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Abstract
A focus on science, technology, engineering and mathematics (STEM) in K-12 education
has led educators to explore new methods and tools for teaching. The development of
3D printing technology has created an opportunity to engage and teach students STEM
through small-scale prototyping. However, lack of training and challenges in learning to
use 3D printers and 3D design software can prevent educators from adopting this new
method of teaching. The purpose of this thesis is to evaluate different 3D design and 3D
printing training methods. A study was conducted with first-time adult users to analyze
the effects of different introductory experiences. The study utilized a questionnaire
with slider scale and open-ended responses to collect information on the participants’
experience and perceived ability. The results indicate that the interaction between the
introductory task and the usability of the 3D design program influenced participants’
perceived ability in 3D design and 3D printing. This thesis provides an evaluation of the
results and training recommendations.
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1. Motivation
This thesis was supported by USAID grant Prepare and Inspire: Designing an Integrated
and Sustainable Science, Technology, Engineering and Mathematics (STEM) Education
Model for Indonesia (grant number AID-497-A-13-00008). The grant’s goal is to
empower the next generation of Indonesians with the skills and knowledge to address
national and global issues around areas such as energy, health, environmental,
infrastructure and national security. The project aims to accomplish this by 1) improving
Indonesian high school students’ proficiency in STEM and 2) increasing the number of
students pursuing STEM related careers.

The method of learning used to prepare and inspire Indonesian high school students is
modeled after maker spaces. Maker spaces provide an opportunity to engage students
in STEM education through design and build activities. The purpose of this thesis is to
support the grant goal by exploring how to train educators on equipment within a
maker space and, in particular, 3D printing.

This thesis includes an exploratory study which targeted first-time adult users of 3D
printers and 3D design software to evaluate different training methods. This thesis aims
to add to the instructional design body of knowledge around 3D design, 3D printing, and
other maker technologies. It will provide insights around training methods for adults
and set a foundation to guide future research on training methods for educators in
Indonesia.

The following sections will provide an introduction to the issues around the integration
of making in secondary education. It will focus on issues with incorporating 3D printing
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technology into educational settings. The introduction will include a review of how
instructional design and usability plays a role within the development of training. The
methods section will outline four different training experiences and the study used to
evaluate those experiences. The results section provides an analysis and discussion of
the results. Finally, the thesis conclusion contains recommendations based on the
study’s findings.
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2. Introduction
2.1 The Maker Movement
The Maker Movement has created communities which value DIY (do-it-yourself),
technology, and innovation. New developments in small-scale physical and
digital prototyping methods such as 3D printers, laser cutters, CNC routers, and
open source computing have set the foundation for this movement. These tools
have been used as a platform that counters mass market production in favor of
custom personalized creations. This has developed into a Maker culture that
fosters learning, sharing and teaching others (Tanenbaum, et al. 2013).

This movement has not only seen popularity in the U.S. but around the world.
Countries such as Ghana, Chile, China and Spain have hosted Maker Faires which
bring together enthusiasts of the movement from around the world
(MakerFaire). The movement gained government attention when the White
House created a National Day of Making on June 18th, 2014 to “encourage a new
generation of makers and manufacturers to share their talents and hone their
skills” (A Nation of Makers).

3

2.2 Maker Spaces
The Maker Movement has been supported by the creation of maker spaces in which
equipment and tools are shared by a collection of people. This shared space and
equipment provides makers with access to tools and equipment that might have been
difficult to purchase and maintain by individuals. These spaces have led to the sharing of
ideas and they have fostered collaborative communities (Hatch 2014).
Maker spaces have roots in hackerspaces and fablabs. Hackerspaces originated in
Germany and focused on bringing together people for software and hardware
development (Schön et al. 2014). Fablabs is a trademark name created by
Massachusetts Institute of Technology. Fablabs provide users with basic electronic and
physical fabrication tools such as CNC routers, 3D printers and laser cutters.
Hackerspaces and Fablabs set a precedent for what has become maker spaces. The term
maker space was popularized by Make Magazine around 2011 as a more general
description of publicly accessible spaces which support design and creating with
different media (Cavalcanti 2013).
Maker spaces have been used to support hands-on education by enabling kids to design
and create. These spaces tend to utilize the studio arts structure of learning. This
learning is accomplished through demonstrations; instruction during the design and
creating process; and presentations and critiques of student work which support selfreflection and building collective knowledge (Sheridan et al. 2014).
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2.3 The Maker Movement in Education
The U.S. Bureau of Labor Statistics predicts that by 2020 that there will be millions of
STEM (science, technology, engineering and math) related jobs. However, the National
Science Board predicts that college enrollment will not be able to keep up with this
need. The Maker Movement offers a method to engage students in STEM through
digital and physical fabrication (Gershenfeld 2012).

President Obama started the ‘Educate to Innovate’ initiative with the goal to improve
innovation through STEM education. This initiative plans to prepare effective K-12 STEM
teachers over the next decade. The K-12 Next Generation Science standards have also
turned its focus on STEM by focusing on engineering and technology for the first time.
This focus on STEM education has inspired educators to turn to making as a method of
teaching. Maker spaces have begun appearing in schools and other community learning
centers such as museums and libraries (Groff 2014).

2.4 3D Printers and STEM Education
3D printing has been popularized in the news due to its potential influence on the
manufacturing world. 3D printing is part of growing shift from mass-production to
custom fabrication. For example, 3D printing technology has the potential to support
industries that require custom parts such as medical device implants that vary by
individual. 3D printers have been cited for their potential to improve innovation by
enabling quicker movement through the design process due to its rapid prototyping
capabilities (Berman 2012).

5

The Make Magazine 2014 review of desktop 3D printers listed 3D printers with a price
range from $399 (Printrbot Simple by Printrbot) to $3,375 (B9 Creator by B9 Creations).
The relatively inexpensive cost of 3D printers provides schools with the opportunity to
acquire this new technology. 3D printers can teach students modern fabrication
techniques, rapid prototyping and iterative design (Martinez, et al. 2013). 3D printers
have the ability to produce functional professional prototypes that can build students’
self confidence in their design and building abilities (Blikstein 2013). President Obama
has supported the development of this technology by funding a 3D printing research
company, America Makes, to develop 3D printers into an affordable and accessible
product (The White House 2015).

Blikstein (2013) found that 3D printers created an environment that promoted
interdisciplinary learning. For example, students from an 8th grade history class were
tasked with making monuments of historical figures. Besides learning history, students
used mathematics by applying knowledge of measurement, scale and proportion.

3D printers offer a way for students to engage with STEM through a hands-on designbuild process. This interaction helps students understand the value of 3D printers and
what can be achieved through a STEM career (Lacey 2010). In turn, this might inspire
students to make the next generation of 3D printers and other modern fabrication tools.

2.5 3D Printing Technology
3D printers operate by heating plastic filament which is extruded from a nozzle. The
material hardens quickly after extrusion, enabling layers of material to be placed on top
of each other. This creates a physical representation of a virtual model. The tool path for
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printing is created by slicing software which divides the model into layers and generates
instructions for printing each layer. This information and additional printer settings
(such as extrusion temperature) are translated into G-code. This creates a complete set
of instructions which is sent to the 3D printer.

2.6 Barriers in Making and 3D Printing Education
Ming-Chien et al. (2011) and Fulton et al. (2006) surveyed teachers and found that lack
of knowledge was a significant barrier to implementing design, engineering and
technology in education. Both authors recommended training as a method to mitigate
this barrier. Similar results were found when surveying 70 teachers across the U.S.
About half of the teachers surveyed did not feel confident in teaching STEM. These
results indicated a need for pre-service and in-service training. Lack of time and
resources were also identified as additional barriers in the study (Coppola et al. 2015).

Schmidt and Ratto (2013) found difficulties when teaching 3D design and 3D printing.
Novices tended to struggle with manipulating the view angle in 3D design software.
They also struggled with the transition from a virtual to a 3D printed model due to lack
of knowledge and understanding of the 3D printer’s constraints.

2.7 Instructional Design Theory
The goal of instructional design is to use systematic procedures to create learning
experiences which are effective and efficient. The field focuses on the learner, the
instructional goals, and real-world performance when developing experiences
(Gustafson and Branch 2002).
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Instructional design principles derive from cognitive load theory (CLT). The theory is
based on the model of working and long term memory. Long term memory has the
capability to store large amounts of information (De Jong 2010) whereas working
memory has limitations on the amount of information and processes that it can handle
(Paas et al. 2003). The limitations of working memory are a primary concern in
instructional design because they can affect the learning process. CLT provides a
framework for understanding cognitive processes which can be used to inform
instructional design methods (Paas et al. 2003). CLT is concerned with the way
information is processed in the working memory. There are three components of this
process: intrinsic, extraneous and germane cognitive load. Table 1 provides a definition
and example of these three different types of cognitive load.
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Cognitive Load
1. Intrinsic cognitive load is determined by
the processes that must happen
simultaneously in order to learn. It
relates to interactivity of elements and
the expertise of the learner.
2.

Extraneous cognitive load is imposed by
the method in which information is
presented to the learner.

3.

Germane cognitive load is the
development of cognitive schema to
process information.

Example
Vocabulary has low intrinsic cognitive load
compared to grammar because vocabulary
words can be learned in isolation whereas
grammar requires consideration of the
interactions between different elements:
words, syntax, tense and verb endings.
Trial and error without guidance or
searching for information to complete a task
can have high extraneous cognitive load due
to inadequate information being provided.
Remembering a series of random numbers
has a higher germane load than learning a
series of numbers with a known pattern
because the former lacks a cognitive schema
for processing the numbers.

Table 1: Types of cognitive load and examples (Van Merrienboer and Sweller 2005, 2010)

Intrinsic, extraneous, and germane cognitive load must
Germane

Processing
information

be balanced for optimal learning as shown Figure 1.

Intrinsic

Task to Learn

However, this can be difficult when presenting

Extraneous

Presentation of
information

complex information (high extraneous load) for the

Figure 1: Balancing
cognitive load

instruction of complex tasks (high intrinsic load). High
extraneous and intrinsic load prevents information
processing (germane load) (Van Merrienboer and
Sweller 2010).

Instructional design guidelines have been developed to decrease extraneous load
and manage intrinsic load. These principles and examples, adapter from Van
Merrienboer and Sweller (2010), are outlined below in Table 2. These principles can
be incorporated into training methods to support the learning process.
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Managing Intrinsic Load
Guideline
Description
Simple to
Gradually increase
complex
task complexity

Example
Give students tasks that require them
to apply the basic physical principles of
hydrodynamics, such as pressure–
volume and pressure–flow
relationships, before giving them tasks
that require them to apply a full model
of how the blood flows through the
circulatory system

Decreasing Extraneous Load
Description
Guideline
Goal-free
Create tasks with nonspecific goals

Worked example

Provide a solution
including the solution
process

Completion

Present a partial
solution which the
learner completes

Split Attention

Provide information at
the time and location it
is needed

Modality

Provide multi-model
solutions such as a
visual with an auditory
explanation

Example
Ask students to come up with as
many illnesses as possible that could
be related to the observed
symptoms rather than asking ‘Which
illness is indicated by the symptoms
of this patient?’
Let students criticize a ready-made
treatment plan, rather than having
them independently generate such a
plan
Let medical interns closely observe a
surgical operation and only perform
part of it, rather than having them
perform the whole operation
independently
Provide students with instructions
for operating a piece of medical
equipment just in time, precisely
when they need it, rather than
providing them with the information
beforehand
Give students spoken explanations
when they study a computer
animation of the working of the
digestive tract, rather than giving
them written explanations on screen

Table 2: Instructional design principles from Cognitive Load Theory
adapted from Van Merrienboer and Sweller (2010)
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2.8 Usability
Usability is a metric to determine a system’s ease of use. Systems that are easy to use
can support users in tasks such as: learning a system, using it efficiently, remembering
its operating procedures, limiting errors, and having satisfaction with its use (Wikens et
al. 2004). Usability of a system can positively support or negatively hinder the
development of instructional experiences. Nielson (1995) created a list of usability
heuristics that provide reasoning behind issues that prevent usability. These heuristics
act as guidelines for evaluating and designing interfaces. Table 3 shows a list of these
usability principles and descriptions.

Principle
1. Visibility of system
status
2. Match between
system and the real
world
3. User control and
freedom
4. Consistency and
standards
5. Error prevention
Recognition rather
than recall
7. Flexibility and
efficiency of use
6.

Aesthetic and
minimalist design
9. Help users recognize,
diagnose, and
recover from errors
10. Help and
documentation
8.

Description
The system should provide feedback
The system should use understandable language to the
user.
The system should have support for exiting an
unwanted state.
The system should avoid using different words, actions
and situation that mean the same thing.
The system should prevent user errors from occurring.
The system should minimize memory load.
The system should be adaptable for inexperienced or
experienced users (such as through shortcuts for
frequently used actions by experts)
The system should avoid providing irrelevant or rarely
needed information.
The system should provide information that supports
users in understanding errors to help mitigate them.
The system should supply help documentation that is
easy to retrieve and utilize.

Table 3: Usability Heuristics adapted from Nielson (1995) Usability Heuristics
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2.9 Summary
The literature reviewed shows that prototyping tools such as 3D printing can be used to
support STEM education. However, educators face challenges in implementing this
technology due to insufficient training. The goal of this thesis is to understand how to
effectively train educators in 3D design and 3D printing. The study focused on finding
the necessary and sufficient elements within different training methods in order to
account for barriers such as lack of time and resources. The study used accessible
equipment and tools (low cost or free) to provide practical insights that can be easily
applied.
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3. Method
3.1 Participants
Participants were primarily recruited from the Tufts University community. They had no
prior experience using 3D design software or 3D printers. The study contained male and
female participants aged 18 – 65. The procedure was approved by the Tufts University
IRB office and the study was conducted in November 2014.

3.2 Equipment
The study’s physical equipment included a 3D printer and laptop computer which are
shown in Figure 2. The study facilitator used a second computer to take notes during the
study. The software equipment included two 3D design programs, a 3D printing
program, a web-based questionnaire and a website of digital designs files. The
introduction identified lack of resources as a barrier for educators in implementing
STEM education. This study purposefully used low cost or free hardware and software
to mitigate that barrier and provide practical insights with accessible tools.

Figure 2: Study Setup
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3.2.1 3D Printer
The Bukito Portable 3D printer by Deezmaker (Appendix A) was used in this study. The
Bukito Portable is a small desktop 3D printer meant for consumer use. This printer was
chosen because it was advertised as ideal for a classroom setting. It has a 3D print build
volume of 5”x 6”x 5” and weighs under 6 pounds. In 2014 when the study was
conducted, the cost of the Bukito Portable was $899.99 (Deezmaker).
3.2.2 3D Printing Program
MatterControl by MatterHackers (Appendix A) is a free open source program that
contains slicing software and generates G-code for 3D printing. Users import a 3D design
into the program and select ‘print’ to 3D print a model. Users can make minor
adjustments to models through the software such as altering scale, orientation or model
location on the 3D printer platform. Users can also adjust the printer settings such as
extrusion speed and temperature of heated filament. MatterControl’s default settings
for the Bukito Portable 3D printer were used in this study.
3.2.3 3D Design Programs
Two different 3D design programs were used in this study: TinkerCAD by Autodesk and
3DTin by Lagoa (Appendix A). Both programs are free, web-based and operate within a
web browser window. The programs enable users to create and modify 3D models.
Both TinkerCAD and 3DTin were chosen due to their target market of young people and
beginners (Company Info, About 3DTin).
3.2.4 3D Design Database
Thingiverse by Makerbot (Appendix A) is a website of user-generated 3D digital design
files. The website enables users to freely download models that others have created.
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3.3 Procedure
Participants performed the procedure individually during a session lasting
approximately 1 to 1.5 hours. Participants completed two tasks and responded to a
questionnaire during the session. A full outline of the procedure is described below.

3.3.1 Group and 3D Design Program Assignment

All participants were randomly assigned to one of four groups (A – D). Each participant
was also assigned a 3D design program (TinkerCAD or 3DTin). Participants in the first
third of the study were assigned to TinkerCAD. However, technical difficulties with the
TinkerCAD website server led to more than half of participants to be assigned to 3DTin.
This resulted in fewer participants being assigned the same experience but provided an
opportunity to compare two 3D design programs. Table 4 provides a breakdown in the
number of participants in each group.

Group
A
B
C
D
Total

Number of participants
TinkerCAD
3DTin
3
3
2
4
2
3
2
3
9
13

Total
6
6
5
5
Total in study: 22

Table 4: Number of participants per group by 3D design program

3.3.2 Task 1
The first task was determined by the participant’s assigned group and is outlined below.
Group A
These participants completed tutorials provided by the 3D design program.

15

TinkerCAD: Participants assigned to TinkerCAD completed 5 of the 6 Basics tutorials.
The tutorials provided completed or partially completed objects that the user
manipulated. The user was guided with written instruction and visual cues. An example
of the tutorial interface is located in Appendix B. Participants were asked to 3D print
the object (a keychain) in the 5th tutorial. Participants were given 20 minutes to
complete the tutorials and 10 minutes to begin printing the keychain.

3DTin: Participants assigned to 3DTin watched all six 3DTin tutorials. The tutorials were
videos that demonstrated using the software with audio explanations. An image of one
of the video tutorials is located in Appendix B. The combined time of the tutorial videos
was approximately 14 minutes. Participants did not print any objects in this scenario.

The topics covered by the respective software tutorials are listed below in Table 5.
3DTin covered 12 topics while TinkerCAD covered 10. Seven of the topics were similar
while the other topics varied by software program. All covered only basic topics such as
manipulating shapes and view angle.
Topic
Adding shapes
Moving shapes
Changing shape dimensions
Changing view – angle
Snap grid
Grouping
Selecting multiple objects
Removing shapes
Coloring objects
Rotating objects
Shearing
Creating mirror image objects
Changing view – Zoom
Copying and pasting
Creating holes

Software
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin
3DTin

Table 5: 3D design software topics
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TinkerCAD
TinkerCAD
TinkerCAD
TinkerCAD
TinkerCAD
TinkerCAD
TinkerCAD

TinkerCAD
TinkerCAD
TinkerCAD

Group B

Participants were given a 3D printed object which is shown in Figure 3. They were
verbally asked to replicate the design using their assigned software program then 3D
print their model. The object was designed to require only basic manipulations (similar
to those reviewed in the software tutorials) for replication. They were given 20 minutes
to design the object and 10 minutes to begin printing the model.

Figure 3: Group B object

Group C
Participants were given the verbal prompt to “design and print a keychain.” They were
given 20 minutes to design the object and 10 minutes to begin printing.
Group D
Participants were asked to download a model of a keychain from Thingiverse and print
the object. They were given 10 minutes to complete this task. Participants did not use a
3D design program in this scenario.

Summary of Task 1
Group A:
Group B:
Group C:
Group D:

TinkerCAD: interactive tutorials and print a keychain
3DTin: watch video tutorials
Replicate (design and print) a given object
Prompt: Design and print a keychain
Download a keychain from Thingiverse and 3D print the object

Participants who were assigned to Groups B - D were not allowed to use or view the 3D
design tutorials. All Participants were not allowed to use any previously made designs
that were stored within the 3D design program.
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The variable training tasks were purposefully 30 minutes or less. This time restriction
was placed to account for the lack of time cited by educators as a barrier for preventing
STEM education. When the allotted design time was finished, participants were asked to
move on to 3D printing. If participants were not able to begin printing within 10
minutes, the study facilitator began the print. This was to help mitigate variability within
a given group. All participants who were asked to 3D print had the opportunity to watch
a model printed before beginning task 2.

3.3 Task 2
All participants were verbally instructed to 3D design and 3D print a tool that could be
used in a kitchen. This task acted as an evaluation method to gauge participants’ ability.

3.4 Data Collection
3.4.1 Overview
An online questionnaire was administered before, between, and after the two tasks.
These time periods are referenced in this thesis as pre-study, mid-study and post-study.
The questionnaire utilized slider scale and open-ended responses to collect information
on the participants’ experience and perceived ability. The questionnaire was created
and managed within Qualtrics online survey software. An outline of the procedure is
shown in Figure 4.

Uniform Evaluation Task

Variable Training Task
Figure 4: Study procedure
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The participants were verbally prompted at certain times during the task to explain their
thinking. This prompt was used to gain insight into errors that occurred. The
participants’ virtual and 3D printed models were used as data to examine idea
formation and the quality of the products produced.

3.4.2 Questionnaire
The questionnaire (Appendix C) included slider scale questions. A list of slider scale
questions and their administered time period(s) are available in Table 6.
1. I can [design/3D print] a 3D model

Pre-study, mid-study, post-study

2. I can explain to another person how to
[design/3D print] a 3D model

Pre-study, mid-study, post-study

3. I can explain to another person how to
[design/3D print] a 3D model of
another person's
4. Task 1 prepared me for task 2
5. My experience 3D designing was

Pre-study, mid-study, post-study

Post-study
Mid-study, post-study

Table 6: Questionnaire questions

Participants used the slider scale (Figure 5) to rate their agreement/disagreement with
statements 1 to 4 in Table 6. The scale ranged from 0 to 10 and was labeled at three
points: 0 - strongly disagree; 5 - neutral; and 10 - strongly agree. Statement 5 used the
same scale but had different labels: 0 – too difficult, 5 – just right; 10 – too easy. The
means and ranges of these questions were assessed to evaluate the different training
experiences.

Figure 5: Rating scale
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The mid-study and post-study questionnaire asked participants “What challenges did
you encounter with 3D designing?” This question was asked to compare user errors of
the two 3D design programs.
3.4.3 Data Analysis
The focus of this analysis was to understand the training elements that influenced
participants’ perceived ability to 3D design and 3D print. The results of this evaluation
are located in sections 4 through 8. The method of analysis of the different sections is
outlined below:
Section 4 evaluated open-ended question (“What challenges did you encounter with 3D
designing?”) and observations to determine if the usability of the 3D design programs
varied. These results were assessed by coding the type of errors participants
encountered then categorizing the error types using Nielson’s (1995) heuristics. The
number and category of the error types were compared between 3D design programs.
Section 5 evaluated participants’ perceived ability by assigned group and 3D design
program to understand if the different experiences effected participants’ perceived
ability. This evaluation was completed by comparing slider scale results on perceived
ability. Three models were compared to the results to help explain the effect of training
experiences on perceived ability.
Section 6 reviewed other factors that might influence perceived ability: the second
experience (uniform evaluation task); task 1’s ability to prepare participants for task 2;
and perceived difficulty of task 1. Questionnaire results related to three factors were
assessed by calculating and comparing means across the different training experiences.
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Section 7 evaluated questionnaire questions related to participants’ perceived ability to
explain and facilitate 3D design and 3D printing activities in the mid-study and poststudy questionnaire. Pearson’s correlation coefficient was used to determine if the
questions were strongly correlated. A Venn diagram was used to further examine the
relationship between questions.
Section 8 reviewed participants’ end products after task 2. The variety and quality of 3D
designs were compared by 3D design program to understand the influence of the 3D
design program on the end product. The novelty of the 3D design and the 3D print
errors were compared for each group to determine the effect of the different
experience on originality and quality of the 3D print. Finally, the quality of the 3D
designs and 3D prints was compared to perceived ability to understand the relationship
between perceived ability and actual ability.

21

4. Usability of the 3D Design Programs
The usability of the two software programs was evaluated to understand if the user
experience varied between programs. The evaluation was completed by analyzing
observations made by the study facilitator on the user errors that occurred during the
study. This was supplemented with the questionnaire responses to “What challenges
did you encounter with 3D designing?” which was asked mid-study and post-study.
Errors were compiled and categorized using Nielson’s (1995) usability heuristics.

This data was collected from the 9 participants using TinkerCAD and the 13 participants
assigned to 3DTin. Nielson (1993) describes a mathematical model for finding usability
issues in which each additional person provides less new insights. He recommends using
5 participants and his model shows little difference between 9 and 13 participants.
Therefore, these results are not likely affected by the different number of participants in
each 3D design program.

Errors were also given a descriptor which generalized multiple errors depending on the
programming feature associated with the error. For example, in the questionnaire, a
TinkerCAD participant wrote “sizing was the biggest thing, I had no idea what scale
everything should be to.” This error related to lack of information, therefore, the error
category was coded as visibility of system status. The error was related to scale and
coded under the general descriptor: “The system is missing information that indicates
the dimensions and/or scale for workspace and object(s).”

In another example, a 3DTin participant was observed expressing frustration after
clicking the screen multiple times and each time adding a donut shape to the screen.
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The participant verbally conveyed the desire to stop adding shapes and confusion in not
knowing how. This observation was coded under user control and freedom because this
error was associated with the need to exit an unwanted state. It was given the general
description of “the system lacks support on how to exit ‘add object’ mode.” A complete
table of the compiled errors for each program is located in Appendix D. Table 7 shows a
summary of Appendix D’s results by listing the number of errors under each category by
3D design program.

1.
1.
1.
1.

Number of Error Types
TinkerCAD
3DTin
2
6

Usability Heuristic
Visibility of system status
Match between system and the
real world
User control and freedom
Consistency and standards
Help and documentation
Total

6

5

0
0
1
9

2
1
1
15

Table 7: Summary of 3D design program heuristics

Both programs had a majority of errors under the “match between system and the real
world” category. These errors were caused by unfamiliar terms, conventions, logic or
order. This suggests that the mental model of first time users’ did not always match the
system. For example, in 3DTin some users assumed that the ‘Save As’ function would
save the 3D design onto the computers’ hard drive. This feature instead saved the file
within the web-based program. Participants became confused when then trying to
locate the file on the computer.

Some TinkerCAD participants had difficulty finding the option to export the 3D design
for 3D printing. This option was located under the ‘Design’ menu. One participant even
expressed fear that selecting that button would bring her to an unwanted state such as
a new design page.
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3DTin had more errors (6) compared to TinkerCAD (2) in the visibility of system status
category. This was due to observations and questionnaire responses relating to lack of
feedback or information. Overall, 3DTin had the most number of error types (15) and
categories (5). In comparison, TinkerCAD had a total of 9 types of errors which were
classified into 3 heuristic categories.

These results indicate that the usability of the programs differed. This suggests that
participants assigned to 3DTin were more likely to encounter difficulty. TinkerCAD
seems quantitatively the more user-friendly program because it had a fewer number of
errors and categories.
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5. Perceived Ability
The results of the study were reviewed in order to understand the effect of the 3D
design program and group (A-D) on participants’ perceived ability. In this section the
results are compared to different models to understand and interpret the findings.

5.1 Influence of Usability
Results from the previous section on usability found a difference in participants’
interaction with the two 3D design programs. The results suggested that TinkerCAD was
a more user-friendly program than 3DTin. These programs were further analyzed to find
their effect on participants’ perceived design and printing ability. Two of the questions
participants answered in the mid-study questionnaire were: “I can design a 3D model”
and “I can 3D print a 3D model.” Participants used a slider to indicate their level of
agreement/disagreement with this statement. The scale contained the following labels
at 3 different points: 0 – strongly disagree; 5 – neutral; and 10 – strongly agree.
Responses from the groups which interacted with TinkerCAD or 3DTin during their first
task (groups A - C) were analyzed. Figure 6 shows the average perceived design ability
for each 3D design program, while Figure 7 shows the average perceived printing ability
for each program.
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Strongly
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Neutral

Neutral

Strongly
Disagree

Strongly
Disagree

Figure 7: perceived print ability and
3D design program

Figure 6: perceived design ability and
3D design program

The means for design and printing perceived ability were found to be significantly
different between 3D design programs (independent t-test, p < .05). TinkerCAD had
perceived ability averages of 6.6 and 7.4 for designing and printing. Whereas 3DTin had
lower averages of 2.9 and 3.5 for design and printing perceived ability. This
demonstrates that participants assigned to TinkerCAD had more confidence in their
ability than 3DTin participants. The TinkerCAD averages were within the section of the
graph that indicated agreement while 3DTin averages were within the disagreement
section. TinkerCAD participants tended to feel confident in their ability while 3DTin
participants did not. These results suggest that the usability of the program might have
influenced participants’ perceived ability. The ease of use of TinkerCAD might have
supported their confidence not only in designing but printing as well.

5.2 Demographics
The demographics of the participants were assessed to find if age or gender influenced
perceived ability. Figure 8 shows the average perceived ability of TinkerCAD male and
female participants. Figure 9 shows results for 3DTin participants. The TinkerCAD results
demonstrate that male and female participants have the same average printing ability
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(7.4). Male participants tended to have higher design ability ratings (7.2) than female
participants (5.9). However, the averages were not found to be significantly different
(independent t-test, p > .05). Male 3DTin participants tended to have lower ratings in
design perceived ability (average of .7) than female participants (average of 4.4). These
results were significantly different (independent t-test, p < .05). The difference in
perceived printing ability for male to female participants (1.9 and 4.6) showed higher
averages for females but these results were not significantly different. The TinkerCAD
and 3DTin groups did not have an even numbers of male and female participants in each
group. The TinkerCAD groups that performed best tended to have more males, whereas
the 3DTin groups that performed best tended to have majority females. The differences
in group gender makeup and the contradictory results of the two 3D design programs
indicate that the assigned group and uneven distribution of genders caused the
discrepancies.
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Strongly
Disagree

Figure 9: 3DTin, gender and perceived ability
Figure 8: TinkerCAD, Gender and Perceived ability

A scatterplot was created to display age vs. perceived ability for each 3D design
program. Figure 10 has the results for TinkerCAD and Figure 11 for 3DTin. TinkerCAD
participants tended to give ratings indicating confidence in their perceived ability
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independent of age. The 3DTin plot shows some indication that age corresponds to a
lack of confidence in design and printing. Although participants of varying ages gave
ratings below 5 (indicating a lack of confidence in their perceived ability), participants
who were over 21 years old only gave ratings below 5 for design ability and participants
above 27 years old only gave ratings below 5 for printing ability. The assigned group did
not seem to influence these ratings. Older participants across the different groups gave
low perceived ability ratings. These results suggest that the lack of usability of 3DTin
had a greater effect on older participants than younger ones. Older participants might
have found 3DTin harder to use than younger participants which in turn affected their
perceived ability. Similar results were found by Chun and Patterson (2012). They found
older adults had trouble finding the correct procedure to complete tasks and had less
confidence in their ability than younger adults.
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Figure 11: 3DTin perceived ability and age

Figure 10: TinkerCAD perceived ability and age

Certain 3DTin participants were removed to create similar age profiles for the two 3D
design programs. Then Figure 6 and Figure 7 were recreated by calculating averages of
the groups that interacted with TinkerCAD or 3DTin during their first task (groups A - C).
This was done to mitigate the potential influence of age when comparing perceived
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ability of the two programs. Table 8 shows lists of the TinkerCAD participants, the
modified list of 3DTin participants and the list of 3DTin participants which were
removed from the analysis. The lists give both the age and gender of each participant.

The removal of 3DTin participants resulted in a total sample size of 7 participants for
each 3D design program. The modifications led to five participants between the ages of
18-21, one mid-twenties participant, and one late thirties/early forties participant for
each 3D design program.

TinkerCAD
1. 18-Female
2. 18-Male
3. 19-Male
4. 19-Male
5. 19-Male
6. 24-Female
7. 40-Female

3DTin
1.
2.
3.
4.
5.
6.
7.

18-Female
19-Female
19-Male
21-Female
21-Male
26-Male
38-Female

3DTin participants removed
1. 27-Male
2. 55-Female
3. 65-Male

Table 8: Participants' age, gender, and 3D design program

Figure 12 shows the new results for perceived design ability and Figure 13 for perceived
printing ability. The new 3DTin results show slightly higher averages in design and
printing ability (4 and 4.1). These means were not significantly different than the
TinkerCAD results (Independent t-test, p > .05). However, both p values were close to
.05 (.053 for perceived design ability and .058 for perceived printing ability). The 3DTin
averages were still in the disagreement section of the graph compared to TinkerCAD
which had averages within the agreement section.
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Figure 12: Altered mid-study perceived design ability

Figure 13: Altered mid-study perceived design ability

This indicates that any impact of gender and age seems to be outweighed by the effect
of the different 3D design programs. TinkerCAD participants were more confident in
their perceived ability than 3DTin participants. This evidence supports the conclusion
that the 3D design program, and specifically, its usability effected participants’
perceived 3D design and 3D printing ability.

5.3 Perceived Ability by Group
The next section analyzes the effect of the different 3D design programs and different
assigned groups on perceived ability. The following will show the results of groups A, B,
and C by 3D design program. Group D will be evaluated separately because those
participants did not interact with a 3D design program in the variable training task.

5.3.1 TinkerCAD Groups
The results for TinkerCAD participants’ perceived design and printing ability after task 1
are shown in Figure 14 and Figure 15. The average perceived ability is represented with
a bar and the range is portrayed with an I-beam. Figure 14 demonstrates that
participants in all the groups tended to feel confident in their designing ability. Group A
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had the lowest average and largest range due to one participant’s rating of her
perceived ability as 3. To further investigate this outcome, responses to the question
“What challenges did you encounter 3D designing?” were evaluated. The response from
the group A participant with the low rating was compared to the other TinkerCAD
participants. However, there were no trends found in this comparison. Participants
tended to list issues with 3D designing regardless of their perceived ability rating. The
participant did comment in the questionnaire that a way of improving task 1 would be
“If I had to make the base for the key chain myself.” Perhaps the low rating in perceived
design ability related to a lack of “real-world” experience. The tutorials did not allow
participants to build something from scratch or interact with the software unguided.
This might have led the participant into feeling uncertain about her ability.
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Figure 14: perceived design ability and TinkerCAD

Figure 15: perceived print ability and TinkerCAD
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Figure 15 shows that all participants tended to feel confident in their 3D printing ability.
Group C had the lowest average and largest range. This was due to a Group C
participant rating of 2.7. This was further investigated by analyzing the questionnaire
responses to “What 3D printing challenges did you encounter?” It was found that this
participant was the only one who listed issues with their 3D print: “I didn't know that if
you print with different volumes, the design will not come out good.” The other
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participants listed issues with the 3D printing program or the transition between the 3D
design and 3D printing software. Therefore, the wide range in group C might be due to a
participant’s dissatisfaction with the print quality. This indicates that the perceived
quality of the print effects perceived ability. The relationship between actual quality of
the print and perceived print ability is explored in a later section. Actual ability was not
found to be related to perceived ability. In this questionnaire, participants were not
asked to rate their perceived quality of the print. It is recommended that this
relationship is investigated in future studies.

5.3.2 3DTin groups
3DTin groups A – C are shown in Figure 16 and Figure 17 which displays the averages
and ranges of participants’ perceived design and printing ability. These results reveal
that the 3DTin groups have a greater range and lower averages in perceived ability than
the TinkerCAD groups.

This might have been due to the usability issues of this program. The usability issues
might have caused the large ranges by dividing participants’ into those who were able to
intuitively understand the software and those who were not. This is further
demonstrated by examining Group A which had the least interaction with the software
compared to group B and C. Group A had the best average around 5 indicating neutrality
in their confidence to 3D design and print. Group B and C participants had an average
that shows most participants were not confident (perceived ability below 4) in design
and printing.
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Figure 17: perceived design ability and 3DTin

Figure 16: perceived design ability and 3DTin

Participants in Group A whether assigned to TinkerCAD or 3DTin had similar averages
and ranges in perceived design ability. TinkerCAD tutorials led participants through
guided interactive design. 3DTin tutorials were videos with audio overlaid that
participants watched without interacting with the software. This indicates that although
the information was delivered in different ways, this difference was not reflected in the
perceived ability results. This might have been due to the simulation nature of the
tutorials. Both tutorials did not enable participants to interact with the software without
guidance. This might have caused some participants to not feel confident in their ability.

TinkerCAD group B and C averages varied significantly from 3DTin group B and C. This
might have been due to the affordances of the 3D design programs. These two groups
interacted the most with their respective 3D design program. TinkerCAD’s ease of use
might have positively influenced participants’ perceived ability whereas 3DTin might
have negatively affected perceived ability to design and print.
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5.3.3 Group D
Figure 18 and Figure 19 show the Group D results for designing and printing perceived
ability. Group D has the largest range in 3D design and 3D printing than any of the other
groups. The question “What challenges did you encounter 3D printing?” was evaluated
for this group. Participants mainly listed challenges around importing the correct file
type into the 3D printing program. These challenges were similar no matter the
perceived ability score and were similar to those participants who used a 3D design
program in Task 1. This suggests that a 3D printing experience alone does not always
provide confidence in 3D printing or 3D design ability.
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Figure 19: perceived Print
ability and Group D

Figure 18: perceived
design ability and Group D

5.3.4 Perceived Design and Printing ability
Participants’ 3D design perceived ability seemed to correlate with 3D printing ability.
This relationship was further explored by finding the Pearson correlation coefficient
between the mid-study responses to “I can design a 3D model” and “I can 3D print a 3D
model” questions. The level of correlation was determined by using guidelines outlined
by Darcey and Reidy (2007). This coding scheme assigns a level of strength to the
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coefficient. Table 9 shows a list of correlation strengths and the lowest coefficient that
matches that strength. The plus sign indicates that all values above that correlation
coefficient are considered within that strength level until the value meets the next
strength level requirement.

Strength
Perfect
Strong
Moderate
Weak
Zero

Coefficient
1+
0.7+
0.4+
0.1+
0+

Table 9: Strength of correlation (Dancey and Reidy, 2007)

It was found that the questions have a strong correlation. The correlation coefficient (R
value) for these two questions was .76. This value was found to be significant with a Pvalue below .01 (4.81 x 10-5).

TinkerCAD produced the best perceived 3D design and printing ability results.
Participants who did not interact with a 3D design program (group D) had a wide range
in perceived designing and printing ability. This information indicates that experience
with a user-friendly 3D design program can positively impact perceived printing and
design experience. While interacting with a 3D design program that is not user-friendly
can have a negative influence on 3D design and 3D printing perceived ability.

All participants were given the same printing task (to print a 3D model) except for 3DTin
group A participants who did not print an object. Although the participants that printed
a 3D model were given the same print task, abilities seemed to differ by 3D design
program and group. Results for perceived designing and printing ability were found to
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be strongly correlated. These results suggest that the 3D designing experience
influenced the 3D printing experience.

5.4 Modeling Perceived Ability
The previous results and findings have focused on usability as an explanation. This
section will review alternate models to determine if they support the perceived ability
findings.

5.4.1 Information Model

One purpose of this study was to examine the amount of information provided to
participants to understand how it impacts perceived ability. The most to least amount of
information follows the group letter progression. Group A participants were given tasks
that included the most amount of information through tutorials while group D was given
a task with the least amount of information by being told to only print an object. It is
expected as less information is provided, participants perceived ability will decrease.

Figure 14 and Figure 15 show perceived ability design and printing results for TinkerCAD
participants. These results show that TinkerCAD groups A, B and C did not follow this
model. Participants perceived design ability was similar for groups B and C and both
were higher than group A. In perceived printing ability, group A and B were similar and
higher than group C. There was not a progression of perceived ability predicted by the
information model.

3DTin participants’ perceived design and printing ability (Figure 16 and Figure 17) show
that this model doesn’t match because group A which was given the most amount of
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information and group D which was given the least amount have averages above group
B and C. Therefore, perceived ability does not decrease as the letters progress.

5.4.2 Instructional Design Model
Another model examined was constructed through instructional design principles.
Group
A – TinkerCAD

A – 3DTin

B
C
D

Instructional design principles

Principle
Worked example
Completion
Split attention
Simple to complex
Worked example
Modality
Simple to complex

outlined by Merriënboer (2010)
show methods to decrease
extraneous load, manage intrinsic
load and optimize germane load.

Goal-free
Goal-free
Table 10: Group and instructional design principles

These principles were used to code
the different task 1 experiences by

group. The results of this coding are found in Table 10. Since group A was given different
tutorials (depending on assigned software) these two groups were separated for coding
purposes. The table shows that group A (for either software) meets the most
instructional design principles followed by group C and D then group B. It is expected
that results that match this model will have high to low perceived ability averages from
the groups with the most to least number of instructional design principles.

This model was rejected because none of the groups seemed to follow that pattern. The
highest perceived design ability for TinkerCAD was group B and C and for printing group
A and B. 3DTin Group C had a similar perceived design ability average to group B and the
lowest perceived 3D printing ability. This is contradictory to the model which shows that
the group C experience followed one instructional design principle while the group B
task followed none.
37

5.4.3 Usability Model
The final model examined related to usability which is shown in Table 11. It is expected
that perceived ability results that match this model will follow the logic that the groups
which have the most interaction with the program would have the highest perceived
ability (groups B and C). The group with the least amount of interaction (group D) would
have the lowest perceived ability. Group A was categorized as having limited interaction
(less than group B and C but more than group D).

Most interaction
Least interaction

3D Design Program
Group B and C
Group A
Group D

Table 11: Usability model

This model seems to match the results for
TinkerCAD participants’ perceived design
ability because the group averages follow

this model. However, this result does not match TinkerCAD perceived print ability where
group A and B were similar, and group B and D were similar.

For 3DTin this hypothesis was rejected. However, this model was also examined by
viewing 3DTin as not a user-friendly program. Therefore, it is expected that highest to
lowest perceived ability should follow the model backward: group D, then group A and
finally group B and C. This model seems to partially fit both design and printing
perceived ability. Groups A and D had the highest average and groups B and C the
lowest.

5.4.4 Summary of Modeling Results
A summary of results of the model examination are in Table 12. These results show that
the usability model provided the best fit to the results on perceived ability. The partial
fit of 3DTin to the usability model might be due to the fact that group A participants had
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very limited interaction with the software (by only watching videos). For participants,
this might have been very similar to group D’s no interaction with a 3D design program
which is why these groups performed similarly on perceived ability.

TinkerCAD
3DTin

Design perceived ability
Usability
Partial usability

Print perceived ability
None
Partial usability

Table 12: Summary of models

The partial fit of the information model on TinkerCAD perceived printing ability might
have been due to participants considering the tutorials and the 3D printed example as
providing similar amounts of information that aided in supporting printing ability.
However, previous results indicated that group C had an average below group A and B,
due to one participants’ perception of their print quality. Therefore, it is inconclusive
whether this model fits.

5.5 Summary
Overall, these results show that usability seems to have the greatest impact on
perceived ability. The influence of information amount or instructional design principles
seem to have been outweighed by the program’s sufficient (or insufficient) ease of use.
Norman (1988) wrote that programs that design in affordances can take advantage of
user’s perceptions. This enables users to understand something’s operation without the
need of instructions.

These results also suggest that interaction with a user-friendly design program positively
influences peoples’ 3D printing perceived ability. Merely printing an object does not
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provide an experience that consistently gives people confidence in their own printing or
designing ability.
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6. Factors affecting Perceived Ability
6.1 Perceived Ability over Time
This section will analyze perceived ability ratings from the pre, mid and post-study
questionnaire. A graph of each group’s average perceived ability at these 3 time periods
are shown in the following figures. Figure 20 and Figure 21 show the TinkerCAD groups’
3D designing and printing perceived ability and Figure 22 and Figure 23 show the 3DTin
groups. The purpose of this analysis is to understand the trend over time of perceived
design and printing ability.
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Figure 20: TinkerCAD 3D designing perceived ability

Figure 21: TinkerCAD 3D printing perceived ability
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Figure 22: 3DTin 3D designing perceived ability

Figure 23: 3DTin 3D printing perceived ability

The graphs demonstrate that groups tend to either have similar or an increase in their
perceived ability average from the pre to mid-study questionnaire. This is likely
influenced by their first task experience and their assigned 3D design program as
discussed in the previous section.

All of the groups in 3D printing perceived ability and 5 of the 8 groups from the 3D
design perceived ability results show a change in rating of 1 or less from their mid to
post-study responses. The other 3 groups have less than a 2 point rating difference from
mid to post-study responses. This shows that the majority of groups have relatively
similar averages from the mid-study questionnaire to the post-study questionnaire
regardless of assigned group or 3D design program.

The questions were evaluated using Pearson’s Correlation Coefficient (R). This
coefficient was calculated to determine the level of correlation between the mid and
post study questions on design and printing perceived ability. The level of correlation
was coded using the guidelines outlined by Darcey and Reidy (2007). The authors
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provide guidelines for assessing correlations into the following categories zero, weak,
moderate, strong and perfect. The mid-study and post-study perceived printing ability
questions were found to be moderately correlated (R value of .643) and significant with
a P-value of less than .01. The mid-study and post-study perceived design ability was
found to be strongly correlated (R value of .718) and significant (p < .01).

The correlation results and the fact that most groups’ averages don’t vary from the mid
to post study responses emphasizes the importance the initial experience. These results
suggest that the initial experience participants have with 3D printing and designing can
influence their perceived ability in later interactions.

6.2 Preparedness for Task 2
The previous section indicated a difference in usability of the two programs. The
following will analyze whether TinkerCAD produced better preparedness than 3DTin. It
will also analyze which task 1 groups produced the highest levels of preparedness for
task 2 within each 3D design program.
Participants were asked to evaluate the quality of task 1 in preparing them for task 2.
These results were analyzed by comparing the different 3D design programs and the
different groups within those programs. Participants were given a slider scale question
with the prompt “Task 1 prepared me for task 2.” Participants used the slider to indicate
their level of agreement/disagreement. The scale contained the following labels at 3
different points: 0 – strongly disagree; 5 – neutral; and 10 – strongly agree. The results
for TinkerCAD are shown in Figure 24 and 3DTin in Figure 25.
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Figure 25: 3DTin task 2 preparedness

Figure 24: TinkerCAD task 2 preparedness

Groups A – C in both 3D design programs had averages within the agreement section of
the graph. However, group D had averages within the disagreement section for both
programs. Groups A -C interacted with the 3D design program, while group D did not.
This indicates that participants considered task 2 to be related to 3D design more than
3D printing. This is supported by results from 3DTin’s group A. Participants in this group
were exposed to the 3D design program through tutorials but did not 3D print anything.
These participants tended to still feel prepared for task 2.
TinkerCAD group A – C had smaller ranges and higher averages than 3D Tin. All
participants in those TinkerCAD groups indicated a level of agreement in feeling
prepared. However, 3DTin produced more variability. Participants in 3DTin groups A – C
tended to feel prepared, however, there were participants in every group that felt
neutral or did not feel prepared. These results show that interacting with TinkerCAD
produced the best level of preparedness. This suggests that the usability of the two
programs influenced participants’ ability to feel prepared.
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6.3 Task Difficulty and Perceived Ability
Participants were asked to rate the difficulty/easiness of 3D designing and 3D printing
after task 1. The mid-study questionnaire contained questions with the prompts: “My
experience 3D designing was” (Figure 26) and “My experience 3D printing was.”

Figure 26: Question relating to difficulty of 3D designing

Participants used a slider with a 0 - 10 range. The scale contained the following labels at
3 points on the scale: 0 - Too Difficult; 5 – Just Right; and 10 - Too Easy. Participants’
responses were evaluated by group and software program and compared to perceived
ability ratings. This question was used to evaluate participants who designed and
printed objects: TinkerCAD group A – C and 3DTin groups B and C. 3DTin group A was
excluded from this analysis because that group only watched tutorials and did not
design or print a model.

The 3D designing ratings are located in Figure 27 for TinkerCAD and Figure 28 for 3DTin.
TinkerCAD group B and C had lower averages (3.8 and 3.9) than group A (5.2).
TinkerCAD Group A participants had the smallest range and felt that task 1 was ‘just
right’ by giving ratings around 5. Group B and C participants tended to give ratings
indicating that task 1 was difficult. Participants’ perceived ability after task 1 in groups B
and C were higher than group A. This indicates that a more difficult task can produce
higher perceived ability than one that is considered easier.
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Figure 28: 3DTin designing experience

Figure 27: TinkerCAD designing experience

However, tasks that are perceived as more difficult do not seem to always correspond
to higher perceived ability. The 3DTin groups had ratings that were closer to “too
difficult” than TinkerCAD groups. The 3DTin groups gave perceived ability ratings
indicating low confidence in their ability to design. This indicates that perceived ability
can vary independently of difficulty.

The difficulty/ease of 3D printing tasks are shown in Figure 29 for TinkerCAD and Figure
30 for 3DTin. 3DTin group B had an average of 4.2. This average was similar to
TinkerCAD groups A and C (4.4 and 3.7). However, 3DTin group B participants were not
confident in their ability to print, while TinkerCAD groups A and C were confident. This
further indicates that perceived difficulty is independent of perceived ability.
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Figure 30: 3DTin printing experience

Figure 29: TinkerCAD printing experience

47

7. Perceived Ability to Teach and Facilitate
The goal of this thesis is to understand how to train educators on 3D design and 3D
printing. This involves providing educators with the ability to teach others. This was
investigated in the study by analyzing the relationship between perceived ability to 3D
design and 3D print and perceived ability to explain 3D designing and 3D printing to
others. Three questions in the mid-study and post-study questionnaire were evaluated
to understand this relationship. They are listed below:

1. I can [design/3D print] a 3D model
2. I can explain to another person how to [design/3D print] a 3D model
3. I can explain to another person how to [design/3D print] a 3D model of another
person's imagination
The first question was to understand participants’ perceived ability to 3D design and 3D
print. The second question was to get a sense of perceived ability to teach others. The
third question was asked to understand participants’ ability to facilitate others’ projects.
The third question addresses the non-traditional teaching style found in maker spaces.
Maker spaces tend to create environments in which work is self-directed and motivated.
Many times the role of an instructor is to facilitate through guiding learning and making
(Rosenfeld et al.2014).

7.1 Correlations Between Questions
The questions were first examined to find correlations. The questions were analyzed
using Pearson’s correlation coefficient (R). The correlation coefficient was then coded
using guidelines from Dancey and Reidy (2007). The level of significance was determined
with a p-value of .01. The three questions utilized a slider scale. The question “I can
design a 3D model” is shown in Figure 31. All questions used a rating scale from 0 – 10
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with an accuracy of 1 decimal place. The scale is labeled at 3 points: 0 - strongly
disagree; 5 – neutral; and 10 - strongly agree.

Figure 31: Perceived ability question

Four matrices were created to analyze the correlation between questions 1, 2 and 3 for
mid and post study design and printing perceived ability. The list of matrices is below:

1.
2.
3.
4.

Mid-study design abilities
Mid-study printing abilities
Post-study design abilities
Post-study printing abilities

These correlation matrices are located in Appendix E. The results of the correlations
found that both the post-study design and print questions had strong correlations (R of
.7 and above) and were significant (P of .01 and below). The mid-study design ability
questions showed strong correlations between all questions and all were significant. The
mid-study perceived printing ability matrix found that all questions had strong
correlations with each other except for questions 1 and 3. This correlation was found to
be .656 and is significant. This correlation was coded as moderate by the Dancey and
Reidy (2007) guide. In the post-study questionnaire these two questions improved from
being moderately to strongly correlated. This shows that the correlation strengthened
over time. The increased R-value over time might have been caused by the additional
exposure to design and printing. This may have led participants to better calibrate their
perceived ability resulting in stronger correlations in the post-study questionnaire. A
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similar increase in the number of strong correlations found from the pre-study to the
mid-study matrix support this conclusion.

7.2 Descriptive Statistics
Further examination of the responses was completed to understand the relationship
between perceived ability to 3D design and 3D print and perceived ability to teach
others. The minimum, maximum, mean and standard deviation of the questions are
shown in Table 13. The questions are divided by mid-study, post-study, design ability
and print ability. This produced 4 data sets of the three questions.

The responses to the questions show much variation between participants which is
demonstrated by the low minimums, high maximums and large standard deviations.
This is likely due to individual differences and the different experiences participants had
in task 1.

The means show a decline in perceived ability as the questions progress from 1 to 3.
This gradual decline in perceived ability shows that as the questions progressed,
perceived ability tended to decrease. This suggests that the questions increase in
difficulty from question 1 to 3.
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Question

Minimum

Maximum

Mean

Std. Deviation

Mid-study design ability
1

.0

8.8

4.336

3.1406

2

.0

8.0

2.877

2.8323

3

.0

7.2

1.836

2.1930

1

.0

10.0

5.400

3.5454

2

.0

10.0

4.777

3.4066

3

.0

9.1

3.377

3.1242

.0

9.0

4.600

3.3019

2

.0

9.0

3.782

3.1098

3

.0

8.9

2.800

2.9893

.0

10.0

5.850

3.4199

.0

10.0

5.214

3.3327

Mid-study print ability

Post-study design ability

Post-study print ability
1
2
3

.0
9.6
3.914
Table 13: Descriptive statistics for perceived ability

3.4335

7.3 Perceived Ability and Question Progression
7.3.1 Explanation of Evaluation
Further investigation was completed to understand the relationship between perceived
ability to 3D design and 3D print and the ability to teach and facilitate to others.
Participants who answered confidently to each question were tallied. Confidence was
determined by the rating participants gave of their perceived ability. A rating above 5
indicated agreement to one’s own ability and thus indicated confidence in that ability.

A Venn diagram was created to demonstrate the number of participants who answered
confidently and the participants’ relationship to the other questions. The largest circle
shows the entire population and corresponding number of participants. The other
circles represent the number of participants who answered confidently to each
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question. The circles are labeled with the question number (Q1, Q2, and Q3), the
number of participants who answered confidently to that question, and the percentage
those participants represent out of the entire population. The participants who
answered confidently to two or more questions are shown with overlapping circles.

7.3.2 Mid-Study Design and Print Perceived Ability
Figure 32 shows the results from the mid-study design abilities questions and Figure 33
shows the mid-study printing results. The graphic shows that Q1, Q2, and Q3 overlap
and the number of confident participants decreases as the questions progress. This
demonstrates that as the questions progress there is a filtering effect. For example, all
participants who indicated confidence in question 3: “I can explain to another person
how to design a 3D model of another person's imagination” also gave confident ratings
in the previous 2 questions. However, not all participants who gave confidence ratings in
question 1 also were confident in question 3.

Population
22 (100%)

Population
22 (100%)

Q1: 14
(64%)

Q2: 13 (59%)
Q1: 10 (45%)
Q3: 8 (36%)

Q2: 6 (27%)

Q3: 2 (9%)

Figure 32: Mid-study confidence in design

Figure 33: Mid-study confidence in printing
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This filtering effect indicates that the skills necessarily for answering confidently to the
next question are dependent on the skills necessary for answering confidently to the
previous question. For example, the skills for necessary for answering confidently to
question 3 also include the skills necessary for answering confidently to question 1.

These results suggest that as the questions progress they are perceived as more
difficult. For example, question 3 seems to be more difficult than question 1 because
fewer people answered it confidently. The mid-study design abilities responses begin
with 45% of participants feeling confident in Question 1. This decreases to 27% in
question 2 and to 9% in question 3. 3D printing ability has less of a severe decrease in
participant percentages as the questions progressed and a higher number of
participants who answered confidently to each question. 64% of participants indicated
confidence in their ability to 3D print a 3D model in question 1, 59% in question 2 and
36% in question 3. This indicates that printing was perceived to be less difficult since
the percentage of participants who felt confident was higher.

The percentage difference between question 1 and 2 for 3D printing accounted for only
one person. This suggests that participants perceive their ability to print and explain
how to print to others as similarly difficult. However, from question 2 to question 3
there was a decrease of 5 participants indicating that the increase in difficulty from
question 1 to 2 was lower than from question 2 to 3. In the design ability results, each
question decreased by the same number of participants (4). This suggests that the
design questions had similar amounts of added difficulty from question 1 to 2, as from
question 2 to 3.
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7.4 Confidence over Time
7.4.1 3D Printing Perceived Ability
3D printing perceived ability had the same results in the post-study questionnaire as the
mid-study questionnaire. This demonstrates that there was no significant increase in
confidence in 3D printing ability across participants. This might be due to participants
feeling that they did not gain additional understanding of 3D printing after task 2. The
nature of the 3D print task was the same (to 3D print an object) in both task 1 and 2 for
most participants. This similarity might not have provided participants with any new
knowledge that caused an increase in confidence.

7.4.2 Design Perceived Ability
Participants who were confident in their post-study design ability are shown in Figure
34. Question 1 had a similar number of confident participants in the post-study as the
mid-study results. This indicates that task 2 did not significantly change participants’
perceived ability to 3D design. However, question 2 and 3 showed an increase in the
number of confident participants from the mid to post-study. This suggests that task 1
did help people increase their level of confidence in teaching and facilitating.

Population
22 (100%)

Q2 only:
2 (9%)

Q1 and Q2:
7 (32%)

Q1 only:
2 (9%)
Q3:
6 (27%)

Figure 34: Post-study confidence in designing
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The same number of participants who answered confidently in question 1 also did so in
question 2. However, not all of those participants were the same people. There were
two participants who felt confident only about question 2; two participants who felt
confident only about question 1; and seven who felt confident about both questions.
This suggests that the perceived skills needed for question 1 and question 2 were not
necessarily dependent as previously assumed. The equal number of participants who
answered confidently to question 1 and 2 indicate those questions are perceived to
have a similar amount similar difficulty. This change from the mid-study to the poststudy might be due to the participants’ additional experience 3D designing. This
additional experience might have lowered the perceived difficulty of question 2. These
post-study 3D design results are similar to the post-study 3D printing results. This
indicates that a certain level of exposure to 3D design or 3D printing causes the difficulty
of question 1 and 2 to be similar.
Participants who answered confidently to question 3 were only participants who were
confident in both questions 1 and 2. This seems to uphold the notion that confidence in
question 3 is dependent confidence in question 1 and 2.
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8. End Product Analysis
This section will examine participants’ 3D models and printed objects from task 2. All
participants in task 2 were asked to design and print a tool that could be used in a
kitchen. This data was used to investigate the following within a 3D design program: the
percentage of 3D models that met the design requirement; the variety of designs, and
the novelty within a given group. The 3D printed objects were analyzed to determine
the number and type of printer related errors that occurred. This was explored to
determine whether there was any 3D design program and group combination that
reduced errors overall. The quality of the 3D models and 3D prints were also evaluated
against perceived 3D design and 3D printing ability to find the relationship between
actual ability and perceived ability.

8.1 Quality
Quality is a measurement of feasibility and the ability of a design to meet specifications
as defined by Shah (2003). Quality of the 3D models was determined with a binary scale.
Either the 3D model satisfied the specification: “a tool that can be used in the kitchen”
or the model did not. Specifically, a model satisfied the specification if it could be
recognized as a tool. Below is an example of a 3D model which satisfied the specification
(Figure 35), and one that did not (Figure 36).
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Satisfied:

Not satisfied:

Figure 35: 3D model which satisfied quality specification

Figure 36: 3D model which did not satisfy quality
specification

Table 14 shows the number of 3D models that satisfied the specification and did not
satisfy the specification for each 3D design software program. Most participants used
the entire allotted design time. The designs that did not satisfy the design requirement
were mainly due to participants not finishing their designs within the 20 minutes
allowed. The table displays the total number of 3D models and the quality percentage.
The quality percentage is the percentage of 3D models for each software program that
met the specification.

Satisfied

Not satisfied

Total

Quality

TinkerCAD

6

3

9

67%

3DTin

9

4

13

69%

Table 14: Quality of 3D models

These results show that the quality of 3D models created within the 3D design programs
were similar. About two-thirds of the 3D models in each program met the design
specification.

8.2 Variety
The 3D design programs were also evaluated by the amount of variety each program
produced. Variety was measured through a system developed by Shah (2003) and later
refined by Nelson (2009). This method quantifies the idea space used for a set of
designs. It gives an indication of how similar or dissimilar a group of designs are from
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each other in a set. This can be used to compare the idea space of two or more sets of
designs.

Two different varieties were calculated in this study. The first method focused on the
physical variety of the 3D models. This method examined the physical features of the 3D
models to calculate the variety score. This method only used the designs that satisfied
the quality specification. This restriction was placed to avoid falsely inflating a variety
score by incorporating a design that was incomplete.

The next method examined the concept (i.e. type of tool – spatula, adaptive spoon,
ladle, etc.) that participants modeled. This method incorporated all designs and did not
analyze any physical features. The purpose of this measurement was to understand if
the design concepts that participants generated were influenced by the 3D design
program.

A genealogy tree was created for conceptual and physical variety of each software
program. Ideas were first separated by major distinctions then minor ones. The
conceptual and physical trees for each 3D design program are located in Appendix F and
Appendix G. The tree was used to assign weights to the levels of distinction. This system
uses four levels – physical principles, working principles, embodiment and detail. The
formula and an explanation of calculating Variety is located in Appendix H.

The results of the physical and conceptual variety for each 3D design program are Figure
37. The results show that TinkerCAD participants had a larger physical and conceptual
variety than 3DTin participants. This indicates that TinkerCAD has better affordances for
generating physical and conceptual differences that use more idea space than 3DTin.
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TinkerCAD and 3DTin
Physical and Conceptual Variety
Variety Score

8.00
6.00

6.40

5.63

4.50 4.75
Physical

4.00

Conceptual

2.00
0.00
TinkerCAD

3DTin

Figure 37: Physical and Conceptual Variety

8.3 Group Novelty
The novelty for each idea within the TinkerCAD and 3DTin idea space was calculated.
Novelty as defined by Shah (2003) is the measurement of how unique an idea is
compared to others. The average novelty was calculated for each group to determine
how unique each group’s ideas were from another’s. Novelty was calculated by a
formula first developed by Shah (2003) then refined by Peeters (2010). The Novelty
equation and further explanation of the formula is located in Appendix I.

The average novelty was calculated for the conceptual ideas. It was not calculated for
the physical ideas due to its small and varied sample size in each group. The conceptual
novelty will provide some helpful insight about ideation on how unique each idea was to
a group within a 3D design program. Figure 38 and Figure 39 show the average novelty
of each group separated by TinkerCAD and 3DTin.
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1.00
0.80

0.72

0.71

0.83

3DTin
Average Conceptual Novelty

Average Conceptual Novelty

TinkerCAD
0.71

0.60
0.40
0.20
0.00
A

B

C

D

1.00
0.80

0.76
0.67

0.69

B

C

0.61

0.60
0.40
0.20
0.00
A

Group

D

Group

Figure 38: TinkerCAD group novelty

Figure 39: 3DTin group novelty

The range of novelty scores for individual TinkerCAD designs was from .65 - .83. When
averaged by group, groups A, B, and D fell within .71 and .72. Group C, however, had an
average that matched the maximum range. This indicates the open-endedness of Group
C’s task 1 might have prepped those participants for novel idea generation in the second
task. This also suggests that the other TinkerCAD groups’ first task supported novel idea
generation to a similar extent.

3DTin had individual designs that ranged from .59 to .92. However, most groups fell
around or below the midpoint of the range (.75). This indicates that there wasn’t a
group that stood out as having designs with high novelty.

8.4 3D Printed Errors
All participants printed objects after task 2. The number and type of errors associated
with the 3D printed objects were documented for each software program. The types of
errors found were caused by 1) lack of support material, 2) object partially placed off
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platform, and 3) features being too small to print accurately. An example of each error
type is listed in Table 15.

Print

Comment
Letters were not
accurately represented
on surface due to their
small size and printer
accuracy ability.

Too small to print
accurately

Object partially off
platform

Full object width was
not printed because
object extended past
the 3D printer build
platform.
The handle was
cantilevered without
support causing poor
quality.

No support material

Table 15: Printed model errors

The number of participants without an error for TinkerCAD was 4 out of 9 participants
and 5 out of 13 participants for 3DTin. The number of participants with an error or
error-free are shown in Table 16. The results are broken up by software and group. This
table shows that errors seem to be mostly distributed across the different software
programs and across groups. This seems to indicate that the previous experience in task
1 did not mitigate the occurrence of errors. All groups used the same 3D printer
program and 3D printer, therefore, these results specifically suggest that the experience
of using a different 3D design program does not mitigate printing errors.
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TinkerCAD

3DTin

Error

Error-free

Error

Error-free

A

1

2

2

1

B

1

1

2

2

C

1

1

3

0

2

0

1

2

D

Table 16: Error and Error-free participants

All of the participants, except for one, had only one type of error. One 3DTin participant
in group B had two errors. The type of error and its percentage of occurrence are found
in Figure 40 for TinkerCAD and Figure 41 for 3DTin. The most common type of error for
each software program was the lack of support material. The next type of error had to
do with size for both programs. For TinkerCAD, objects were sometimes too big or too
spread out when printed and did not fit on the 3D printed platform. 3DTin seemed to
have the opposite problem. Objects were at times too small to be printed accurately by
the printer.
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TinkerCAD

3D Tin

No Support Material

No Support Material

Too small to print accurately

Too small to print accurately

Object partially off platform

Object partially off platform

22%
40%

60%
78%

Figure 40: TinkerCAD print errors

Figure 41: 3DTin print errors

This data seems to indicate the physical printed errors did not vary much by 3D design
program or group. All first-time users had errors associated with understanding the
constraints of the 3D printer.

8.4.1 3D Prints and Perceived Printing Ability
The 3D prints were evaluated to understand the relationship between errors and
perceived ability. Figure 42 shows the average perceived 3D printing ability of
participants who had an error and those who were error-free. The results are separated
by software program. The results show similar averages between error and error-free
participants for both 3D design programs. This suggests that actual 3D printing ability is
independent of perceived printing ability.
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Post-study
"I can 3D print a 3D model"
Strongly Agree

10
9
8
7
6
5
Neutral
4
3
2
1
Strongly Disagree
0

Error
Error-free

3DTin

TinkerCAD

Figure 42: post-study perceived 3D printing ability and actual ability

8.4.2 3D Design and Perceived Design Ability
The 3D designs were evaluated to understand the relationship between actual and
perceived design ability. This was evaluated using the previously discussed quality
metric. Participants perceived 3D design ability ratings were averaged for those who did
not satisfy the quality requirement and for those who did. Figure 43 shows the
averages. These results were not separated by 3D design program due to the small
number of designs that did not meet the requirement: 3 for TinkerCAD and 4 for 3DTin.
The results show a difference in perceived ability of the two groups. Participants with
poor quality designs had lower perceived ability ratings than those with designs that
met the quality requirement. Participants who met the requirement tended to agree
with the state “I can design a 3D model.” Participants who did not meet the quality
requirement tended to disagree. This suggests that a successful experience producing a
quality 3D design might be needed to instill confidence in 3D designing ability.
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Post-study
"I can design a 3D model"
Strongly Agree

Neutral

Strongly Disagree

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
.0
Not satisfied

Satisfied
Quality

Figure 43: Actual and perceived design ability
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9. Conclusion
9.1 Limitations
This study included a range of participants from 18-65 years old and both male and
female genders. The small sample size and random placement into groups led to an
uneven distribution of age and gender in some of the groups. It is recommended that
future studies assess training methods with an even distribution of age and gender in
order to fully take into account any differences. This uneven distribution and small
sample size makes it difficult to determine how these results can be generalized.

This study used adults instead of focusing on educators. This limits the ability of the
study’s findings to be applied to educators. However, it is still believed this study
provides useful insights and groundwork for future research. These insights are outlined
in the following section.

9.2 Summary
The goal of this thesis was to support the USAID grant Prepare and Inspire in developing
educational maker spaces for high school students in Indonesia. This thesis specifically
explored different training methods in 3D design and 3D printing to gain insights on
training educations on making equipment. A summary of the insights and training
recommendations is listed below:

9.2.1 Usability
The usability of the programs was found to affect participants’ perceived ability to 3D
design and 3D print. This emphasizes the need for user-friendly tools in training.
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Participants assigned to the more user-friendly program (TinkerCAD) tended to have a
higher perceived ability. The need for user-friendly software was also found by
Moilanen and Vaden (2013) who surveyed a 3D printing community. The authors found
that one concern of the community was the ease of use of the software and hardware
relating to 3D printers and 3D designing. This was seen as a barrier for 3D printers
becoming more main stream.

A method of quickly assessing a program’s usability for the purpose of assigning a
training method should be investigated in future studies. Results of this study indicate
that usability could be determined by giving participants a prompt to elicit an
interaction with a user interface. Then participants could rate whether they feel
confident or not confident in their ability afterwards. This information could be used to
determine a training approach.

9.2.2 Instructional Approach
The affordances of a user-friendly 3D design program seemed to enable participants to
feel confident in their perceived ability with few training elements (such as only the
equipment and a prompt). This finding is especially important for educators due to their
perceived barriers around lack of resources.

9.2.3 Perceived Ability over Time
There was indication in this study that the first interaction with 3D designing and/or 3D
printing effected later interactions. This emphasizes the importance of participants’
introductory experience.
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9.2.4 Task Difficulty and Perceived Ability
The results of the study show that participants who consider a task difficult can have
higher perceived ability than those who considered a task ‘just right.’ One TinkerCAD
participant even wrote: “Instruction would have made it easier at first, but I feel that it
was good to struggle through the first steps. That way once I figured out how to do
something it stuck as I figured it out myself instead of being told about it.” This
demonstrates that perceived task difficulty is not necessarily an indication of perceived
ability.

9.2.5 Perceived Ability to Teach and Facilitate
A certain level of training seemed to lead participants into perceiving the difficulty of 3D
designing and 3D printing to be similar to the perceived ability of teaching 3D design and
3D printing to another person. However, facilitating another’s learning experience is
perceived as a more difficult task. This is important consideration when training
educators. This emphasizes a need to explore ways to train facilitation which tends to
be the style of teaching within a maker space.

9.2.6 The Influence of 3D Designing on a 3D Designing and 3D Printing Task.
Participants tend to make mistakes when 3D printing. However, the errors do not seem
to affect perceived 3D printing ability. Participants who have poor 3D designs tend to
perceive their 3D designing ability as low. These results follow a trend that participants
tend to focus on 3D designing. This is supported by participants tending to feel prepared
for a task in 3D printing and 3D designing when given an opportunity to interact with
the 3D design program. This emphasizes a need for strong 3D designing training as
opposed to 3D printing to support perceived ability.
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9.2.7 Actual Ability
Participants tended to make errors in 3D printing. This matched previous literature by
Schmidt and Ratto (2013) who found that users did not understand the constraints of
3D printers. Similar errors found by Schmidt and Ratto (2013) and in this study were due
to understanding the 3D printing process around overhangs and tolerances. This thesis
study also found additional issues around placing parts to fit properly (in size and
location) on the 3D printer platform. There is further investigation needed in
understanding how users perceive and mitigate these issues.

9.3 Future Research
Surveys of educators (Ming-Chien et al. 2011, Fulton et al. 2006 and Coppola et. al 2015)
found that barriers for implementing STEM included lack of time and knowledge.
Limited time and difficulty in utilizing interfaces might affect what educators and
students are able to create. An example of this was found when comparing the variety
of the two 3D design programs. TinkerCAD produced higher variety scores than 3DTin
indicating that the interfaces affected the diversity of designs. This issue is especially
important when considering the need for teaching creativity to support innovation and
problem solving. Limitations in understanding interfaces might also impact the
knowledge and skills that users develop in STEM. Therefore, it is recommended that
additional research is conducted around the impact of interfaces on the physical and
digital representations that users create.
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Appendices
Appendix A: 3D Printer, 3D Printer Program and 3D Design
Programs

Figure 44: Bukito Portable 3D Printer by Deezmaker - http://deezmaker.com/bukito-portable-3d-printer/

Figure 45: MatterControl by MatterHackers - Software Interface - http://www.mattercontrol.com/

Figure 46: TinkerCAD by Autodesk - program interface - https://www.tinkercad.com/

Figure 47: 3DTin by Lagoa – program interface - http://www.3dtin.com/
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Appendix B: TinkerCAD and 3DTin Tutorials

Figure 48: TinkerCAD tutorial

Figure 49: 3DTin Tutorial
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Appendix C: Questionnaire
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Appendix D: Usability Heuristics
Error Description
Heuristic
TinkerCAD
3Dtin
2. Visibility of system status  The system is missing  The system is missing
information that
information that
indicates the
indicates the
dimensions and/or
dimensions and/or
scale for workspace
scale for workspace
and object(s)
and object(s)
 The system is missing  The system is missing
feedback on whether
feedback on whether
objects are touching/
objects are touching/
connected
connected
 The system is missing
feedback that erase
mode is active
 The system is missing
feedback on what the
3D part will look like
from the 2D editor
version
 The system is missing
feedback as to the
location of the saved
3D model file
 The system is missing
feedback that supports
the user in determining
if objects are aligned
2. Match between system
and the real world




The system uses

unfamiliar export file
types
The system uses

unfamiliar
manipulation the
mouse to control the
view angle
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The system uses
unfamiliar export file
types
The system uses
unfamiliar
manipulation the
mouse to control the
view angle

3.

2.
3.
4.

Error Description
Heuristic
TinkerCAD
3Dtin
Match between system  The system uses
 The system uses
and the real world
unfamiliar logic and
unfamiliar logic that the
order with the
‘Save As’ option stores
‘download to 3D print’
the 3D model file
option being located
within web based
under the ‘Design’
program, not in the
menu
computer’s drive
 The system uses an
 The system uses an
unfamiliar convention
unfamiliar convention
that the arrow on top
that one must select
of the object controls
the ‘download’ button
it’s z-axis position
twice to download
model
 The system uses
unfamiliar convention  The system uses
that the keyboard
unfamiliar
delete button is the
convention/logic to
control that removes
scale objects – selecting
objects
X, Y, or Z will remove
that plane from being
 The system uses
scaled
unfamiliar logic/order
that the align objects
option is under the
‘adjust’ menu
User control and freedom
 The system lacks
support on how to exit
‘erase’ mode
 The system lacks
support for on how to
exit ‘add object’ mode

2. Consistency and standards

Help and documentation 

System does not
provide
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To add template parts
to the work plane, user
selects ‘add.’ But to add
a created geometry,
user selects ‘build.’



System does not
provide

Appendix E: Perceived Ability Correlation Matrices
Mid-study correlations - design ability
Question
1

1

2

Pearson Correlation

1

.801

Sig. (2-tailed)
2

Pearson Correlation

.000
**

.801

Sig. (2-tailed)
3

Pearson Correlation

3
**

1

.000
**

.656

Sig. (2-tailed)

** Correlation is
**

.656

.001
**

.881

significant at the
0.01 level (2tailed).

.000
.881

.001

**

1

.000

Mid-study correlations - print ability
Question
1

1

2

Pearson Correlation

1

.964

Sig. (2-tailed)
2

Pearson Correlation

.000
**

.964

Sig. (2-tailed)
3

Pearson Correlation

3
**

1

.000

.759

.000
**

.706

significant at the
0.01 level (2tailed).

.000

**

.759

Sig. (2-tailed)

**Correlation is
**

.706

.000

**

1

.000

Post-study correlations - design ability
Question
1

1

2

Pearson Correlation

1

.851

Sig. (2-tailed)
2

Pearson Correlation
Sig. (2-tailed)

3

Pearson Correlation
Sig. (2-tailed)

3
**

.000
**

.851

1

.000

**Correlation is
**

.784

.000
**

.853

significant at the
0.01 level (2tailed).

.000

**

.784

.853

.000

**

1

.000

Post-study correlations - print ability
Question
1

1

2

Pearson Correlation

1

.944

Sig. (2-tailed)
2

Pearson Correlation
Sig. (2-tailed)

3

Pearson Correlation
Sig. (2-tailed)

3
**

.000
**

.944

1

.000

**Correlation is
**

.718

.000
**

.803

.000

**

.718

.803

.000

**

.000
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1

significant at the
0.01 level (2tailed).

Appendix F: TinkerCAD and 3DTin Conceptual Variety
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Appendix G: TinkerCAD and 3DTin Physical Variety
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Appendix H: Variety Equation
∑
𝑉𝑎𝑟𝑖𝑒𝑡𝑦 =

4

𝑏

𝑘=1

𝑘
𝑆𝑘 ∑𝑙=1
𝑑𝑙

𝑁−1

The above formula was used for measuring variety. The formula is calculated after
developing a genealogy tree from a group of designs. The genealogy tree separates
designs by major distinctions then minor ones. The formula sums the number the
differentiations (d) at node l. The differentiations are the number of branches (b) from
the previous level’s nodes minus one. The sum of differentiations at each level (k) is
multiplied by a weight (S) assigned to that level (k). The first level is given the highest
weight of 10 and each consecutive level is given a smaller one (5, 2 and 1) as
recommended by Nelson (2009). The weights help to denote greater distinctions
between the ideas. The sum of each level’s weight times by total differentiations is
divided by the total number of designs (N) minus 1 (Nelson, 2009). An example is listed
below which shows the genealogy tree and associated values for the different variables.
Inside each box is the number of similar designs at that level.

Figure 50: Variety calculation example
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Appendix I: Novelty Equation
Novelty was calculated with the below formula. It uses the same genealogy tree and
weights as the variety measurement.

𝑁𝑜𝑣𝑒𝑙𝑡𝑦 =

𝑁 − 𝑛𝑘
𝑁
4
∑𝑘=1 𝑆𝑘

∑4𝑘=1 𝑆𝑘

This formula follows an idea trajectory in the genealogy tree and a novelty score is
calculated for each design. The total number of designs (N) is subtracted by the number
of designs that are grouped with a specific design (n) at level (k). This number is then
divided by N. That fraction is multiplied by the level’s weight. This product is summated
at every level and then divided by the summation of the weights. An example is listed
below which shows the same genealogy tree as the variety example and associated
values for the different variables. Inside each box is the number of similar designs at
that level which are used to calculate a particular design’s novelty score.

Figure 51: Novelty calculation example
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