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ABSTRACT
Limited academic course offerings and high barriers to incorporate industrial Additive
Manufacturing (AM) systems into education has led to an underserved demand for a highly skilled
AM workforce. Virtual reality (VR) has been shown to be an effective assistive tool in the
engineering design process, aiding designers in ergonomics studies, data visualization, and
manufacturing simulation, yet there is little research exploring the advantages of VR to assist in
AM education and training. In this research VR is used as a tool to teach introductory design for
additive manufacturing (DfAM) concepts and to evaluate parts designed for AM. This thesis
investigates the advantages that VR may have over traditional methods to teach DfAM concepts,
evaluate parts for DfAM, and improve self-efficacy and other self-reported metrics. The first study
presented in this thesis uses VR to teach introductory AM concepts and compares knowledge
gained to that from a real-world physical scenario. The study assesses participants’ AM knowledge
through pre-/post-AM lesson evaluation. DfAM conceptual knowledge gained and changes in selfefficacy are evaluated to make an argument for the effectiveness of VR as an AM learning tool. In
this study it was found that both interactive and passive VR may indeed be used to effectively teach
introductory concepts of AM; advantages to using interactive VR for improving AM self-efficacy
were also discovered. The second study presented in this thesis uses VR as a DfAM design
evaluation tool and compares it to a more traditional method of design evaluation: Computer Aided
Design (CAD). These two environments: (1) Immersive virtual reality (VR) and (2) NonImmersive virtual reality (CAD) are studied to uncover the advantages that each environment gives
to designers when assessing parts for AM suitability. Participants familiar with DfAM are tasked
with evaluating five designs of varying complexity using a DfAM Worksheet from the literature.
Participant scores, evaluation times, and self-reported metrics are recorded and analyzed. Findings
in this study identify VR as a design evaluation tool that enhances evaluation speed, which speaks
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to its efficiency and usability. However, VR in its current form may not be as accurate for
evaluation when compared to CAD. When taken as a whole, the studies presented in this thesis
demonstrate that VR can be used as an effective tool to teach introductory concepts of DfAM and
evaluate parts designed using DfAM techniques, potentially expanding the reach of current DfAM
design and education efforts.
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CHAPTER 1
INTRODUCTION AND MOTIVATION

1.1.

THE GROWING NEED FOR AN ADDITIVE MANUFACTURING WORKFORCE
Additive manufacturing (AM) is a rapidly growing industry and is expected to reach a

worldwide revenue of over $21 billion by the year 2020 [1]. For this reason, AM is becoming an
important means of manufacturing [2,3], and as the industry grows, demand for a skilled AM
workforce grows with it. AM presents us with many manufacturing advantages, though there are
still constraints in AM that affect manufactured parts that must be considered in the design process
[4]. Design considerations like support generation, minimum feature size, and stress concentrations
define the overall quality of a part and can increase cost and production time. AM also places more
responsibility on the designer because the technology is capable of creating more complex designs
when compared to traditional manufacturing technologies like casting and machining. AM presents
new manufacturing opportunities, but it comes with new restrictions as well; this necessitates a
better understanding of key design for additive manufacturing (DfAM) concepts in addition to
improved design evaluation tools.
The demand for a skilled AM workforce is not currently being met due to the limited
quantity of academic courses [5] and limitations of Computer Aided Design (CAD) and evaluation
tools. This failure to meet AM demand may also be attributed to the high cost of purchasing and
maintaining advanced AM systems (particularly with metal AM), which limits the ability to include
them in many educational programs [6].
To keep pace with the rapid growth of AM technology and its prevalence in engineering,
universities around the world are beginning to develop courses centered on AM [7,8] though these
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courses fail to scale to a wider audience and or more complex AM technologies due to the handson nature of their curriculum and locational constraints. Thanks to the low cost of desktop extrusion
machines [9], many who are interested in learning more about AM may purchase their own machine
and learn from free online videos and courses. However, the barrier to teach metal AM online is
exceptionally higher given the cost and infrastructure needed for such systems, as well as the
expertise needed to run them [6]. The tools for evaluating parts designed for additive manufacturing
are also limited. Currently, parts designed for AM are typically evaluated preemptively using
traditional CAD software or specialized build preparation software. Parts may also be evaluated
physically, but this requires the component to actually be produced with AM or prototyped through
other means.

1.2.

THE POTENTIAL OF VR TO SUPPORT DFAM
One technology that has the potential to reduce educational barriers, enhance design

evaluation, and enable scaling is virtual reality (VR). For the VR hardware used in these studies,
VR is defined as: a synthetically generated three-dimensional environment presented to the user
though a head-mounted display complete with controls that provide the option for environment
manipulation [10]. Interactive VR allows users to not only observe a surrounding artificial
environment but also give them the ability to manipulate their environment by gripping objects,
adjusting their view, and moving components.
In addition to interactive VR, part of this thesis explores the capabilities of passive VR. In
passive VR, users can no longer interact with the objects around them. This is of interest because
it is more applicable to low barrier-to-entry VR systems like Google Cardboard [11], where users
only interact via a head mounted display. The new abilities and accessibility that VR brings to
education and training have recently encouraged researchers to investigate how to use VR to
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enhance learning into their curriculum [12]. VR may act as a readily accessible tool to teach the
concepts of AM, as it will allow interactive and scalable access to more advanced AM technologies
without the equipment, infrastructure, and barriers typically associated with industrial AM systems.
VR may also improve the efficiency of DfAM evaluation in that the technology combines the
visualization of a CAD environment (evaluating a part before manufacture), with the manipulability
and intuitiveness of a physical environment [4,13].

1.3.

RESEARCH GOALS
The goal in this thesis is to explore how VR may be beneficial as a DfAM training and part

evaluation tool. This thesis is categorized into two separate research objectives intended to
investigate the benefit of VR as a training tool for introductory AM concepts, and to investigate the
benefit of VR as an evaluation tool for parts designed for AM.
Research Objective 1: The aim in this research objective is to explore VR as a possible
alternative to traditional hands-on DfAM concept training by enabling interactive and passive
learning in an artificial (i.e., virtual) environment. A controlled study was used to determine
whether or not VR was effective in teaching general design and manufacturing concepts related to
AM.
Research Objective 2: The second research objective is to quantify the advantages (or
disadvantages) of using VR as a DfAM evaluation tool when compared to traditional CAD. A
controlled study was used to determine whether VR presented any advantages in DfAM evaluation
in terms of accuracy of evaluation, evaluation time, and self-reported metrics.
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1.4.

THESIS OUTLINE
To achieve these two research goals, this thesis presents relevant literature, two studies

investigating the use of VR in DfAM, and a conclusion that summarizes research findings and
avenues of future work. Chapter 2 reviews literature pertaining to design for AM, AM in education,
VR in education and design, and preliminary work importing designs in VR. Chapters 3 & 4 expand
on two studies investigating the use of VR in aspects of DfAM. Chapter 3 introduces a study
investigating the use of VR to teach introductory AM concepts. This chapter contains related
research questions, the participants involved, the experiment procedure, the content of each lesson,
metrics used, data analysis, and discussion addressing each research question. The study compares
AM learning and self-efficacy between four participant groups: (1) Passive VR, (2) Interactive VR,
(3) Passive REAL, and (4) Interactive REAL; these four groups are fully defined in Chapter 3.
Chapter 4 contains a related study investigating the use of VR to evaluate parts designed for AM.
Similar to Chapter 3, Chapter 4 starts by first introducing the study, then outlining research
questions, discussing participants involved, the experiment procedure, methods used, data analysis,
and discussion as it relates to each research question. The study in this chapter compares DfAM
evaluation accuracy, evaluation time, and DfAM evaluation self-efficacy between two groups: (1)
Immersive VR (VR) and (2) Non-Immersive VR or CAD. These two groups involved in the study
are fully defined in Chapter 4. Finally, Chapter 5 draws conclusions from the research findings and
proposes avenues for future work.
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CHAPTER 2
LITERATURE REVIEW AND PRELIMINARY WORK

2.0.

INTRODUCTION
This thesis draws on three bodies of literature to motivate the research. Specifically, design

for AM, AM in education, and VR in education and design are all explored to provide context for
the challenges currently facing each field and how the integration of AM and VR can fill a crucial
research gap. This chapter also discusses preliminary work performed to create the VR build
environment that makes this research with VR and AM possible.

2.1.

DESIGN FOR ADDITIVE MANUFACTURING
Additive Manufacturing (AM) is an evolving process with extensive support and

development through the maker movement as well as growing prevalence in industry [14,15]. A
wide range of AM processes allows manufacturing from nanoscale fabrication to large-scale
production and appeals to many different makers in research, industry, and education. Unlike
traditional, subtractive manufacturing methods, AM utilizes layer-by-layer material deposition to
“grow” previously impossible designs from the bottom up through processes like material
extrusion, powder bed fusion, vat photopolymerization, material jetting, binder jetting, sheet
lamination, and directed energy deposition [14]. This layer-by-layer manufacturing approach
enables a variety of unique opportunities to create more complex geometries [16,17], unique
material compositions [18], optimized designs [19,20], customized products [21,22], consolidated
designs [23], multi-material specimens [24], embedded components [25,26], integrated electronics
[27], and functional assemblies [28]. Despite the many opportunities, designers are also faced with
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many challenges in AM. Problems such as long build times, support structures, undesirable surface
quality, and anisotropic behavior [15,29]. With its unique opportunities and challenges, AM
requires the development of specialized design processes and practices, collectively termed design
for additive manufacturing, or DfAM, to ensure that AM is reaching its maximum potential [30,31].
DfAM requires a different way of thinking about product design due to increased complexity of
parts and process capabilities.
One of the most common forms of DfAM guidance currently available is in the form of
design heuristics or guidelines. One such proposed design methodology examines DfAM from
either the restrictive elements, the opportunistic elements, or the combined elements of AM
processes when designing a part [32]. This methodology identifies the necessary design
considerations for whether a component can (and should) be developed using AM [33]. By
focusing on these design elements of AM, designers can amplify the opportunities of AM while
reducing complications and shortcomings.
Another approach to DfAM involves generalized AM guidelines that can be used to
examine specific and common features throughout designs and proposes better practices for AM
[5]. A high-level list of 29 AM design heuristics was developed to assist designers in the early
stages of DfAM product development. The 29 selected heuristics were validated using two product
design case studies[34]. The DfAM worksheet was designed to assist and educate novice and
intermediate designers to improve AM part quality. The worksheet has demonstrated a reduction
in “bad parts” designed for AM by requiring designers to consider eight factors [35]: (1)
Complexity, (2) Functionality, (3) Material Removal, (4) Unsupported Features, (5) Thin Features,
(6) Stress Concentration, (7) Tolerances, and (8) Geometric Exactness. An analysis of print failures
was used to successfully validate the worksheet’s effectiveness. The worksheet takes about 5 min
on average to use, with an 83% drop in number of failed prints after its use [35]. The most
commonly reported problems with the designs were functionality and tolerances.
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2.2.

ADDITIVE MANUFACTURING IN EDUCATION
The concepts of AM and DfAM are becoming more prevalent in industry, creating the need

to expand training and education on the subject [36]. Programs around the country are incorporating
DfAM in their curriculum to address this industry need [37,38]. Still, more can be done to improve
the scalability of this knowledge and improve DfAM design tools, and other resources. AM has
proven to have a positive educational impact in the classroom. AM gives young designers the
ability to quickly detect and verify design errors [39], encourage collaboration in group projects
[40], and encourage peer-to-peer learning changing the teacher’s role to facilitator [41][16].
Universities are starting to see the benefits of AM and DfAM in education and are
developing programs to teach this emerging technology. Michigan Tech developed an open source
online tutorial to allow students to learn 3D printer assembly and use [42]. Similarly, MIT has
proposed a framework for teaching the fundamentals of AM involving interaction with desktop
AM machines to learn the advantages and limitations of the process [8]. Cranfield University now
offers MSc courses in AM to teach process overview, system design, materials and qualification
[43]. The Pennsylvania State University and University of Maryland now both have their own
graduate programs in AM, the prescribed courses explore the scientific backgrounds of AM, the
processes involved, design for AM, materials for AM, production considerations, and hands-on
laboratory experience [37,44]. Similarly, The University of Texas El Paso and Auburn University
offer certificates in AM [45,46]. Georgia Tech, NC State, and a few other universities offer courses
that cover similar subjects within AM, including process overviews, applications, design, software,
and hardware [5]. However, the immersive laboratory experience included in these courses is not
always possible; lab equipment, class size, and available assistants all serve as limitations to
expanding the reach of AM and DfAM in education. There is also no formalized agreement on
which DfAM concepts students should know. While there is a commonly used AM textbook [47],
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it does not necessarily cover every AM topic in depth. To address these issues, material extrusion
machines with lower barriers to entry are emerging, giving students access to AM in an engaging,
safe, and cost-effective way.
With the growth of the maker movement, the democratization of desktop material extrusion
systems has made the technology increasingly accessible [9]. These machines are relatively
inexpensive and are more commonly being used in the classroom allowing for more hands-on
laboratory experience. Comparatively larger, more expensive AM systems such as sheet
lamination, binder jetting, material jetting, powder bed fusion, and directed energy deposition [14]
are often too expensive to be used outside of specific lab environments with matching infrastructure
capabilities [48]. This is an issue as the majority of AM is still being learned informally [14]. These
machines are likewise rarely seen in a classroom setting due to their high cost and complexity. A
prominent gap in AM education is evident; students have limited access to the full range of AM
processes. VR has the capability to eliminate the infrastructure and personnel typically needed for
teaching industrial scale AM. By combining AM with VR, there is the opportunity to efficiently
expose engineers to these high barrier-to-entry AM machines in an engaging way.

2.3.

VIRTUAL REALITY IN EDUCATION AND DESIGN
Historically, VR use required a vast range of expertise [49], limiting adaptation of the

technology; more recently however, high fidelity consumer-grade VR has emerged at a low price
point [50]. Now that the technology is more accessible, there is a growing interest to incorporate
VR to aid with education and design [51]. Immersive VR has the potential to improve involvement
through interaction, overcome the limitations of traditional lecture, and reduce the costs associated
with operating and maintaining a lab-workspace. Immersive VR technology has shown to improve
spatial understanding, interactive task performance, and reduce information clutter when compared
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to non-immersive systems. This makes immersive VR a great candidate for an educational tool
[52]. Interactivity, realism, cooperation, and immersion with the added excitement of new
technology can inspire students and designers to be more engaged in their tasks. As an example,
the ability to immerse students within virtual games and simulations has been effectively used to
stimulate interest in high school level courses related to math, science, and humanities [53].
Immersive VR has also been demonstrated as an effective tool in higher education. It was found
that students in an immersive VR environment could assemble a product faster than students who
were interacting with a non-immersive VR system. This suggests that students learning in an
immersive VR environment have better performance outcomes [54]. Prior attempts have been made
using various VR technologies to teach aspects of AM. Non-Immersive, interactive VR was used
in a case study to teach setup and support for a material extrusion machine with the help of a
teaching assistant [55]. Similarly, an immersive C.A.V.E system was used to simulate the material
extrusion process by translating G-code to virtual animations, and allowed users to modify
manufacturing settings and learn how these modifications will affect their design [56]. Stratasys
developed a free to use immersive passive demonstration of one of their large scale AM
technologies to demonstrate the capabilities of their technology [57]. Augmented reality was also
explored as an educational AM resource to enhance self-teaching of the AM process [58]. While
literature involving the use of VR to teach aspect of AM is growing there is still much to be
explored. Process overview, tool path visualization and machine operation seem to be the common
educational themes in these studies; less commonly explored in these VR simulations are design
considerations for the AM process and the interactions required between components to make AM
possible. The available literature also does little to explore the effect that various virtual
environments and teaching techniques might have on AM education.
In addition to its success in educational environments, VR has also proven to be beneficial
as a design tool outside of the classroom [59]. In 1997 it was envisioned that CAD programs would
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soon converge with VR to enhance product design and quality, reduce fabrication time, and
tangentially reduce design costs [60]. More recently, the cost for VR has lowered, and VR has been
shown to be effective in aspects of product design, ergonomics [61], teamwork [62], and confidence
[63,64]. VR has also shown to improve perceived learning and enjoyment when compared to
traditional 2D displays typically associated with CAD [65]. Additionally, the technology has been
shown to shorten manipulation times when compared to working in real-world environments [66]
and 2D displays [67]. VR presents advantages over traditional CAD in areas of product dissection,
product design and educational lab environments [62], strengthening the argument that VR should
be combined with CAD to make for a more powerful design evaluation tool. The advantages of
VR have yet to be explored in DfAM, where geometric complexity is a common design feature.
Due to its demonstrated ability to improve training and design in an engaging way, VR technology
may provide a useful platform to teach DfAM concepts and evaluate parts designed for AM.

2.4.
PRELIMINARY WORK: IMPORTING AND INTERACTING WITH DESIGNS IN
VIRTUAL REALITY
Prior to investigating the impact that VR has on DfAM, it was necessary to build a virtual
environment representing an AM machine and parts designed for AM. This was done because there
were no available virtual environments of this nature. This section outlines the workflow for how
one can model and simulate an interactive 3D printer in VR. To reproduce the VR-AM environment
created for this research, one needs a VR-ready computer, an HTC Vive Headset, access to CAD
files for the machine, modeling software (SolidWorks) to turn files into solid parts, gaming
software (Unity), and modeling software compatible with Unity (blender) to build the interactive
environment. These requirements will be discussed in detail to give a better understanding of how
an environment was created that allows engineers to import and interact with designs in VR.
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2.4.1.

HTC VIVE Headset and VR Ready Computer
To run the htc VIVE standard head mounted display [68] one needs a VR-Ready computer,

this typically involves a powerful graphics processing unit (NVIDIA GeForce GTX 1060
equivalent or better), and central processing unit (Intel Core i5-4590 equivalent or better). There
are pre-built desktops and laptops listed as VR ready that are available in today’s market; there are
ways to build a custom VR-ready desktop as well. The exact PC specifications used in this thesis
are listed in Table 1. Setting the HTC VIVE up as a developer is a separate process and is discussed
in the following sections.
Table 1: Hardware Used in VR Experiments
Hardware
VR System
Motherboard

Details
HTC Vive Standard HMD
MSI Enthusiastic Gaming Intel Z270 DDR4 VR Ready HDMI
USB 3 ATX Motherboard (Z270 GAMING M7)

CPU

Intel 7th Gen Intel Core Desktop Processor i7-7700K

CPU Cooler

Cooler Master Hyper 212 EVO RR-212E-20PK-R2 CPU
Cooler with 120mm PWM Fan

Power Supply

EVGA SuperNOVA 850 G2, 80+ GOLD 850W, Fully
Modular, EVGA ECO Mode
EVGA GeForce GTX 1080 Ti SC Black Edition GAMING,
11GB GDDR5X, iCX Cooler & LED, Optimized Airflow
Design, Interlaced Pin Fin Graphics Card 11G-P4-6393-KR

Graphics Card

RAM (16 GB)

Kingston Technology HyperX FURY Black 32 GB Kit 2133
MHz CL14 DIMM DDR4 Internal Memory

Solid State Drive (boot drive)
Case

Crucial MX300 1TB SATA 2.5 Inch Internal Solid State Drive
MasterCase Pro 5 Mid-Tower Case with FreeForm Modular
System, Window Side Panel, dual handle design

Mechanical Hard Drive (Extra Seagate 1TB BarraCuda SATA 6Gb/s 64MB Cache 3.5-Inch
Storage)
Internal Hard Drive
Wifi Adapter

TP-Link Wireless Dual Band PCI Express Adapter

CD Drive

Asus 24x DVD-RW Serial-ATA Internal OEM Optical Drive
DRW-24B1ST Black(user guide is included)

Operating System

Windows 10 Education OS
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2.4.2.

Importing, Repairing, Modeling, and Assembly in SolidWorks
The AM machine that was used for this study was the Lulzbot Taz 6 material extrusion

system. The majority of files were sourced from the Lulzbot Open Source Downloads folder [69].
Practically all parts for the Taz 6 were available in either STL or Part Drawing formats. The goal
for this step was to have all parts of the Taz 6 imported as SolidWorks parts so they may later be
assembled to represent a virtual material extrusion machine. There are multiple ways to import and
repair STL and other files; this section discusses the specific method that was used in the following
studies.
The majority of STL parts could be imported into SolidWorks as “Solid Bodies” and saved
as part files. Some STL parts could only be imported as surface bodies.This required that parts were
recreated using the surface body as reference, or any openings in the surface body were closed
using SolidWorks surfacing techniques to form a solid body. Some STL parts could only be
imported as graphics bodies, and this required part modeling using the graphics body as a reference.
There were many parts for the Taz 6 that could not be downloaded as STL files, likely because
these parts were manufactured though machining, stamping, and sheet metal forming. Instead, these
parts were attached to part drawing files; these drawings were used to recreate each part as a
SolidWorks part (see Figure 1).

Figure 1: Importing and Modeling in SolidWorks
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After all the parts of the Taz 6 were modeled as solid bodies in SolidWorks, they were
assembled virtually using SolidWorks. Using instructions found on the Lulzbot Taz 6 website, the
X axis, Y axis, Z axis, and frame were assembled separately and then brought together in one master
assembly (see Figure 2). The master assembly was then exported as multiple STL files. This was
done so the geometry of each part was individually saved, and the location of each part within the
assembly was saved as well. This ensured that if all STL files were imported at once they would be
imported into their assembly location. All STL files were saved in a single folder.

Figure 2: SolidWorks Assembly of Lulzbot Taz 6 Material Extrusion Machine

2.4.3.

Importing to Blender
Blender was used as an intermediate software between Unity and SolidWorks because

Blender files can be directly imported into Unity with part locations saved. Unity does not import
STL files or SolidWorks files. In Blender, STL files were imported from the single folder at the
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same time, and the model was checked to ensure there were not any parts missing or out of place
(see Figure 3). The imported STL assembly was then saved as a Blender document.

Figure 3: Opening STL Assembly Files in Blender for Inspection

2.4.4.

Importing to Unity
The Blender file containing the Taz 6 STL assembly was imported into the Unity Assets

folder. This file contained all parts of the TAZ 6 in the right assembly positions (see Figure 4). The
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asset was then moved into the Unity Scene builder or ‘Hierarchy’; from the scene builder the file
could be expanded to reveal all the parts the assembly was composed of (see Figure 4). Parent
objects were added in the scene editor (X axis, Y axis, Z axis, Frame), and the corresponding objects
were added within the parent objects. This was done to make coding movement easier. For example,
if the parent object is moved, then all the objects within the parent object move with it. After
organizing the objects into parent and child objects, every object was custom colored by attaching
a material to the object. This was done to emulate the true colors of the Lulzbot Taz 6 as close as
possible (see Figure 5).

Figure 4: File Imported to Unity Assets Folder. New Unity Asset Imported to Unity Scene
Builder ‘Hierarchy’. Unorganized Model Files Shown on Right
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Figure 5: Taz 6 Files Colored and Sorted into Parent Objects (X Axis, Y Axis, Z Axis, and
Frame)

2.4.5.

Creating a VR Environment in Unity
Developing a virtual environment for the htc VIVE in Unity required downloading the

SteamVR Plugin from the Unity asset store [70]. The asset is free, and it has pre-built skins for the
VIVE controllers (allowing users to see the controllers in-game). Once the Vive was running in
Unity, additional work was needed to make the controllers interact with imported objects. This
required attaching box colliders, and physics to the controllers and objects. Box colliders, Unity
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physics, and directional constraints were used to control the X, Y and Z axis movement of the
virtual Taz 6 machine using VR controls, as well as pick up and interact with other imported objects
(see Figure 6). The VR experience was later altered to create an experience that closer emulates a
real-world physical scenario as outlined in Chapter 3. A flow chart for the entire preliminary work
process can be seen in Appendix A.

Figure 6: Interactive Taz 6 In Unity VR

There is a growing interest in AM and DfAM in industry and education. As the technology
grows in prevalence the need for resources to design for and teach AM grow with it. VR was
selected as a design and educational resource for AM due to its published success in other aspects
of engineering design. Some prior research has been conducted exploring the benefits of using VR
with AM, though little research has been conducted to compare VR to other educational and design
environments used with AM. To explore this area of research, a workflow was presented for how
to import an AM machine (and other designs) into a VR environment. With the ability to interact
with AM in VR we designed two studies exploring the impact VR has on teaching introductory
AM concepts and evaluating parts designed for AM. The first study discussed in Chapter 3
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compares the learning of AM concepts between four different environments, Interactive VR,
Passive VR, Interactive Real-World, and Passive Real-World environments.
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CHAPTER 3
EVALUATING THE USE OF VIRTUAL REALITY TO TEACH
INTRODUCTORY CONCEPTS OF ADDITIVE MANUFACTURING

3.0.

INTRODUCTION
VR has proven to be beneficial in areas of engineering education and design, though its

benefits have yet to be explored to aid in AM training and education. AM encompasses many
technologies, some of which are too cumbersome to conveniently train students on in the
classroom. The AM community may benefit from using VR to scale the teachings of DfAM
concepts particularly on larger AM machines; however, it must first be shown that VR is capable
of teaching these concepts in an effective way using a smaller more accessible machine. The
following experiment was designed to investigate the differences in AM learning when exposed to
a VR learning tool compared to learning in a physical setting. The variables were also split by
interactive and passive learning, where those in the interactive group have the ability to grip objects
and adjust their view, and those in the passive group observed as a facilitator performed these
actions. Students participated in a lesson designed to teach introductory DfAM concepts in either
a physical (REAL) or virtual (VR) environment. Their understanding of AM was evaluated using
a pre-lesson and post-lesson survey covering AM self-efficacy and DfAM concepts discussed in
Section 3.5.

3.1.

RESEARCH QUESTIONS

The following research questions were addressed in this study:
RQ1: Will the AM conceptual lesson show an increase in AM learning regardless of
group?
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It was hypothesized that there would be an overall increase in AM learning due to the
design of the educational intervention.

RQ2: Is there a significant learning difference between participants exposed to an AM
lesson in a real-world physical setting, and those exposed to the same lesson in a virtual reality
environment?
It was hypothesized that there would be no learning difference between the real-world and
VR groups due to the high fidelity of the VR module compared to the real-world module.

RQ3: Is there a significant learning difference between those participating in the
educational intervention in an interactive manner and those participating in a passive manner?
It was hypothesized there would be a difference in learning between the interactive and
passive lesson exposure due to prior research outlining the benefits of interactive learning over
passive learning [52,71].

The following section address how the aforementioned research questions are investigated.
The educational intervention is outlined in Section 3.4, metrics are discussed in Section 3.5, results
are revealed in Section 3.6, and the implications of the results are discussed in Section 3.7.

3.2.

PARTICIPANTS
Participants were recruited from an undergraduate first-year engineering design course at

the Pennsylvania State University, University Park. The course uses active, project-based learning
to teach the engineering design processes and methods commonly used in team design projects. A
total of 107 students (81 male, 26 female) participated in the study with ages ranging from 18 to 20
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including one 26-year-old. Of the 107 students involved, 44 participated in the Interactive lesson
in Fall 2017, and 63 participated in the Passive lesson in Spring 2018. To reduce the likelihood of
seasonal effects, the two lessons were conducted during the same time in the semester. Furthermore,
the pre-test scores between the two semesters were compared to ensure there were no major
differences. The participants’ fields of study are shown in Table 2.

Table 2: Hardware Used in VR Experiments
Field of Study
Aerospace Engineering
Architectural Engineering
Biomedical Engineering
Chemical Engineering
Civil Engineering
Computer Engineering
Electrical Engineering
Engineering Science
Industrial Engineering
Math
Mechanical Engineering
Mining Engineering
Nuclear Engineering
Undecided
Total

Interactive VR
1
0
3
0
3
1
1
0
2
0
10
0
0
1
22

Passive VR
0
0
1
9
4
2
4
0
0
0
8
1
2
1
32

Interactive REAL
3
0
1
5
2
1
1
2
1
0
5
0
1
0
22

Passive REAL
5
1
5
5
3
0
3
0
3
1
5
0
0
0
31

For AM familiarity participants chose between 5 options: 1.) “I have never heard about 3D
printing before this.” 2.) “I have some informal knowledge about 3D printing.” 3.) “I have received
some formal 3D printing training.” 4.) “I have received a lot of formal 3D printing training” and
5.) “I am an expert on 3D printing and can proficiently print parts”. Similarly, for VR familiarity
participants chose between 5 options: 1.) “I have no experience using virtual reality before this” 2.)
I have had some informal training on how to use virtual reality.” 3.) I have received some formal
training on how to use virtual reality.” 4.) “I have received a lot of formal training on how to use
virtual reality” and 5.) “I am an expert on the use of virtual reality.” The majority of students either
had some informal knowledge about 3D printing (63) or had previously received some formal 3D
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printing training (38). The majority of participants had no experience in VR (69) or some informal
training (37), such as playing VR video games. Participant demographics and familiarity with AM
and VR technology may be seen in Table 3.

Table 3: Participant Demographics and Familiarity with Technology Organized by Experiment
Group

Number of Participants
Median Age
Male to Female Ratio
Median AM Familiarity Score
Mean years using AM
Median VR Familiarity Score
Median years using VR

3.3.

Interactive VR
22
18
18:4
3
0.5
1
0

Passive VR
32
18
26:6
2
0.5
1
0

Interactive Real
22
18
18:4
2.5
0.5
1
0

Passive Real
31
19
19:12
2
0.5
1
0

PROCEDURE
After consenting to participate in the study, participants from the Fall 2017 (interactive)

study were randomly assigned to one of two AM educational environments: (1) the traditional
physical setting (referred to as the REAL Interactive group) or (2) the functional, computerdesigned facsimile (referred to as the VR Interactive group). Participants in the Spring 2018
(passive) study were similarly randomly assigned to one of two AM educational environments: (1)
the REAL Passive group or (2) the VR passive group. All participants were asked to report to an
assigned testing room at the start of the experiment. Before starting, an overview of the experiment
was provided to each participant, and participants were asked to complete a pre-test consisting of
1) a demographic survey, 2) a self-efficacy survey, and 3) a conceptual exam, all of which are
included in the Appendix. In completing the pre-test, participants were given unique identification
codes to maintain anonymity.
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Upon completing the pre-test and receiving an identification code, participants were
instructed to go to a neighboring room, the lesson room, where they would engage in an AM lesson
(VR Interactive, VR Passive, REAL Interactive or REAL Passive) with only a facilitator present.
The audio for the lessons was previously recorded to ensure consistency in content delivery. The
facilitator was present to explain to the participants that they must ‘listen carefully, for the facilitator
may not repeat any information or give any verbal/non-verbal clues while the lesson is in session
for the sake of consistency.’ The facilitator was also present to help participants acquaint
themselves with the controls for the Interactive VR lesson, as well as the software and hardware
controls for the Interactive REAL lesson.
Following completion of the lesson, participants were asked to take the post-test. The posttest was identical to the pre-test, except that the demographic survey was removed. The post-test
was used to assess changes in self-efficacy and changes in content knowledge through questions
on DfAM concepts. An outline of the experiment procedure can be seen in Figure 7.

Figure 7: Outline of Experiment Procedure
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3.4.

LESSON CONTENT AND APPROACH
The AM learning objectives covered in this initial study are non-exhaustive, but they were

chosen as common elements of introductory AM knowledge [47]. The objectives covered in this
study and used to evaluate AM learning are as follows:
•

Build Time: The student can identify how part volume and build orientation impact the
time required to print a part.

•

Layer-by-layer deposition: The student can understand how layers make up a part, what
causes this, and what this affects.

•

Material use: The student can identify how much material is used based on part volume
and supports generated.

•

Support generation: The student can identify a range of overhanging angles where supports
are typically generated and understand that supports require extra material affecting build
time and material use.

•

Build orientation: The student has the ability to orient a part to reduce build time and
supports required.

•

Cartesian coordinates: The student can understand the movement of various machine
components in relation to a coordinate system with X, Y, Z, axes.

•

Extruder components and functions: The student can understand the functions of various
extruder components: axis travel, filament heating, gripping, and extrusion.

•

Hot end components and functions: The student can understand the functions of various
hot end components: filament heating, cooling, and extrusion.
During the experiment, participants were exposed to a Lulzbot Taz 6 desktop material

extrusion machine (3D Printer). The Taz 6 was reconstructed in a virtual environment using open
source part files provided courtesy of Aleph Objects, Inc. [69]. A comparison of the Cartesian axes
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and the hardware components in both environments can be seen in Figures 8 and 9, respectively. A
comparison of the slicing software in both environments can be seen in Figure 10.
Participants involved in the Interactive study were instructed to touch and interact with the
3D printer paired with slicing software in either the physical (REAL) or virtual reality (VR)
environment. Participants involved in the Passive study were instructed to watch as the facilitator
interacted with the same 3D printer and slicing software. The content covered between Interactive
and Passive lessons was identical; the only difference was that the Interactive participants could
use the software/hardware and pick up objects while the Passive participants could only observe
the facilitator.
In the REAL environment, participants worked with slicing software, Ultimaker Cura. The
3D printer was controlled using the controller box integrated in the machine [72]. In VR,
participants used an HTC VIVE [73] head-mounted display (HMD) to view the 3D printer and
slicing software emulation. Interactions within the lesson included using the htc VIVE wireless
controllers to move the printer axes, pick up printer components and 3D printed objects, and move
the scroll bar to reveal layers of the printed part. In the passive study, participants were equipped
with the HMD but were not equipped with wireless controllers for lesson interaction; instead, a
facilitator was present to perform all necessary interactions as participants observed.
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Figure 8: Cartesian Coordinates VR and REAL Similarities

Figure 9: Printer Components VR and REAL Similarities
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Figure 10: Slicing Software VR and REAL Similarities
Steps were taken to ensure there were no significant functional or interaction differences
between the learning environments. Identical voice recordings gave participants step-by-step
instructions during the lesson. The first half of the lesson was dedicated to teaching aspects of the
3D printer’s hardware. Instructions were given to move the printer’s axes by selecting control
options labeled ‘Move X’, ‘Move Y’, or ‘Move Z’ (see Figure 8). Participants were also instructed
to observe a disassembled extruder, picking up various components to examine them more closely
(see Figure 9).
The second half of the lesson was dedicated to teaching aspects of the slicing software.
Instructions were provided on how to load models into the software (i.e., Cube, Sphere, Hulk,
Rocktopus). Both the REAL and VR environments displayed the number of layers in the printed
part, the build time, the length of filament consumed, and how much material was used (see Figure
10). Participants were given the ability to view what the printed object would look like at different
layers in the printing process; this was done to teach the concept of layer by layer deposition.
Participants were exposed to a total of 7 consecutive lessons on AM learning objectives
over the course of 15 minutes. Both VR and REAL groups were exposed to the same interactions,
geometries, and DfAM concepts. Roughly 2 minutes were allocated to teaching each lesson; this
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was deemed appropriate as the content covered in each lesson was introductory in nature. The
printed geometries that participants were exposed to can be seen in Figure 11. The following
subsections offer more detail into each of the lesson elements. It should be noted that the following
subsections are descriptions for the Interactive study. Participants involved in the Passive study
experienced identical lessons, and instead observed the facilitator performing all of the tasks
requiring physical interaction.

3.4.1.

Lesson 1: Cartesian Coordinates
Lesson 1 was used to teach the different directions the 3D printer can move and the

components associated with those movements. Participants were instructed to interact with a
Lulzbot Taz 6 desktop material extrusion system. They were first asked to move the X axis; the
REAL group interacted with the control box knob, which they could turn left or right, while the
VR group interacted with a bar that they could grab and drag left to right. As participants controlled
the X-axis of the printer, it was explained to them that the X-axis controls the horizontal movement
of the extruder. Participants were then instructed to move the Y-axis as it was explained that the Yaxis controls the build plate forwards and backwards. Finally, participants were told to control the
Z-axis, and it was explained to them that the Z-axis controls the vertical direction of the extruder.

3.4.2.

Lesson 2: Extruder Components
Lesson 2 labeled the different components of the extruder and explained the functions of

each component in the material extrusion process. Participants were instructed to pick up various
components of a disassembled extruder, labeled “motor,” “extruder body,” “axis mount,” and “hot
end.” It was explained to them that the motor is used to control the feed rate of the filament through
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the hot end. It was then explained that the extruder body is used to hold the filament in place with
a latch, but also move the filament through the hot end with the help of the feeding gear. Finally,
the axis mount was explained to be the component used to help move the extruder along the Xaxis.

3.4.3.

Lesson 3: Hot End Components
Lesson 3 was similar to Lesson 2, but different components of the hot end were labeled,

and each component function in the extrusion process was explained. After learning about the
extruder components, participants were instructed to pick up the hot end, to examine it more
closely. It was explained that the Hot End consists of a brass nozzle to deposit filament, a heater
cartridge to heat the filament, and a heat sink to disperse heat to prevent premature melting of the
filament.

Figure 11: Printed Objects in AM lesson
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3.4.4.

Lesson 4: Cube
Lesson 4 was used to introduce how build time is related to material use and layer count.

Participants were asked to load a 3D model of a cube into the slicing software. In the REAL
scenario, this was done by dragging an STL file from the desktop to the software. In the VR
scenario, this was done by picking up an object that resembles the STL file and placing it into a
virtual “bin” before taking them into a scene with the slicing software loaded. In both scenarios,
participants were told to drag the scroll bar in front of them to the top layer of the print. Participants
were then instructed to pick up the cube model to examine it more closely as the amount of material
used and time it took to build was explained to them.

3.4.5.

Lesson 5: Sphere
Lesson 5 was used to explain how certain overhangs require sacrificial support material,

how support generation can affect material use, and how height of the design can affect layer count.
Similar to Lesson 4, participants were instructed to load the 3D model of the sphere into their
respective slicing software. In addition to observing how long the object took to print and how
much material it used, participants were also instructed to take note of the support structures
generated underneath the sphere. It was explained that support structures prevent a print from
failing if an overhang is too steep. It was also explained that some overhangs may be self-supporting
up to a certain point.

3.4.6.

Lesson 6: Hulk
Lesson 6 was used to teach participants about self-supporting angles and how build time is

unaffected by complex shapes. A 3D model of the Hulk (see Figure 11) was used to teach similar
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lessons as the sphere but served as a more complex example. In this lesson, participants learned
that overhangs between 0 and 45 degrees will likely require supports, while overhangs between 45
and 90 degrees may be considered self-supporting and will not require supports. The Hulk was also
used to show the advantage of geometric complexity that AM presents. It was explained that even
though the Hulk model was more complicated than the Sphere model, it took less time to print
because it used less material.

3.4.7.

Lesson 7: Rocktopus
Lesson 7 was used to teach how orientation of a part will affect its build time, layer count,

material use and support generation. The Rocktopus model was used to give an overview of
Lessons 4 through 6 and also demonstrated the effects that orientation can have on these lessons.
The Rocktopus model (shown in Figure 11) was oriented at 0 degrees (flush with the build plate),
30 degrees, 60 degrees and 90 degrees. Each orientation demonstrated different areas for support
generation, different build times, different layer counts, and different amounts of material used.
An outline of the lesson plan, which includes both hardware and software-based elements,
is illustrated in Tables 4 and 5. Table 4 shows the three learning objectives taught for AM hardware
and the three lessons used to teach them. Similarly, Table 5 shows the five learning objectives
focused on AM concepts and the four lessons used to teach these concepts.
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Table 4: Hardware Functions and Learning Objectives Covered for Both VR and REAL
Groups
HARDWARE

Lesson 1:
Cartesian
Coordinates
X

Cartesian Coordinates
Extruder Components/
Functions
Hot End Components/
Functions

Lesson 2: Labeling
Extruder

Lesson 3:
Labeling Hot End

X
X

Table 5: Software Part Designs and Learning Objectives Covered for Both VR and REAL Groups
SOFTWARE
Build Time
Layer by Layer
Deposition
Material Use
Support Generation
Orientation

3.5.

Lesson 4:
Cube
X
X

Lesson 5:
Sphere
X
X

Lesson 6:
Hulk
X
X

Lesson 7:
Rocktopus
X
X

X

X
X

X
X

X
X
X

METRICS
To evaluate participants’ understanding of the AM learning objectives (outlined in Section

3.4), metrics were identified to measure: (1) AM self-efficacy and (2) DfAM conceptual
understanding based on student responses to pre- and post-tests. The learning differences between
physical and virtual AM environments were measured with the use of these metrics.

3.5.1.

AM Self Efficacy
The AM self-efficacy metric was split into two categories: (1) self-efficacy as it relates to

comfort with the functions of AM and (2) self-efficacy as it relates to comfort with design for AM.
For comfort with the functions of AM, participants were asked to rate their understanding of the
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concepts listed in Table 6. The AM function concepts were grouped by how they relate to the
learning objectives of the educational intervention employed in this study.
Table 6: Functions of Additive Manufacturing Self-Efficacy
1

Layer by Layer Deposition

2

Extruder and Hot End
Components/Functions

3

Cartesian Coordinates (Extruder)

4

Cartesian Coordinates (Build Plate)

5

Support Generation

The physical process of material extrusion where
filament is deposited layer by layer to form a physical
object
The interaction of printer components required to
build an object
The range of movement of the extruder in relation to
the Cartesian axes (X,Y,Z)
The range of movement of the build plate in relation
to the Cartesian axes (X,Y,Z)
Depositing sacrificial material to support a 3D printed
object

Table 7: Scale for AM Functions Self-Efficacy, Ability to Understand and Explain the
Listed Functions of AM
Level 1
No understanding of this
topic

Level 2
Limited understanding (cannot
explain it)

Level 3
Moderate understanding (can
explain some
aspects)

Level 4
Strong understanding (can
explain most
aspects)

Level 5
Full understanding (can
explain all
aspects)

The participants were asked to rate their understanding using the 5-point scale shown in
Table 7. This scale allowed us to determine each participant’s ability to both understand and explain
the listed functions of AM before and after the AM lesson. This method was inspired by Bloom’s
Taxonomy as it relates to cognitive thinking. Specifically, Table 7 relates most closely to evaluation
of knowledge and comprehension [74].
For self-efficacy as it relates to comfort with design for additive manufacturing (DfAM),
participants similarly rated their familiarity with and comfort in applying the following concepts in
their design process, shown in Table 8.
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Table 8: DfAM Self-Efficacy
6

Geometric Complexity

Designing parts with complex shapes and geometries

7

Support Generation

Using support structures for overhanging sections of a part

8

Surface Roughness

Accommodating desired surface roughness in a part

9

Orientation

Orienting a part on the print bed to efficiently build it

The DfAM concepts were also grouped by how they relate to the AM learning objectives
mentioned previously. The participants were asked to rate their comfort with these concepts on the
5-point scale (see Table 9).
Table 9: Scale for DfAM Self-Efficacy
Level 1
Never heard
about it

Level 2
Have heard
about it but not
comfortable
explaining it

Level 3
Could explain it
but not
comfortable
applying it

Level 4
Could apply it but
not comfortable
regularly
integrating it with
my design

Level 5
Could regularly
integrate with
my design

The scale in Table 9 allowed participants to evaluate their familiarity with each DfAM
concept, their comfort explaining it, as well as their comfort using the concept in design. Again,
this method was inspired by Bloom’s Taxonomy and most closely relates to evaluation of
knowledge, comprehension and application [74]. Each response suggests a higher level of
understanding with respect to DfAM: higher knowledge of the topic leads to higher comprehension,
andhigher comprehension leads to higher comfort in application [74]. All AM self-efficacy
questions and demographic questions as presented to the participants are available in Appendices
B and D. The concepts listed in Table 6 and Table 8 were selected as they relate to desktop material
extrusion; the majority of which were derived from a commonly used AM textbook [47] and AM
course content from an accredited university [37]. The self-efficacy questions and answers were
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designed to be as specific as possible to prevent any confusion amongst participants and to improve
clarity for what is being measured [75]. Though it is worth mentioning that the self-efficacy metrics
of our own design may lack rigor when compared to other validated metrics, as this metric was not
previously validated [76]. A five point scale may also be considered less reliable when compared
to a scale with a 0-100 response format [76]. Future work may incorporate an adaptation of a more
rigorous, previously validated metric such as Carberry’s method for measuring engineering design
self-efficacy [77].

3.5.2.

DfAM Conceptual Understanding
Conceptual understanding of DfAM was measured using a series of questions, each

designed to evaluate the participant’s knowledge of one of the eight (8) chosen AM learning
objectives: (1)Build Time, (2)Layer by Layer Deposition, (3)Material Use, (4)Support Structure
Generation, (5)Orientation, (6)Cartesian Coordinates, (7)Extruder Components, and (8)Hot End
Components [37,47]. Each question was given a maximum point value of 1 and a minimum of 0.
Some questions had more than one correct answer, and in this case, students could receive partial
credit for selecting a few, but not all, of the correct answers. For example, if a question had 4 correct
answers and the participant selected 3 correct answers and 1 incorrect answer, then the participant
would receive a total score of 0.5 for that question:
(3 correct – 1 incorrect)/4 total correct = 0.5
Figure 12 shows examples of two questions (Questions 2.1 & 2.2) that have more than one
correct answer. Question 2.1 has five correct answers and has a total of ten possible answer choices.
Question 2.2 has four correct answers and a total of six answer choices. Full credit for each question
can only be given if the participant selects all of the correct answers and none of the incorrect
answers. It is also important to note that every question gives the participant the option to circle ‘I
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don’t know’ as an answer. Circling this results in an automatic zero score for that question. The ‘I
don’t know’ answer was included to discourage random guessing on the pre-/post-test, which
would negatively impact the results of experimentation.

Figure 12: Questions With More Than One Correct Answer (Correct Answers Noted in Red)

Participant scores were averaged according to topic to yield a total score for each
participant for each AM learning objective previously outlined (Build Time, Layer by Layer
Deposition, Material Use, Support Generation, Orientation, Cartesian Coordinates, Extruder
Components/ Functions and Hot End Components/Functions). A total of 24 questions were asked
covering these objectives. All conceptual test questions and answers are available in Appendix C.
Table 10 illustrates the conceptual question number and its relation to the AM learning objectives
evaluated.
It is important to note that the Orientation topic has overlapping questions with Build Time,
Layer by Layer Deposition, Material Use, and Support Generation. While Orientation is an
important topic in AM, it is difficult to evaluate independently of other considerations. This is
because as the orientation of an object is changed on a build platform, a taller or shorter print is
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often created, different supports are often needed, and the amount of material used may change,
causing the build time to change with it.

Table 10: AM Learning Objectives and Related Conceptual Questions

3.6.

AM Topic

Conceptual Questions Covered

Build Time

1.4, 3.1, 3.2

Layer by Layer Deposition
Material Use

1.3, 3.5, 3.6
1.1, 1.5, 3.7

Support Generation

1.2, 2.1, 2.2, 3.3, 3.4

Orientation

3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7

Cartesian Coordinates
Extruder Components/Functions

4.1, 4.2, 4.3
5.1, 5.2, 5.3, 5.4

Hot End Components/Functions

6.1, 6.2, 6.3

DATA ANALYSIS
Of the 44 participants involved in the Interactive portion of the study, 22 were randomly

assigned to the VR group, and 22 were randomly assigned to the REAL group. Of the 63
participants involved in the Passive portion of the study, 32 were randomly assigned to the VR
group, and 31 were randomly assigned to the REAL group. To examine the learning differences
between the two learning environments (VR and REAL) for each of the eight DfAM concepts, a
two-way mixed ANOVA (ANalysis of VAriance) was conducted. The dependent variable was
DfAM concept knowledge, and pre-test and post-test scores served as within-subjects factors. In
the analysis to address RQ2, the independent variable was the different learning environment: VR
and REAL. In the analysis to address RQ3, the independent variable was the different learning
approach: Interactive and Passive. For all analysis a P value (p<0.05) was considered to be
statistically significant. The two-way mixed ANOVA was also used to identify any significant
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interactions between the two learning environments, the two learning approaches, and the pre-test
and post-test scores.
Steps were taken to ensure assumptions for the model were met, then the two-way mixed
ANOVA was performed [78]. Homogeneity of variances was met with the exception of the
Interactive Hot End Components pre-test data set (p=0.009). Homogeneity of covariances was met,
and the data also passed Mauchly’s test of sphericity. In calculating the studentized residuals, a
single outlier was found (SRES = -4.49) in the Interactive Orientation post-test data set. However,
this outlier was found to not substantially affect the results; this was determined by running the
two-way mixed ANOVA with and without the outlier. The assumption of normality was violated;
however, the data could not be transformed as it contained opposite skews. Despite failing to meet
this assumption, the two-way mixed ANOVA was still used as it is considered to be robust against
deviations from normality [78]. After determining that the data sets met assumptions for the model,
following results were used to address the three research questions.

3.6.1

Analysis of Research Question 1

Recall that Research Question 1 asked, will the AM conceptual lesson show an increase in
AM learning regardless of group? Table 11 shows the results for a t-test between the VR and REAL
groups for cumulative pre-test scores, which yields no significant difference in AM knowledge
between the two groups before engaging in the lesson.

Table 11: T-Test Between VR and REAL Overall Pre-Test Scores
Independent Variable

Significance Interactive

Significance Passive

VR and REAL pre-test

p=0.847

p=0.315
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After evaluating assumptions for two-way mixed ANOVA, the overall change in content
knowledge was then assessed, discounting differences between AM learning objectives. This was
done to verify the effectiveness of the educational intervention as a whole. Results for Passive and
Interactive studies are shown in Table 12 and Figures 13 and 14.
Table 12: Paired Samples T-Test and Mean Differences (SD) Between Pre-Post Tests Across
Groups
Interactive
Passive
Time (pre to post)
p
Mean
t (43)
p
Mean
t (43)
AM concept scores
Difference
Difference
<0.001
-0.23
-6.299
<0.001
-0.24
-9.92
VR
(0.17)
(0.14)
<0.001
-0.25
-7.43
<0.001
-0.30
-10.63
REAL
(0.16)
(0.16)

Figure 13: Overall Test Scores for VR and REAL Pre and Post Tests in Fall 2017 (Interactive)
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Figure 14: Overall Test Scores for VR and REAL Pre and Post Tests in Spring 2018 (Passive)

Table 12 shows that over all of the AM learning objectives (split between VR and REAL,
Interactive and Passive), there was a significant change in AM content knowledge acquired by
participants. Figures 13 and 14 show that the change in AM understanding was positive for both
the VR and REAL groups in both Passive and Interactive Studies.
After quantifying learning difference regardless of group, within-subject contrasts were
analyzed for each dependent variable to identify if there was a significant change in learning for
each AM topic. Table 13 shows a significant change in content knowledge for each AM topic, when
ignoring differences between the VR and REAL groups. However, the Interactive Support
Generation topic did not see a significant difference in pre- to post-test concept scores; this result
is unexplained by the given data.
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Table 13: Paired Samples T-Test and Mean Differences (SD) Between Pre-Post Tests
Across Groups, Divided by Learning Objectives
Time
Measure
(pre to
post) Build Time

p
<0.001

Layer
by <0.001
Layer
Deposition
Material Use
<0.001
Support
Generation
Orientation

0.111
0.032

Cartesian
<0.001
Coordinates
Extruder
<0.001
Components/
Functions
Hot
End <0.001
Components /
Functions

3.6.2

Interactive
Mean
Difference
-0.27
(0.27)
-0.26
(0.35)

t (43)

p

-6.40

<0.001

-4.87

<0.001

-0.39
(0.36)
-0.06
(0.25)
-0.08
(0.25)
-0.30
(0.38)
-0.28
(0.35)

-7.23

<0.001

-1.65

<0.001

-2.23

<0.001

-5.26

<0.001

-5.29

<0.001

-0.26
(0.42)

-4.08

<0.001

Passive
Mean
Difference
-0.30
(0.29)
-0.29
(0.37)

t (43)
-8.21
-6.12

-0.34
(0.31)
-0.11
(0.21)
-0.13
(0.39)
-0.43
(0.28)
-0.25
(0.28)

-8.56

-0.24
(0.42)

-4.65

-4.12
-4.84
-8.83
-7.19

Analysis of Research Question 2

Recall that Research Question 2 asked, is there a significant learning difference between
participants exposed to an AM lesson in a real-world physical setting, and those exposed to the
same lesson in a VR environment? Two-way interactions were evaluated based on whether the
participant was assigned to the VR or the REAL group; this allows for identification of significant
differences in learning due to the specific educational environment. Interactions between the VR
and REAL groups on pre- to post-test learning for each AM topic are listed in Table 14.
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Table 14: Two Way Interaction Effects Group(VR/REAL)*Time(Pre/Post)
Time (pre to post) * Measure
Group (VR to REAL) Build Time
Layer by Layer Deposition
Material Use
Support Generation
Orientation
Cartesian Coordinates
Extruder
Components/Functions
Hot End
Components/Functions

Significance Interactive
p=0.100
p=0.673
p=0.271
p=0.697
p=0.448
p=0.322
p=0.042

Significance Passive
p=0.155
p=0.039
p=0.893
p=0.328
p=0.136
p=0.498
p=0.821

p=0.054

p=0.382

For the majority of AM learning objectives, there was no significant interaction between
the educational intervention format and pre- vs. post-test content scores. In the Interactive study,
however, the AM topic Extruder Components/Functions shows a significant interaction effect
(p=0.042). A paired samples t-test was run for the VR and REAL groups to uncover within group
effects: Interactive VR (p<0.001, mean difference (SD) = -0.38 (0.34), t= -5.26), Interactive REAL
(p = 0.023, mean difference (SD) = -0.17 (0.33), t = -2.45). In the Passive study, the AM topic Layer
by Layer deposition shows a significant interaction effect (p=0.039). A paired samples t-test was
run for the VR and REAL groups to uncover within group effects: Passive VR (p=0.003, mean
difference (SD) = -0.19 (0.34), t=-3.167), Passive REAL (p<0.001, mean difference (SD) =-0.38
(0.37), t= -5.77). These results suggest a difference in pre- to post-test learning between the VR and
REAL groups.
The significant interaction between the VR and REAL groups on interactive pre-test to
post-test learning for the AM topic Extruder Components and Functions suggests that one group
learned more about this AM topic than the other (see Figure 15). A Kruskal-Wallis H test [79]
showed no significant difference between the two groups on the pre-test self-efficacy questions
related to Extruder Components and Functions. For the self-efficacy question: The interaction of
printer components required to build an object, a p-value of 0.198 was found. For the self-efficacy
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question: The range of movement of the extruder in relation to the Cartesian axes (X, Y, Z), a pvalue of 0.261 was found.
A Kruskal-Wallis H test was run on the post-test self-efficacy questions as well to
determine whether either group felt more confident in the Extruder Components/Functions content
questions after their lesson. For the self-efficacy question: The interaction of printer components
required to build an object, a p-value of 0.046 was found. For the self-efficacy question: The range
of movement of the extruder in relation to the Cartesian axes (X, Y, Z), a p-value of 0.238 was
found.

Figure 15: Significant Pre to Post-Test Conceptual Learning Differences Between Interactive
VR and REAL Groups for Extruder Components/Functions
Another significant interaction between the VR and REAL groups can be seen in Table 14
and Figure 16 related to the AM topic Layer by Layer Deposition in the Passive study. Again, this
suggests that one group may have learned more than the other. A Kruskal-Wallis H test was run on
the pre-test self-efficacy question related to Layer by Layer Deposition: The physical process of
material extrusion where the filament is deposited layer by layer to form a physical object, a p-
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value of 0.463 was found. This suggests that all participants in the passive study had the same level
of comfort for Layer by Layer Deposition. A Kruskal-Wallis H test was also run on the same selfefficacy question for the post-test, a p-value of 0.484 was found, suggesting that participants
involved in the Passive study had the same level of comfort in Layer by Layer Deposition after
their lesson.

Figure 16: Significant Pre to Post-Test Conceptual Learning Differences Between Passive VR
and REAL Groups for Layer by Layer Deposition

3.6.3

Analysis of Research Question 3

Recall that Research Question 3 asked, is there a significant learning difference between
the Interactive and Passive learning groups for any of the AM learning objectives? The overall preand post-test score differences between the Interactive and Passive studies were examined as shown
in Table 15. The results are separated by the VR and REAL conditions.
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Table 15: T-Test between Interactive and Passive Overall Test Scores for VR and REAL
Independent Variable
Interactive and Passive pre-test
Interactive and Passive post-test

Significance VR
p=0.603
p=0.634

Significance REAL
p=0.510
p=0.786

The first row in Table 15 shows no significant pre-test knowledge difference between the
Interactive and Passive studies. The second row illustrates that there was no significant post-test
knowledge difference between Interactive and Passive studies.
Two-way interactions were evaluated based on whether the participants were assigned to
the Interactive or Passive study; identifying significant differences in learning according to lesson
experience (Interactive or Passive). Interactions between the Interactive and Passive studies on preto post-test learning for each AM topic are listed in Table 16. The results are divided by the VR
and REAL groups.
Table 16: Two-way Interaction Effects Group (Interactive/Passive) *Time (Pre/Post)
Time (pre to post)
* Group
(Interactive to
Passive)

Measure
Build Time
Layer by Layer Deposition
Material Use
Support Generation
Orientation
Cartesian Coordinates
Extruder Components/Functions
Hot End Components/Functions

Significance
VR
p=0.269
p=0.672
p=1.000
p=0.476
p=0.726
p=0.156
p=0.165
p=0.586

Significance
REAL
p=0.058
p=0.308
p=0.217
p=0.420
p=0.078
p=0.321
p=0.376
p=0.451

Table 16 illustrates that regardless of group (VR or REAL), there were no significant learning
difference between the Interactive and Passive studies for any of the AM learning objectives.
Due to the lack of difference in DfAM conceptual understanding, the possibility of significant
differences in participants’ AM self-efficacy scores was further analyzed. Table 17 is used to show
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if there were any significant differences between the Passive and Interactive studies for participants
post-test self-efficacy scores.
Table 17: Independent Samples T-Test and Mean Differences (SD) between Interactive
and Passive for Post-Lesson Self Efficacy
Difference
Measure
between
Interactive
and
Material
Passive
Extrusion
Post-Test
Printer
Components
Cartesian
Coordinates:
Extruder
Cartesian
Coordinates:
Build Plate
Support
Generation
Shape
Complexity
Support
Structures
Surface
Roughness
Orientation

p

VR
Mean
Difference

REAL
Mean
Difference

t (43)

p

0.38
(0.22)
0.57
(0.22)
0.11
(0.29)

1.69

0.569

2.60

0.628

3.7

0.980

0.216

0.32
(0.26)

1.25

0.508

0.15
(0.23)

0.67

0.475

0.20
(0.28)
0.30
(0.25)
0.18
(0.25)
0.67
(0.29)
0.42
(0.26)

0.72

0.828

-0.219

1.20

0.351

0.73

0.623

2.32

0.786

1.63

0.794

-0.05
(0.25)
-0.25
(0.27)
-0.12
(0.25)
-0.07
(0.27)
-0.08
(0.29)

0.097
0.012
0.715

0.287
0.470
0.024
0.109

-0.12
(0.21)
0.09
(0.17)
0.01
(0.236)

t (43)

-0.57
0.49
0.025

-0.94
-0.50
-0.27
-0.26

While the Interactive and Passive studies had no effect on DfAM conceptual
understanding, they did seem to have an effect on AM self-efficacy. Participants all started at the
same comfort level as there were no significant differences in the pre-test self-efficacy scores; the
post-test, however, had a few differences. For participants involved in the VR group, there was a
significant Passive-Interactive difference for Printer Components and Surface Roughness. The
median scores from these learning objectives show that the participants involved in the Interactive
VR study had higher self-efficacy scores for these AM learning objectives.
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3.7.

DISCUSSION
The purpose of this study was to assess whether an interactive or passive VR-AM lesson

is as effective as an interactive or passive AM lesson in a physical setting. If shown to be effective,
then VR may later be applied to more advanced DfAM concepts and technologies.

3.7.1

Discussion of Research Question 1

Recall that Research Question 1 asked, will the AM conceptual lesson show an increase in
AM learning regardless of group? We found that there was no difference in starting AM knowledge
between the VR group and the REAL group, preventing any unintended bias. We also found that
the administered AM lesson had an impact on participants’ understanding of DfAM concepts
regardless of the group they were placed in. Finally, a significant increase in learning occurred in
the majority of AM content areas after participant exposure to the AM lesson in both cases, as
desired. There was no significant difference seen in Support Generation for the Interactive study;
this may be due to a base knowledge difference between the Interactive and Passive groups. In
finding a significant learning increase for both groups, it was shown that the educational
intervention was effective in teaching participants introductory aspects of additive manufacturing.
With this research question answered, the other research questions investigating differences
between groups were addressed.

3.7.2

Discussion of Research Question 2

Recall that Research Question 2 asked, is there a significant learning difference between
participants exposed to an AM lesson in a real-world physical setting, and those exposed to the
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same lesson in a VR environment? Analysis of the learning differences between the VR and REAL
environments shows that for the given study, the two mediums are similar in terms of educational
gains made by the students. There were only two learning objectives that failed to show similarity
between the VR and REAL groups: (1)Extruder Components/Functions in the Interactive study,
and (2)Layer by Layer Deposition in the passive study. Results for all self-efficacy pre-test scores
suggest that participants had the same level of comfort in each topic before starting the lesson. In
the post-test, the Interactive group exposed to the lesson in VR felt they had a higher comfort with
the Extruder Components/Functions topic. This finding may be due to the fact that all participants
were exposed to a virtual rendering of the extruder on the conceptual test (see Appendix C) rather
than a real-world image of the extruder; the Interactive Virtual Reality group had a higher exposure
to these virtual renderings compared to other groups. The self-efficacy score for Extruder
Components/Functions is in alignment with the VR group’s higher conceptual post-test score for
Extruder Components/Functions shown in Figure 15, this agrees with prior research findings
suggesting that higher self-efficacy can lead to a higher increase in learning [80,81]. The significant
interaction for Layer by Layer Deposition, however, remains unexplained by the given data. It is
possible the VR group scoring higher on the pre-test is due to a difference in their knowledge base.
There is evidence in Figure 16 that although the pre-test scores were different, the post-test scores
were fairly similar, illustrating that the educational intervention had an equal effect on both VR and
REAL groups. These findings imply that the introductory concepts of AM covered in this study
may be taught in either environment (VR or Real) with a similar educational benefit. This finding
agrees with our hypothesis stating there would be no significant difference due to the high fidelity
of the VR simulation. Similar findings have been reported in literature for other areas of education
and training in which there is no significant learning difference between those using a VR
simulation and those learning in a real-world physical scenario [82,83]. This discovery may
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encourage the adoption of VR as an additional resource in AM education to give more students
access to and educate them on a variety of AM systems.

3.7.3

Discussion of Research Question 3

Recall that research question 3 asked, is there a significant learning difference between the
Interactive and Passive learning groups for any of the AM learning objectives? In addition to
exploring differences between VR and REAL learning, differences between Passive and Interactive
learning were also examined. The data in Table 15 shows there was no difference between the
Interactive and Passive learning on the pre-test: These results were expected as the participants had
not participated in the AM lesson yet; therefore, their understanding of AM should be similar.
However, there was also no difference seen in the post-test. The data in Table 16 shows that those
involved in the Passive study performed just as well as those involved in the Interactive study in
terms of AM knowledge gained. This result was unexpected and went against our hypothesis;
considering that these results were taken after participants’ involvement in the lesson, it was
assumed that one group would have performed better than the other. This result goes against prior
findings in the available literature that indicate that Interactive education methods are superior to
Passive education methods [71].
This deviation from expectation could be explained by the simplicity of the subject matter:
the AM topics taught in this experiment may not have been difficult enough to warrant hands-on
education. Significant differences between Interactive and Passive studies may still be seen if the
AM subject matter is designed to cover more challenging topics such as printed assemblies,
topology optimization, embedding, failure analysis, machine operation, and so on. Notably, it has
been shown that those who participated in the Interactive VR study achieved higher self-efficacy
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scores in some aspect of AM (shown in Table 17), which speaks to the ability of Interactive VR to
increase user confidence. While the conceptual scores between all participants were similar, an
increase in participant confidence is still valuable. The findings in RQ3 show that VR has an
educational benefit if used in an interactive or passive manner. This opens the door for more
affordable VR devices like Google Cardboard [11] and Samsung Gear VR [84], which limit the
ability to control a virtual environment but lower the barrier to entry for immersive AM education
by encouraging widespread adoption. It may be argued that interactive immersive VR like the htc
VIVE [73] will not yield an advantageous understanding of introductory DfAM concepts, but it
may have the potential to increase confidence in certain areas.
This chapter explores VR as an educational resource for AM and compares four different
learning environments: Interactive VR, Passive VR, Interactive REAL, Passive REAL. In
conducting this study, we found that we were able to create an AM lesson with a positive learning
experience for all groups, found no overall significant difference between VR and REAL learning,
and also found overall no significant difference between Passive and Interactive learning. Thus
strengthening the argument to use either Interactive or Passive VR to teach introductory concepts
of AM. However, this study does little explore VR as a design resource for AM. To address this,
the following study in Chapter 4 explores VR as a medium to evaluate parts designed for AM and
compares the evaluations to a more commonly used design tool, CAD.
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CHAPTER 4
A COMPARATIVE STUDY OF VIRTUAL REALITY AND COMPUTERAIDED DESIGN TO EVALUATE PARTS FOR ADDITIVE
MANUFACTURING

4.0.

INTRODUCTION
As stated previously, VR has served as an asset in many aspects of engineering design; the

technology has proven beneficial in product design, ergonomics studies, teamwork and confidence.
As the barrier to entry for VR gets lower, the technology is moving closer to being used with
computer-aided design software. However, there is little research available that explores the
benefits of VR as a design evaluation tool in the DfAM space. Chapter 3 revealed that VR can
effectively teach certain introductory concepts of DfAM. This chapter explores how VR may be
beneficial tool for evaluating parts that have been designed for AM.
For this study, a differentiation was made between Immersive and Non-Immersive VR.
With Immersive VR, a participant uses a head mounted display (HMD) complete with controllers
allowing for full range of motion. With Non-Immersive VR, the participant is still interacting with
a virtual environment (using computer aided design, or CAD) but is aware of their physical
surroundings [49]. For the remainder of this study, Immersive VR referred to as ‘VR’, and NonImmersive VR is referred to as ‘CAD’.
The following experiment was designed to explore the differences in DfAM evaluation
accuracy, evaluation time, and self-reported metrics for DfAM between two VR environments: 1)
VR and 2) CAD. This experiment was also designed to explore how varying degrees of shape
complexity play a role in these differences. For designs that are fairly simple it may not matter
which environment is used, but as designs become more complex one environment may present
advantages over the other. The actions performed by both groups (orienting objects, referring to
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the DfAM worksheet in the virtual environment) were kept the same to limit potential confounding
effects. The primary research questions are as follows.

4.1.

RESEARCH QUESTIONS
RQ1: Is there a difference between VR and CAD in DfAM scoring with respect to

complexity of the evaluated design?
It was hypothesized that there will be a growing difference between CAD and VR as design
complexity increases. For more complex parts, it was hypothesized that the VR group will yield a
more accurate evaluation due to the immersive nature of the technology.

RQ2: Is there a difference between VR and CAD in the time it takes participants to make
DfAM decisions with respect to complexity of the evaluated design?
Similar to RQ1, it was hypothesized that that there will be a growing difference in
evaluation time between CAD and VR as complexity increases. Participants were believed to have
more prior exposure to CAD than VR; the CAD group was then expected to have faster evaluation
times due to familiarity with the software.

RQ3: Is there a difference between VR and CAD in terms of self-efficacy and other selfreported metrics for DfAM?
It was hypothesized that there will be significant within-group effects for the VR group,
but not the CAD group, as the participants were likely to be more familiar with CAD. It was also
hypothesized that there would be significant between group effects for self-reported metrics related
to DFAM.
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4.2.

PARTICIPANTS
Participants were recruited from a fourth-year DfAM course from a large university. The

DfAM course gave all participants experience in material extrusion, and part evaluation using the
DfAM Worksheet [35]. A total of 20 students (18 male, 2 female) participated in the study with
ages ranging from 20 to 26 years. While most of the participants were in their senior year (17), the
study also included one first-year graduate student and two second-year graduate students. The
participants’ fields of study were Mechanical Engineering (17) and Engineering Design (3).
Participant familiarity with AM, CAD, and VR was self-assessed by participants at three levels:
Beginner - the participant just started to learn the skill or technology, Intermediate - the participant
is in the developing stage to become proficient, and Skilled - the participant is proficient in the
domain. The majority of participants had familiarity with AM at an Intermediate level (13), with 6
at the Skilled level and 1 at the Beginner level. The level of participants’ familiarity with CAD
were Beginner (1), Intermediate (9), and Skilled (10), whereas familiarity with VR was Beginner
(17), and Intermediate (3). In short, the majority of participants were familiar with AM, but the
participants’ familiarity with CAD was higher when compared to VR.

4.3.

PROCEDURE
Participants were randomly assigned to one of two groups: (1) the VR group or (2) the

CAD group. Both groups were comprised of 10 participants each. The VR group utilized an HTC
VIVE [73] comprising a head-mounted display (HMD) and controllers allowing for full range of
arm motion to control an environment rendered using Unity [85]. The CAD group used SolidWorks
[86], paired with a mouse and monitor to control the environment (see Figure 17). Although the
visualization tools differed, the environments were set up similarly, and both presented participants
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with the DfAM Worksheet and virtual part renderings. Each participant was engaged in the study
privately with a proctor present.

Figure 17: CAD and VR Groups Evaluating A Part for DfAM

After consent for participation was obtained per the approved IRB protocol (HRP-591),
each participant completed a pre-survey that comprised a background survey and self-efficacy
survey. In this survey, participants filled out their unique identification code comprising of the last
two characters of their mothers first name, the last two characters of their birth city, and the two
numbers representing their birth month (for example: THIA01). Participant IDs were later used to
anonymously identify participants as needed. The background survey asked about familiarity with
AM, VR, and CAD software. The survey also assigned each participant an anonymous
identification code and identified their area of study and year of study. The participant was then
asked to fill out a pre-experiment self-reported metric survey. The survey assessed participants’
confidence, motivation, anticipated level of success, and anxiety for evaluating DfAM parts. The
survey also assessed participants self-reported confidence as it relates to aspects of the DfAM
worksheet: evaluating a part for material removal, unsupported features, thin features, stress
concentration and geometric exactness.
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Following completion of the pre-survey, each participant was randomly assigned to either
the VR or CAD environment for DfAM evaluation. Before starting the experiment, each participant
was provided an overview of the evaluation tool including where or how to find the parts and
worksheet criteria, the necessary controls including how to rotate or move the parts using the mouse
or the VR controller, and was instructed in how to communicate DfAM scores to the proctor
verbally. Each participant was then tasked with evaluating five similar parts modeled for the Alcoa
Airplane Bearing Bracket Challenge on GrabCAD [87]. These parts were chosen by a committee
of DfAM experts and varied in levels of complexity from 1 (least complex) to 5 (most complex) as
defined by Booth’s DfAM Worksheet (see Figure 18).

Figure 18: Shape Complexity Levels 1 to 5 of Brackets Designed for the Alcoa Grab

CAD Challenge

4.4.

METRICS
Multiple metrics were used to assess the impact of VR and CAD when used as tools for

DFAM evaluation. A pre-survey and post-survey were developed to assess self-efficacy among the
participants. The participants’ DfAM scores were also measured and analyzed along with the
evaluation time.
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4.4.1

Self-Efficacy
For this study, a two-part self-efficacy assessment was constructed to measure both the

self-efficacy in the DfAM field, in general, as well as self-efficacy of experiment-specific tasks and
outcomes. Based on work by Carberry [77], the first part of the survey examines an engineering
design process modified for AM-specific design (see Figure 19). The steps were to identify a need
to use AM, to develop design solutions using AM, to select the best possible design for AM, to
evaluate a part for AM, and to redesign a part for AM. The participants were then asked to assess
the following four task-specific concepts of interest for each step: (1) confidence, (2) motivation,
(3) anticipated level of success, and (4) anxiety [77]. These four concept categories were chosen to
help clarify the more general process steps.
The second part of the survey was developed as an outcome self-efficacy assessment,
where participants reported their confidence in evaluating parts for restrictive DfAM
considerations. Participants rated their confidence in evaluating parts for material removal,
unsupported features, thin features, stress concentration, and geometric exactness (listed in Figure
19). Identically to the Carberry assessment, the survey instructed participants to rate the specific
concept of interest for each step or task on a scale of 0 to 100 in increments of 10. This scale was
chosen because it gives a more sensitive, increased performance prediction [88]. This self-efficacy
survey was given to students pre- and post-experiment to measure any changes in self-efficacy due
to participation in the experiment.
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Figure 19: Two-Part Self-Efficacy Survey Tasks

4.4.2

DfAM Scoring

Participants were instructed to score five different parts using the restrictive aspects of the
DfAM worksheet: (1) Material Removal, (2) Unsupported Features, (3) Thin Features, (4) Stress
Concentration, (5) Geometric Exactness [35] (see Figure 20). Complexity was not included in
evaluation because it was chosen as one of the independent variables.
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Figure 20: Scoring Sheet for Restrictive DfAM

To assess how complexity plays a role in DfAM evaluation, AM experts selected five
different parts to directly represent the five different levels of complexity as defined by the DfAM
Worksheet. Further breakdown of DfAM categories and their use in the experiment are shown in
Table 18.
Material Removal and Unsupported Features were scored from one to five while Thin
Features, Stress Concentration, and Geometric Exactness were scored from one to three. The total
scores for each part for each participant were tallied and later used for data analysis. Two DfAM
experts also scored the five parts using these metrics. Cronbach’s Alpha was calculated for the two
DfAM expert scores to ensure there was no disagreement between scores, and an alpha coefficient
of reliability was computed (α=0.75). Expert scores were deemed reliable. The average of the
expert score was later compared to participant scores to determine evaluation accuracy.
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Table 18: Breakdown of DfAM Worksheet categories assessed for own experiment
Category
Complexity

Used?
No

Scale (Levels)
1 to 5

Yes

Why?
Independent variable chosen by AM
experts to assess its effects on DfAM.
Five different parts were designed to
perform the same task.
Restrictive aspect varying with each part.

Functionality

No

Material
Removal
Unsupported
Features
Thin Features

Yes

Restrictive aspect varying with each part.

1 to 5

Yes

Restrictive aspect varying with each part.

1 to 5

Stress
Concentration
Tolerances

Yes

Restrictive aspect varying with each part.

1 to 5

No

1 to 5

Geometric
Exactness

Yes

Five parts were evaluated independently
from an assembly.
Restrictive aspect varying with each part.

4.4.3

1 to 5
1 to 5

1 to 5

Evaluation Time

Participants were also timed during the study. When a new part was presented to them, the
timer was started, and the timer was not stopped until the participant completed the DfAM
Worksheet for the part. The participant was then presented with a new part, and the process was
repeated. Time was recorded in seconds for each part for each participant and was later used in data
analysis. Evaluation Time was included as a metric because the implications of one environment
being faster than the other could speak to improved efficiency and usability [89]. Task completion
time has been used and validated in past research as an effective metric assessing VR effectiveness
in developing surgeons skills [90,91], assessing task performance in product dissection [54], and
comparing manipulation between VR, CAD and real-world environments [66,67].
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4.5.

DATA ANALYSIS
The final DfAM scores and times were tallied and compared using a two-way mixed

analysis of variance (ANOVA). The dependent variables were average DfAM score and design
evaluation times, and the independent variables were design complexity and evaluation
environment (VR or CAD). Using the two-way ANOVA, interactions for scores and evaluation
time were examined when varying degrees of part complexity are introduced. The self-reported
metrics relating to self-efficacy, motivation, outcome expectancy, and anxiety for DfAM were
evaluated using independent samples t-tests and paired samples t-tests. Confidence in using the
DfAM Worksheet was also analyzed using the same methods. Results analysis follows.

4.5.1

Analysis of Research Question 1

Recall that Research Question 1 asked, Is there a difference between VR and CAD in DfAM
scoring with respect to complexity of the evaluated design? Two-way interactions were evaluated
based on whether the participant was assigned to the VR or CAD group using a two-way mixed
ANOVA. Mauchly’s test of sphericity [92] indicated that the assumption of sphericity was met for
the two-way interaction for score (p=0.355). This analysis allowed us to evaluate differences in
DfAM scoring according to group and part complexity (see Figure 21). It was found that there were
no significant interaction effects between evaluation environment and complexity on DfAM
scoring (p=0.188) nor were there significant differences found between CAD and VR, in general.
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Figure 21: DfAM Scores for Varying Part Complexity

Given that a significant interaction was not found, simple main effects were then evaluated
using an independent samples t-test at each level of complexity. The assumption of normality was
violated in the VR group for part complexity 1 (p=0.007). The assumption of homogeneity of
variances was violated for part complexity 1 (p=0.033) as found using Levene’s Test of Equality
of Error Variances [93]. The independent samples t-test was still run as parametric tests are robust
to deviations from normality and homogeneity of variances violations [94].
Using box and whisker plots, a single outlier was discovered in the VR group for part
complexity 1. The t-test was run with and without the outlier, and no significant change in results
was found; the outlier was left in the data set for further analysis. A significant difference in DfAM
score was found as indicated in Table 19 between VR and CAD groups for the most complex part
(p=0.007), where the CAD group scored significantly lower, but was closer to the DfAM expert
score.
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Table 19: Independent Samples t-test for DfAM Score
Part
Complexity
1

Mean Expert
(Score)
21

Mean VR
(Score)
19.5

Mean CAD
(Score)
19.2

Sig.
0.825

2

18

14.5

15.3

0.604

3

14.5

17

15.2

0.303

4

14.5

16.8

17

0.886

5

11.5

16.7

13.5

0.007

Due to the significant difference found at part complexity 5, an independent samples t-test
was then performed for each restrictive element of the DfAM Worksheet to determine whether
there were any differences between CAD and VR for assessing (1) Material Removal, (2)
Unsupported Features, (3) Thin Features, (4) Stress Concentration, and (5) Geometric Exactness
for the most complex part. Table 20 shows there was a significant difference between CAD and
VR evaluation for the restrictive DfAM element Unsupported Features. The VR group had a higher
Unsupported Features score, on average, compared to the CAD group; a higher Unsupported
Features score means that the part is more likely to require supporting features, or is oriented in a
way that minimizes the need for supports. It is important to note that while the data from the DfAM
Worksheet is ordinal, the data collected for this study has a sample size greater than 5; therefore,
parametric examination methods can be used without the assumption of normality [94].
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Table 20: Independent Samples T-Test for Restrictive DfAM Elements Scored for Part

Complexity (Level 5)

4.5.2

Part Complexity
Level 5
Material Removal

VR Mean

CAD Mean

Sig.

2.5

2.2

0.382

Unsupported Features

3.4

2.1

0.006

Thin Features
Stress Concentration

3.2
3.8

3.0
3.0

0.673
0.087

Geometric Exactness

2.4

2.1

0.306

Analysis of Research Question 2

Recall that Research Question 2 asked, is there a difference between VR and CAD in the
time it takes participants to make DfAM decisions with respect to complexity of the evaluated
design? Two-way interactions were evaluated based on whether the participant was assigned to the
VR or CAD group. This similarly allowed us to explore differences in evaluation time according
to group and part complexity (see Figure 22). Again, it was found that there were overall no
significant interaction effects between evaluation environment and complexity on evaluation time
(p=0.431); however, an increasing mean difference between VR and CAD evaluation time was
noted.

64

Figure 22: Mean Evaluation Times for Varying Complexities
An independent samples t-test at each level of complexity was performed to evaluate
simple main effects. The assumption of normality was met in all cases. The assumption of
homogeneity of variances was violated for part complexity 4 (p=0.0019) as determined by Levene’s
Test of Equality of Error Variances [93]. The independent samples t-test was still run as parametric
tests are robust to violations of the homogeneity of variances assumption.
Using box and whisker plots, a single outlier was discovered in the VR group for part
complexity 1. The t-test was run with and without the outlier, and no major differences between
results were found; therefore, the outlier was left in the data set for further analysis. As shown in
Table 21, a significant difference in evaluation time was found between groups for the most
complex part (p=0.006) where the VR group evaluated designs at a faster rate.
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Table 21: Independent Samples T-Test for Evaluation Time

4.5.3

Part
Complexity
1

Mean VR (Time in
Seconds)
58.61

Mean CAD (Time in
Seconds)
58.52

Sig.
0.995

2

71.66

74.93

0.772

3

86.69

103.99

0.433

4

78.92

102.62

0.206

5

83.58

116.46

0.006

Analysis of Research Question 3

Recall that Research Question 3 asked, Is there a difference between VR and CAD in terms
of self-efficacy and other self-reported metrics for DfAM? The results for the DfAM self-reported
metric pre-surveys and post-surveys are plotted in Figure 23. A difference between groups was
observed for anxiety, where the CAD group mean increased by 10.6 points while the VR group
mean decreased by 1.2 points. Another difference was seen in anticipated success, where the CAD
group mean decreased by 1.2 points, and the VR group mean increased by 4.6 points. The findings
for anxiety and anticipated success were not statistically significant.
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Figure 23: DfAM Self-Reported Metrics Pre and Post Evaluation

An independent samples t-test and paired samples t-test was performed to determine
whether there were any significant differences within-groups (pre- and post-survey) and betweengroups (VR & CAD). The assumption of normality was violated in the VR group for Post-anxiety
(p=0.014) and in the CAD group for Post-confidence (p=0.019). The assumption of homogeneity
of variances was met for all cases, as found using Levene’s Test of Equality of Error Variances
[93]. The independent samples t-test and paired samples t-test were still run as parametric tests are
robust to deviations from normality. A total of six outliers were discovered using box and whisker
plots: VR group for Pre-confidence, Post-confidence, and Post-anxiety and CAD group for Preconfidence, Pre-anxiety, and Pre-Success. The t-tests were run with and without the outliers, and
significant changes in results were discovered; therefore, the outliers were removed for further
analysis. There was a significant difference found between CAD and VR groups for motivation
before participants were exposed to their evaluation tool (VR or CAD) where the VR group had a
significantly lower score for motivation (p=0.029). No other significant differences were found
(see Table 22).
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Table 22: Independent Samples T-Test Between Groups (VR & CAD) and Paired
Samples T-Test within Groups (Pre- & Post-Survey) for Confidence, Motivation,
Anticipated Success and Anxiety

Confidence
Motivation
Success
Anxiety

Between
Group Pre
(Sig.)

Between
Group Post
(Sig.)

Within Group
VR
(Sig.)

Within
Group CAD
(Sig.)

0.097
0.029
0.853
0.509

0.679
0.311
0.444
0.411

0.182
0.181
0.380
0.418

0.424
0.598
0.780
0.280

Independent samples t-test and paired samples t-test were also performed for DfAM selfefficacy for the restrictive topics of Material Removal, Unsupported Features, Thin Features, Stress
Concentration, and Geometric Exactness. The test was done to try to identify significant betweengroup effects as well as within-group effects. The assumption of normality was violated in the VR
group for Post-Thin Features (p=0.033) and in the CAD group for Post-Stress Concentration
(p=0.024). The assumption of homogeneity of variances was met for all cases, found using
Levene’s Test of Equality of Error Variances [93]. The independent samples t-test and paired
samples t-test were still run as parametric tests are robust to deviations from normality. A total of
seven outliers were discovered using box and whisker plots: VR group for Pre-Thin Features, PostMaterial Removal, and Post-Thin Features and CAD group for Post-Unsupported Features (2),
Post-Thin Features, and Post-Stress Concentration. The t-tests were run with and without the
outliers, and significant changes in results were discovered. Due to this impact, all of these outliers
were removed from analysis. Subsequently, a significant between-group effect was found for Stress
Concentration before either group was exposed to their evaluation tool (CAD or VR), the VR group
had a significantly higher score than the CAD group (p=0.033). There was also a significant withingroup effect in the CAD group for Stress Concentration where the CAD group post-survey scores
were significantly higher than pre-survey scores (p=0.001) as seen in Table 23.
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Table 23: Independent Samples T-Test Between Groups (VR & CAD) and Paired

Samples T-Test Within Groups (Pre & Post) for DfAM Confidence
Between
Group Pre
(Sig.)

Between
Group Post
(Sig.)

Within
Group VR
(Sig.)

Within
Group CAD
(Sig.)

Material Removal

0.076

0.345

0.668

0.155

Unsupported Features

0.123

0.786

0.250

0.388

Thin Features

0.096

0.107

0.316

0.051

Stress Concentration

0.033

0.829

0.649

0.001

Geometric Exactness

0.308

0.837

0.668

0.280

4.6.

DISCUSSION
This study was conducted to investigate potential differences in DfAM evaluation as a

result of part complexity (as rated by experts) and evaluation environment (VR and CAD).
Research questions RQ1, RQ2 and RQ3 are further discussed using the data analysis to support
claims.

4.6.1.

Discussion of Research Question 1

Recall that Research Question 1 asked, Is there a difference between VR and CAD in DfAM
scoring with respect to complexity of the evaluated design? The different environments do have an
effect on DfAM scoring, and complexity does play a role. While no significant interaction using
the two-way mixed ANOVA was found, increasing differences in scores can be seen as complexity
increases (see Figure 21). At a part complexity of level 1, both groups report scores with no
significant difference between them. Since the part is not very complex because it is merely a 2D
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extrusion, there are no intricate features that need be identified. In other words, it does not matter
what evaluation environment is used because the part does not warrant any in-depth analysis. In
contrast, for the most complex parts, the DfAM scores were found to be significantly different
between groups. This finding reveals that if a part is extremely complex, then the environment used
to evaluate that part will have an impact.
It was found that the group using CAD gave significantly lower DfAM scores than the
group using VR, and these lower scores were also closer to the DfAM experts’ scores. This finding
implies that for more complex parts, designers using CAD are more effective in accurately
evaluating parts designed for AM. It was also found that this significant difference in score was
due primarily to the evaluation metric Unsupported Features, where the VR group had significantly
higher scores than the CAD group. In other words, the VR group had a tendency to overestimate
the design’s ability to be self-supporting.
When evaluating simple parts, it does not matter which evaluation environment is
available; the DfAM scores will be the same. With increasing levels of part complexity, however,
the evaluation environment will have an impact, and the designer should consider which evaluation
environment will give them the advantage. While VR presents a new medium to evaluate parts,
CAD may still yield a more accurate evaluation. To surmise findings, a scatterplot for all evaluation
times related to deviation from expert scoring can be seen in Figure 24. The plot is organized by
evaluation environment (VR and CAD) and part complexity (1-5).
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Figure 24: Scatterplot of all Evaluation Times and Deviation from Expert Scores.

Organized by Evaluation Medium (VR and CAD) and Part Complexity (1-5)

4.6.2.

Discussion of Research Question 2

Recall that Research Question 2 asked, is there a difference between VR and CAD in the
time it takes participants to make DfAM decisions with respect to complexity of the evaluated
design? Akin to RQ1, there is no significant difference in times for the least complex part; however,
as part complexity increases, the overall evaluation time increases, and the evaluation time between
groups increases (see Figure 22). A significant difference was found between groups for the most
complex parts, where the VR group took less time to evaluate. This contrasts with the initial
hypothesis that the CAD group would take less time for more complex parts because of the
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participants higher reported experience with the environment (see Section 4.1). These results align
with published work that found that VR allows for faster manipulation [66,67].
These findings indicate that VR may have an advantage over CAD for quickly evaluating
complex DfAM parts. The use of VR to evaluate complex parts will save design team’s evaluation
time, improving efficiency, and also usability [89]. However, it is important to remember that this
fast evaluation time using VR may not be as accurate when compared to CAD.

4.6.3.

Discussion of Research Question 3

Recall that Research Question 3 asked, is there a difference between VR and CAD in terms
of self-efficacy and other self-reported metrics for DfAM? Overall there were little significant
differences in self-reported metrics for both within-group and between group tests. It was noted
that the CAD Group had a larger increase in anxiety for evaluating DfAM parts. Those using VR
to evaluate DfAM parts may, as a result, feel less anxious in their abilities. It was also noted that
the VR Group had a larger increase in anticipated success than the CAD Group; the findings for
anxiety and anticipated success were not statistically significant, but they are still in agreement with
prior research suggesting that VR increases confidence in task performance [64]. Before evaluation
occurred, significant between-group effects were found for DfAM motivation where the CAD
group scored significantly higher (see Table 22) and confidence in Evaluating for Stress
Concentration where the VR group scored significantly higher (see Table 23).
Before filling out their pre-survey, participants were not informed which group they would
be participating in. For this reason it was assumed that participants would have similar pre-survey
responses regardless of group. The experiment therefore had no effect on this outcome, and presurvey differences may be attributed to participants’ background knowledge.
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Finally, there was a significant within-group effect in which the CAD group scored higher
on Stress Concentration confidence after completing their DfAM evaluation. This finding implies
that the use of CAD will improve designers’ confidence in identifying areas of high or low stress
concentration within a part. CAD may have better resolution when compared to VR, allowing
designers to identify smaller details. This realization would support findings in RQ2 identifying
CAD as a more accurate DfAM evaluation tool.
This chapter explores VR as an evaluation tool for parts designed for AM. VR evaluation
is compared to CAD evaluation using DfAM Worksheet score and Evaluation Time as metrics. It
was found that for the most complex object, the VR group had faster evaluation times but less
accurate evaluations when compared to the CAD group. For objects that were less complex there
was no significant difference between the two evaluation mediums. Now that VR has been
evaluated as an educational resource for AM in Chapter 3 and a DfAM evaluation resource in
Chapter 4, final conclusions are made about VR as a resource for AM education and training in
Chapter 5.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
Virtual reality has proven to be advantageous in many fields of engineering education and
design, but there is little research using this technology to aid in aspects of design for additive
manufacturing. While schools and industry programs are developing courses to teach and practice
AM skills, the limited availability of such courses results in difficulty meeting the growing AM
workforce demand. Technological and financial constraints are also an issue, limiting the
scalability of hands-on learning and design. VR is one such technology that may effectively teach
DfAM concepts, improve lesson scalability, and improve the evaluation of parts designed for AM.
In Chapter 3, VR was proposed as a medium to effectively teach introductory DfAM
concepts to a student audience. Based on the methods employed in this research there is no overall
significant difference between learning AM in a physical environment and learning AM in a virtual
environment. This suggests that VR (whether interactive or passive) can indeed be an effective
medium for teaching introductory DfAM concepts. It was also shown that there is no difference
between learning in a passive setting and learning in an interactive setting. While this lack of
difference was unexpected, it may be viewed as advantageous: users do not necessarily need fully
interactive VR (e.g., HTC VIVE [73]) to learn introductory concepts of AM; instead, they may use
more accessible and affordable passive methods of VR (e.g., Google Cardboard).
In Chapter 4, VR was proposed as a medium to aid designers in evaluating parts designed
for additive manufacturing. The experiment results indicated a significant difference in DfAM
scores between groups for the most complex parts. It was found that VR had a significantly faster
evaluation time for the most complex part but lower accuracy. CAD, however, had a significant
increase in Stress Concentration confidence, allowing designers to feel they have improved abilities
to identify areas of high and low stress concentration in a part. It is also possible that VR can also
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improve participants’ anticipated success and have less of an effect on Anxiety for DfAM part
evaluation, though this was not proven at 95% confidence. Most notably, it was found that as part
complexity increases, the results between CAD and VR increase, suggesting that this research
should be further explored with more complex parts.
There were some limitations to the two studies expressed in this work. In Study 1, a selfefficacy metric of our own design was used, which perhaps lacked rigor if compared to a previously
validated metric [77,95]. Additionally, the design of the conceptual exam presented participants
with rendered images of an extruder that would be seen in Unity (see Appendix C), without also
incorporating real-world images of the extruder. This might have given the groups exposed to the
extruder in VR a slight advantage as they would be more familiar with the image [96]. In Study 2,
the full DfAM Worksheet was not used for part evaluation. Complexity was used to organize parts.
Functionality and Tolerances [35] were not incorporated because the parts evaluated all performed
the same function and were not evaluated as an assembly. Three metrics were excluded from
participant part evaluation; had the metrics Complexity, Functionality, and Tolerances been
included in evaluation it is possible that participants DfAM scores may have been different.
The work presented in this thesis has demonstrated VR to be a comparable tool to teach
specific concepts of DfAM and evaluate specific parts designed for AM. VR has the potential to
expand the efforts of AM education and DfAM evaluation. Future iterations of this work will
explore AM hardware, DfAM concepts, and parts designed for AM that are more advanced. Part
of the work expressed in this thesis was done with a desktop material extrusion machine that could
be easily replicated in the physical and virtual space. However, VR also has the potential to expose
users to more advanced AM systems while simultaneously minimizing cost and operator risks (e.g.,
inhalation of metal powder). VR has been shown to be an effective assistive tool in aspects of
engineering design, and no
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Future iterations of this work will also explore teaching more advanced DfAM concepts to
uncover if significant differences between environments arise as curriculum difficulty increases.
Similarly, future work will also look more into evaluating DfAM parts of high complexity;
evaluation between environments differed with highly complex objects, and this notable difference
between environments warrants further exploration. This work may also be expanded using a
qualitative approach. Participants can be interviewed about their experience in an environment and
recorded as they “think aloud” [97] while learning about DfAM concepts, creating designs for AM,
or evaluating AM parts. The recordings can then be coded and analyzed using the inductive
approach [98] or conventional content analysis [99] to uncover themes encapsulating participants’
experience and understanding. Further research using higher fidelity software would also be
beneficial. This work limits participants to simple actions of moving printer axis and picking up
parts for further examination; however, there is a lot of design software in the market today that
allows users to create and manipulate geometries, visualize support generation, visualize build
paths, select and design infill patterns, and many other features. A VR emulation with these more
advanced design tools may be prove useful and could be validated through similar experimentation.
Finally, VR has many advantages over a physical setting that were not explored in this work,
namely, the ability to manipulate time, gravity, geometries, and other aspects of reality; these
advantages should be explored in future studies related to this work.
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