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ABSTRACT
With the proliferation of 3D printing technologies in schools and
makerspaces, there is a need for teaching 3D modeling to students.
Learning 3D modeling enhances spatial thinking skills, an essential
skill for success in STEM. Creating 3D models requires students
to have a deep understanding of 3D space, including rotating and
scaling. In this study, we propose a framework developed through
video-coding from analyzing screen recordings of middle-school
students’ usage of a 3D modeling tool - Tinkercad. The proposed
framework focuses on identifying challenges students encounter
during 3D modeling. These challenges include spatial thinking
skills, working with the Tinkercad interface, and mental model
formation. We authenticated the framework by collecting and ana-
lyzing data from a 3D printing unit in three middle schools. Our
results and subsequent analysis can guide educators and researchers
on how to use this framework to support students in having pro-
ductive learning experiences with Computer-Aided Design tools.

CCS CONCEPTS
• Human-centered computing → Field studies; Usability test-
ing.
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1 INTRODUCTION
The ability of 3D printing to create tangible objects from 3D (three-
dimensional) models created using Computer-Aided Design (CAD)
software has caught the interest of both adults and children. Driven
by open-source hardware platforms and international competition,
3D printers have rapidly transitioned from expensive professional
tools into affordable mainstream consumer devices [43]. Consumer-
focused 3D printers have resulted in the Maker Movement [10]
leading to an upsurge in opportunities for children to explore these
technologies [42, 57]. The Maker Movement has made its way into
mainstream education and coincident with it there is a rise in K-12
teachers and educators including 3D printing and 3D modeling
in-school or out-of-school [10]. While maker education involving
3D printing is gaining momentum, researchers are studying the
interaction of children with these technologies [4, 6, 42]. Research
suggests that tinkering and making by utilizing these technologies
can be used in the classroom to support Science, Technology, En-
gineering, and Mathematics (STEM) learning [10, 24, 46]. Bliksten
[10] suggests ‘making’ supports contextualized learning in STEM
and has the potential for deep student engagement in projects that
often have unknown complexities, with the power to engage stu-
dents in rich interdisciplinary work. Although there is a growing
body of research on the impact of makerspaces and maker tech-
nologies on children, there are fewer studies on ways to make these
technologies child-friendly, i.e., more approachable and conceptu-
ally meaningful for them. Novices who are first-time users of these
technologies, be it children or adults, often find them discouraging
due to usability and learnability issues [15, 32, 36, 42, 50]. This
research addresses the gap and focuses on identifying challenges
students face when using 3D modeling tools and suggests ways to
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effectively teach 3D modeling and printing at the middle-school
level (age 11-13).

3D modeling tools, like Tinkercad [17] and SketchUp [37], 3D fo-
cused instructional materials, and training programs are available to
novice 3D modelers but learning 3D modeling can still be daunting
and requires a serious time commitment to master [35]. Teaching
3D modeling to students is typically through a prescribed follow-
along structure, where a facilitator demonstrates how to create
an example 3D model and participants follow along on individual
computers [23]. This approach presents challenges for both the
facilitator and the youth participating in it. Often this approach to
facilitating 3D modeling curriculum leads to youth becoming bored
or distracted [23], while others fall behind or become waylaid by
usability and learnability issues with the user-interface of the CAD
software [23, 33]. An important factor to effectively create 3D mod-
els is to have a deep understanding of 3D space or in other words to
develop spatial thinking skills that can contribute to the ability to
visualize 3D models from different perspectives [30]. Osborn and
Agogino [48] (p. 75) define, spatial thinking as, “.. a mental process
that involves thinking about relationships between three-dimensional
(3D) objects.” Spatial thinking plays an important role in preparing
students for future STEM careers, such as engineering and archi-
tecture, which rely on students understanding relationships of 3D
objects [30, 60]. To improve a student’s likelihood of pursuing a
STEM career, the focus should be given to improving their spa-
tial thinking skills [16, 61]. Researchers Eisenberg and colleagues
[31, 47], have studied how reconfigurable sheets and construction
kits can engage children in spatial tasks and enhance their spatial
thinking skills through simple paper folding activities. Another
effective approach to train spatial thinking skills is to practice 3D
modeling [46]. Not only do 3D modeling and 3D printing provide
opportunities for rapid prototyping but they also open up a gamut
of possibilities to facilitate the development of spatial thinking
skills.

However, when it comes to effectively creating functional 3D
models, a lack of good spatial understanding can lead to faulty 3D
models (see Figure 1), resulting in 3D printing issues, like failed
prints due to gaps in-between shapes and/or misalignments be-
tween shapes [9, 42]. These issues contribute to teachers and fa-
cilitators not feeling comfortable and confident in teaching 3D
printing and 3D modeling to children. After informal discussions
with teachers from different school districts in a Midwestern state
in the US, the researchers were able to determine that there are not
enough high-quality student-centered resources readily available
for teachers to utilize when teaching 3D modeling and 3D printing
even with access to 3D printers in their classrooms. Not only is
there a lack of teaching resources but the 3D modeling tools are not
tailored to the needs of middle-school students. As Mike Eisenberg
[24] (p. 13) stated “one might create (say) fabrication tools that simply
allow children to select a pre-designed toy object from a website and
print it out at home; this is a likely future scenario, but it’s hard to
argue that it greatly improves the lives of (at least materially well-off)
children. In this author’s view, tools of this sort simply feed into the
larger cultural tide of thoughtless consumption.” Hence, there is a
need to consider alternative approaches to engaging middle-school
students in 3D modeling where they create the 3D designs them-
selves, instead of simply downloading models created by another

individual, that support ways to develop and enhance students’
spatial thinking and provide novice 3D modelers with scaffolds to
create, debug, and successfully print their 3D models.

Figure 1: 3D model of a house that novices perceive as print-
able from FRONT and BACK view, but when rotated from
other views like TOP, BOTTOM, LEFT, and RIGHT, novices
realize that the shapes are not aligned.

The goal of this research is to answer the following research
question, “What challenges do students encounter when creating 3D
models?”. To do so, we video coded screen recordings of student
interactions with a 3D modeling tool - Tinkercad. We conducted a
pilot study in a large urban middle-school in a Midwestern state
in the US in Spring 2020 and identified some common challenges
students face, including issues with spatial thinking skills, work-
ing with the Tinkercad user interface, and student mental model
formation. Next, to validate whether students concur with these
identified challenges or “struggles”, the research team conducted a
series of studies in Fall 2020 in two schools in a small rural moun-
tain community in the same Midwestern Mountain state. These
schools are continuing this work. This paper focuses on analyzing
and describing the experiences of students’ interactions with and
challenges encountered during creating their 3D models while en-
gaging in an 8-week long 3D printing curriculum developed using
an instructional design approach called storylining [52] to promote
coherence, relevance, and meaning from the students’ perspectives
by using students’ questions to drive the lessons. Students work
on answering the driving question: “How can we support animals
with physical disabilities so they can perform daily activities inde-
pendently?”. Our contributions include a framework describing
and highlighting the 3D modeling challenges middle-school stu-
dents can often encounter which we call “3D and Spatial Think-
ing” or 3DnST, with guidelines for teaching 3D modeling and 3D
printing effectively to students by enhancing their spatial thinking
skills.

2 RELATEDWORK
Our work draws on prior studies of children’s interaction with 3D
printing and 3D modeling technologies, the benefits of learning 3D
modeling, and ways it supports spatial thinking skills.
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2.1 Opportunities of 3D Printing and 3D
Modeling Technologies for Children

3D printing is increasingly present in daily live especially in fields
like engineering, science, architecture, healthcare, the food industry,
and the fashion industry [5, 7, 44]. The creative and educational
potential of 3D printing and 3D modeling makes it an excellent plat-
form for children to design and print their 3D artifacts in schools,
makerspaces, and libraries [10, 42, 57] and further develop their
creativity, spatial thinking, and problem-solving skills. As Mike
Eisenberg (2013) [24] envisioned almost a decade ago, 3D printing
has become a prominent area of interest in education, it is becom-
ing readily available to not only undergraduates and high-school
students but also younger children [24]. Extensive research has
followed the path that Eisenberg [24] (p. 8) put forth, “there is an
acute need to consider how 3D printing should develop, as a technol-
ogy, to accommodate the abilities and activities of youngsters.” 3D
printing and 3D modeling technologies are becoming more child-
friendly and there are several applications introducing youngsters
to these technologies, both in-school and out-of-school. For exam-
ple, 3D modeling tools like Tinkercad and Sketchup are used by
students in elementary- and middle-school [35]. Low barrier 3D
printers like Lulzbot and Makerbot are user-friendly and often used
in elementary- and middle-schools or even as personal fabrication
technologies at homes [55]. These technologies can support inter-
disciplinary work [10]. A study involving middle- and high-school
teachers established that open-source 3D printing technologies
have the potential to improve education by actively participating
with these technologies and providing a sense of empowerment
and cross-curriculum engagement [54].

The ability of 3D printers to create tangible artifacts from 3D
designs generated digitally further supports student learning [41]
and even has been beneficial to students with varied abilities like
visual impairments [13, 58]. In 2019, a literature review of several
research articles [25] on the usage of 3D printing technologies
in K-12 education showed that around the globe there is a rise in
engaging students in 3D printing. It can promote competencies such
as computational thinking [25], design thinking [57], and has other
intrinsic benefits of improving student self-esteem, collaboration
skills, playfulness, and self-expression [10, 42]. Although there is
a trend of encouraging children to engage in 3D printing there
are several challenges: one of the first steps when 3D printing is
designing a model within CAD software. Younger children have
difficulty with the software’s orientation, perspectives, floating
shapes, and camera control [6, 9, 42, 50].

These difficulties when children design 3D models and issues
with the CAD software provide opportunities to researchers to work
towards solving these challenges. This work extends prior research
by suggesting ways to maintain the engagement of children with
these technologies by providing a framework identified through
video-coding that recognizes challenges students encounter when
using 3D modeling and 3D printing technologies. We put forward
new approaches to identify and solve these challenges by study-
ing ways to enhance children’s spatial thinking skills through 3D
modeling, a field that has been less studied and has enormous op-
portunities.

2.2 Spatial Thinking Skills and 3D modeling
Spatial thinking is the process of generating ideas through the
spatial relationships between objects [48]. It is the form of mental
activity that makes it possible to create spatial images and ma-
nipulate them in the course of solving practical and theoretical
problems [62] (p. 55-56). Because space is a fundamental feature of
the human environment, spatial thinking plays an important role
in even the most ordinary human problem-solving. People process
spatial information when they navigate, when they manipulate
objects, and when they design them. All of us think spatially in
everyday situations: when we consider rearranging the furniture
in a room, when we assemble a bookcase, or when we relate a
map to the road ahead of us [45]. Even to describe non-spatial
situations we use spatial thinking, for example when we say one
is close to a goal or describing someone as an outsider [28]. The
cognitive processes involved in spatial thinking include feature
decomposition, rotating, folding, orienting hypothesis generation,
and verifying or checking hypotheses [29]. Researchers have stud-
ied the importance of spatial thinking in educational contexts and
industry, with particular attention to STEM domains [51, 61, 64].
Longitudinal studies with high-school students show that spatial
ability assessed during adolescence has contributed to being an
important psychological attribute among those adolescents who
eventually end up achieving success in STEM [34]. Results sug-
gest that spatial ability plays a critical role in developing expertise
in STEM and including spatial ability in modern talent searches
could help identify adolescents who have these skills for STEM
and are currently being deprived [64]. Others have investigated the
relationship between spatial thinking ability and success in mathe-
matics. Researchers have found that performance on spatial tests
predicts success in mathematics and workplace problem solving
[30].

Students who are trained and solve spatial thinking problems
make better progress in improving their spatial thinking skills
[30]. Researchers, Eisenberg and colleagues [31, 47] have studied
how reconfigurable sheets and construction kits can engage chil-
dren in spatial tasks and help enhance their spatial thinking skills
through simple paper folding activities. Other research involving
K-12 students created a mathematical 3D artifact, Wunderlich cube,
comprising multiple spatial reasoning puzzles, has reported being
beneficial in developing not only mathematical thinking but also
computational thinking [20]. Recent research with students aged 11
to 15 havemanifested that the process of 3Dmodeling helps develop
spatial awareness skills [53]. These spatial abilities include under-
standing the perception of objects from different angles, mental
construction and maintenance of visuals, and rotation and chang-
ing of shapes in the mind [40, 62]. As mentioned earlier, several
powerful 3D modeling tools or CAD systems are difficult for new
learners to approach due to issues like confusing terminology and
having to deal with complex geometries [23, 33, 38].

Even though powerful computers and software are available
nowadays, developing visualization skills is necessary for imag-
ining, specifying, and creating complex designs with functional
features in the three spatial dimensions (X, Y, and Z). Students have
difficulties in dealing with orthographic applications (projections,
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orthographic to isometric transformations, etc.) and perspective-
changing [38]. They seem to lack sufficient geometric and/or trigono-
metric relational skills, both of which are essential when modeling
even simple geometric objects [66]. Tools like Autodesk’s Tinkercad
provide a lower barrier to entry with fewer unfamiliar words and
simpler geometry [12, 35]. This, in turn, makes it convenient for
children in K-12 to learn 3D modeling. However, 3D modeling tools
often decompose the 3D designs into sequences of 2D interface
operations [22]. 3D models created using modern CAD tools are not
real 3D in some sense since they are isolated from the 3D physical
world. Through this research, we identify challenges middle-school
students face when creating 3D models and suggest ways teachers
and educators, and CAD software developers, who are developing
tools for children, can support features that make it intuitive for
students to create 3D models effortlessly and find opportunities
to develop their spatial thinking skills through the use of CAD
without encountering common frustrations or being waylaid by
difficulties they encounter.

3 PILOT STUDY
3.1 Context
In Spring 2020, before the Covid-19 pandemic, we conducted a pilot
study in a large urban school in a Midwestern state in the United
States. The study involved a 2-week implementation of the ani-
mal prosthetics curriculum. Students engaged in the engineering
design process by defining, developing, and optimizing solutions
to create and print prosthetic limbs for animals with disabilities
using 3D modeling - Tinkercad, and 3D printing. Students used
stuffed animals to use as reference for measurements (see Figure
2b). Based on the recommendation from the district’s STEM coor-
dinator and the teacher’s availability to implement a 3D printing
unit, we conducted this pilot in a technology classroom consisting
of n=21 (5 boys, 16 girls) in 7th and 8th grade. The teacher had prior
experience teaching 3D printing and had access to the Flashforge
3D printer. Students reported having little to no prior experience
in 3D modeling and 3D printing.

3.2 Data Collection
We collected data in the form of surveys, field notes, screen record-
ings of student interactions with Tinkercad, and student artifacts.
In this article, we focus on the screen recordings of student in-
teractions with Tinkercad to identify the challenges students face
when creating 3D models. Over the 9 days (2-weeks) of the im-
plementation, each 40-minute class period was video-taped with
cameras focused on selected student computer screens to capture
their interactions with the Tinkercad workspace. Students whose
interactions were videotaped self-reported themselves as novices
with no experience using Tinkercad but minimal experience with
the MakersEmpire CAD interface. Our goal was to better under-
stand what novices or first-time Tinkercad users struggle with
when creating 3D models. In the next section, we describe our ap-
proach to analyze these videos, the tasks students performed using
Tinkercad, our approach to creating a codebook for coding the
screen recordings for 3D modeling challenges, and finally present
the 3DnST framework.

3.3 Data Analysis
To analyze the data collected from the pilot study we first conducted
an initial round of data reduction [39], where we looked at only
videos for students who provided consent and watched each of the
40 minutes looking for student interactions with Tinkercad which
involved students creating their unique 3D model. Our analysis
includes a corpus of three 40-minute videos of one student’s [P1]
interaction with Tinkercad. The other videos were excluded from
this analysis since in these videos students were only working on
Tinkercad tutorials, learning the 3D printing process, had students
researching animal prosthetics, or were not as rich and informative
as P1’s interaction with Tinkercad.

We then analyzed the selected videos to develop a coding frame-
work that includes a list of organizational codes and subcodes that
identifies minuscule challenges students may face. In this article,
we use examples from P1’s Tinkercad interactions to show how
our coding framework was developed and the ways this framework
identifies common challenges researchers, teachers, and educators
often find their students struggling with when creating 3D models.
Creating qualitative coding frameworks often depends on a balance
between etic/outsider and emic/insider knowledge, decisions be-
tween coders on interpretation, and practical compromises about
labels and meanings [1]. To maintain this balance our video-coding
team included a mix of three researchers with varied experiences
with 3D modeling. The first author had prior experience teaching
3D modeling in K-12 and two other researchers on the team had
experience with CAD but had much less experience teaching 3D
modeling.

Figure 2: (a) Nalla, a dog with prosthetic needs that students
were creating a 3D model prosthetic for, (b) Stuffed animal
that looks like Nalla with an amputated left front leg for
students to use as reference for measurements

3.4 Video coding procedure
Our team conducted multiple rounds of coding and analysis, start-
ing with an initial deductive analysis followed by an inductive
analysis to generate themes [19]. Existing theories informed these
themes we had about challenges students face when creating 3D
models i.e., software’s orientation, perspectives, floating shapes,
alignment issues, and camera control [6, 42, 50]. We identified sim-
ilar challenges in our previous work with high-school students
when they were creating 3D models of chess pieces and drone
attachments [8, 9]. In the selected video segments for this paper,
students were creating 3D prosthetic for Nalla, a three-legged dog
missing a front leg (see Figure 2a and Figure 2b).
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Overall, our deductive analysis involved an attempt to categorize
all possible challenges identified in the videos including on-task
time, and off-task time. We use on-task and off-task time as the pri-
mary category since prior research suggests that there is a positive
relationship between on-task time and achievement, although other
factors play a role in this measurement of time [27]. We included
some of these other factors in our measurement of on-task time,
like seeking help, or working on other task related activities. The
unit of analysis for this coding system was every 30 second interac-
tion students had with Tinkercad, focusing on when the primary
student [P1] is on-task working directly on their 3D project and
if so, identifying whether the student is working independently
or seeking help and next identifying any challenges the student
encountered. In our first round, all researchers coded one 40 minute
video (V1), after discussing disagreements, the codebook was re-
vised and used for the next phase of analysis. In the second round,
we coded a different video (V2) and in our final pass, we double
coded the first video (V1) using our final agreed on codebook. Since
the 40-minute video consisted of multiple segments where the stu-
dent was off-task, we decided to double code the entire 40 minutes
of V1. Among the three coders, we reached a 65% - 80% reliability
by calculating Cohen’s Kappa [65]. Once a Kappa of substantial
agreement was reached, the first author coded the final video V3.

In the first round of coding with V1, we began by independently
marking the beginning and end of segments determined to be on-
task. However, in independently determining these segments each
researcher identified segments for different lengths of time and/or
for what were the primary challenges students encountered. In the
second-round with V2, we decided to divide each unit of analysis
into 30 seconds in order to synchronize our noticings and make
them more consistent as well as to capture a more fine grained anal-
ysis of the challenges students encountered. Some of the segments
were adjusted by a few seconds as necessary to better capture an
interaction. When coding we followed certain rules to determine
on-task and off-task time and in identifying each challenge. The
on-task time of the primary student was coded as working inde-
pendently with Tinkercad or seeking help with creating their 3D
model. Once it was determined that the student was either working
independently or seeking help we noted what the student was do-
ing and what challenges they were encountering (including a code
for “no challenge” if they were working independently without
any issues). We coded for up to six different challenge categories
(0-5) (see Figure 3). If we were unable to determine from the audio
what a student was saying but were able to discern from the screen
recording if they were pointing to their screen, or if a teacher/more
knowledgeable others revoice confirm it, we coded the clip ap-
propriately. Moreover, if the observed primary student was not
“driving” the screen, if someone else completely took over editing
or creating the design for them, we coded it as off-task. We utilized
the resulting coding framework to double code V1.

Additionally, we created an exemplar reference video showing
one ideal process for creating the prosthetic leg, we referred to
this video when there was a need for comparing student screen
recordings to an ideal scenario of approaching the 3D model de-
sign. Through inductive analysis, we identified some of the issues
students face when trying to create a design they have in mind i.e,
their mental model formation of the designs [14] vs the objects and

shapes available to them on Tinkercad. Analysis of the videos is
presented as the 3DnST framework in the next section.

Figure 3: Overview of 3DnST Framework and the 3D model-
ing interaction coding manual

4 3D AND SPATIAL THINKING (3DNST)
FRAMEWORK

Our goal behind developing the 3DnST framework was to provide a
common language to use for identifying and addressing 3D model-
ing challenges students commonly face, behaviors identified when
children work on 3D modeling tasks and a foundation on which
research can build [18]. Introducing 3D printing in schools and
makerspaces, and going over built-in tutorials on Tinkercad is not
enough for students to learn these technologies. There is a current
need in this area to define best practices and better understand how
to utilize these technologies for the purpose of effective learning re-
garding 3Dmodeling, maintaining student engagement and interest
with these technologies, and supporting spatial thinking develop-
ment. In the following section, we identify the central challenges
students face when creating 3D models. This list of challenges is by
no means meant to be exhaustive but instead is offered here as a
foundation on which to build and expand through further research.

4.1 3D Modeling Task
The 3DnST framework identifies three categories of activities (see
Figure 3) performed by students in an in-class setting and working
on a 3D modeling task on a CAD software platform. We focused
on 3D solid modeling using a web-based 3D tool - Tinkercad. The
three high-level classifications of the activities involve:

• Off-task: Off-task behavior includes off-task peer interac-
tions, self-distraction, and off-task behaviors directed to-
wards aspects of the classroom environment [3, 26]. If a stu-
dent’s attention seems distracted and their behavior does not
include them working on Tinkercad or completing the task
they have been assigned then we identify it as off-task. This
might include being distracted looking at emails, checking
other materials on the internet, talking to their peers about
topic not related to the task of creating the prosthetic leg, or
at any point if we find them not in their seat interacting with
the 3D modeling workspace. Exceptions: if they are using
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the internet to search for something related to their struggle
with the Tinkercad user interface then it does not fall under
this off-task category or if we find them researching about
the animals they are working on or prosthetic design.

• On-task, Working Independently: On-task behavior on the
other hand [3, 26] includes students actively working on
their 3D models. For example, they interact with different
shapes to create a 3D design. In this category, we recognized
students actively working on their computers, independently,
to create their 3D design using Tinkercad and not engaged
in off-task behaviors described above.

• On-task, Seeking Help: Due to the challenges that come with
learning CAD, there is a pattern among novices in seeking
help from amore knowledgeable other (AKO), be it their peer,
teacher, or another adult [63]. When seeking help, novices
tend to struggle with formulating questions, conveying the
visual context, and geometry-specific conversations [15]. Ob-
served behaviors for on-task seeking help include students
discussing or brainstorming with another person about their
3D model. Students in classrooms co-located with AKO tend
to ask questions related to the 3D design, the Tinkercad
user interface, or any other challenges when creating the 3D
model.

4.2 3D Modeling Challenges
The identified challenges presented in this framework are based
on prior literature, the video coding analysis conducted from the
pilot study data, and the first author’s prior field experience. Of the
six identified types of challenge (see Figure 3), four are described
below and can be categorized under two overarching categories
of 1) spatial thinking skills: perspective-changing, 3D mental
model formation, and mental rotation, and 2) Tinkercad inter-
face. The other two challenge types are briefly described here. The
“no challenge” code was selected when the student was working
independently but not encountering any challenges. The "other"
code was selected when the student faced challenges that did not
fit clearly into the other challenge codes. Based on our analysis, we
theorize that the commonly observed challenges do indeed belong
in these two overarching categories. We also posit that using this
framework might provide ways to scaffold 3D instruction to train
and help students improve these skills. Additionally, this frame-
work can be taken into consideration when designing CAD tools
for children with varied abilities.

4.2.1 Perspective-Changing. One of the spatial thinking skill cat-
egories is perspective-changing/taking. Perspective changing is
the ability to imagine how an object or scene looks from different
perspectives to another observer [38]. Often students struggle with
different views or perspectives when creating 3D models. They
do not instinctively rotate to different perspectives to create or
debug their models. In not doing so, they are not viewing the model
from different angles and working in only one view/perspective.
This can result in students having floating shapes on the Tinkercad
Workplane (see Figure 4, View 2), have gaps in their 3D models (see
Figure 4, View 3), and/or misaligned shapes (see Figure 4, View 2)
[42]. One strategy we often see students employ to solve this issue
is zooming in and out to create the design and identify any errors

their designs might have. This is not an ideal strategy for debug-
ging their 3D models, hence we suggest alternate approaches to
make perspective changing more intuitive for novice students. On
the other hand, in Figure 4 View 1, snippets from the video/screen
recordings we analyzed, we noticed that the student added shapes
from that particular view and right after that the neighbor rotated
the screen and they could see the floating shape (cylinder), as in
Figure 4, View 2.

Figure 4: Examples of different views of 3D models in Tin-
kercad and possible issues that could arise. On the left col-
umn are images of reference issues using a chess piece, the
center column shows the different views and explanations,
and the right column contains examples of student designs
we noticed in the pilot study videos and the challenges they
encounter.

4.2.2 3D Design: Mental Model Formation. Another spatial think-
ing category, mental model formation, is the ability to piece objects
together to create more complex shapes or visualizations and the
ability to mentally transform objects, often from a 2D sketch to
3D design or vice versa [45]. During creating 3D models from 2D
sketches and when selecting built-in 3D shapes on Tinkercad, stu-
dents can have difficulty understanding which shapes to choose,
how the representation of their sketch will look like in 3D on Tin-
kercad, issues with accurate measurements and scaling of shapes
to match the object they are creating, and proportions of objects
concerning other shapes/objects. For example, when students are
creating 2D sketches of their prosthetic design many are unable
to understand what shapes to use to create a 3D version. On the
contrary, when translating from 3D to 2D, students have difficulty
relating their 2D sketch to the model they made.

4.2.3 Mental Rotation. Mental rotation, another challenge with
spatial thinking skills is the mental ability to rotate either 2D or
3D objects to a certain angle in either clockwise or anticlockwise
direction [11, 45]. Students often are not able to mentally rotate
objects and need to either physically orient their head in order
to figure out how to mentally rotate objects in their model. In
Tinkercad, students often struggle to understand how to create a
particular design and the degree of rotation needed for specific
shapes. In the king chess piece example (see Figure 5), the cross on
top involves the need for mental rotation. Students must consider
how much the orange boxes should be rotated and which direction
(clockwise/anticlockwise) they should be rotated in order to create
the cross shape.
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Figure 5: An example of mental rotation challenges

4.2.4 Tinkercad User Interface. Tinkercad as a CAD tool has a low
barrier to entry for students but even though the user interface has
been made child-friendly, interacting with it is often demanding
for students [35]. Students usually struggle to know how to group
shapes to create a new complex shape, are unable to move shapes
around on the Tinkercad Workplane, are unsure how to increase
the height of objects/shapes, and have difficulty resizing objects.
These were common challenges identified in our screen recordings.
The 3DnST framework was developed for educators, researchers,
teachers, and CAD developers to build on to provide a richer and
more user-friendly CAD environment in which students can more
easily create 3D models with minimal frustration and challenges. In
order to authenticate these findings related to the 3DnST framework
we subsequently surveyed a larger audience of students to identify
if they encounter similar challenges. In the following section, we
elaborate on this approach and findings.

5 3D CHALLENGES SURVEY STUDY:
METHODS

5.1 Context
In Fall 2020, we studied n=397, 7th and 8th graders, from two dif-
ferent schools in a rural mountain school district. These students
were predominantly Hispanic (70%), economically disadvantaged
(60% qualify for free and reduced lunch); and English Language
Learners (ELL) (67%). As per the school district’s Covid-19 pan-
demic regulations, teachers taught four days in-person with some
students opting to join remotely, and one day for asynchronous
learning and teacher lesson planning. In-person days consisted of
five, one-hour long class periods. Ideally, these classrooms would be
studied in-person but given the pandemic, all interactions between
the researchers and the teachers and their classrooms had to be
remote and virtual. We had to explore new ways to provide curricu-
lum resources and professional development, develop new research
instruments along with methods to observe and collect data from
a complete remote context. The same 3D printing curriculum uti-
lized in the pilot study was implemented in this survey study but
this context allowed for a longer and much richer implementation
including more hands-on activities (albeit socially distanced), and
increased opportunities for students to iterate on their 3D animal
prosthetic designs. Each student was provided a stuffed animal that
our research team had stitched and altered so that one of the legs,
randomly selected (i.e., front, rear, right, or left) were amputated in
order to give students a physical, scaled model of an animal to use
when creating their 3D models (see Figure 2b). All the curriculum
tasks and tools were kept similar in order to ensure consistency
between the pilot study and the survey study.

5.2 Data collection and instruments
During the 3D challenges survey study, investigating the 3DnST
framework for challenges, data was collected from a student ini-
tial interest survey on 3D printing, Tinkercad experience surveys,
and post-implementation semi-structured student interviews. In-
terviews elicited students’ perceptions of their overall experience
with the curriculum, their understanding of Tinkercad and 3D mod-
eling, in addition to other formative feedback. Interviews lasted
approximately 15 minutes, were conducted via video conference,
and were automatically transcribed by the video conferencing tool.
We interviewed 34 students selected by the teachers from each of
their class periods based on which students had informed parent
consent and student assent and which students were willing to be
interviewed by the research team.

The pre-implementation interest survey was administered at the
beginning of the curriculum and involved students self-reporting
their experience with 3D printing and 3D modeling, and any prior
CAD tools used. All surveys were translated into Spanish to sup-
port the large ELL population and all surveys were administered
digitally through Google forms. The Tinkercad experience survey
included both multiple-choice and open-ended questions and uti-
lized the challenges identified in the 3DnST framework posing the
challenges as multiple-choice questions. This survey was one way
the research team adapted protocols from the pilot study to support
the inability to study classrooms in-person due to the Covid-19
pandemic. Research personnel were not permitted in classrooms to
do video-recordings of students interacting with Tinkercad and the
curriculum similar to the pilot study, so administering the surveys
was an ideal way to collect relevant comparable data. The Tinkercad
survey was administered in the 6th-week of the curriculum after
students had at least created the initial prototype of their prosthetic
devices.

5.3 Data Analysis
Data collected from surveys were cleaned and pre-processed to
ensure there were no missing responses. The first survey adminis-
tered, the pre-implementation initial interest survey, 303 of the
total 397 students completed this survey. We began the analysis by
grouping different students based on their self-report of 3D mod-
eling experience ratings on a scale of 1-5, where 1: Novice - no
experience with 3D modeling; and 5: Expert - a lot of experience
with 3D modeling. Similarly, the Tinkercad experience survey
was cleaned and pre-processed based on student identifiers from
the initial interest survey. Out of the 303 students who responded
to the initial survey, only 163 students responded to both the initial
interest and Tinkercad experience surveys. In addition to the sur-
veys, the transcribed interviews were analyzed to identify student
responses consistent with our proposed list of 3D printing and mod-
eling challenges. We also sought evidence for student quotes that
would inform and add to our knowledge of common challenges
that students encountered when working with Tinkercad.

6 FINDINGS
Our findings focus on the challenges students reported when 3D
modeling and the help they needed for creating their 3D designs,
in order to compare it with our proposed 3DnST framework.
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Figure 6: (a) Bar plot showing the distribution of challenges
vs students i.e., howmany students (out of 163) faced one or
more challenges, (b) pie chart illustrating the distribution of
240 student responses to 3D modeling challenges.

6.1 Challenges with 3D modeling
Out of the 163 students who completed both the initial interest and
Tinkercad surveys, 49 students responded saying they faced more
than one challenge and 114 students said they faced at least one
challenge (see Figure 6a). To simplify the data collected from the
49 students who faced more than one challenge, we divided up the
responses into individual challenges. In total, we collected 240 indi-
vidual responses across the 163 students who completed both the
initial interest and Tinkercad surveys (see Figure 6b). As in Figure
6b, with 27.5% (66) of the individual responses showed students
having difficulty with looking at their 3D model from the different
views, perspective changing was the most common challenge that
the students encountered. Similarly, 22.1% (53) of student responses
showed they struggled with selecting the shapes (3D design: mental
model formation) for creating their prosthetic leg. Further, a total
of 18.8% (45) of the student responses showed they had trouble
grouping shapes together (Tinkercad user interface). Also, there
was a small portion of students i.e., 12.5% (30) who reported having
difficulty with the instructions, and 6 students who said they did
not face any challenge at all and were comfortable with using Tin-
kercad. Finally, 16.7% (40) of the responses included “Other” as an
option where students could select other challenges they encoun-
tered that were to some extent a rewording of the four identified
challenges. For example, in the surveys, students reflected on their
inability for perspective changing saying “I could not get the shape
in the places I wanted it at times and that made it a little difficult.”
While other students reflected on facing challenges related to their
experience as a novice using Tinkercad, “Making things not stick
together so they can move later” or the 3D mental model formation
where a student reflected “It’s kind of hard to create what you make
in your mind then create it.” There were responses that indicated
students felt they can get better with 3D modeling and Tinkercad,
but need more persistence in the 3D modeling process, “it wasn’t
hard it just took up time”.

Responses from the post-implementation semi-structured inter-
views support our findings from the surveys. When asked “What
was challenging in Tinkercad?” students had varied responses as
seen in Table 1. The common challenges include perspective chang-
ing, Tinkercad user interface, and student mental model formation
of the 3D designs.

Table 1: Student interview responses (quotes) when asked
about their experiences with 3D modeling and Tinkercad
and the corresponding challenges tied to the 3DnST frame-
work, the challenges arementioned in the order they appear
in the quotes

Students Responses Challenges as related to
3DnST framework

It was super difficult because
first of all, as I said earlier, get-
ting the measurements right
with the measurement of the ani-
mal and also like combining all
these different shapes to make
one, making sure there are no
holes in anything. And then
you have to like, look around the
whole thing. Make sure it’s all the
size you want.”

3D design: mental model
formation, Perspective
changing

Themeasurementwas the hard-
est part, especially the gaps. Tin-
kercad is hard to use.

3D design: mental model
formation, Perspective
changing, Tinkercad user
interface - General notion

Putting the pieces together
and moving them, making them
bigger, smaller.

Tinkercad user interface -
Grouping

Like it’s kind of hard to navi-
gate. But once I get it makes more
sense.

Tinkercad user interface -
Controls

6.2 Help-seeking for novice students
As described in our findings for the common challenges, we had sim-
ilar responses for students who sought help. Of the 163 responses
from the Tinkercad experience survey 82.20% (134) of students re-
ported having faced at least one of the four challenges.While 47.85%
(78) of students reported they needed help when creating their 3D
models, a total of 43.5% (71) students sought help and also faced
challenges. Most students sought help from a classmate, teacher,
or searched online. The common challenges students needed help
included the ability to group shapes, rotation of shapes and objects,
measurements, and determining which shapes to use. In Table 2, we
provide a break-down of the student’s self-reported 3D modeling
ability in relation to the corresponding number of students who
struggled with Tinkercad and sought help when creating the 3D
model of the prosthetic leg.

7 DISCUSSION
Our goal in conducting this work has been to explore challenges
students encounter when creating 3D models using Tinkercad and
ways these challenges can be categorized to create and support
child-friendly interactions with CAD. Preliminary results provide
evidence for the potentiality of this framework to identify the com-
mon challenges faced by students during 3D modeling. Leveraging
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Table 2: Summary of responses from the Initial Interest and Tinkercad Experience Surveys

Likert Scale Rating 3D modeling skill level:
total responses from
Tinkercad experience
and initial interest
surveys

Total students who re-
ported at least one of
four challenges

Total students who
sought help

Total students who
faced challenges and
sought help

1 - Novice 51 45 26 25
2 48 38 22 18
3 47 40 25 23
4 14 10 5 5
5 - Expert 3 1 0 0
Total 163 134 78 71

results from the current and prior studies [6, 9, 42, 50], the 3DnST
framework is able to outline two high-level categories of challenges
in terms of spatial thinking skills and Tinkercad user interface is-
sues: 1) spatial thinking skills: perspective-changing, 3D mental
model formation, and mental rotation, and 2) Tinkercad interface.
We collected both qualitative and quantitative data from screen
recordings, semi-structured interviews, and surveys in order to
generate the 3DnST framework and our findings from the analysis
illustrate evidence for correspondence between seeking help, fac-
ing challenges, and student 3D modeling experience level. Novice
students (experience level 1 - 3) are likely to face more challenges
and seek guidance while students who consider themselves as ex-
perts (experience level 4, or 5) do not encounter as many challenges
and figure out any challenges themselves rather than seeking help.
This proposed work clearly reiterates the need for creating a more
user-friendly platform for children. Our goal as educators is to
encourage more students to experience the benefits of CAD and
rapid prototyping instead of getting frustrated or waylaid by the
learnability and usability issues [23, 33].

We realized most students struggle with the understanding of
3D space even though they are exposed to video games and other
technologies [45, 61, 62] that enhance spatial thinking skills. These
struggles are often the reasonwhy students are uncomfortable using
3D printing and 3D modeling technologies. In our video analysis
from the pilot study, we observed the student constantly zooming
in and out to align the shapes even after being shown how to rotate
the Tinkercad workplane to view it from other perspectives. Even
with persistent efforts, some students were unable to fix gaps in
their models and ultimately had to seek help from peers to fix the
problem. Similarly, from discussions with the teachers, we identified
that students who are unable to identify gaps in their 3D designs
often had a 3D print failure or “spaghetti print”. As seen in Figure 4
View 3, the student was unable to identify the gap until the teacher
pointed it out. Such gaps andmisalignments are reasons for 3D print
failures and lead to frustrations for students that can be a barrier to
student engagement with 3D modeling and printing. Students need
to have a deep understanding of the 3D space (i.e., spatial thinking
skills) or have an opportunity to debug their 3D models before 3D
printing them.

This framework is novel in that it can serve to provide guide-
lines for teachers to develop questions and strategies with a student

centered focus that can help students figure out how to move past
challenges they encounter with 3D printing and modeling. Utilized
as a set of guidelines, teachers could use this framework to antic-
ipate and prepare for the challenges students are most likely to
encounter and make plans for how to support them in problem
solving through these challenges. We believe if students are given
the opportunity to iterate on their designs, over time making mul-
tiple sketches of their designs and then creating 3D models, we can
allow for better development of 3D mental models. It can support
the development of their spatial thinking skills around 2D to 3D
translation and vice-versa. Finally, an approach to maintain student
engagement with 3D printing and 3D modeling technologies is to
use a curriculum that is relevant and coherent from the students
perspective [49, 56], like in our curriculum students were realizing
the need to solve a real-world problem of helping animals in need.
Our work surrounding the 3DnST framework has determined that
opportunities exist for supporting and enhancing spatial thinking
skills in middle-school students and we envision these opportu-
nities extending to both elementary- and high-school and other
novice adult 3D modelers using CAD technologies in their daily
life or career.

8 FUTUREWORK
We present the 3DnST framework and the 3D modeling challenges
to educators and researchers and suggest using scaffolds when
teaching 3D modeling to students. Children are not able to touch
or grasp virtual models. To address this problem, researchers are
focusing on separating graphics out of conventional displays and
integrating them into the physical world. One such scaffold is using
Augmented Reality, prior work has shown that AR can support the
3D modeling process [21, 59]. Augmented Reality (AR) [2] technol-
ogy could provide a solution to this problem. The potential benefits
of AR are improvements in the students’ abilities with respect to
spatial cognition, concept development, decision making as well as
design modifications and refinements due to the support for view-
ing and touching the design. Considering these benefits AR offers,
our team is working towards field-testing an easy-to-use child-
friendly AR app we developed to support debugging of 3D models
before 3D printing. We believe similar emerging technologies can
be integrated to allow real-world visualization of 3D models.
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While, our work has looked at one students’ interaction with
Tinkercad to begin to develop the 3DnST framework. Through our
approach to test and generalize our framework to a larger popula-
tion in our second study we have developed a platform that students
agree with and we have been able to successfully use it to study chil-
dren’s interactions with CAD and further improve our framework
to include other challenges. In the future, in a non-pandemic world
where we will be present in classrooms to deeply engage with chil-
dren and develop richer technologies for the future generation of
children we can further test and expand this framework to be more
comprehensive and applicable to students in other demographics
and age ranges.

9 SELECTION AND PARTICIPATION OF
CHILDREN

We collaborated with three STEM and technology teachers teaching
7th and 8th grade students at two different middle school districts
in a Midwestern state in the US. Students in the pilot study received
an explanation about our research, and were assured that any faces
would be blurred from images that might be utilized in research
articles or publications. We video-taped only students who wished
to participate and provided consent to be videotaped. For the 3D
Challenges survey study, we provided digital consent forms to
teachers and they distributed physical copies in their classrooms.
In their class-periods, teachers explained the form and the research
study to students. Students who consented were interviewed and
compensatedwith a 5$ gift card. All identifiable student information
was anonymized.
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