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ABSTRACT

Applications for additive manufacturing (AM) continue to increase as more industries adopt the technology
within their product development processes. There is a growing demand for designers to acquire and hone their design
for AM (DfAM) intuition and generate innovative solutions with AM. Resources that promote DfAM intuition, however,
historically default to physical or digitally non-immersive modalities. Immersive virtual reality (VR) naturally supports 3D

spatial perception and reasoning, suggesting its intuitive role in evaluating geometrically complex designs and fostering
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DfAM intuition. However, the effects of immersion on DfAM evaluations are not well-established in the literature. This
study contributes to this gap in the literature by examining DfAM evaluations for a variety of designs across modalities
using varying degrees of immersion. Specifically, it observes the effects on the outcomes of the DfAM evaluation, the
effort required of evaluators, and their engagement with the designs. Findings indicate that the outcomes from DfAM
evaluations in immersive and non-immersive modalities are similar without statistically observable differences in the
cognitive load experienced during the evaluations. Active engagement with the designs, however, is observed to be
significantly different between immersive and non-immersive modalities. By contrast, passive engagement remains
similar across the modalities. These findings have interesting implications on how organizations train designers in
DfAM, as well as on the role of immersive modalities in design processes. Organizations can provide DfAM resources
across different levels of immersion, enabling designers to customize how they acquire DfAM intuition and solve

complex engineering problems.

1. INTRODUCTION

Iteration is an essential part of the design process as designers often go through several prototypes of their
designs to solve engineering problems. Such prototypes often take the form of sketches, 3D models, or physical props.
Physical prototyping, however, can be expensive and time-consuming [1,2], delaying progress to end-use products and
solutions. Modern design and manufacturing processes therefore pay special attention to the digital artifact generation
that precedes physical fabrication. Organizations leveraging additive manufacturing (AM) to address their end-use
product needs are no exception to this. Although AM can reduce the time and cost of physical fabrication, these
benefits only materialize when the digital 3D model is favorably designed for AM. The digital 3D modeling and design
evaluation stages in the design process are therefore critical. This is because identifying and resolving potential issues
with a design early on minimizes build failures and the cost of rework that follows. Designers must therefore know how
to evaluate the manufacturability of their designs for the range of potential AM processes. For this purpose, possessing
design for AM (DfAM) expertise is a must. However, designers generally lack this expertise, inhibiting them from taking
advantage of the fabrication process [3—6]. Practicing DfAM during early design stages fosters the necessary intuition
to acquire such expertise [7,8]. Design for AM intuition, therefore, is the designer’s ability to evaluate and improve
designs for manufacturability by AM by evaluating their opportunistic and restrictive characteristics. Therefore, honing

this intuition is essential for designers to innovate with AM and solve complex engineering problems [9].

Possessing DfAM expertise requires distinct instruction on design and process-centric AM concepts, separate
from instruction on other manufacturing processes [10,11]. Resources including worksheets [12-15], software tools
[16—-19], and visualized heuristics [20,21] provide DfAM guidance for this purpose. Because an artifact’s design and

its evaluations have historically been limited to computer-aided engineering (CAE) tools, designers are habituated to
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non-immersively evaluate digital designs for manufacturability. As a result, DFAM resources in literature have been
modally designed for this established process, yielding digitally non-immersive resources when physical resources
are not viable. A recent review of design and manufacturing processes, however, indicates the rise of immersive
modalities in design processes for use in 3D modeling, virtual prototyping, and design evaluation [22]. This is because
immersive virtual reality (VR) is shown to help designers better perceive the fit, form, and functionality of a design
[23,24]. Such enhanced perception also improves the ability to identify errors and defects with 3D models [25,26].
With the advent of more affordable consumer-grade VR headsets, designers can now feasibly leverage the benefits of
immersiveness in their design processes. However, little work examines varying presentations of DFAM knowledge,
including presentations in digitally immersive modalities [27,28]. The benefits of immersion specifically on DfAM
evaluations are therefore not well understood. There is a need to investigate how immersive DfAM evaluation affects
the outcomes and effort associated with the act of evaluating designs. This research addresses this gap in the literature
by leveraging established DfAM resources in immersive modalities and investigating the effects of immersion on DfAM

evaluation.

Additive manufacturing encourages solutions with unique geometric complexity that are difficult to achieve
with other manufacturing processes. This complexity often takes the form of organic, generative, or lattice structures
that are uncommon in designs for subtractive manufacturing processes. Incorporating such complexity can be
instrumental to the desired solution, but it can make the digital design difficult to evaluate for manufacturability.
Given the 3D nature of geometric complexity, leveraging 3D spatial immersion in VR to aid DfAM evaluations seems
more intuitive than using non-immersive CAE. However, before organizations use VR for this purpose research must
establish how digitally immersive DfAM evaluations compare to their digitally non-immersive experiences and physical
counterparts. This requires an investigation into how varying levels of immersion affect DFAM evaluation processes,
which is currently lacking in the literature. The goal of this work is to, therefore, investigate the design of VR experiences
for DfAM evaluations. For this purpose, Section 2 reviews the literature, presenting the relevant guidance behind the
proposed research scope in Section 3. Section 4 describes the method of study used to address the research questions
and Section 5 presents the results from the study. Additional details on the findings and their implications are then
discussed in Section 6, with Section 7 summarizing the collective contributions of this work and its limitations for
future work. The contributions of this work have significant implications for how future designers are trained in DfAM

to meet the AM demands in the workforce.

2. LITERATURE REVIEW

Before investigating the effects of immersion on DfAM evaluations, it is important to clarify the meaning of

immersion. Digital immersion and presence refer to how well the environment can mimic visual, auditory, and other
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sensory aspects of the physical world [29—-31]. They determine how compelling, engaging, and educationally meaningful
VR experiences are perceived [32—-34]. As a result, traditional computer displays generally fall under non-immersive VR
while head-mounted displays (HMDs) fall under immersive VR. For the scope of this research, immersion and presence
are collectively referenced as immersion along with the following distinctions: CAE = non-immersive virtual modality
(i.e., a flat-screen computer display), VR = immersive virtual modality (i.e. an HMD with controllers), REAL = immersive
physical modality (i.e. the physical world). The remainder of this section reviews past literature to support exploring
DfAM experiences in VR with these distinctions in mind. First, Section 2.1 compares and contrasts immersive and
non-immersive modalities to highlight the effects of enhanced digital immersion on user experiences. Next, Section 2.2
identifies the gap in AM literature regarding immersive DfAM experiences and motivates the need to design and study

such experiences.

2.1 Effects of digital immersion on user experiences

Organizations have historically leveraged non-immersive computer-aided experiences to replicate in-person
experiences [35]. Computer-driven, game-based [35—-37] or simulation-based [38—-41] design and manufacturing
experiences have garnered key attention for this purpose. This is because, like in-person experiences, they foster
technical and professional skills by challenging users to reflect on the impact of their decisions [38]. They also improve
collaborative learning in problem-solving situations [42] and promote high states of concentration and satisfaction at low
cognitive loads [37]. Enhanced spatial immersion in modalities like VR adds to CAE experiences by enabling improved
design conceptualization and analysis through enhanced spatial immersion [43]. Compared to REAL and CAE modalities,
VR engagement can bolster design creativity [44] and concept generation [45]. Additionally, engaging in VR increases
enjoyment, learning outcomes [46], and self-efficacy [47] when compared to passive and non-immersive video-based
engagement. Furthermore, research indicates improved acquisition of declarative and procedural knowledge [29] and
cognitive and affective skills [30] when working in VR. This further influences memory recall, affecting the application

of such knowledge and skills [48].

Past work supports using immersive modalities for DfAM training by emphasizing their benefits over
non-immersive modalities. However, the overall effects of working in VR are not entirely understood and continue to
be investigated. The literature emphasizes a strong influence of environmental factors on the effects of VR engagement
[49-53], specifically the influence of environmental and pedagogical conditions of the designed immersive experiences
on meaningful outcomes [54-57]. The observed cognitive load is similarly influenced by the manual operations
required by the environment during design and learning experiences [58—61]. This means that the effects of immersion
on user experiences are not universal and are instead influenced by the context of the experience. This breadth of

evidence demands an investigation into the effects of the modality in DFAM contexts. First, research must examine the
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effects on spatial perception and reasoning and the user’s psychomotor engagement [62]. Second, an investigation
into the effects of the experienced cognitive load on the experienced learning must be conducted [63,64]. These goals

are essential to understanding how DfAM experiences in VR vary from other experiences.

2.2 The lack of digitally immersive DfAM resources

Designers must be trained in considering design for manufacturing (DfM) and visually checking their design’s
manufacturability. Best suited for early-stage problem-solving, such visual checks hone a designer’s tacit design
knowledge to promote innovation and increase design quality [11,65] while minimizing development time and cost
from rework [66]. Additionally, acquiring such tacit knowledge from visual DfM evaluations better prepares designers
to use automated analysis tools [16—18] for end-design stages where the cost of rework is high. The importance of DfM
considerations in design processes has historically yielded several resources that help designers acquire and apply DfM
intuition. However, DfAM resources are not widely incorporated alongside these DfM resources. Modern DfM tools
help foster subtractive design thinking that is required for other manufacturing processes [11,67]. There is a similar
need for DfAM resources that specifically support additive, generative, and organic design thinking that is required for

AM processes [10,11,68,69].

Although literature offers different worksheets [12—15], frameworks [19,70], and heuristics [20,21] for this
purpose, they are limited to comprehension within a physical or digitally non-immersive modality. Limited research
compares modalities on their presentation of DFAM concepts [27,28], with only previous work by the authors further
exploring the effects of immersion on DfAM evaluations [28]. There is a need to strengthen our understanding of how
differences in immersion between modalities affect DfFAM consideration during design evaluations. Research indicates
that adding VR immersion promotes improved capabilities in manufacturing and assembly conditions [71,72]. Added
immersion and presence strongly influence the perception of 3D designs [73] and other presented information [74].
Compared to CAE evaluations, this enhanced perception improves the ability to identify errors and defects with 3D
models [25,26] and better perceive the dimensional fit of a design [23,24]. Perception of 3D designs is a key factor that
affects visual DfAM evaluations and is uniquely different in VR than it is in CAE or REAL conditions. Just as sketching
is suited for highlighting design concepts while CAD is better equipped for detailed engineering [75], research must
evaluate the role of VR in DfAM processes. The goal of this research is to contribute to this gap in AM literature
by investigating the effects of immersion on DfAM evaluations. The presented work specifically identifies how VR

evaluations compare to CAE and REAL evaluations.
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3. RESEARCH QUESTIONS

This research aims to investigate how immersion affects experiences involving the DfAM evaluation of 3D
models. For this purpose, this research implements a mixed methods study with a sequential explanatory design. In
other words, the study first extracts quantitative information and then qualitative information on the observed effects.
Such an investigation offers a general understanding of the trends that exist as well as insight into the underlying

mechanism behind these trends. The following research questions (RQs) guide this investigation:

Research Question 1. How do the differences in immersion between CAE, VR, and REAL modalities affect the outcomes

of DfAM evaluations of designs of varying manufacturability?

This research question identifies the effects of immersion on DfAM evaluation outcomes by examining the
trends in quantitative data. Specifically examined are 1. the DfAM score of the design, 2. the time taken for the
evaluation, and 3. the confidence of the evaluation. Compared to the CAE evaluation, it is hypothesized that the VR
and REAL evaluations will yield scores closer to expert scores from faster and more confident evaluations. However,
no significant differences between the two immersive modalities are expected. Such trends are hypothesized due to
expected enhancements in spatial perception and reasoning within immersive modalities [23—-26]. Effects on DfAM
reasoning from the perceived complexity of the evaluated designs are also expected. Specifically, the difference in
outcomes between the immersive and non-immersive evaluations is expected to increase for designs with higher

perceived complexity [23,24].

Research Question 2. How do the differences in immersion between CAE, VR, and REAL modalities affect the cognitive

load experienced when evaluating designs of varying manufacturability?

This research question extracts further quantitative insight into the effects of immersion on completing
DfAM evaluations. Specifically examined is the numeric, self-reported, cognitive load experienced by the designers
during the evaluation. Unlike RQ 1, this research question focuses on the effort required to complete the entire DfAM
evaluation exercise. This approach is synonymous with design processes where designers must make conclusions about
the design from iterative evaluations using the same modality. Compared to the CAE experience, it is hypothesized
that the VR and REAL experiences will generally yield lower reported cognitive load values. However, no significant
differences between the two immersive modalities are expected. It is expected that the effort required to perform
design evaluation operations, 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 [58,60,61,76]. 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.
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Research Question 3. How do the differences in engagement between CAE, VR, and REAL modalities explain the

observed trends in DfAM evaluation outcomes and cognitive load?

This research question dives into the mechanics of completing DfAM evaluations within varying levels of
immersion by examining qualitative data. Specifically, the designer’s active and passive engagement with the designs
during the DfAM evaluation is observed. Given that designers are studied in similar environments, it is hypothesized
that analyzing how they engage with the designs will explain the trends observed in RQ 1 and RQ 2. This is expected
because when other factors are controlled, the differences between groups can likely be attributed to their modality.
Specifically, attributed to how immersion alters the perception of 3D artifacts and other visual information [73,74] and
influences the interactions involved. As an explanatory research question, the goal is to establish a basic understanding
of how designers interact with and evaluate designs for AM within varying levels of immersion. Such insight lays the

groundwork for future hypothesis-driven research into utilizing different modalities for DFAM problem-solving.

4. METHODOLOGY

This research was motivated to observe the role of immersion in cultivating a designer’s DfAM intuition
under given printing constraints. Specifically, to understand how immersion affects a designer’s evaluation of different
designs for their manufacturability with AM at specific print orientations and process parameters. The goal of this
research was to, therefore, identify the effects of immersion on DfAM evaluation when evaluating designs of varying

manufacturability.

Designers assessed manufacturability for material extrusion AM through either the CAE, VR, or REAL modality.
Although print orientation and process parameters affect a design’s manufacturability, through outcomes such as print
time, support usage, etc, this research focused on studying circumstances that resemble a visual check of the design
before calculating such manufacturability outcomes. Such an investigation informed on the role of immersion in the
designer’s reasoning and thinking process during DfAM evaluations. A mixed-methods study of their experiences was
conducted using a sequential explanatory design, i.e., a quantitative phase followed by a qualitative phase. The design
of the experiments for both phases was similar, except for a think-aloud task included in the qualitative phase during
the DfAM evaluation exercise. This think-aloud data from every participant’s perspective explained their engagement

with the designs and contextualized the general trends observed in the quantitative results.

The designed experiment required completing the steps illustrated in Fig. 1. All these steps were completed
on an online Qualtrics survey. This includes presenting questionnaires, instructions, and the CAE and VR digital tools
for the DfAM evaluations. 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
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was deleted accordingly as per the approved Internal Review Board (IRB) protocol.

Section 4.1 describes the process of using the survey to assign participants to the study conditions and ask
about their backgrounds. Specifically, their background in AM, material extrusion (ME), design for ME (DfME), and
proficiencies with CAE and VR. These were all recorded on a 5-point Likert scale. After sharing their backgrounds,
participants were introduced to their assigned modality and a tutorial. The goal of this tutorial was to provide familiarity
with the modality and the DfAM evaluation exercise. Doing so helped minimize the effects of technological proficiency

on the measured outcomes in the study.

Participants assigned DfAM scores to one design during the tutorial and three designs during the main study.
These designs came from a set of six pre-selected 3D models. Section 4.2 shows this set of designs and explains
the expert review process used to select them. For the main study, each design was evaluated one at a time, in a
pre-determined counterbalanced order as further explained in Section 4.3. For this DFAM exercise, each evaluation was
measured on three outcomes: 1. the design’s DfAM score, 2. the time taken for the evaluation, and 3. the confidence
of the evaluation. The DfAM score was the calculated sum of eight distinct process-agnostic metrics. These metrics
were consolidated from past work [12,13] into a worksheet [77] that was provided for DfAM evaluations. Each metric
was evaluated on a 3-point Likert scale, corresponding to a low-medium-high scale. Designs therefore received a
DfAM score between 8-24 points, with a higher score suggesting higher manufacturability with ME. Participants in the
gualitative method group were additionally asked to think aloud during the DfAM exercise (see Section 4.4). Only
three designs were presented to minimize the effects of survey fatigue. Doing so retained focus on the cognitive load

directly impacted by the exercise of evaluating designs within their assigned modality.

Upon completing evaluations for three designs, participants reported the cognitive load they experienced
from the exercise. Section 4.5 explains how this data was collected with a self-reported Workload Profile Assessment
(WPA) [78]. The tool measured the cognitive load exerted during the experience across eight dimensions. Each
dimension was scored between 0 and 10 to represent their cognitive load. This data offered context to the effort
required for completing the DfAM evaluation exercise within each modality. Pairing this information with that derived

from the DfAM exercise data holistically demonstrates how varying levels of immersion affect DFAM processes.

4.1 Pre-study procedure

Participants in this research were second and third-year undergraduate students. They were recruited from
an engineering design methodology course at an R1 university. All students were informed of their rights and options
as per IRB protocol before conducting the study. Those who opted in to participate were given an online Qualtrics
survey to use for their participation in the study. Hidden from the participants, the survey’s built-in algorithm balanced

assignments evenly between the three conditions: CAE, VR, or REAL. Once assigned to a condition, participants
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answered a questionnaire, describing their knowledge of 3D printing. This data encapsulated their general experiences
with AM and their specific experiences with the ME process and DfME practices. Collectively, this data indicated the
need to account 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. I have never heard or learned about this topic before this
2. | have some informal knowledge on this topic

3. | have received some formal knowledge on this topic

4. | have received lots of formal knowledge on this topic

5. lam an expert on this topic

After sharing their prior knowledge of 3D printing, participants in the CAE and VR conditions described their
proficiency with their assigned modality. Those in the REAL condition were not asked for any such proficiency. As
relevant to the study, the questionnaire specifically inquired about their proficiency in working with or interacting
with 3D models. This data served to establish the need for a tutorial phase for each condition before the main study.
This is because the participants likely had much more experience working in CAE and REAL modalities than in VR. An
on-par comparison of DFAM processes between the conditions necessitated a tutorial, requiring empirical evidence
for support. Therefore, it was important to measure and acknowledge this difference in technological proficiency.

Proficiency in CAE and VR was recorded on the following 5-point Likert scale:

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

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

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

4. | am extremely comfortable working with 3D models in this modality

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

Upon completing the questionnaire, participants were introduced to their assigned modality. Those assigned
to the CAE condition were directed to the evaluation activity via a link on their computers. Those in the VR and
REAL conditions were directed to designated areas that were set up with the resources required for their respective
conditions. Participants in the VR condition were each given a Meta Quest headset and controllers and directed to the
evaluation activity on the Meta Quest Browser app. Participants in the REAL condition were directed to a table with
the physical parts where they continued the survey. The physical parts were manufactured using ME and underwent
multiple post-processing cycles of coating with primer and sanding. Doing so minimized any visible indications of the
original fabrication process, minimizing biased evaluations. Once at their designated areas, participants proceeded to

the tutorial: a practice DfAM evaluation exercise designed to familiarize them with their assigned modality.
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4.2 Selecting 3D models

The goal of the design selection process was to identify a set of designs that truly varied in their DFAM scores.
This is because this research aimed to identify the effects of immersion on DfAM evaluation when evaluating designs of
varying manufacturability. Studying designs with identical DFAM scores could inhibit isolating the effects of immersion
on the measured outcomes [28]. For this purpose, this research first identified a set of designs to use for the main
study through an expert review process. Six experts with 4-10 years of demonstrated AM and DfAM expertise in
academia and industry reviewed twelve different designs pre-selected by the authors. The experts carried out the
same DfAM evaluation exercise prepared for the main study for each design. This means each design was evaluated
using eight metrics on a 3-point Likert scale [77]. The sum of these was an expert-established DfAM score, with a

higher score indicating higher manufacturability.

To optimize the sample size for statistical analysis, only six of the designs from the original twelve were
selected for the main study (see Fig. 2 and Ref. [79]). For this selection, the designs were roughly grouped into low,
medium, and high-scoring designs. Lows were scored roughly between 8-13, mediums between 14-18, and highs
between 19-24. Two designs from each group were selected, specifically, those that varied the most in their DfAM
scores between the groups. There was a significant difference in DFAM scores between the low group (D1, D2) and the
high group (D5, D6). The differences from the medium group (D3, D4) were not as significant but still observable and

therefore included in the main study.

4.3 The DfAM exercise

The goal of this research was to observe how varying levels of immersion affect DFAM evaluations. As a result,
participants were tasked with evaluating 3D models for manufacturability in either the CAE, VR, or REAL modality.
Each condition included three key features to aid the DfAM evaluation: 1. virtual or physical 3D models, 2. tools
for measuring and evaluating the designs, and 3. digital instruction on completing the exercise. To ensure that the
exercise was similar across the conditions, all the digital and physical features were made identical. Figure 3 presents

the designed environments for each condition to demonstrate this.

As shown in Fig. 3, participants were instructed identically to evaluate the designs for manufacturability in a
pre-defined, but not necessarily optimal, print orientation. They were reminded to consider the ME process during the
design’s evaluation. Free interaction with a design and its environment was permitted to encourage intuitive exploration
of the designs. As such, typical engagement in VR and REAL included picking up, rotating, and moving the models
to get a good view of the design. Those in CAE manipulated the camera by zooming, orbitally rotating, and panning

for the same purpose. Each modality afforded interactions that compensated for its inherent limitations, enabling

10
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similar experiences across the modalities. Designs were also presented at a fixed scale in all the modalities. Therefore,
rescaling or digitally enlarging the 3D model in CAE and VR was not permitted. This means that the dimensions of the

digital models matched those of the physical objects, ensuring identical comparisons between the modalities.

While evaluating designs on DfAM, participants used a worksheet [77] with eight metrics derived from past

work by Booth et al. [12] and Bracken et al. [13]. These metrics corresponded to the following eight DFAM concepts:

1. Removal of support structures

2. Presence of unsupported overhangs

3. Presence of unsupported bridges

4. Presence of self-supporting features

5. Sharpness/Rounding of cross-sections

6. Size/Area of cross-sections

7. Thinness of features compared to the print resolution

8. Surface finish on non-build direction curved surfaces

Each metric was evaluated on a 3-point Likert scale, resulting in a sum score of 8-24 points for each design.
For the main study, participants were not informed of these DfAM scores. However, during the tutorial, they were
offered a comparison of their evaluation with an expert’s. This means that participants were treated like experts in the

main study and were not provided with any feedback on their evaluation.

Participants concluded one evaluation by filling out the entire worksheet and reporting their confidence
in the design’s evaluation. They completed the entire exercise by evaluating three designs, one at a time. Limiting
evaluations to three designs minimized the effects of survey fatigue. This retained a focus on studying the cognitive load
experienced directly from completing the DfAM exercise within their assigned condition. The three designs presented
were arbitrarily assigned from six possible options (see Section 4.2). A 6x6 Balanced Latin Square was generated and
split into two 6x3 tables, presenting 12 distinct orders to use for the study. These orders were counterbalanced, thus,

minimizing immediate sequential or carry-over effects [80].

4.4 Think-aloud protocol

The goal of the think-aloud task was to understand the participants’ engagement with the designs during the

DfAM evaluation exercise. For this purpose, the following think-aloud protocol was implemented for the experiment:

¢ The task was untimed and participants were encouraged to take their time evaluating the designs.
¢ Participants were prompted to explain “What about the design rationalized the option(s) you[participant] chose

on the DfAM worksheet?”.

11
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* They were instructed to verbalize all their thoughts as frequently as possible.

¢ If they were silent for more than 30 seconds, they were reminded to think aloud and continue.

To collect think-aloud data, each participant’s session was video and audio-recorded. Participants were
informed of this recording and were asked to re-confirm their consent before proceeding. Those who changed their
consent were not recorded and were excluded from the study. The video and audio recordings were later coded
together to extract the think-aloud data. Two expert raters (from the authors) coded all the recordings using these
codes in DARMA, a joystick-driven, dual-axis rating tool for videos [81]. To clarify coded versus uncoded content, raters
moved the joystick to the extremes of the axes when assigning codes to the recordings. Doing so ensured that the
coded data was distinguishable from the uncoded data. The final two-dimensionally coded data was used to explain

the participants’ engagement with the designs during the DfAM evaluation exercise.

A deductive coding approach was used to analyze the think-aloud data. Themes were deduced based on
work by Lauff et al., which informs on how designers engage with artifacts in design processes [82]. Specifically, how
designers actively and passively engage with artifacts. These themes expand upon their roots in design communication
[83,84] and are similarly utilized in past work with 3D artifacts and VR contexts [85,86]. Based on these thematic
distinctions, Engagement in this work was defined as active and passive interaction with the designs. Active engagement
corresponded to direct interactions with the 3D objects. This included picking up, rotating, and moving the models
to get a good view of the design. Passive engagement corresponded to indirect interactions with the 3D objects or
making contextual references to the designs. Pointing at the design and its features without intentionally manipulating
the model was considered indirect interaction. Emphasizing aspects of the design that were related to AM or DfAM

concepts was considered contextual referencing.

The two codes established with these themes in mind were Referencing and Interacting (see codebook in
Table 1). These corresponded to passive and active engagement with the designs respectively. In DARMA, the code
Interacting was assigned to the axial ends of the x-axis to signify active engagement. Similarly, Referencing at the
ends of the y-axis signified passive engagement. Axial polarity was irrelevant to the coding process and codes were
standardized to the same quadrant for analysis. The center of the axes was assigned as No Engagement. This was used
to signify the absence of any engagement with the designs and account for time spent on other unrelated tasks. The
coding process was on a continuous timeline, meaning recordings were not segmented or discretized. The codes were
not mutually exclusive and were assigned to the same time point if appropriate. This means that every time point in

the recording corresponded to No Engagement, Referencing, and/or Interacting, and no point was left uncoded.

12
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4.5 Gauging cognitive load

After completing the design evaluation exercise, participants reported their cognitive load. They used the
Workload Profile Assessment (WPA) tool [78] 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 [87]. 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.
Although the think-aloud task in the qualitative method group induces Speech processing cognitive load, this research
limits measurements of mental exertion to the quantitative method phase. Additionally, this research 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.

5. RESULTS

This research conducted a mixed-methods study to evaluate the effects of immersion on DfAM evaluation and
experiential cognitive load. To statistically explain the background data and the cognitive load data, linear regression
models (Im) were generated. Linear mixed-effects regression modeling (Imer) was used to statistically analyze the
DfAM evaluation data. Pairwise comparisons between variables were done using Estimated Marginal Means tests. The
Imer utilized restricted maximum likelihood estimation to iteratively modify the parameter estimates with a minimized
log-likelihood function. The Im and Imer model assumptions were checked using the Pefia and Slate [88] and the
Loy and Hofmann [89] procedures respectively. 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 Imers 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. 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)
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=0.00], p = 0.00. Here, b is the regression coefficient (i.e., slope), F is the F-statistic, t is the t-statistic, and p is the

p-value. The n and m values represent the degrees of freedom for the numerator and denominator respectively.

5.1 Background analysis

The study included 124 participants between two method studies: Quantitative and Qualitative. As shown
in Table 2, they were evenly distributed in each method across the three conditions: CAE, VR, and REAL. Note that
Table 2 lists only the participants who completed all the required tasks of the study for their method group. Also, note
that only participants in the qualitative method group conducted the think-aloud task during the DfAM exercise. The
distribution in Table 2 was uniform within acceptable margins, strengthening the statistical analysis of the measured

outcomes.

Analyzing the participants’ prior knowledge of AM, ME, and DfME concepts helped account for the effects of
such knowledge on the measured DfAM outcomes and cognitive load. For the analysis, the distributions of the prior
knowledge in AM, ME, and DfME were regressed on the centered condition (CAE=-0.5, VR= 0, REAL= 0.5). The results
showed no observable significant difference between the three conditions in their prior knowledge of AM, b =-0.09,
F(1,122) = 0.26, [t(1,122) =-0.51], p = 0.612, of ME, b =-0.19, F(1,122) = 0.78, [t(1,122) =-0.88], p = 0.38, and of DfME,
b=-0.15, F(1,122)=0.47, [t(1,122) = -0.69], p = 0.493. This trend can be observed in Fig. 4, where participants in all
the conditions reported similar prior knowledge of AM, ME, and DfME. Specifically, they shared that they generally

had some informal knowledge of each of the topics.

Participants in the CAE 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 (CAE= -0.5, VR= 0.5). As expected, participants
generally showed a significantly higher proficiency for CAE technology than for VR technology, b = -1.66, F(1,83) =
45.74, [t(1,83) =-6.76], p < 0.001. Specifically, participants in the CAE condition were generally extremely comfortable
with CAE technology; however, those in the VR condition had generally never worked with VR technology. This trend
shown in Fig. 5 was expected because students had likely completed CAE/CAD course requirements but likely not
any VR coursework. Although expected, the trend supports the need for a tutorial on working in VR. Such a tutorial

balances the technological proficiency between the conditions before the main DfAM study.

5.2 DfAM outcomes

Results presented in this section are observations of the quantitative method group only. This group did
not conduct the think-aloud task during the DfAM exercise and consisted of only 93 participants. Analyzing the data

collected from this group helped tackle the first research question, i.e., identifying the effects of varying levels of
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immersion on DfAM outcomes. For this analysis, the DfAM score, evaluation time, and reported confidence were
regressed on the centered variables for Condition, and Design as a covariate. Condition served as a between-subjects
variable centered around the three studied conditions: CAE = -0.5, VR = 0, REAL = 0.5. Design served also as a
within-subjects variable centered around the six designs: D1 =-0.5, D2 =-0.3, D3 =-0.1, D4 =0.1, D5 =0.3, D6 = 0.5.
Each participant’s unique ID (PID) served as a random intercept to control for non-independence of observations. 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 design were considered in the analysis.

The main analysis showed no significant effect of Condition on the Score, Time, and Confidence (see Table 3a).
As seen in Figures 7, 8, and 9, participants generally reported similar scores, experienced similar evaluation times, and
were equivalently confident across the modalities. The main analysis also showed no significant effect of design on
Time and Confidence but showed a significant effect on the DfAM scores (see Table 3b). Specifically, on collapsing
Condition, participants reported significantly higher DfAM scores as the designs changed from D1 to D6. Figures 7,
8, and 9 show that participants identified significant differences between the designs themselves regarding their
manufacturability by ME, with similar amounts of time and confidence. This means that the selected designs were

suggestive of varying DfAM scores and that participants could intuit this.

Estimating a two-way interaction between Condition and Design explained how the effects of the modalities
on the DfAM outcomes varied with the designs. The analysis showed a significant effect from the interaction between
Condition and Design on Score, but not on Time, and Confidence (see Table 3c). Specifically, the effect of Condition
on Score decreased as the value of Design changed from D1 to D6. Figure 6 illustrates this interaction effect where
the direction of the effect of Condition on Score flips from D4 to D6. In other words, the DfAM scores from the CAE
condition go from being lower than the VR and REAL scores to being higher than them. This means that a modality’s

effect on the DfAM scores was dependent on the design being evaluated.

A secondary analysis was conducted to understand the effects of Condition and Design on the difference
between the DfAM scores assigned by participants and the expert scores. This analysis showed no significant effect
of Condition on the difference between scores, b = 0.39, F(1,91) = 2.09, [t(1,91) = 1.45], p = 0.152, but showed a
significant effect of Design on the difference, b = 0.64, F(1,267) = 4.79, [t(1,267) = 2.19], p = 0.029. Specifically, on
collapsing Condition, DFAM scores assigned by participants generally deviated further from the expert scores as the
designs changed from D1 to D6. This means that although participants could identify differences in the designs’
manufacturability, they could not evaluate them as well as the experts. That is participants under or over-estimated
the expert scores by similar amounts across the conditions, which worsened as the designs changed. The estimated
two-way interaction between Condition and Design showed no significant effect on the difference between scores, b =

0.3, F(1,263) =0.17, [t(1,263) = 0.41], p = 0.679. This means that the effect of Condition on the difference between
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scores was not dependent on the design being evaluated.

5.3 Cognitive load

Results presented in this section are also observations of the quantitative method group only (i.e., from
93 participants). Analyzing the data collected from this group helped tackle the second research question, i.e.,
identifying the effects of varying levels of immersion on cognitive load. Checking the assumptions for linear regression
modeling showed violations of normality in the data for the Auditory and Speech dimensions. These are sensible
violations because the Auditory and Speech dimensions did not apply to the DfAM exercise. In addition to the Verbal
dimension, these dimensions were excluded from the analysis and the reported findings. For this analysis, the
remaining five dimensions of cognitive load were regressed on the centered variable for Condition. Condition served

as a between-subjects variable centered around the three studied conditions: CAE =-0.5, VR = 0, REAL = 0.5.

The main analysis showed no statistically significant difference in cognitive load for any of the dimensions
across the three conditions (see Table 4). As observed from Fig. 10, this suggests all the conditions demanded similar
effort in processing evaluations across the different dimensions from the participants. Although there were generally
no significant effects on each dimension, an emerging trend for the Visual dimension can be observed. This trend is
seemingly driven by the immersive conditions. Specifically, participants reported lower Visual cognitive load as the
condition changed from CAE to VR to REAL. However, the standard deviation of the current dataset inhibits acquiring

concrete information on the trend.

5.4 Modality engagement

Results presented in this section are observations of the qualitative method group only. This group conducted
the think-aloud task during the DfAM exercise and consisted of only 31 participants. The video and audio recording of
each participant’s session was coded for the think-aloud task to extract the data. Of the 31 recordings, 6 recordings
(two per condition) were randomly selected to establish reliability between the two raters. The remaining 25 recordings
were divided between the two raters and coded independently. Reliability between raters was established using the
Intraclass Correlation Coefficient (ICC) for average and consistent agreement (see Table 5). Any disagreements between

the raters were resolved through discussion and consensus.

The data collected from the think-aloud task was analyzed to understand the differences in engagement
between the modalities. For this analysis, the engagement was regressed on the centered variable for Condition
independently for each type of engagement: Active and Passive. Condition served as a between-subjects variable
centered around the three studied conditions: CAE =-0.5, VR = 0, REAL = 0.5. Engagement was equated to the number

of codes observed per minute of the recording, i.e., the ratio of the total number of codes to the total recording time.
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The main analysis showed a significant effect of Condition on Active engagement, b =-5.33, F(1,73) = 6.65,
[t(1,73) =-2.58], p = 0.012, but showed no significant effect on Passive engagement, b =-0.33, F(1,73) = 0.03, [t(1,73) =
-0.17], p = 0.866. Specifically, participants generally demonstrated higher Active engagement in CAE than in VR and
REAL, while Passive engagement was similar across the conditions (see Fig. 11). This means that participants generally
manipulated the designs more in CAE than in VR and REAL during their DFAM evaluations. Figure 11 further shows
that the pairwise comparisons of Active engagement were significant between CAE and VR, and CAE and REAL, but not
between VR and REAL. This means that the differences in Active engagement were significant between immersive and

non-immersive modalities, but not between the immersive modalities themselves.

6. DISCUSSION

Results suggest that outcomes from the DfAM evaluations do not observably vary with the immersion level of
the modality. However, the relationship between the immersion level and the outcomes was found to be dependent
on the design being evaluated. Additionally, the cognitive load experienced from the evaluations does not vary with
immersion; however, emerging trends were observed. Furthermore, the results suggest that a designer’s passive

engagement with designs does not vary with immersion, but their active engagement does.

The observed findings suggest interesting implications for research in immersive DfAM experiences and the
development of digital design experiences with AM. First, these findings demonstrate the potential for immersive
VR as a complementary resource to CAE and REAL DfAM decision-making. In other words, designers can transition
between CAE, VR, and REAL modalities as preferred without significantly affecting their DFAM outcomes or cognitive
load. Such flexibility may also apply to broader DfM workflows that strategically leverage AM with other manufacturing
processes. Second, the findings also inform the design of learning modules, indicating the potential for instructors to
strategically incorporate VR to intuitively instruct certain DFAM and DfM concepts. As shown in Fig. 12, VR can be
significantly more enjoyable than CAE and REAL for novice users to cultivate DFAM and DfM intuition, with little to no
effect on the experiential outcomes. Beyond such broad implications, the remainder of this section breaks down these

findings and their implications as they specifically relate to the research questions.

How do the differences in immersion between CAE, VR, and REAL modalities affect the outcomes of DfAM

evaluations of designs of varying manufacturability?

The goal of RQ 1 was to understand how differences in immersion between modalities affect the outcomes
from the DfAM evaluations. It was hypothesized that the VR and REAL evaluations would yield scores closer to expert
scores from faster and more confident evaluations, as compared with the CAE evaluations. No significant differences

between VR and REAL were expected. Regarding the primary effects of immersion, the results in Section 5.2 failed to
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reject the null hypothesis for each outcome. Specifically, the study could not identify significant differences in DfAM
score, evaluation time, and reported confidence between the conditions. The offsets of participant scores from the
expert scores were also not significant. In other words, participants consistently under or over-estimated the expert
scores by similar amounts across the conditions. It was also hypothesized for RQ 1 that the difference in outcomes
between the immersive and non-immersive evaluations would increase for designs with higher perceived complexity.
In other words, the effect of immersion on the outcomes was expected to be dependent on the design being evaluated.
The results in Section 5.2 showed a significant interaction effect between Condition and Design on the DfAM scores.
However, contrary to the hypothesis, the effect of immersion on the DfAM scores decreased as the designs changed
from D1 to D6. Specifically, the DfAM scores from the immersive conditions went from being higher than the CAE
scores to being lower than them. Comparing these findings to the results in Table 3b indicates that participants seemed

to lean toward a neutral evaluation as the designs changed from D1 to D6.

These are interesting findings because they imply that the modality for evaluating 3D artifacts may not be
the driving factor for manufacturability-by-AM evaluations. That is, invoking changes to the mental models of novice
designers regarding their application of DFAM may not be driven by digital or physical immersion. Of particular interest
here are the observations regarding the REAL condition. Specifically, the implication that physical artifacts may not be
necessary for manufacturability-by-AM evaluations, and digital artifacts may suffice. As it stands, participants seem
adept at identifying unfavorable and favorable features in the designs but fall short of evaluating them expertly. It is
worth noting that not identifying such distinctions could have inhibited the study’s ability to identify the effects of
immersion on DfAM outcomes [28]. Specifically, the lack of diversity in the designs would yield similar scores across
the designs, masking any observable differences between the conditions. Therefore, the observed findings may be
attributed to either the participants’ lack of expertise in AM and DfAM or the nature of the DfAM worksheet used in
the study. If the former is valid, a designer’s established expertise in AM and DfAM may play a deterministic role in
the outcomes. That is, the designers’ lack of expertise inhibits their ability to acknowledge “good” designs but not
“bad” designs. For the latter, the DFAM worksheet may not be sensitive enough to elicit differences in the designs for
those that experts scored highly. However, this may also tie into the designers’ lack of expertise in DfFAM and their

interpretation of the DfAM concepts in the worksheet.

To promote expert-level DfAM reasoning, designers may require digital experiences that critically and
comprehensively challenge their mental models of DfAM, beyond what was studied in this research. The added
complexity of evaluating assemblies and multi-materials in design workflows may yield results in favor of added
immersion [23,25]. Higher task complexity, such as evaluating manufacturability for a variety of print orientations
and print parameters, may also identify more significant effects of immersion on DfAM evaluations. This research

investigated design evaluation circumstances where such complexities were not present, likely influencing the observed
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findings or lack thereof. The limited scope may have also limited the observation of nuanced effects of immersion on

DfAM outcomes that may be more apparent otherwise.

How do the differences in immersion between CAE, VR, and REAL modalities affect the cognitive load

experienced when evaluating designs of varying manufacturability?

The goal of RQ 2 was to understand how differences in immersion between modalities affect the cognitive
load experienced from the DfAM evaluations. It was hypothesized that the VR and REAL evaluations would yield
a lower cognitive load than the CAE evaluations. No significant differences between VR and REAL were expected.
Regarding the primary effects of immersion, the results in Section 5.3 failed to reject the null hypothesis for each
dimension. Specifically, the study could not identify significant differences in Perceptual, Response, Spatial, Visual, and
Manual cognitive load between the conditions. These findings are interesting because this implies that the modality
does not influence the effort experienced by designers processing information for DFAM evaluations. In other words,
designers may find immersive and non-immersive mediums equally demanding (or comfortable) to evaluate designs
for manufacturability by AM. Of particular interest here are the observations with the VR and REAL conditions. Note
that participants in VR were generally exposed to a new environment, while those in CAE and REAL worked in familiar
environments. Despite this, the results in Section 5.3 show that the cognitive load experienced by participants in VR
was not significantly different from those in CAE and REAL. With the aid of a brief tutorial phase, this means that the
novelty of the VR environment did not adversely influence the cognitive load experienced by the participants. This
is interesting because it implies that DFAM evaluations in VR are as cognitively intuitive as those in CAE and REAL,
even for novice or first-time users. Regarding the REAL condition, the data further suggests that manufacturability
evaluations for AM may not merit the transition from digital to physical artifacts. In the broader scope, this presents

interesting implications for how organizations create design workflows for AM.

How do the differences in engagement between CAE, VR, and REAL modalities explain the observed trends

in DfAM evaluation outcomes and cognitive load?

The goal of RQ 3 was to understand how differences in immersion between modalities affect engagement with
the designs during the DfAM evaluations. It was hypothesized that analyzing how designers engage with the designs
will explain the trends observed in RQ 1 and RQ 2. Specifically, by observing how immersion alters the perception of
3D artifacts and other visual information [73,74] and influences the interactions involved. The results in Section 5.4,
however, present interesting findings that offer key context to the observations in Section 5.2 and Section 5.3 and their
implications. Findings suggest that the modality for DFAM evaluations does not influence the passive engagement
with the designs. This means that the designs retained their role as passive artifacts for communication, learning,

and decision-making. In other words, designers across the conditions visualized the designs identically to extract
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information and make decisions. The findings also suggest that the modality strongly influences active engagement
with the designs, specifically, when comparing the immersive and non-immersive modalities. Results showed that
participants in CAE generally manipulated the designs more than those in VR and REAL. This means that designers in

CAE were more likely to interact with the designs to extract information and make decisions.

These findings have strong implications for how a designer’s engagement with designs may influence their
DfAM evaluation outcomes and cognitive load. The collective findings from Sections 5.2 and 5.4 imply that high active
engagement in non-immersive modalities is required to yield comparable DfAM outcomes to immersive modalities.
Active engagement in non-immersive modalities may similarly curb experiencing higher cognitive load than in immersive
modalities. These implications suggest immersive DfFAM evaluations may not be constrained by the amount of active
engagement with the designs, while non-immersive evaluations may be. It should be noted, however, that the
comparison between VR and REAL showed an emerging trend (i.e., not a statistically significant trend) for differences
in Active engagement. That is, participants may manipulate REAL designs more than those in VR, but not as much as
those in CAE. A larger sample size could better identify trends between VR and REAL as well; however, it is unlikely to
change the overall trend of the findings. Instead, an explanation for this emerging trend in Active engagement may be
tied to the emerging trend for the effects of Condition on Confidence. Table 3a shows that the confidence reported
by the participants seems to decrease as the condition changes from CAE to VR to REAL. A closer inspection of Fig. 9
shows that participants seemed more confident in their evaluations in CAE and VR than in REAL. This trend suggests
that designers may be more confident evaluating digital designs over their physical counterparts. This means that the

potentially higher manipulation of the REAL artifacts may be attributed to a lack of confidence in their evaluations.

An explanation for the emerging trend in Confidence and its potential relationship to Active engagement may
be revealed by comparing the VR and REAL think-aloud recordings. First, the recordings showed participants in the
REAL condition expressing more uncertainty in their evaluations. Since they were not given any information on the
fabrication process and were novices in AM and DfAM, their mental models for manufacturability by AM may have been
challenged by witnessing the fabricated artifacts. This phenomenon may have influenced the participants to manipulate
the physical artifacts more than expected, perhaps to ascertain the fabrication process, contributing to the higher Active
engagement in the REAL condition. Second, a further examination of the recordings for participants in the VR condition
showed participants moving around the 3D model more than manually manipulating it. Specifically, the authors
observed participants picking up the 3D model, manipulating it, and then suspending it in free space. Interestingly,
they would then switch between moving around the model and moving the model around, with the former being more
frequent than anticipated. While still recorded as Active engagements, they were generally observed to be brief, further
contributing to the emerging trend for Active engagement. This suggests that the participants may have been more

comfortable moving around the 3D model in VR than manipulating it. Whereas those in the REAL condition may have
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been more comfortable manipulating the physical artifacts than moving around them. Controlling for the uncertainty
from DfAM evaluations of physical artifacts may present an interesting implication for how designers actively engage
with the designs in immersive modalities. Specifically, digital immersion may induce more non-manipulative active

engagement whereas physical immersion may induce more manipulative active engagement with designs.

Of additional interest in the observed findings is the lack of influence of higher active engagement in CAE
on cognitive load. It makes sense that designers must frequently manipulate the 3D models to better evaluate them
in non-immersive modalities. Given that cognitive load also does not vary with immersion (Section 5.3), habitual
familiarity with the modality may play a key role in the effort exerted by the designer. That said, Table 4 does show an
emerging trend for the effect of Condition on Visual cognitive load. A closer inspection of Fig. 10 shows a decrease in
Visual cognitive load progressing linearly by the level of immersion. Specifically, the Visual cognitive load reported by
the participants decreased as the condition changed from CAE to VR to REAL. Note that Visual processing cognitive
load requires using attentional resources to process and interpret the meaning of visual information gained through
sight. For example, seeing a sign on the road and comprehending what that means is an example where visual
processing is used. In the DfAM evaluations, designers visually process a design’s features and the information on the
DfAM worksheet. This is a prerequisite for decision-making, which would trigger Perceptual processing cognitive load.
However, the Perceptual cognitive load did not vary with immersion as shown in Table 4. This could mean that the
level of immersion may not affect the decision-making but may affect the processing of visual information to make

those decisions.

7. CONCLUSION

The presented work studied the design of VR experiences for DFAM applications. The goal was to understand
how differences in immersion between modalities affect 1. the outcomes from the DfAM evaluations, 2. the
cognitive load experienced from the evaluations, and 3. the engagement with the designs during the evaluations. A
mixed-methods study was designed to extract quantitative and qualitative insights from the experiences of designers
to inform this understanding. Participants evaluated multiple designs for manufacturability by ME in immersive and
non-immersive modalities. Results suggest that outcomes from the DfAM evaluations do not observably vary with the
immersion level of the modality. However, the relationship between the immersion level and the outcomes was found
to be dependent on the design being evaluated. Additionally, the cognitive load experienced from the evaluations
does not vary with immersion; however, emerging trends were observed. Furthermore, the results suggest that a

designer’s passive engagement with designs does not vary with immersion, but their active engagement does.

These contributions have significant implications for how future designers are trained in DfAM to meet the
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AM demands in the workforce. Specifically, the findings suggest that immersive and non-immersive mediums can be
used to train designers in DFAM without affecting their evaluation outcomes and experienced cognitive load. This
work also presents interesting implications for how organizations create design workflows for AM. Specifically, the
findings suggest that design for AM processes may not have a strong requirement to transition to physical artifacts.
Instead, their digital counterparts may suffice for manufacturability evaluations, regarding AM processes like ME.
However, designers may need to actively engage with the designs in digitally non-immersive modalities to achieve

similar outcomes as those in digitally immersive modalities.

While these are interesting implications for DFAM applications, 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 work may not be generalizable to other AM processes. Future work must expand on these findings
and explore learning and intuition development 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. Additionally,
the DfAM exercise in this work was limited to only visually evaluating designs for AM in a fixed print orientation.
Participants did not have the opportunity to manipulate the designs to explore alternative print orientations. They
also did not assess the impact of their decisions on the manufacturability outcomes of the designs, such as print time
and support usage. Future work must incorporate a design problem that encourages designers to explore alternative
print orientations when evaluating designs for AM. Furthermore, this research limited its scope to designers who were
novices in AM and DfAM. Such findings may not be generalizable to veterans in the AM industry. Future work must
explore the effects of immersion on designers with varying levels of expertise in AM and DfAM. Insight from such work

could inform the design of experiences that are tailored to the expertise and needs of the designer.

Similarly, this work studied designers with little to no experience with VR. The observed findings were
documented with designers who were habitually familiar with CAE and REAL modalities. Future work must study
the role of modality familiarity on the observed findings, as well as investigate the effects of immersion on designers
with similar levels of familiarity across CAE, VR, and REAL modalities. Finally, this research limited the scope of the
think-aloud analysis to active and passive engagement. However, the subjective nature of how designers think and
reason during DfAM evaluations leaves room to incorporate more sophisticated methods of analysis. Consider the
emerging trend for Active engagement. Note that the recordings for participants in the REAL condition were cropped
to anonymize the participants. This means that the raters had a constrained view of the participants’ engagement
with the designs. Although fidgeting was controlled when coding for active engagement, limited visibility limits the
accuracy of such control. Future work must incorporate more sophisticated methods of analysis to account for such

limitations. This could include analyzing eye-tracking and electroencephalography (EEG) data to further examine the
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designers’ mental models and cognitive processes. Future work must also conduct a broader and deeper assessment

of a designer’s evaluation and decision-making processes to inform the design of immersive DfAM experiences.
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Fig. 1: Illustrating the steps for the designed mixed-methods experimentation
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Fig. 7: |lllustrating the DfAM scores assigned for each design across the conditions. A comparison to a
condition-independent expert score for each design is also presented

39



Journal of Mechanical Design

Time (mins)

D1 D2 D3 D4 D5 D6
Design

Condition [l] cAE [] VR [] REAL

Fig. 8: Illustrating the time taken by participants to evaluate each design across the conditions
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Fig. 9: lllustrating the confidence expressed on the DfAM evaluation for each design across the conditions
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Fig. 10: Showing the distribution of reported cognitive load as affected by the three conditions
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Fig. 11: lllustrating the observed frequency of engagement for each type across the conditions
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Table 1: Codebook used to analyze the video and audio recordings and identify emerging themes

Code

Description

Example

Referencing

Interacting

General expressions or actions on
recognizing shapes and features, picturing or
imagining features and objects, or making
estimations and assumptions to aid in
evaluative decision-making

General and intentional actions to
manipulate the 3D model (or move around
the 3D model) to evaluate it from different
perspectives

“This clearly has a lot of overhanging features”

“l don’t think | see any bridged features”

“I can see these overhangs over here needing a lot of
support material, but it should be easy to remove”

“I think these look twice as high as they are wide”

Observable manipulation within or of the environment
or the 3D model with a clear intention to evaluate the
design (i.e., not simply fidgeting with the model or
environment)
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Table 2: Displaying the distribution of participants between the methods of study and the conditions

CAE VR REAL

Qualitative 11 10 10
Quantitative 31 33 29
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Table 3: Listing the different experimental variables and their statistical effect on the DfAM outcomes

(a) Effect of Condition

Outcome Estimate n.df df Fvalue tratio p.value
Score 0.03 1 91 0.01 0.08 0.936
Time -0.24 1 91 1.28 -1.13 0.261
Confidence -0.90 1 91 270 -1.64 0.104

(b) Effect of Design

Outcome Estimate n.df df Fvalue t.ratio p.value
Score 4.04 1 257 13454 11.60 0.000
Time 0.01 1 254 0.00 0.03 0.974
Confidence 0.04 1 195 0.04 0.20 0.838

(c) Effect of the Condition and Design interaction

Outcome Estimate n.df df Fvalue tratio p.value
Score -2.14 1 252 6.32 -2.51 0.013
Time -0.20 1 249 0.18 -0.42 0.675
Confidence 0.50 1 194 1.05 1.02 0.307
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Table 4: Listing the different cognitive load dimensions, indicating how they generally differ across the conditions

Dimension Estimate F(1,91) t.ratio p.value
Perceptual -0.02 0.00 -0.03 0.972
Response -0.68 1.41 -1.19 0.238
Spatial -0.52 0.66 -0.81 0.420
Visual -1.09 3.02 -1.74 0.085
Manual -0.56 0.66 -0.81 0.420
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Table 5: Showing the Intraclass Correlation Coefficient (ICC) between the two raters from coding 6 recordings

PID Condition Evaluation icc.coeff

1 REAL Active 0.614
1 REAL Passive 0.658
2 VR Active 0.880
2 VR Passive 0.788
3 CAE Active 0.853
3 CAE Passive 0.751
4 REAL Active 0.788
4 REAL Passive 0.676
5 VR Active 0.778
5 VR Passive 0.624
6 CAE Active 0.730
6 CAE Passive 0.734
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