of the 3D printing inte-
grated STEM module. The results of this study support the
inclusion of such modules in college mathematics content
courses for PSETSs. Integrating 3D printing technology into
the STEM module facilitated hands-on learning and the vis-
ualization of geometric and measurement concepts, thereby
making them more comprehensible or PSETs. Despite the
novelty of 3D printing technology for most participants, they
were able to grasp the technology and troubleshoot issues
effectively. The application of mathematical concepts in
chemistry, engineering, and technology enabled PSETSs to
place their understanding within a broader, more intercon-
nected, and practical context. These insights can inform
the development and implementation of integrated STEM
components within teacher education programs, aiming to
prepare PSETs more effectively to incorporate STEM inquir-
ies into their future teaching practices.
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