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ABSTRACT

Solving problems with additive manufacturing (AM) often
means fabricating geometrically complex designs, layer-by-layer,
along one or multiple directions. Designers navigate this 3D
spatial complexity to determine the best design and manufacturing
solutions to produce functional parts, manufacturable by AM.
However, to assess the manufacturability of their solutions,
designers need modalities that naturally visualize AM processes
and the designs enabled by them. Creating physical parts offers
such visualization but becomes expensive and time-consuming
over multiple design iterations. While non-immersive simulations
can alleviate this cost of physical visualization, adding digital
immersion further improves outcomes from the visualization
experience. This research, therefore, studies how differences
in immersion between computer-aided (CAx) and virtual reality
(VR) environments affect: 1. determining the best solution
for additively manufacturing a design and 2. the cognitive
load experienced from completing the DfAM problem-solving
experience. For the study, designers created a 3D manifold model
and simulated manufacturing it in either CAx or VR. Analysis of
the filtered data from the study shows that slicing and printing their
designs in VR yields a significant change in the manufacturability
outcomes of their design compared to CAx. No observable
differences were found in the cognitive load experienced between
the two modalities. This means that the experiences in VR may
influence improvements to manufacturability outcomes without
changes to the mental exertion experienced by the designers. This
presents key implications for how designers are equipped to solve
design problems with AM.
Keywords: additive manufacturing, design for additive
manufacturing, virtual reality, design problem solving, 3D
printing simulation

1. INTRODUCTION

Organizations competing against sustainability, cost,
and time-to-market requirements are adopting advanced
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manufacturing technologies to address their engineering
challenges. Additive manufacturing (AM) offers a competitive
advantage to these groups and is thus increasingly being used to
fabricate end-use parts[1]. However, such organizational adoption
of AM needs designers who can specifically produce parts that
take advantage of AM while accounting for its limitations[2].
This is because parts designed for AM can incorporate unique
geometric and material complexities, distinguishing them from
parts created using subtractive and formative manufacturing
processes[3.,4]. There is a shortage of designers with a thorough
understanding of DfAM and AM process concepts to meet
the demand for AM[5-8]. This deficit limits AM adoption
within organizations, overcoming which is, therefore, crucial to
innovate with AM[9,10]. For this purpose, designers must be
equipped with design and process-centric AM knowledge for
the range of AM processes and materials. This knowledge is
essential to cultivating the skill necessary to produce functional
and manufacturable parts while minimizing failures, defects,
and functional errors. To acquire this knowledge, designers
must experience solving problems with AM by visualizing the
fabrication of their designs to hone their design for AM (DfAM)
intuition. Therefore, this research introduces a DfAM problem
and studies how such visualization affects a designer’s design
and manufacturing decisions for AM.

Visualizing the form, scale, aesthetics, and ergonomics
of a solution is a fundamental step in checking its viability
during design processes[11,12]. With designs for AM, the
solution’s manufacturability is also important, making it crucial
to visualize and incorporate manufacturing considerations in
DfAM processes. The experience of actively working with 3D
printers to fabricate functional parts is necessary to visualize
the benefits and limitations of AM technologies[13—16]. Doing
so for the range of AM processes fosters a breadth of technical
competency and design intuition for AM, essential to innovating
with AM[3,17,18]. Although processes like material extrusion
(ME) are quite accessible, others like powder bed fusion
(PBF) are not due to their inherently high cost, safety, and
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infrastructural requirements[19,20]. This limits the hands-on
experiences designers can have with AM systems, thus limiting
their opportunity to cultivate problem-solving skills for AM.
Even with physical access to AM systems, low manufacturing
speeds limit rapid learning and problem-solving with AM[21,22].
There is a need for accessible alternatives that support visualizing
and testing designs for AM to rapidly cultivate problem-solving
skills for AM. Working with virtualized AM systems offers such
alternatives, motivating an investigation into the use of virtual
experiences for DFAM problem-solving.

Virtual manufacturing methods, such as computer
simulations, data models, and other digitally fabricated
resources, help visualize and test products and manufacturing
processes before their physical realization[23-25]. Science and
engineering have historically leveraged simulations, games, and
digital twins using computer-aided technologies (CAx) for this
purpose[26—29]. Past work in virtualized AM also shows potential
in demonstrating the 3D printing outcomes of different designs
to offer such insight[30-32]. Although non-immersive virtual
simulations have historically been used during problem-solving
as alternatives to physical learning and decision-making[33,34],
adding immersion shows the potential for improved learning
and communication outcomes, key requirements for effective
problem-solving[35-38]. This is because modalities like virtual
reality (VR) with enhanced immersion and presence influence 3D
perception[39] to improve design and engineering experiences
and their experiential outcomes[40—44]. Past work even shows
promise in specifically teaching design and process-centric
AM concepts using VR[30,31,45]. However, no known work
investigates how differences in immersion affect the application
of such conceptual knowledge on the outcomes of a DfAM
problem-solving experience. To address this gap, this research
studies how designers additively manufacture their solution to a
design problem in either a CAx or VR environment.

Designers must be equipped with digital experiences to
visualize their solutions and rapidly solve design problems
with AM. To do so, digitally immersive and non-immersive
experiences, offered by VR headsets and flat-screen computers
respectively, must be examined within AM contexts. Knowledge
of their benefits and limitations will inform the design of digital
experiences, tailored to enhance designers’ problem-solving
abilities with AM. The goal of this research is to, therefore,
study the use of immersive VR and non-immersive CAx in
AM problem-solving. Problem-solving with AM, however,
employs two different types of rationalization: 1. applying
DfAM knowledge to generate a solution, and 2. identifying
the best approach to manufacture the solution. The latter
specifically requires designers to assess the best orientation to
additively manufacture their solutions. Therefore, this research
first tasks designers with generating a 3D model to solve a DFAM
problem. They must then evaluate the solution’s manufacturability
by determining the best print orientation for it in a CAx or
VR environment. The effects of immersion on the change in
manufacturability outcomes of the designs and the cognitive load
experienced by the designers are studied. Section 3 describes
the study methodology used to address the research questions
proposed in Section 2. Findings from the data analysis are then

presented in Section 4 and discussed with their implications
in Section 5. Lastly, Section 6 summarizes the collective
contributions of this research and its limitations for future work.

2. RESEARCH QUESTIONS

This research aims to investigate how immersion affects how
designers manufacture a design with AM by determining the best
orientation for fabrication in a CAx or VR environment. The
study also observes how cognitive load varies between the two
modalities during the problem-solving experience. These research
questions guide this investigation:

RQ 1. How do differences in immersion between CAx and VR
affect the change in manufacturability outcomes of a solution
designed for AM?

This research question identifies the effects of immersion on
the change in manufacturability outcomes when problem-solving
with AM. Specifically examined are 1. the time spent identifying
the best solution, 2. the time taken for print completion, 3. the
support material used for the print, and 4. a manufacturability
score for the designs (based on the print time and support material
used). Compared to the CAx problem-solving, it is hypothesized
that the manufacturability evaluations in VR will yield higher
scores, faster prints, and lower material usage. However, no
significant differences between the two modalities are expected
for the time spent identifying the best solution. Such trends are
hypothesized due to expected enhancements in spatial perception
and reasoning within immersive modalities[41,42,46,47].

RQ 2. How do the differences in immersion between CAx and
VR affect the cognitive load experienced from manufacturing of a
solution designed for AM?

This research question identifies the effects of immersion on
the cognitive load experienced from designing and manufacturing
a 3D model to solve a design problem with AM. Specifically
examined is the self-reported cognitive load experienced by the
designers. Compared to the CAx experience, it is hypothesized
that the VR experience will generally yield lower reported
cognitive load values. It is expected that the effort required to
perform manufacturability evaluation operations for a design, and
thus the cognitive load, changes due to the change in immersion.
Specifically, evaluations within modalities that require low effort
will yield lower reported cognitive load than those that require
high effort[48—51]. Such variation in effort is expected to arise
due to differences in immersion, the perceived complexity of the
designs, and the required engagement with the designs.

3. METHODOLOGY

Participants completed the steps illustrated in Figure 1 on
an online Qualtrics survey for the designed study. This includes
engaging with the questionnaires, instructions, and the CAx and
VR AM environments. No personal or identifiable information
was collected from the participants. Completing the survey
corresponded to opting in for the study; not doing so was registered
as opting out of the study. Participant data was deleted accordingly
as per the approved Internal Review Board (IRB) protocol.
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The remainder of this section describes the steps completed by

the participants for the designed study as shown in Figure 1.

Section 3.1 describes the pre-study procedure, Section 3.2 the
design of the virtual AM environment, and Section 3.3 the
details of the DfAM problem. Lastly, Section 3.4 describes the
measurement of cognitive load after the DfAM problem-solving
exercise.

Share background in AM, ME, DfME, and CAx or VR in a pre-survey

l

Complete a tutorial in CAx or VR by 3D printing a practice design

l

Review the prompt for the assigned design challenge

Perform an iterative design and review cycle

Create a new 3D solution to address the challenge
AR

Revisions required

3D print the design to evaluate its manufacturability

l

Submit a final design for the challenge

l

Report the experienced cognitive load and complete a post-survey

FIGURE 1: lllustrating the order of steps completed by the participants
in the CAx and VR conditions for the designed study

3.1 Pre-study procedure
Participants in this study were second and third-year

undergraduate students from an engineering design methodology
course at an R1 university. They were reminded of their rights and
options as per IRB protocol before beginning the study. Students
who opted in were directed to an online Qualtrics survey to begin
the study. The survey’s hidden algorithm balanced assignments
evenly between the two conditions: CAx or VR. This means that
the participants were distributed before the study began to ensure
an equal number of participants in each condition. Once assigned
to a condition, participants first shared their knowledge of AM
in the survey. This included their general experiences with AM
and their specific experiences with the ME and DfME. This data
helped check for prior knowledge in the statistical analysis of the
measured outcomes in the study. Knowledge in AM, ME, and
DfME was recorded on the following 5-point Likert scale:

1. Thave never heard or learned about this topic before this

2. I have some informal knowledge on this topic

3. I have received some formal knowledge on this topic

4. T have received lots of formal knowledge on this topic
5. I'am an expert on this topic
Next, participants described their proficiency with their

assigned modality, i.e., with CAx and VR. Specifically, they
were prompted to share their proficiency in working with or
interacting with 3D models. Participants likely had much more
experience working with CAx tools than with VR tools. Therefore,
it was important to measure, acknowledge, and then balance any
differences in technological proficiency before comparing the
measured outcomes between CAx and VR. Proficiency in CAx
and VR was recorded on this 5-point Likert scale:

1. T have never worked with 3D in this modality before this

2. T am slightly comfortable working with 3D in this modality

3. I am comfortable working with 3D in this modality

4. Tam extremely comfortable working with 3D in this modality

5. Tam an expert on working with 3D in this modality

Upon completing the questionnaire, participants were

informed about their assigned modality for the first time.
Those assigned to the CAx condition were directed to the
AM environment via a link on their computers. Those in
the VR condition were each given a Meta Quest headset and
controllers and directed to the AM simulation on the Meta
Quest Browser app. Then, participants immediately proceeded
to the tutorial: a practice experience designed to familiarize
them with their assigned modality and the AM environment
described in Section 3.2. To familiarize themselves with this
new AM environment, participants manufactured one example
design during the tutorial. They manufactured the design in
various orientations to visualize the outcomes for each orientation.
After completing the tutorial, participants were presented with the
DfAM problem described in Section 3.3.

3.2 The virtual AM environment
The virtual AM environment used in this research was based
on standard 3D printing slicer programs that inform designers
about the printing outcomes of their designs. The outcomes in
these slicer programs include the time to print completion, the
amount of support material used for the print, etc. As such,
the virtual AM environment replicated the process of slicing
and printing a 3D model for AM to help designers visualize the
manufacturability of their designs. The AM environment included
four key features to aid designers in visualizing the AM process
and assessing the manufacturability of their designs:
1. A 3D model of the solution submitted by the participants
2. Asliced counterpart of the solution in the chosen orientation
3. An extruder to emulate the layer-by-layer printing process
4. A graphical interface to slice models, control the printer, and
view the manufacturing outcomes
The designed environments were developed by the authors
using openly-accessible software and libraries. The 3D web
application was distributed online and accessed by the participants
using their web browsers. WebXR technology was used to
introduce VR capabilities, and the libraries used to create the
3D environment were the Poimandres react libraries' powered by

'Website for react libraries: https:/github.com/pmndrs/website
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three.js>. All the VR experiences were tested on the Meta/Oculus
Quest 2 and HTC Vive devices only. The open-source Cura slicing

engine was used to slice the 3D models submitted by participants.

This slicing was run directly in the browser using a WebAssembly
version of the engine’. This engine calculated the print outcomes
of the designs every time designers submitted a new design or
changed the orientation and re-sliced the 3D model. Running
the engine behind the scenes allowed the participants to quickly
visualize the manufacturability of their designs in real-time in the
3D environment, similar to standard print slicer programs.

READY TO SLICE

PRINTABILITY SCORE
Neither favorable nor unfavorable
PRINT INFO

Time: 214 mins

Part Weight: 477 g

Support: 731 g

START PRINTING

PRINTING OVERRIDES
CHANGE LAYER

1 >
CHANGE SPEED

‘XO‘ X1

(a) CAx 3D printer

PRINTABILITY SCORE
50

PRINT INFO

(b) VR 3D printer

FIGURE 2: Presenting the design of the AM environments for each
condition which included the designed artifact, a 3D printer, and a
graphical interface to use the printer and view the print outcomes

To ensure that the DfAM exercise was similar across the
conditions, the environments were designed identically as shown
in Figure 2. Free interaction with a design and its environment was
permitted to encourage intuitive exploration of the designs. This
means that participants were not restricted to a specific orientation
or view of the design and were encouraged to explore the design
in multiple orientations. As such, typical engagement included
picking up, rotating, and moving the models to get a good view

2Website for three js: https:/threejs.org/
3Source for cura-wasm: https://github.com/cloud-cnc/cura-wasm

of the design. Scaling or modifying the 3D geometry in the
environment was not permitted. This ensured that the designs, and
their features, were manufactured at their intended scale, yielding
an identical comparison of outcomes between the modalities.

3.3 The DfAM problem
Participants were tasked with designing at least one 3D model
for a manifold that channels fluid flow from various inlets into
a single outlet. No limit was placed on the number of designs
that could be created. Participants were also free to use the CAD
software they were most comfortable with to design their solution
(most used Solidworks). The design problem imposed a design
and non-design space, as visualized in Figure 3. The specific
design requirements for the manifold were as follows:
* The manifold design must not exceed the 5 x 5 x 5 cubic inch
design space
* The wall thickness of each channel must uniformly be at least
0.25 inches
+ Each inlet must be directly connected to a channel that leads
to the outlet

Main channel
Inner @ 1.5 in with thickness 0.25 in

7x Inlets
Inner @ 0.5 in with thickness 0.25 in

Legend
- Non-design space
l:l Design space

FIGURE 3: lllustrating the design and non-design space that participants
were prompted to consider for the DfAM problem

To simplify and expedite the problem-solving process, a 3D
model of the design and non-design space was provided to the
participants. This means that participants were not required to
create the design and non-design space themselves and could
instead focus on designing the channels for AM. This design
problem was chosen to reflect the 3D spatial complexity inherent
to AM processes and the designs enabled by them. Specifically,
the problem forced participants to visualize geometric features
in multiple directions and assess their manufacturability for AM.
Such spatial complexity also made this a suitable problem to
extract the effects of immersion in AM contexts.

Participants were further instructed to consider material
extrusion (ME) as the AM process for the design problem. Details
about the printer were provided as follows:

* The printer prints with 100% infill (i.e., a solid part)
+ It has a 2.5 mm nozzle diameter that deposits material at a

1.875 mm layer height

* The machine has a 7 x 7 x 7 cubic inch build volume

A virtual AM program was provided by the authors to slice

and print their solution and determine its manufacturability within
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these parameters. Participants were required to manufacture
each of their solutions using this program to determine their

manufacturability before submitting one as their final design.

This requirement established a pre-reviewed baseline and allowed
the comparison to the post-reviewed manufacturability outcomes.
Specifically, participants were to reason if the default orientation
was the best orientation for manufacturing, or if another orientation
was better. Changes to the outcomes could, therefore, be attributed
to a designer’s engagement with the design when fabricating it in
their assigned modality.

The design prompt instructed participants to identify a

solution that demonstrated favorable manufacturability with AM.

To help with this, the AM program displayed the manufacturability
score, the time to print completion, the weight of their part, and the
amount of support material used for the print. This information
was to be used to compare the manufacturability outcomes
between the two print orientations. The manufacturability score in
particular provided a general assessment of the favorability of the
solution for AM. This means that the higher the manufacturability
score, the more favorable the solution was for AM. To receive a
high score, favorable solutions were expected to:

1. Weigh as little as possible

2. Require little to no wasted support material to fabricate

3. Build in the shortest amount of time possible.

Manufacturability score was calculated using Equation 1

where ¢,,, and m,,, were the outcomes from printing a solid
cube occupying the entire design space, m,,;, was the mass
of a minimum viable design for the problem, and ¢,;, was
the theoretical minimum print time. Here, m,,;, was obtained
by the authors by exploring multiple likely solutions to the
design problem and was used to penalize unreasonable solutions.
However, t,,;, was set to a theoretical minimum to generously
allow solutions not accounted for by the authors, thus rewarding
creativity.

t m
Score = 100 x (1 — M) 1)
where
1 l— tmin
rorm = Max (0, min (1, tmamtmm))
m—m.,. .
m, =max (0, min |1, ——— ™
norm X < ( mm(m — mmin ) )
and
Umin = O mins, ¢ = 239 mins

ma max

Mypin = 3008, M, .. =4974 g

It is important to note that Equation 1 is a normalized cost
function. Unlike a normal cost function which is not bounded,
this manufacturability score is bounded between 0 and 100. This
bounding resembles a grade-like system, serving to make the
manufacturability assessment more relatable and intuitive to the
participants who were students. Using such a scale for the score
aimed to instill internal motivation in the participants, encouraging
them to identify the more favorable solutions.

3.4 Gauging cognitive load

After manufacturing their designs and identifying the best
solution, participants reported their experienced cognitive load
from completing the exercise. They used the Workload Profile
Assessment (WPA) tool[52] to quantify the cognitive load they
experienced. Compared to the Subjective Workload Assessment
Technique and the NASA Task Load Index, the WPA’s higher
sensitivity was preferred for such quantitative assessments[53].
Participants scored eight workload profile dimensions between 0
and 10 to represent their mental exertion. These eight dimensions
spanned Perceptual, Response, Spatial, Verbal, Visual, Auditory,
Manual, and Speech cognitive processing needs. Participants
received a text and audio description of each dimension to review,
along with an example of each dimension applied in practice.

Using these descriptions, participants assessed their cognitive
load and assigned appropriate values to each dimension, one
at a time. The Verbal and Auditory dimensions, though not
directly applicable to the design DfAM exercise, were included
to ensure consistency with the WPA tool. This is because
the designed experiment did not study any tasks or elements
that gave verbal instruction and audio cues. However, the
WPA tool was designed to study tasks that would include such
elements. The Speech dimension was also included under the
same rationale. Additionally, this study did not check or correct
for any misinterpretations of the dimensions by the participants.
Therefore, the inclusion of these dimensions ensured that all the
necessary information was collected to study the cognitive load
experienced by the participants.

4. RESULTS

This study measured the effects of immersion on the
manufacturability outcomes of an artifact designed for AM and
the cognitive load experienced from the DfAM problem-solving
experience. Due to the study’s opt-in flexibility, participants
inconsistently completed the study’s elements, resulting in
different sample sizes for the different analyses. A total of 40
participants (CAx = 19, VR = 21) generated 3D models for the
design problem and manufactured them in either the CAx or VR
modality. This sample set serves as the primary pool of relevant
data for the study. From this set, 30 participants completed
the pre-study questionnaire that recorded their background in
AM, ME, DfME, and CAx or VR. Additionally, 25 (CAx = 10,
VR = 15) out of the original 40 reported their cognitive load
from the DfAM exercise after completing the design problem.
Furthermore, only 14, (CAx = 8, VR = 6) submitted finished
3D solutions, that included channels for all the inlets connecting
to the outlet as required by the design prompt. This section
presents analyses of the background data, the manufacturability
outcomes, and the cognitive load data with their respective sample
sizes. Specifically, Section 4.1 informs on the backgrounds of
30 participants, Section 4.2 the manufacturability outcomes of
40 designs, and Section 4.3 the cognitive load experienced by
25 participants. Section 5 later distinguishes the trends observed
with finished and unfinished designs further informing on the
underlying phenomenon in the main findings in Section 4.2.

To statistically explain the background, cognitive load, and
evaluation time data, linear regression models (Im) were generated.
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These models explained the effects of only one independent
variable, i.e., Condition, on the dependent variables. Linear
mixed-effects regression modeling (Imer) was used to statistically
analyze the change in manufacturability score, print time, and
support material usage. These models explained the effects of two
independent variables, i.e., Condition and Stage, on the dependent
variables, where Stage was the repeated measure. Pairwise
comparisons between variables were done using Estimated
Marginal Means tests. The /mer utilized restricted maximum
likelihood estimation to iteratively modify the parameter estimates
with a minimized log-likelihood function. The /m and Imer
model assumptions were checked using the Pefia and Slate[54]
and the Loy and Hofmann[55] procedures respectively. The R
programming language was used to perform all the statistical
analyses and assumption checks in this research Unless otherwise
specified, this research did not find any observable violations
and relies on the acceptable range for the robustness of the
respective regression models. A 95% confidence interval was
used to determine statistical significance (i.e., p < 0.05). The
p-values from the /mers are adjusted using the Kenward and
Rogers adjustment to account for the small sample size. Those
from the pairwise comparisons were adjusted using the Bonferroni
method to account for multiple comparisons. This adjustment
minimized the chance of false positives. As such, any observed
significance in the findings was likely not due to random chance.
All potential outliers in the data were retained in each analysis.
The reported findings are presented in the following format: b
=0.00, F(n,m) = 0.00 [t(n,m) = 0.00], p = 0.00. Here, b is the
regression coefficient (i.e., slope), F' is the F-statistic, ¢ is the
t-statistic, and p is the p-value. Here n and m are the degrees of
freedom in the numerator and denominator respectively.

4.1 Background analysis

Analyzing the prior knowledge of AM, ME, and DfME
concepts from the 30 participants helped account for the effects of
such knowledge on the measured manufacturability outcomes and
cognitive load. The distributions of the prior knowledge in AM,
ME, and DfME were regressed on the centered condition (CAx =
-0.5, VR =0.5) for the analysis. The results showed no observable
significant difference between the three conditions in their prior
knowledge of AM, b =-0.11, F(1,28) = 0.12, [t(1,28) =-0.34], p
=0.737,0f ME, b =-0.27, F(1,28) = 0.55, [t(1,28) =-0.74], p =
0.465, and of DIME, b = -0.11, F(1,28) = 0.08, [t(1,28) = -0.29],
p = 0.776. This trend is observed in Figure 4, where participants
in all the conditions reported similar prior knowledge of AM, ME,
and DIME. Specifically, they shared that they generally had some
informal or formal knowledge of each of the topics.

Participants in the CAx and VR conditions also described
their proficiency with their respective modalities. Analyzing
this data established the need for a tutorial phase for each
condition before the main study. The collapsed technology
proficiency was regressed on the centered condition (CAx =
-0.5, VR = 0.5). As expected, participants generally showed a
significantly higher proficiency for CAx technology than for VR
technology, b =-1.72, F(1,28) = 13.68, [t(1,28) =-3.7], p = 0.001.
Specifically, participants in the CAx condition were generally
extremely comfortable or considered themselves experts with CAx

z w| [ o
©
8
L
Number of Responses
(a) Knowledge of AM
z w| 3] o
©
8
§ on| [ TB
Number of Responses
(b) Knowledge of ME
>
= VR -- 4 1
3
Number of Responses
(c) Knowledge of DfME
Response

| have never heard or learned about this topic before this
H | have some informal knowledge on this topic

| have received some formal knowledge on this topic
l | have received lots of formal knowledge on this topic
. | am an expert on this topic

(d) Common legend for the responses

FIGURE 4: Presenting the distribution of reported prior knowledge of
AM, ME, and DfME among the participants in the two conditions

technology; however, those in the VR condition had generally
never worked with VR technology or were slightly comfortable
with it. This trend shown in Figure 5 was expected because
students had likely completed CAx/CAD course requirements
but likely not any VR coursework. Though expected, the trend
echoes the need for a tutorial on VR to balance the technological
proficiency between modalities before an AM study[45,56].

o S —

Number of Responses

Modality

Response

| have never worked with 3D models in this modality before this

| am slightly comfortable working with 3D models in this modality

| am comfortable working with 3D models in this modality
. | am extremely comfortable working with 3D models in this modality
- I am an expert on workina with 3D models in this modality

FIGURE 5: Presenting the distribution of reported proficiency on
working with CAx and VR modalities

4.2 Manufacturability outcomes

The results presented in this section are observations from
40 designs submitted for the study. Analyzing this data helped
address the first research question, i.e., identifying the effects
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of varying levels of immersion on manufacturability outcomes.
For this analysis, the manufacturability score, print time, and
support material usage were regressed on the centered variables
for Condition, and Stage as a covariate. Evaluation time was
regressed on the centered variable for Condition only.

Condition served as a between-subjects variable centered
around the three studied conditions: CAE = -0.5, VR = 0.5.
Stage served as a repeated measure for the within-subjects design,
centered around the time points in the DfAM exercise: Pre =
-0.5, Post = 0.5. The pre and post-stages represent the outcomes
observed before and after participants interacted with the design
respectively. Comparing the outcomes from the two stages
indicates whether participants explored new print orientations for
their design besides the one they started with. This comparison
sheds light on the influence the CAx and VR modalities had on a
participant’s engagement to identify a better print orientation for
their design. The presented results from the regression analysis
focus on each detailed effect when controlling for all other
main effects in the model. Only the interaction effects between
Condition and Stage were considered in the analysis. These effects
indicate the significance of the change in the manufacturability
outcomes between the pre and post-stages.

The main analysis showed no significant effect of Condition
on Evaluation Time, b = -0.91, F(1,38) = 0.65, [t(1,38) =-0.8], p
= (.426. Figure 6 shows that participants generally spent similar
time in the CAx and VR conditions to evaluate their designs.

&
= VR
e}
S CAx
(@)
0 2 4 6 8 10 12
Time (mins)

FIGURE 6: Showing the distribution of time spent evaluating one
design at a time between the two conditions

The main analysis showed no significant effect of Condition
on the Score, Print Time, and Support Usage (see Table 1).
As seen in Figure 7, participants generally yielded similar
manufacturability scores, print completion times, and support
material usage for the designs between the modalities. This
means that the manufacturability outcomes were not significantly
different in the CAx and VR conditions. However, the analysis
did show a significant effect of Stage on Score and Print Time with
an emerging trend in Support Usage. As also seen in Figure 7,
participants generally yielded higher manufacturability scores,
shorter print completion times, and lower support material usage
for their designs at the Post stage than at the Pre stage. This means
that participants generally identified a better print orientation for
their design after interacting with it in their assigned modalities.

Estimating a two-way interaction between Condition and
Stage explained how the change in the outcomes differed
between the modalities, i.e., the difference in Score, Print Time,
and Support Usage between the pre and post-stages. The
analysis showed no significant effect from the interaction between
Condition and Stage on Score, Print Time, and Support Usage
(see Table 1). This means that participants generally made similar

changes to the manufacturability outcomes between the modalities.

The pairwise comparison of the two stages between each condition
further suggested that the Pre and Post values for each outcome
were similar between CAx and VR. However, participants in
the VR condition yielded a higher change in Score and Print
Time than those in the CAx condition (see Figures 7a and 7b).
An emerging trend can also be observed in Support Usage (see
Figure 7¢). This means that Condition may not significantly affect
the manufacturability outcomes, but it may strongly influence the
change in these outcomes.

TABLE 1: Listing the general effects of each variable on the
manufacturability outcomes of all the designs

(a) Manufacturability score

Variable Estimate F(1,38) tratio p.value
Condition 1.37 0.09 0.29 0.770
Stage 3.69 6.67 2.58 0.014
Condition:Stage 4.33 2.29 1.51 0.138
(b) Time to print completion
Variable Estimate F(1,38) tratio p.value
Condition -0.22 044 -0.67 0.509
Stage -0.29 5.18  -2.28 0.029
Condition:Stage -0.24 091 -0.95 0.347
(c) Support material used
Variable Estimate F(1,38) tratio p.value
Condition -30.55 0.11  -0.33 0.740
Stage -70.14 337 -1.84 0.074
Condition:Stage -54.49 0.51 -0.71 0.480

4.3 Cognitive load

Results presented in this section are observations from data
provided by 25 participants. Analyzing the data collected from this
group helped address the second research question, i.e., identifying
the effects of varying levels of immersion on cognitive load. For
this analysis, the Verbal, Auditory, and Speech dimensions were
excluded (though included in the survey, see Section 3.4) and
the remaining five dimensions were regressed on the centered
variable for Condition. Condition served as a between-subjects
variable centered around the three studied conditions: CAx =-0.5,
VR = 0.5. The main analysis showed no statistically significant
difference in cognitive load for any of the dimensions between
the conditions (see Table 2 and Figure 8). This suggests that
determining the manufacturability of one’s design in CAx and VR
demands similar effort across the different dimensions.

5. DISCUSSION

The goal of this study was to observe how varying levels of
immersion affect the manufacturability outcomes of an artifact
designed to solve a problem with AM. Specifically, participants
were tasked with generating a 3D model to solve a design prompt
and then manufacturing it with AM in either a CAx or VR
environment. To explain the results from Section 4 from this study,
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FIGURE 7: Showing changes to the manufacturability outcomes as affected by the two conditions

TABLE 2: Listing the different cognitive load dimensions and showing
how they differed between the conditions

Dimension Estimate F(1,23) tratio p.value

Perceptual -0.20 0.06 -0.25 0.801

Response 0.10 0.02 0.14 0.893

Spatial -0.53 043 -0.65 0.520

Visual 0.23 0.10 0.31 0.759

Manual -0.33 0.16 -0.40 0.695
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FIGURE 8: Showing the distribution of reported cognitive load as
affected by the two conditions

this section first summarizes the main findings and emphasizes
their broader implications. It then discusses emerging trends from
a post hoc analysis to discern the underlying phenomenon.

5.1 Main findings
This study investigated two research questions to understand
the effects of immersion on the manufacturability outcomes and
cognitive load experienced from solving a DfAM problem.
How do differences in immersion between CAx and VR
affect the change in manufacturability outcomes of a
solution designed for AM?
The goal of RQ 1 was to identify the effects of varying levels

of immersion on the determined manufacturability outcomes
of an artifact designed for AM. The results from Section 4.2
showed that the manufacturability outcomes were not significantly
different between the CAx and VR conditions. However, the
results also showed that participants generally identified a better
print orientation for their design after interacting with it in their
assigned modalities. This is interesting because it suggests that
participants reconsidered their DfFAM intuition after visualizing
the manufacturability of their designs in new ways. Additionally,
the modalities generally did not influence the manufacturability
outcomes themselves, but they did influence the change in these
outcomes. Specifically, participants in the VR condition yielded
a higher change in manufacturability score, print completion
time, and support material usage than those in the CAx condition.
Because the pre and post-values were similar between the
conditions, these trends were likely due to a large difference
between the pre and post-means. In other words, the statistical
significance was likely due to a high nominal difference between
the means and low variation within each condition.

How do the differences in immersion between CAx

and VR affect the cognitive load experienced from

manufacturing of a solution designed for AM?

The goal of RQ 2 was to identify the effects of varying levels
of immersion on the cognitive load experienced from solving a
DfAM problem. The results from Section 4.3 showed that the
cognitive load experienced by participants was not significantly
different between the CAx and VR conditions. This means that
working in CAx and VR demanded similar mental effort across
the different dimensions while determining the manufacturability
of one’s design. These findings resemble the effects observed
on cognitive load from previous investigations of using VR in
AM and DfAM contexts[45,56]. Specifically, the results suggest
that the added immersion in VR may not significantly change the
mental effort required to work with AM and DfAM applications.

5.2 Post hoc trends

This study used a design challenge to encourage 3D
design thinking that required skill in 3D spatial perception and
visualization, a shared characteristic of DfAM and VR. However,
the likely lack of motivation or fundamental CAD skills in the
participants limited the study’s dataset to 14 finished designs.
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The effects of immersion observed on the manufacturability
outcomes of the finished designs must be isolated from those for
the unfinished designs. This is because participants who submitted
unfinished designs did not apply DfAM considerations for the
required functionality specified in the design prompt. In other
words, they did not explore connections from all the inlets to
the outlet, limiting the challenge to their 3D spatial perception
and visualization ability. The degree to which the design was
unfinished was irrelevant to this classification. Independent post
hoc analyses of the finished and unfinished designs, therefore,
discerned the underlying phenomenon in the main findings.
First, analyzing data from only the 14 finished designs showed
a significant effect of the interaction between Condition and Stage
on Score (see Table 3). No observable significance was found
for the interaction between Condition and Stage on Print Time
and Support Usage. This means that participants who reviewed
finished designs generally yielded a significantly higher change in
manufacturability score with the increase in immersion between
the modalities. The pairwise comparison of the pre and post-stages
shown in Figure 9a explained that participants in VR yielded a
higher change in Score than those in CAx. Figures 9b and 9c¢
indicate that this general trend was attributed to a significant
reduction in Print Time and Support Usage in VR. Participants in
CAXx, however, also showed emerging trends for a high change
in Score, seemingly attributed to a reduction in Support Usage.
These trends are observed with similar pre and post-values for the
manufacturability outcomes between the modalities.

TABLE 3: Listing the general effects of each variable on the
manufacturability outcomes of the finished designs

(a) Manufacturability score

Variable Estimate F(1, 12) tratio p.value
Condition -2.06 0.09 -0.31 0.765
Stage 11.40 25.36 5.04 0.000

Condition:Stage 11.54 6.50 2.55 0.025

(b) Time to print completion

Variable Estimate F(1,12) tratio p.value
Condition -0.15 0.07 -0.27 0.794
Stage -0.86 1046 -3.23 0.007
Condition:Stage -0.54 1.04 -1.02 0.327
(c) Support material used
Variable Estimate F(1,12) tratio p.value
Condition -4.83 0.00 -0.03 0.975
Stage -264.38 14.09 -3.75 0.003

Condition:Stage ~ -191.25 1.84 -1.36 0.199

Next, analyzing data from only the 26 unfinished designs
showed no observable significance for the interaction between
Condition and Stage on Score, Print Time, and Support Usage (see
Table 4). This means that participants who reviewed unfinished
designs generally yielded similar changes in manufacturability
score with the increase in immersion between the modalities.
The pairwise comparisons of the different outcomes suggest that

participants yielded nearly identical values for Score, Print Time,
and Support Usage between the modalities and the stages (see
Figure 10). Lastly, participants showed no observable difference
in the time they spent manufacturing the finished designs, b =
-242, F(1,12) = 1.1, [t(1,12) = -1.05], p = 0.315 (see Figure 11a).
This was also the case for the unfinished designs as shown in
Figure 11b, b = 0.02, F(1,24) = 0, [t(1,24) = 0.01], p = 0.989.

TABLE 4: Listing the general effects of each variable on the
manufacturability outcomes of the unfinished designs

(a) Manufacturability score

Variable Estimate F(1,24) tratio p.value
Condition -1.28 0.11  -0.34 0.740
Stage -0.06 0.00 -0.05 0.962
Condition:Stage 2.79 1.25 1.12 0.275
(b) Time to print completion
Variable Estimate F(1,24) tratio p.value
Condition 0.04 0.03 0.17 0.864
Stage 0.01 0.02 0.13 0.894
Condition:Stage -0.26 1.84 -1.36 0.187
(c) Support material used
Variable Estimate F(1,24) tratio p.value
Condition 40.41 0.32 0.56 0.579
Stage 28.15 0.81 0.90 0.378

Condition:Stage -40.97 043 -0.65 0.520

Participants who submitted unfinished designs did not meet
the prompted design requirements. As a result, the mixture of
finished and unfinished designs in the main analysis obscured
the insight extracted from the main findings. Conducting a post
hoc analysis of the finished and unfinished designs isolated the
effects observed specific to each. The results of these analyses
showed that only the outcomes measured for the finished design
represented the intended phenomenon that was measured by
this research, yielding more reliable inferences. An interesting
inference from this was that participants in the VR condition
yielded a significantly higher change in the manufacturability
outcomes of their designs than those in the CAx condition.
Although this was hypothesized, it is important to note that the
sample size for the finished designs was 14 (CAx =8, VR = 6),
which is a small sample size. Further investigation with a larger
sample is required to strengthen potential statistical significance.

6. CONCLUSION

This research studied the use of VR experiences for DFAM
problem-solving. Designers generated original designs for a
design problem and additively manufactured them in either a
CAx or VR modality to evaluate their design’s manufacturability.
The goal was to understand how differences in immersion between
modalities affect 1. the manufacturability score of the design, 2.
the time taken for print completion, 3. the support material used
for the print, and 4. the time spent identifying the best solution.
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Participants evaluated their designs for manufacturability by

ME and identified the best print orientation for their designs.

Results suggest that experiential outcomes were not significantly
different between the CAx and VR conditions. However, the
results also showed that participants generally identified a better
print orientation for their design after interacting with it in their
assigned modalities. Additionally, the modalities generally did not
influence the manufacturability outcomes themselves, but they did
influence the change in these outcomes. Specifically, participants

10

fundamentally complex designs. These contributions have
significant implications for how future designers are trained in
DfAM problem-solving to meet the AM demands in the workforce.
Specifically, immersive mediums show the potential to yield a
higher change in the manufacturability outcomes of designs for
AM. The modality of DFAM problem-solving thus impacts the
quality of the end-use parts and the time and material requirements
from the fabrication process.

While these are interesting implications, these findings
must be considered with certain limitations of this work. This
research limited its scope toward manufacturability evaluation
for ME. Material extrusion is a relatively more accessible and
functionally less complex process than processes like powder bed
fusion. Therefore, the findings from this research may not be
generalizable to other AM processes. Future work must expand
on these findings and explore learning and intuition development
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for multiple AM processes. Doing so will aid industries in
improving their digital design processes by empowering their
designers with insight into the range of AM solutions. This
research also studied designers with beginner and intermediate
CAD skills. Future work must account for CAD expertise and
study the effects of immersion in problem-solving with AM on
designers with varying levels of CAD skills. Additionally, the
study did not investigate how problem-solving in immersive
versus non-immersive environments changes the design process.
Specifically, studying how working in VR and CAx affects
changes to the designs generated to solve a design challenge.
Future work must observe the iterative design process and
document how designers’ application of DfAM principles changes
with immersion over multiple iterations.
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