Effects Of Immersion on Knowledge Gain and Cognitive Load In Additive

Manufacturing Process Education

Jayant Mathur

Mechanical Engineering

The Pennsylvania State University
301 Engineering Unit B

University Park, PA — 16802, USA.
Jmm8886@psu.edu

Scarlett R. Miller

Engineering Design, Industrial Engineering
The Pennsylvania State University

213 Hammond Building

University Park, PA — 16802, USA.
scarlettmiller@psu.edu

Timothy W. Simpson

Industrial Engineering, Mechanical Engineering
The Pennsylvania State University

205 Leonhard Building

University Park, PA — 16802, USA.

tws8@psu.edu

Nicholas A. Meisel'

Engineering Design

The Pennsylvania State University
213 Hammond Building

University Park, PA — 16802, USA.
nam20@psu.edu

Keywords: Additive Manufacturing, Cognitive Load, Computer-Aided Instruction, Virtual Reality,Material
Extrusion, Powder Bed Fusion

Running Title: Immersion in AM Process Education

Author Contributions: Jayant Mathur, Conceptualization, Methodology, Investigation, Formal Analysis, Writing —
Original Draft; Scarlett Miller: Funding acquisition, Writing — Review and Editing, Supervision; Timothy Simpson:
Funding acquisition, Writing — Review and Editing, Supervision; Nicholas Meisel: Resources, Funding acquisition,
Writing — Review and Editing, Supervision

! Corresponding Author


mailto:jmm8886@psu.edu
mailto:scarlettmiller@psu.edu
mailto:tws8@psu.edu
mailto:nam20@psu.edu

Abstract

Although the additive manufacturing (AM) market continues to grow, industries face barriers to AM
adoption due to a shortage of skilled designers in the workforce that can apply AM effectively to meet
this demand. This shortage is attributed to the high cost and infrastructural requirements of introducing
high-barrier-to-entry AM processes such as powder bed fusion (PBF) into in-person learning environments.
To meet the demands for a skilled AM workforce, it is important to explore other mediums of AM
education, such as computer-aided instruction (CAI) and virtual reality (VR), which can increase access
to hands-on learning experiences for inaccessible AM processes. However, limited work compares virtual
and physical AM instruction or explores how the differences in immersion and presence between mediums
can affect the knowledge gained and the mental effort exerted when learning about different AM processes.
To address this gap in the literature, this research evaluates the use of CAL VR, and in-person instruction in AM
process education when learning about material extrusion (ME) and PBF. Our findings show that the
differences in immersion and presence between CAI, VR, and in-person instruction do not have a significant
effect when learning about ME, but do have a significant effect when learning about PBF. Specifically, we
found that VR generally yields equivalent effects in knowledge gain and cognitive load to in-person PBF
education while offering advantages in both metrics over CAI learning. The findings from this work thus
have significant implications for using VR as an alternative to in-person training to improve designer

development in process-centric AM education of typically high-barrier-to-entry AM processes.
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1. Introduction

The additive manufacturing (AM) industry expanded by nearly 7.5% to roughly $12.8 billion within
the year 2020' with a 2x growth forecasted to roughly $37.2 billion for 20262, This continued market
growth is driven by the demand for rapid design and manufacturing of complex products by leveraging AM
capabilities in geometrical, hierarchical, functional, and material complexity. This can be observed in expert
projections that suggest that by 2030, manufacturing of less critical spare parts will be primarily driven by
AM and a significant amount of AM products will leverage capabilities in multi-material fabrication and
product development with embedded electronics®. Although the demand for AM continues to grow, there
is a deficit of designers and engineers in the workforce suited to meet this demand and apply the technology
to different product design opportunities*>. Inadequate in-house AM and design for additive manufacturing
(DfAM) knowledge due to this deficit of designers presents a barrier to the integration of AM®’ within
organizations. Therefore, the future workforce must be equipped with the skills and knowledge in AM and
DfAM to meet this growing demand for AM and drive future innovation in industrial product development.

Design and process-centric AM education can help prepare the AM workforce® and empower designers
to innovate with AM. The process-dependent nature to DfAM and applying AM in product development® !
indicates that in-depth process-centric education for the full range of AM processes can complement the
growth of DfAM intuition and improve a designer’s versatility with AM. However, observable barriers
to entry faced by AM systems (e.g., cost, safety, required infrastructure'>'#) inhibit designers from
accessing knowledge for AM processes like powder bed fusion (PBF) within educational institutions and
communities. There is a need to provide accessible and in-depth education on the range of AM systems and
there is an opportunity to do so by leveraging virtual mediums such as computer-aided instruction (CAI)
and virtual reality (VR). This research is thus motivated to explore this opportunity and address this
inaccessibility to AM knowledge to improve the design capabilities of the future AM-driven design and
engineering workforce.

Simulation and gaming-structured CAI has historically addressed this need and enhanced different

learning outcomes'>!

, including declarative and procedural knowledge, in science, engineering, and
manufacturing!’2° that typically require in-person instruction. While non-immersive virtual tools like CAI

can potentially benefit AM education, research shows that enhancing immersion and presence can improve
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the experience and its outcomes?' 2. This is because the characteristics of the media, tools, and human-
related factors, such as spatial perception and reasoning, and psychomotor skills, strongly influencethe
design, learning, or engineering experience?. There is, therefore, an opportunity to explore immersive VR
in addition to CAI as a tool for AM education.

Past work indicates that VR improves the development of declarative and procedural knowledge?’,

cognitive and affective skills®, and memory recall®’

when compared to CAIL Immersive technology is
already driving industry uses of VR in engineering and manufacturing to support decision making and
enable innovation® by enhancing engineering education?!, allowing engineers to make fewer mistakes in
procedural manufacturing and assembly tasks?* when compared to in-person product assembly and take

24,25

lesser task completion times when compared to both CAI and in-person conditions. Literature even

shows early promise in developing designer intuition in design and process-centric AM concepts>!-

using
VR. There are, however, mixed effects of VR technology in science and education®*~7 that highlight how
the environmental and pedagogical conditions of learning strongly affect the experience. Additionally, past
work suggests that immersion and presence have mixed influences in the observed cognitive load as
influenced by the manual operations required during the experience*® **. These observations strengthen the
need to compare mediums of varying immersion and presence on the specific application of AM education

to expand the existing knowledge bases in both AM and VR.

127,44

Immersion and presence in virtual environments give users a "vivid illusion of reality where the

reality of the physical world exhibits the highest levels of immersion and presence. Virtual realities are a

collaboration of immersion and presence®®*

surrounding users in a digital space that mimics the sensory
elements of the physical reality and are thus measured as the extent to which the virtual environment can
surround users to simulate immersion and presence. Traditional computer displays typically fall under non-
immersive VR and head-mounted displays (HMDs) fall under immersive VR?**°. Although past work
indicates that there may be differences in educational effect specifically due to immersion or presence
or both®*3, this research does not differentiate the three mediums specifically between immersion and
presence and assumes an overall change in both from CAI to VR to REAL. For further sake of clarity,

this research simplifies the objective and subjective relationship between immersion and presence and

henceforth refers to both solely using the term immersion with the following distinctions between the
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studied mediums: CAI = non-immersive virtual medium (i.e., a flat computer screen), VR = immersive
virtual medium (i.e., an HMD with controllers), REAL = immersive physical medium (i.e., the physical
world).

Literature shows that the immersion of a medium strongly influences the learning and the mental effort
experienced during an educational experience; however, limited work in the supportive knowledge for AM
and DfAM?? investigates how the medium in which a designer learns about AM affects their education. New
knowledge on how the mediums affect the AM educational experience can be leveraged to further improve
industrial product development processes by better training and equipping designers for the AM-driven
product demands in the workforce. This research, therefore, aims to address this gap in the literature by

exploring the following key research questions:

RQ1: How do the differences in immersion between CAI, VR, and REAL mediums affect knowledge gain

when learning about ME and PBF?

We hypothesize that the PBF group will generally show higher knowledge gains than the ME group®°. For
both AM processes, learning through VR and REAL will yield higher knowledge gains than will learning
through CAI with no significant differences between the two immersive conditions®?. This is expected due
to the effects of the varying capabilities offered by the conditions during the procedural learning experience:
capabilities such as interactivity, immersion, psychomotor coordination, memory recall®, and spatial

perception and reasoning®S.

RQ2: How do the differences in immersion between CAI, VR, and REAL mediums affect cognitive load

when learning about ME and PBF?

We hypothesize that the PBF group will generally show similar cognitive load trends to the ME group?’.
For both AM processes, learning through VR and REAL will yield lower cognitive load trends than will
learning through CAI with no significant differences between the two immersive mediums®®#2, This is also
expected due to the effects of the varying capabilities offered by the conditions which affect the difficulty
of navigating the learning environment and conducting self-learning actions within the environmental
restrictions. Specifically, due to the changes in difficulty of processing task-related information and

38,39,42,43

performing manual operations with the change in immersion.
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2. Materials and Methods

Participants in this research were first-year undergraduate students recruited from an introduction to
engineering design course at an R1 university. Volunteers were first informed of their rights and options as
per IRB protocol before conducting the study. Those who opted in to participate were provided an online
Qualtrics survey that they completed on their PCs. Participants volunteered as groups during class time or
independently outside of class time and were assigned to one of the three conditions (i.e., either CAIL, VR,
or REAL) for one of the two AM processes (i.e., either ME or PBF) by a study coordinator. Balancing the
number of data points between all the conditions was also handled by the study coordinator. During the
study, participants shared information about their background and interests in AM (Section 2.1) and a pre-
post assessment of their AM process knowledge and cognitive load (Section 2.3) from our 13-minute

intervention (Section 2.2). This section elaborates on the specifics of the designed experimentation.

2.1. Assessing the participants’ backgrounds

Participants first shared their interest and motivation regarding learning about AM and using AM. They
indicated their agreement to the posed questions on interest and motivation on a 5-point likert scale that
ranged from strongly agree to strongly disagree. They then shared their awareness of the overallAM
technology. Collectively, the data on interest, motivation, and AM awareness helped strengthen the
statistical analysis of the results of knowledge gain and cognitive load by authenticating the participant’s
engagement in the study and accounting for prior knowledge that could affect the findings. Participants in
the CAI and VR conditions also shared their comfort levels in working with or interacting with 3D models
(i.e., virtual objects) within their specific conditions. Awareness of interaction in CAI and VR was also
recorded on a 5-point likert scale that covered identical options in each topic. Before moving on to the
experiment, participants completed the pre-quiz*® for their assigned AM process, data from which was used

with the post-quiz data to assess knowledge gain.

2.2. Completing the tutorial and intervention
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The designed experiment included a custom 4-minute tutorial for the assigned condition that instructed
them on how to navigate and interact with their environment, followed by the 13-minute intervention for
the assigned AM process where they learned about the AM process and completed tasks to reinforce their
learning. Participants assigned to the CAI condition were directed to the tutorial and intervention in the
survey on their computers. Those assigned to the VR and REAL conditions were directed to designated
study zones where they were provided the equipment and tools needed to complete the exercise. Participants
in the VR condition were given a wired HTC Vive headset and a pair of wireless controllers. Participants
in the REAL condition were directed to the physical objects and machines and were instructed to follow
along with the audio playing on a device next to the machine. All conditions were designed to foster the
same level of involvement during testing while allowing free interaction with the machines, objects, and
environment to the extent permitted within the given medium. The virtual environments for the CAI (Fig.
la) and VR (Fig. 1b) conditions were designed as web applications using Unity: a cross-platform game
engine popularly used to design virtual experiences, and included virtual parts and machines to interact
with. The design of the REAL condition (Fig. 1¢) included physical parts and machines where the physical
parts were manufactured using the specific AM process the participants learned about and underwent no

post-processing to specifically highlight the effects of the manufacturing process.
[Figure 1 about here.]

Educational concepts from a functional decomposition framework (Fig. 2) were used as the pedagogical
foundation for the intervention to provide an on-par comparison between the AM processes when observing

knowledge gain and cognitive load.
[Figure 2 about here. ]

Based on the functional classification framework by Williams et al.*’, this decomposition framework
focused on five key process-centric concepts: 1) material identification and storage, ii) supplying material to
the system, iii) patterning material or energy, 1v) creating primitives, and v) generating support structures.
Figure 1 illustrates a 60-second-long sample task performed during the intervention for the different

conditions and AM processes where participants were verbally instructed about the raw material used for
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the AM process and were then encouraged to load the material into the machine given sufficient time to
attempt the task on their own. All tasks were similarly associated with each concept specifically relevant to
the Lulzbot Taz 6 for the ME condition and the Xact Metal XM200C for the PBF condition and were
generally constrained to those that would be safe and permitted in a typical in-person learning environment
with the physical machines. To ensure the safety of the participants in the REAL condition, the physical
machine for the ME group was not powered and the physical machine for the PBF group only housed the
skeletal structure of the machine with functionality suitable for safe demo purposes. Additionally, the PBF

group handled a powder-like substitute to teach participants about the raw material for the PBF process.

2.3. Measuring knowledge gain and cognitive load

Paired data from a pre-and post-quiz assessment was used to measure knowledge gain as the difference
in quiz scores. One quiz variant for each AM process was designed and participants completed the quiz
specific to their assigned process*® before and after the intervention. The questions in the quiz were
formulated using the same terminology as used in the intervention. All the questions were objective, single-
answer, or multiple-answer type questions to ensure simplicity in calculating the quiz scores and knowledge
gained through the change in quiz scores. Every question offered an "I don’t know" option to minimize the
probability that students would try to guess the correct answer. No negative scoring was doneand all
questions were worth a maximum of 1 point. Certain concepts required adding additional questionsto the
quiz to ensure that all the relevant elements of the concepts were tested, therefore, the number of questions
differed between the two conditions (i.e., ME had 10 and PBF had 9). Pre-and post-quizzes weretallied and
normalized where normalization entailed that the entire set of scores was rescaled between 0 and 1 for both
the quizzes using the min-max feature scaling approach. Statistical analysis for knowledge gain was
performed on the normalized scores. Participants reported their cognitive load using the WorkloadProfile
Assessment (WPA) tool*® by sharing the mental effort they exerted during the learning experience.
Participants scored each of the eight workload profile dimensions (i.e., the perceptual, response, spatial,
verbal, visual, auditory, manual, and speech) independently between 0 and 10 to represent their exerted
mental effort. They received a textual and audio description of each dimension to review, along with an

example of how cognitive resources for each dimension might be applied to a relatable task to better assess
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their cognitive load.

3. Results

This research collected a sample size of 237 data points with the distribution shown in Tab. 1.
[Table 1 about here.]

From this participant pool, we collected demographic data, knowledge gain data, and cognitive load data
and report this collective data and the results from its analyses while maintaining all outliers. To account
for the complexity of the repeated measures experimental setup and the presence of multiple dependent and
independent variables in its statistical analysis, this research uses linear regression modeling (Im) for the
demographic and cognitive load data and linear mixed-effects regression modeling (Imer) for the knowledge
gain (i.e., pre-post quiz) data. A 95% confidence interval was generally used to determine statistical
significance (i.e., p < 0.05), however, certain trends around the 95% interval are discussed as emerging
trends and not significant under the discretion of this research. The assumptions for linear regression and
linear mixed-effects regression modeling were checked for violations using the Pefia and Slate*’ and the
Loy and Hofmann® procedures respectively. This research did not find any observable violations and relies

on the acceptable range for the robustness of Ims and Imers in its reported findings.

3.1. Demographic analysis of the participants

Regressing the interest and motivation levels on the centered process (ME=-0.5, PBF= 0.5; between-
subjects variable) showed no observable significant difference between participants assigned to both the
AM processes in interest and motivation. However, regressing the interest and motivation levels on the
centered condition (CAI=-0.5, VR= 0, REAL= 0.5; between-subjects variable) showed a significanteffect
within conditions in interest and motivation such that participants generally reported higher interestand
motivation in AM as the condition changed from CAI to VR to REAL (for interest to learn AM: b =
0.306, F(1,233) = 8.085 [t(233) = 2.843, p = 0.005, for interest to use AM: b=b =0.287, F(1, 233) = 5.395
[t(233) = 2.323, p = 0.021, for motivation to learn AM: b = 0.414, F(1, 233) =9.086 [t(233) =3.014,p =
0.003, for motivation to use AM: b = 0.404, F(1, 233) = 8.515 [t(233) = 2.918, p = 0.004). As shown in
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Fig. 3, many participants agreed or strongly agreed that they were interested and motivated to learn about

and use AM within each of condition and each AM process.
[Figure 3 about here.]

These levels of interest and motivation indicate that participants were authentically engaged with the study
and thus strengthen the authenticity of the data collected for knowledge gain and cognitive load.
Regressing the distributions of the prior awareness in AM on the centered condition (CAI= -0.5, VR=
0, REAL= 0.5; between-subjects variable) and process (ME=-0.5, PBF= 0.5; between-subjects variable)
showed no observable significant difference between the conditions, b =0.147, F(1, 233) =1.087 [t(233) =
1.043, p = 0.298, or between the AM processes, b =0.02, F(1, 233) = 0.024 [t(233) =0.156, p =0.876. As
shown in Fig. 4a, this means that participants’ perceived awareness with general AM across the conditions
and AM processes was generally identical and therefore was not accounted for as a variable of interest in

later analyses.
[Figure 4 about here.]

Regressing the distributions of the prior comfort with interaction in CAI and VR on the centered condition
(CAI= -0.5, VR= 0.5; between-subjects variable) and process (ME=-0.5, PBF= 0.5; between-subjects
variable) showed a significant difference between the conditions, b = -0.987, F(1, 233) = 31.223 [t(233)
=-5.588, p <0.001, but not between the AM processes, b = 0.229, F(1, 233) = 1.681 [t(233) = 1.296,p =
0.196. This means that participants in the CAI condition generally had a significantly higher comfort with
CAl technology than did participants in the VR condition with VR technology. This can be observed in Fig.
4b where a significantly higher number of participants reported that they had never worked with VR before
the study indicating that they were novices to VR. These results were expected as this research worked with
primarily first-year undergraduate students from an engineering design course at an R1 university whowould
have completed some CAI course requirements, and likely not have completed any VR course work. While
the varying comfort levels between CAI and VR could influence the study, with the limited scope in mind
for this work, we acknowledge the limitation of not accounting for technology comfort levels whichwill be

considered as an opportunity for future work.
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3.2. Effects on knowledge gain by immersion for the different AM processes

Figure 5 shows the key results of the analysis of knowledge gain for each AM process across each

condition.
[Figure 5 about here.]

For this analysis, quiz score (collapsed pre and post-quiz scores) was regressed on the centered variables
for condition (CAI =-0.5, VR = 0, REAL = 0.5; between-subjects variable), and process (ME =-0.5, PBF
=(0.5; between-subjects variable), quiz time (pre-quiz = -0.5; post-quiz = 0.5; within-subjects variable), and
the interaction of these three variables (condition*process*quiz) as the covariates. This analysisalso
included a by-subject random intercept and a by-subject random slope for the quiz variable, utilized
restricted maximum likelihood estimation to iteratively modify the parameter estimates to minimize the
log-likelihood function, and evaluated this model with the Kenward and Rogers (KR) adjustment’!. The
following results reported from the analysis focus on each detailed effect when controlling for all other

main effects and interactions in the model.

3.2.1 Process-wise comparison of knowledge gain across the conditions To understand the differences
in the knowledge gain between the conditions and AM processes, we estimated the two-way interaction
between condition and quiz time, b = 0.2, F(1, 233) = 21.65 [t(233) = 4.653, p < 0.001, and process and
quiz time, b =0.323, F(1, 233) = 67.504 [t(233) = 8.216, p < 0.001. These results show that the knowledge
gain significantly differed between the conditions and the AM processes. Specifically, participants in PBF
generally experienced a higher knowledge gain than participants in ME. Participants also generally
experienced a higher knowledge gain as the condition changed from CAI to VR to REAL.

Conducting pairwise-comparison analyses for process within each condition provided specific insight
into the differences in knowledge gain between the AM processes for each condition. Results showed that
knowledge gain significantly differed when comparing ME to PBF in the CAI (b =0.25, F(2, 231) = 43.56
[t(231) = 6.6, p <0.001), VR (b = 0.38, F(2, 231) = 24.01 [t(231) = 4.9, p <0.001), and REAL (b = 0.36,
F(2,231)=18.49 [t(231) =4.3, p <0.001) conditions. This means that the participants experienced a higher

knowledge gain for PBF than for ME in each condition.
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Conducting additional pairwise-comparison analyses for condition within each process provided further
insight into the differences in knowledge gain between the conditions for each process. As shown in Fig.
5 for the ME process, knowledge gain did not significantly differ in comparisons between CAl to VR (b =
0.051, F(2, 231) = 0.64 [t(231) = 0.8, p = 0.424) and VR to REAL (b =0.093, F(2, 231) = 1.21 [t(231) =
1.1, p=0.292), but showed an emerging trend between CAI to REAL (b = 0.144, F(2, 231) =4 [t(231) =
2, p = 0.048). However as shown in Fig. 5 for the PBF process, knowledge gain significantly differed in
comparisons between the CAI to VR (b=0.178, F(2,231) =9 [t(231) =3, p=0.003) and CAI to REAL (b
=0.253, F(2,231) =20.25 [t(231) = 4.5, p < 0.001), but not in the comparison between VR to REAL (b =
0.075,F(2,231)=1[t(231) =1, p=0.299). This means that the participants did not experience a significant
difference in knowledge gain in ME between CAI, VR, and REAL, however, they did experience a higher

knowledge gain in PBF as the condition changed from CAI to VR or REAL.

3.2.2 Analyses supporting the observed knowledge gain results The main analysis showed a significant
effect of the quiz time on quiz scores such that on collapsing the condition and process categories,
participants generally scored higher in the post-quiz than in the pre-quiz, b = 0.424, F(1, 233) = 464.312
[t(233)=21.548, p<0.001. As can be observed in Fig. 5, this means that participants generally experienced
a significant knowledge gain (i.e., the difference between pre-quiz and post-quiz scores) because the post

quiz scores are generally higher than the pre-quiz scores across the conditions and AM processes.

To evaluate whether scores specifically improved significantly for participants in each condition and
for each process, we examined the simple effects of the quiz time for each condition and AM process by
re-centering condition and process around each level in the variable and then performing the analysis using
those variables in turn. Condition was re-centered around CAI (CAI =0, VR =0.5, REAL =1), VR (CAI
=-0.5, VR =0, REAL =0.5), and REAL (CAI =-1, VR =-0.5, REAL = 0) respectively, and process was
re-centered around PBF (PBF = 0, ME = 1) and ME (PBF = -1, ME = 0) respectively. These analyses
provided insight into whether there was a significant knowledge gain for participants in each condition or
only for one of the conditions and in each process or only for one of the processes. The simple effects of
quiz time (Tab. 2) showed that participants in each condition and process scored significantly higher on the

post-quiz than on the pre-quiz.
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[Table 2 about here. ]

These results can also be observed in Fig. 5 which shows that the post quiz scores are much higher than the
pre-quiz scores for all the conditions and processes, therefore suggesting that the knowledge gain was
significant across the board.

To better understand how the trends in quiz scores contributed to the significance of the observed
knowledge gain, we also evaluated the simple effects of process and condition at each quiz time (pre-quiz
and post-quiz). We did so by re-centering quiz time around pre-quiz (pre-quiz = 0, post-quiz = 1) and post-
quiz (pre-quiz= -1, post-quiz = 0), respectively, and then performing the analysis with those variablesin
turn. This allowed us to understand whether the participants differed from one another in pre-quiz, post-
quiz, or both, between the conditions and processes. The simple effects analysis of condition and process
at each quiz time (Tab. 3) show that pre-quiz scores for each process were not significantly differentbetween
the conditions (Tab. 3a); however, pre-quiz scores for ME were significantly higher than pre-quizscores for

PBF in each condition (Tab. 3b).
[Table 3 about here. ]

This means that participants in the ME group generally had more prior knowledge of ME than did
participants in the PBF group had of PBF.

Table 3 and Figure 5 also show that the post-quiz scores did not significantly differ between the AM
processes for each condition (Tab. 3b) suggesting that participants in both AM processes generally ended
up with equivalent knowledge within each condition. However, Tab. 3a shows that post-quiz scores were
significantly impacted by the conditions within each AM process. For the ME process, Tab. 3a and Fig.
5 show that the post-quiz scores did not significantly differ between CAl to VR and VR to REAL, but they
did significantly differ between CAI to REAL. This means that participants in CAIL, VR, and REAL ended
up with equivalent knowledge in ME except when comparing CAI to REAL where participants from the
REAL condition gained more knowledge than did participants from the CAI condition. For the PBF
process, Tab. 3a and Fig. 5 show that the post-quiz scores did not significantly differ between VR to REAL,
but they did significantly differ between CAI to VR and CAI to REAL. This means that participants when
learning about PBF ended up with equivalent knowledge between VR and REAL, but ended up with higher
knowledge from the VR and REAL than from CAL
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3.3. Effects on cognitive load by immersion for the different AM processes

Table 4 and Figure 6 key results of the analysis of cognitive load for each AM process across each

condition.

[Table 4 about here.]

[Figure 6 about here.]

For this analysis, cognitive load was regressed on the centered variable for condition (CAI =-0.5, VR =0,
REAL = 0.5; between-subjects variable), and process (ME = -0.5, PBF = 0.5; between-subjects variable)
and the interaction of these two variables (condition*process) as the covariates. This analysis also included
a by-subject random intercept, utilized restricted maximum likelihood estimation to iteratively modify the
parameter estimates to minimize the log-likelihood function, and evaluated this model with the Kenward
and Rogers (KR) adjustment®!. The following results reported from the analysis focus on each detailed
effect when controlling for all other main effects and interactions in the model.

As can be observed from Fig. 6, the main analysis showed no significant effect on the overall cognitive
load by condition such that on collapsing the process categories, participants generally reported equivalent
cognitive load for each of the WPA dimensions between CAI, VR, and REAL. However, an exception in
the analysis shows a significant effect of condition on the spatial dimension (Tab. 4a) where participants
generally reported a significantly lower spatial cognitive load with the change in condition. The main
analysis also showed no significant effect on the overall cognitive load by process such that on collapsing
the condition categories, participants generally reported equivalent cognitive load for each of the WPA
dimensions between ME and PBF. However, the analysis shows a significant effect on the response
dimension (Tab. 4b) where participants generally reported a significantly higher response, verbal, and
auditory cognitive load for PBF than for ME.

To further understand the trends in the cognitive load between the conditions and AM processes, we
conducted pairwise-comparison analyses between the different levels in condition and process. Table 5

shows that cognitive load generally did not significantly differ between the ME and PBF processes for the
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CAl and VR conditions, but response, verbal, visual, and auditory cognitive load in PBF was significantly

higher than in ME from the REAL condition.

[Table 5 about here.]

Figure 6 also shows that cognitive load for the ME process generally did not significantly differ between
the conditions but spatial and response cognitive load from the REAL condition were significantly higher
than cognitive load from the CAI condition. For the PBF process, however, cognitive load generally did
significantly differ between the conditions in various pairwise comparisons. As shown in Fig. 6, participants
reported significantly lower spatial cognitive load from VR than from CAI and significantly lower response
and auditory cognitive load from VR than from REAL. Additionally, participants reported significantly

higher auditory, verbal, and visual cognitive load from REAL than from CAL

4. Discussion

The findings highlighted in Section 3 present key implications for the proposed research questions in
this work. The following section elaborates on the interpretation behind the observed results and their

underlying mechanisms.

RQI1: How do the differences in immersion between CAI, VR, and REAL mediums affect knowledge gain

when learning about ME and PBF'?

Our collective findings in Section 3.2 reaffirm the existing knowledge gap in process-centric AM amongst
designers and indicate that while any medium of instruction from this research can yield significant
knowledge gains, differences in immersion between the conditions strongly affect knowledge gain when
comparing learning between the different AM processes. Our analysis identified significant differences
in knowledge gain between the studied AM processes such that designers learning about PBF generally
experienced a higher knowledge gain than designers learning about ME (32.3% higher). This trend was
observed while accounting for the significantly higher pre-quiz knowledge in the ME group than in the
PBF group with identical post-quiz knowledge in both AM process groups (Section 3.2.2). Paired with the

findings on perceived prior awareness in AM from Section 3.1, these results indicate that there exists a
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knowledge gap amongst designers between ME and PBF with designers having more knowledge in more
accessible processes like ME than knowledge in less accessible processes like PBF.

The results and analysis in Section 3.2.1 further identified a significant effect of immersion on
knowledge gain. Designers generally experienced a higher knowledge gain as the condition linearly
changed from CAI to VR to REAL (20% higher). This implies that increased immersion can increase the
knowledge gained from process-centric AM education. Specifically, however, designers did not experience
a significant difference in knowledge gain across the mediums when learning about ME, but designers did
show significantly higher knowledge gains when learning about PBF through VR and REAL than through
CAI with no significant difference in learning between VR and REAL. This means that immersion does not
have a significant effect when learning about typically accessible AM processes like ME, but does have a
significant effect when learning about typically inaccessible AM processes like PBF. This finding suggests
that VR education can yield equivalent knowledge gains to REAL education while bypassing restrictions in
introducing process-centric AM education for high-barrier-to-entry systems like PBF. VR instruction may
hence offer industries an alternative to in-person education with higher knowledge gains during designer

development than computer-aided instruction of typically high-barrier-to-entry AM processes.

RQ2: How do the differences in immersion between CAI, VR, and REAL mediums affect cognitive load

when learning about ME and PBF?

Our collective findings in Section 3.3 indicate that the differences in immersion generally do not strongly
affect the mental effort experienced when comparing learning between different AM processes, but
specifically have significant impacts within the different medium and AM process pairwise-combinations.
This research limits the discussion of its findings to sight and motor-sensory information (i.e., limited
to perceptual, response, spatial, visual, and manual cognitive load) as the verbal, auditory, and speech
cognitive load dimensions were attributed to the design of the experimentation and not inherent to the
mediums themselves. The analysis in Section 3.3 identified that designers generally experienced a
significantly higher response processing cognitive load when learning about PBF than when learning about
ME (11.2% higher). Specifically, however, Tab. 5 and Fig. 6 show that the general trends in cognitive load
observed are strongly influenced from REAL learning. Similarly influenced emerging and significant trends from

REAL learning were observed in perceptual and visual processing cognitive load respectively (Tab. 5). These
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findings indicate that designers found learning about PBF to require more mental effort than learningME
when through REAL learning, but found virtual learning (i.e., through CAI and VR) about the two AM
processes to require identical mental effort. For industries, this implies that virtual instruction, immersive
or non-immersive, may yield lower mental effort exertion when learning about typically inaccessible and
functionally complex AM processes like PBF.

The results and analysis in Section 3.3 also found that designers experienced a significantly lower spatial
processing cognitive load (14.6% lower) as the medium of instruction changed from CAIto VR to REAL.
Figure 6 shows that when compared to CAI learning, designers specifically experienced a significantly
lower spatial cognitive load from REAL learning in the ME group and from VR learning in the PBF group
with comparable effects between the two immersive mediums. Additional emerging and significant trends
observed in Fig. 6 for perceptual, response, and visual cognitive load support the finding that adding
immersion to the learning experience can lower the mental effort exerted by designers during certain
learning experiences. Specifically, our findings indicate that as the AM process changes from a functionally
less complex process like ME to a more complex process like PBF, designers require less mental effort
from immersive mediums than non-immersive mediums. This implies that designers may benefit more from
immersive instruction than non-immersive instruction to lower exerted mental effort when learning about

typically inaccessible and functionally complex AM processes like PBF.

5. Conclusion

The goal of this research was to identify the effects of immersion in the learning experience and study
how immersion in different mediums of instruction (i.e., CAI, VR, REAL) affects the knowledge gain and
the mental effort experienced when learning about different AM processes (i.e., ME, PBF). This research
measured the pre-and post-quiz scores to study the knowledge gained from the experience and measured
cognitive load using the WPA tool to study the mental effort experienced. The results in Section3 indicate
that immersion does not have a significant effect when learning about easily accessible and functionally
less complex AM processes like ME, but does have a significant effect when learning about less accessible
and functionally more complex AM processes like PBF. Immersion (virtual or physical) does not

significantly affect knowledge gain when learning about ME; however, immersive mediums yield higher
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knowledge gains than non-immersive mediums when learning about PBF. Specifically, VR provides
comparable knowledge gain of PBF concepts to REAL instruction while presenting a significantadvantage
in knowledge gain over CAI Furthermore, physical immersion yields lower response and spatialcognitive
load than immersive and non-immersive virtual instruction when learning about ME but yields higher
response and visual cognitive load when learning PBF. Adding immersion to virtual instruction using VR
further yields a lower spatial cognitive load when learning about PBF. The findings from this work have
significant implications for using VR instruction to offer improved designer development in process-centric
AM education as an alternative to in-person education and bypassing the restrictions in introducing process-

centric AM education for high-barrier-to-entry systems like PBF.

While the findings from this research highlight significant differences between the three mediums (CAI,
VR, REAL) in the knowledge gain and cognitive load when learning about different AM processes, these
findings need to be considered with certain limitations of this work. Participants in the virtual conditions
had significantly different comfort levels within their respective mediums; specifically, participants had a
significantly higher comfort with CAI interaction than with VR interaction. Future work can account for
such differences in skill and comfort on their effects on knowledge gain and cognitive load during learning.
Knowledge gain in this work was measured using a pre-post quiz assessment and thus assumed to be short-
term and linear in nature. This approach, however, limits the information collected as knowledge gainand
does not assess other learning aspects such as transference and long-term retention. Future work could
consider expanding the scope of defining knowledge gain and re-assess the effects of immersion on AM
education. Additionally, the data collected was unevenly distributed and much smaller in size in the VR and
REAL conditions. This is because a majority of this research was conducted during the COVID pandemic
and as such, volunteers leaned toward virtual and remote participation than in-person participation. Future
work can expand the current data set to further improve the resolution and power of these findings by
collecting data from a larger and more evenly distributed sample of participants. New knowledge from such
future work can aid industries and further empower their designers to meet AM-driven product designneeds

for a range of AM processes.
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Table 1. Showing the distribution of participants across the conditions and AM processes

CAI VR REAL

ME 79 18 13
PBF 82 21 24

27
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Table 2. Highlighting the simple effects from the pre to post-quiz comparisons across the conditions and AM processes

Process Condition Estimate F.value tratio p.value
PBF REAL 0.7 198.81 14.1 <0.001
PBF VR 0.62 139.24 11.8 <0.001
PBF CAI 0.44 278.89 16.7 <0.001
ME REAL 0.34 25 5 <0.001
ME VR 0.24 18.49 43 <0.001
ME CAI 0.19 51.84 7.2 <0.001
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Table 3. Highlighting the simple effects from the comparisons between conditions and AM processes at different quiz-times
(a) Quiz scores compared between CAIL, VR, and REAL for each AM process

Process Comparison Quiz Estimate F.value tratio p.value
ME CAlto VR Post 0.04 0.49 0.7 0.437
ME CAIto VR Pre 40 =0 =0 0.982
ME CAlto REAL  Post 0.16 4.84 2.2 0.022
ME CAlto REAL  Pre 0.02 0.09 0.3 0.695
ME VR to REAL Post 0.11 1.69 1.3 0.184
ME VR to REAL Pre 0.02 0.09 0.3 0.735
PBF CAlto VR Post 0.14 5.29 2.3 0.018
PBF CAlto VR Pre -0.03 0.49 -0.7 0.47
PBF CAlto REAL  Post 0.24 19.36 44  <0.001
PBF CAlto REAL  Pre =0 =0 =0 0.935
PBF VR to REAL Post 0.1 1.96 1.4 0.141
PBF VR to REAL Pre 0.03 0.25 0.5 0.597

(b) Quiz scores compared between ME and PBF for each condition

Condition Quiz Estimate F.value tratio p.value

CAI Pre -0.22 49 -7 <0.001
VR Pre -0.26 15.21 3.9  <0.001
REAL Pre -0.25 12.96 3.6 <0.001
CAI Post 0.02 0.36 0.6 0.532
VR Post 0.11 1.96 1.4 0.139

REAL Post 0.1 1.44 1.2 0.21
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Table 4. Highlighting the cognitive load experienced by participants for each dimension due to the condition and process
variables
(a) General cognitive load as affected by the condition variable

Dimension  Estimate F.value tratio p.value
Perceptual -0.14 0.01 -0.31 0.752

Response -0.5 1.34 -1.15 0.247
Spatial -1.46 11.06 -332 <0.001
Verbal 0.01 ~0 0.03 0.971
Visual 0.23 0.24 0.49 0.623
Auditory -0.08 0.03 -0.17 0.863
Manual -0.55 1.15 -1.07 0.284
Speech -0.74 3.61 -1.9 0.058

(b) General cognitive load as affected by the process variable
Dimension  Estimate F.value tratio p.value

Perceptual 0.71 3.01 1.73 0.083
Response 1.12 7.84 2.8 0.005
Spatial 0.37 0.86 0.93 0.353
Verbal 1.19 7.16 2.67 0.008
Visual 0.7 2.63 1.62 0.106
Auditory 1.16 6.95 2.63 0.008
Manual 0.09 0.04 0.2 0.835

Speech 0.22 0.37 0.61 0.538
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Table 5. Highlighting the cognitive load comparison between ME and PBF experienced by participants for each dimension from
each condition

Dimension  Condition estimate F.value tratio p.value

Perceptual ~ CAI 0.3 0.56 0.75 0.454
Perceptual VR -0.27 0.1 -0.33 0.74
Perceptual REAL 1.71 3.86 1.96 0.05
Response CAI 0.15 0.17 0.41 0.679
Response VR -0.48 0.38 -0.61 0.537
Response REAL 3.12 13.8 3.71  <0.001
Spatial CAI -0.02 =0 -0.05 0.956
Spatial VR -0.21 0.07 -0.27 0.786
Spatial REAL 1.07 1.59 1.26 0.207
Verbal CAI 0.02 =0 0.04 0.96
Verbal VR 0.77 0.76 0.87 0.384
Verbal REAL 2.56 7.35 2.71 0.007
Visual CAI -0.3 0.52 -0.72 0.471
Visual VR 0.07 ~0 0.09 0.926
Visual REAL 2.11 5.23 2.28 0.023
Auditory CAI 0.2 0.23 0.48 0.627
Auditory VR 0.23 0.07 0.26 0.79
Auditory REAL 2.57 7.7 2.77 0.005
Manual CAI 0.08 0.03 0.19 0.847
Manual VR -1.38 2.26 -1.5 0.133
Manual REAL 1.12 1.28 1.13 0.257
Speech CAI -0.13 0.14 -0.38 0.702
Speech VR -0.25 0.13 -0.36 0.718

Speech REAL 0.78 1.08 1.04 0.299
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(a) CAl interaction using a computer mouse and (b) VR interaction using a VR controller and (¢) REAL interaction using physical movement for
keyboard for task completion physical movement for task completion task completion

Figure 1. Showcasing a participant completing a 60-second task of loading material into the AM machine to highlight the
experimental design setup across the conditions and between the AM processes
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Material Extrusion Powder Bed Fusion

Process material and how to store it

Spool of thermoplastic Container of plastic
filament or metal powder

Providing a consistent supply of material

Geared filament
. Recoater system
feeding system

! !

Patterning material Patterning energy
Selective deposition Selective deposition
of molten material of high energy laser
¥
Creating a primitive by transforming the material
Full melting of filament and Sintering of powder and
solidifcation by cooling solidifcation by cooling

Using and creating support or
foundational structures for the next layer

Complimentary sacrificial supports to the part itself

Figure 2. Highlighting the concepts derived from the functional classification framework that are used to design the educational
experiences and define the relevant tasks
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36
& REAL-
S VR 0 i
3 CAI | )
ME PBF
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Level Ratio of Participants
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Figure 4. Showcasing the prior awareness in AM and comfort levels with VR and CAI across the conditions and AM processes
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p=0.048 p<0.001
p=0.424 p=0.292 p=0.003 p=0.299
1.00- .
o (.75 :
3 ‘ . .
2 0.50- ) ' .
0.25- ‘
7 /
0.00- |
ME PBF
CAI VR REAL CAI VR REAL
Condition

Quiz E3 Pre ER Post

Figure 5. Showcasing the distribution of quiz scores and the net knowledge gain as affected by the three conditions between the
two AM processes
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Figure 6. Showcasing the distribution of reported cognitive load as affected by the three conditions between the two AM
processes



