
 
 
 
 

Proceedings of the ASME 2021  
International Design Engineering Technical Conference & Computers and Information in Engineering Conference 

IDETC/CIE 2021 
August 17-21, 2021, Virtual Conference 

 

 
DETC2021- 71667 

 
 

ANALYSIS OF THE KNOWLEDGE GAIN AND COGNITIVE LOAD EXPERIENCED DUE TO THE 
COMPUTER-AIDED INSTRUCTION OF ADDITIVE MANUFACTURING PROCESSES 

 
 

Jayant Mathur, Scarlett R. Miller, Timothy W. Simpson, Nicholas A. Meisel 
 

Engineering Design, The Pennsylvania State University, University Park, PA, 16802 
 

1                                                              © 2021 by ASME 

 

 

ABSTRACT 
Although there is a substantial growth in the Additive 

Manufacturing (AM) market commensurate with the demand for 

products produced by AM methods, there is a shortage of skilled 

designers in the workforce that can apply AM effectively to meet 

this demand. This is due to the innate complications with cost 

and infrastructure for high-barrier-to-entry AM processes such 

as powder bed fusion when attempting to educate designers 

about these processes through in-person learning. To meet the 

demands for a skilled AM workforce while also accounting for 

the limited access to the range of AM processes, it is important 

to explore other mediums of AM education such as computer-

aided instruction (CAI) which can increase access to hands-on 

learning experiences. Therefore, the purpose of this paper is to 

analyze the use of CAI in AM process education and focus on its 

effects on knowledge gain and cognitive load. Our findings show 

that when designers are educated about material extrusion and 

powder bed fusion through CAI, the knowledge gain for powder 

bed fusion is significantly different than knowledge gain for 

material extrusion, with no significant difference in cognitive 

load between these two AM processes. These findings imply that 

there is potential in virtual mediums to improve a designer’s 

process-centric knowledge for the full range of AM processes 

including those that are usually inaccessible. We take these 

findings to begin developing recommendations and guidelines 

for the use of virtual mediums in AM education and future 

research that investigates implications for virtual AM education.  

 

Keywords: Additive Manufacturing, Education, Cognitive 

Load, Computer-Aided Instruction, Material Extrusion, Powder 

Bed Fusion. 

 

1. INTRODUCTION AND MOTIVATION 
Additive manufacturing (AM) enables the design and rapid 

manufacturing of complex and optimized products by leveraging 

capabilities in geometrical, hierarchical, functional, and material 

complexity. There is therefore a high demand for the use of AM 

in product development as observed from the global AM and 

materials market which is projected to reach USD 70.92 million 

by 2026 [1]. There is considerable ongoing growth and 

development in processes, materials, and design for AM (DfAM) 

heuristics to support this demand for AM in the market. However, 

there is a deficit of designers and engineers in the workforce 

skilled in AM [2] who can apply the technology to a multitude 

of product design opportunities [3] and meet the high demand. 

Consensus on how to better prepare the AM workforce indicates 

a growing requirement for design and process-centric education 

that covers all AM processes [4]. As a result, there is significant 

work that aims to meet the requirement for adequate design-

centric education [5–9]. Certain attempts to address the 

deficiency in design-centric skill even provide supportive tools 

for DfAM [5,6]. Other work includes educating designers 

through frameworks designed for particular systems or processes 

and although some of this work attempts to provide process-

independent DfAM education [7], there is an observable process-

dependent nature of many DfAM rules, guidelines, and 

frameworks [8,9]. This suggests that adequate process-centric 

education for the full range of AM processes can support the 

growth of DfAM intuition to improve a designer’s versatility 

with AM thereby filling the deficit of designers. However, 

limited access to the full range of AM processes inhibits 

designers from gaining the required AM process knowledge base 

to improve their versatility. This limited access is attributed to 

the observable barriers to entry faced by AM systems (e.g., cost, 

safety, required infrastructure) [10–12] when introduced within 

educational institutions and communities.  

To satisfy the growing demand for a skilled AM workforce, 

there is a need to address this inaccessibility to AM processes to 

better help develop a designer’s process-centric background in 

AM. Our research, therefore, aims to analyze instructional 

methods that may better expose designers to the range of 

available AM processes to improve their process-centric 

knowledge. In our analysis, we aim to understand the effects of 

the instructional method on the observed knowledge gain and 

cognitive load experienced by student designers when they learn 

about different AM processes. Gaining insight from these 
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metrics can establish the ease (or difficulty) experienced by the 

designer while improving their knowledge base in AM. 

There is an opportunity to utilize immersive and non-

immersive virtual mediums, such as virtual reality (VR) and 

regular, screen-based computer-aided instruction (CAI), for AM 

education. Limited research, however, attempts to educate 

designers on processes like powder bed fusion that require 

higher-barrier-to-entry systems [13], and no published work 

highlights the differences in virtual learning between two or 

more different AM processes. Our research aims to address this 

gap in the literature and analyze and compare the use of virtual 

mediums of education as tools in process-centric learning for 

different AM processes. The research in this paper highlights the 

key preliminary learnings from an analysis of a non-immersive 

virtual medium (i.e., CAI) for two AM processes (i.e., material 

extrusion and powder bed fusion). Our findings highlight the 

effects on knowledge gain and cognitive load experienced by 

designers when using CAI for process-centric AM education of 

these two different AM processes. These findings imply that 

there is potential in using CAI for the instruction of AM 

processes that are not easily accessible, thereby providing a 

complete and thorough education in process-centric AM to 

designers in the high-demand AM workforce. 

 

2. RELATED WORK 
The goal in this research is to contribute to the improvement 

of process-centric AM understanding in designers. This is done 

by testing virtual mediums for the hands-on education of 

different AM processes. This section provides background on 

the current challenges with AM education, identifies gaps in 

current education practices, and overviews alternative uses of 

virtual mediums for education. 
 

2.1 Current challenges with in-person process-centric 
AM education  
Recently identified recommendations from an NSF 

workshop on AM [4] aim to set important goals in AM education 

that can adequately prepare students and designers for the AM 

workforce. The recommendations and goals include cultivating 

student and designer awareness in: 

1. Both additive and traditional manufacturing processes 

to better highlight the applicability of AM in product 

realization, 

2. The range of AM processes, and materials to provide 

design for AM insight,  

3. Computational tools for design as well as frameworks 

for process selection, costing, and solution generation 

to enable design and manufacturing with AM. 

Such goals strongly suggest the need for in-depth and hands-on 

design and process-centric AM education to improve design for 

AM intuition in designers. Universities are already establishing 

initiatives to design frameworks for AM education [14], dedicate 

hands-on laboratories and curriculums through graduate 

programs [15], and offer certificates [16] and minors [17] to 

support and improve students’ understanding of the design and 

process-centric concepts in AM. Some texts [18–20] are also 

proving to be useful resources that provide an overview on AM 

topics and technologies. Although these instructional tools, 

resources, and laboratory environments enable fundamental AM 

education, it is still challenging to provide scalable hands-on and 

in-depth experiences [4] to better prepare designers.  

Limited access to the full range of AM processes presents 

the primary challenge for designers when they attempt to gain 

the required AM expertise for product development. This limited 

access is due to the barriers to entry faced by AM systems (as 

dictated by cost, safety, or required infrastructure) when 

introduced within educational institutions and communities. 

While low-barrier-to-entry systems, such as those for material 

extrusion, are accessible to students in an engaging, safe, and 

cost-effective way, the larger and more complex systems, such 

as those for powder bed fusion, are too expensive [10] or 

dangerous to be in classroom environments without sufficient 

infrastructure in place [11,12]. For example, AM systems for 

powder bed fusion can contain hazardous sub-systems such as 

lasers, combustible powder, high temperatures, and pinch points, 

and hence require adequate safety measures in place before 

allowing user interaction. This can be challenging and costly to 

provide which may prevent institutions, companies, and 

communities from adopting in-person exposure to powder bed 

fusion systems in their AM education [11]. AM education for 

such systems and processes may instead be done in the 

traditional classroom environment or through independent 

agencies in an informal and unstructured manner [21]; however, 

there is limited accessibility to hands-on opportunities outside of 

the classroom and limited agreement on texts and pedagogies 

that meet the requirements set by the Accreditation Board for 

Engineering and Technology (ABET) [11]. The lack of an 

accessible, scalable, and thorough method of conducting 

process-centric AM education for the range of AM processes 

creates an imbalance in AM knowledge in students and designers. 

This imbalance in knowledge from current AM education is 

driven by the innate challenges of in-person education. There is 

therefore a need to explore the use of virtual hands-on mediums 

of education that expose designers to the diverse range of AM 

concepts engagingly and interactively. 

  

2.2 Virtual instruction as an alternative in design, 
engineering, and manufacturing education 
There is a need to provide accessible and in-depth education 

to the range of AM systems and their intrinsic DfAM principles. 

Due to the limitations of in-person instruction for more industrial 

AM systems, such as those for powder bed fusion, there is an 

opportunity to instead utilize immersive and non-immersive 

virtual mediums, such as virtual reality (VR) [22,23] and CAI, 

in AM education. Virtual mediums can provide hands-on 

learning experiences engagingly and interactively while 

avoiding some of the limitations of in-person learning. Literature 

even shows early promise in developing designer intuition in 

design and process-centric AM concepts [24–26] using virtual 

education. The goal in this research is to evaluate both immersive 

and non-immersive virtual mediums in process-centric AM 

education for different AM processes. This paper focuses on the 
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effects of CAI on knowledge gain and cognitive load when 

designers learn about material extrusion and powder bed fusion.  

There are several observable benefits to using CAI for 

education in science [27,28], engineering [29–31], and 

manufacturing [32–36] as an alternative to in-person learning. 

Non-immersive CAI experiences that contain pedagogical 

elements reduce the challenges with in-person learning [35], 

impart new knowledge onto the learner [37–39], and improve the 

quality of learning in collaborative problem-solving situations 

[39]. Pantelidis [40] also suggests that virtual and interactive 

environments used in engineering education promote motivation, 

more accurately illustrate some features or processes, and are 

more inclusive to the disabled. Additionally, CAI is known to 

improve psychomotor skills for operations in manufacturing 

applications [30] and improve entry-level engineering education 

in students [31] while showing no loss of educational effect [29] 

when compared to in-person education. The benefits of using 

CAI in engineering and manufacturing education indicate 

viability for CAI-driven AM education in preparing designers 

for the high-demand AM workforce. Past work by Tseng et al. 

[26] shows an emergence of virtual education for AM. Their 

work in computer-aided instruction of process-centric AM 

concepts not only suggests that there is no statistically significant 

difference in knowledge gain between those who learn through 

a CAI experience versus those who learn in-person but there is 

also a strong interest and preference toward learning through 

CAI [26]. This work shows that virtual mediums of education 

can offer effective alternatives to in-person AM education.  

Just like the goal of this research, Tseng et al. [26] also 

analyzed knowledge gain in students when they were educated 

on process-centric AM concepts using a virtual medium of 

instruction. Ostrander et al. [25] also highlight the value in 

understanding the effects on knowledge gain through virtual 

education. However, both these works only focused on one AM 

process (i.e., material extrusion). There is an opportunity to 

expand on this work by exploring and comparing effects in 

learning when students are taught about different AM processes. 

Furthermore, there is an opportunity to understand the ease or 

difficulty experienced by designers during their learning 

experience as measured by the experienced cognitive load. No 

known research highlights the differences in learning and 

cognitive load when comparing the virtual education of two or 

more different AM processes. This research aims to address this 

gap in the literature and analyze and compare the use of CAI as 

a tool in process-centric learning for different AM processes. 

This paper highlights the key preliminary learnings from an 

analysis of a knowledge gain and cognitive load for two AM 

processes (material extrusion and powder bed fusion).  

 

3. RESEARCH QUESTIONS 
Based on this previous work, the goal of the current paper is 

to analyze the effects of computer-aided instruction of process-

centric AM concepts on knowledge gain (as measured by the 

change in quiz score) and cognitive load (as measured by self-

reported values). Specifically, we address the following research 

questions while comparing two AM processes: material 

extrusion and powder bed fusion. 

RQ1. How do the functional differences between material 

extrusion and powder-bed fusion affect knowledge 

gain when learning about these AM processes? 

We hypothesize that knowledge gain between the two processes 

will differ due to inadequate education being provided for the 

powder bed fusion AM process. We believe that this inadequacy 

is attributed to the inaccessibility to powder bed fusion systems 

for hands-on learning experiences. 

RQ2. How do the functional differences between material 

extrusion and powder-bed fusion affect cognitive load 

when learning about these AM processes? 

We hypothesize that the cognitive load experienced between the 

two AM processes will differ because the tasks, parts, and 

required motor skills needed to interact with the machines for the 

AM processes may be perceived to be of different complexity. 

 
4. METHODOLOGY 
4.1 Overview of the experimental procedure 

Designers were introduced to virtual environments where 

they could interact with an AM system while being verbally 

instructed on different process-centric concepts for the AM 

process. The goal for the designed environments was to reflect 

the fidelity of in-person learning environments. However, doing 

so can require extensive computational resources; therefore, the 

designs needed to be optimized for fidelity and web performance 

(i.e., reduced lag during the experiences and higher frame rates 

in performance). So before evaluating knowledge gain and 

cognitive load, our preliminary testing identified several 

shortcomings of web performance in CAI. The methodology 

during preliminary testing, therefore, involved evaluating two 

parent studies of varying web performance, under which there 

were experimental conditions for each of the two AM processes. 

The two parent studies differed as follows: 

S1. This pilot study was conducted using the basic versions 

of the web-based experiences to set up the actual study. 

S2. This study was conducted using refined versions with 

improved web performance and was used to collect data 

for analysis of knowledge gain and cognitive load. 

The primary difference between the two studies was therefore 

only technical improvements in web performance. A total of 54 

students participated across the two studies. Table 1 shows the 

distribution of participants across the four conditions. 

 

TABLE 1: Distribution of participants across each study and 

across each process condition. 

Study Process Number of Participants 

S1 
Material Extrusion 2 

Powder Bed Fusion 19 

S2 
Material Extrusion 26 

Powder Bed Fusion 8 

 

The participants for this research were recruited were from 

an introductory engineering design course from an R1 university. 
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Participants volunteered either individually or in groups. Groups 

were assigned the same process condition while individual 

volunteers were assigned to a process condition randomly. For 

all the conditions, participants completed the steps highlighted 

in Figure 1 during their participation. 

 

 
 
Figure 1: Illustrating the procedure participants completed 

for all the conditions. The total allotted time was 60 minutes. 

 

While a maximum of 60 minutes was allotted to participants, 

only the 17 minutes constituting the tutorial and the intervention 

were fixed. For the other steps, participants were given the 

freedom to complete the steps at their own pace. This means that 

participants could complete the study before the end of the 

allotted time but were not allowed to proceed after the time limit. 

On average, however, participants spent 40 minutes for the study 

in either condition, therefore no participant was excluded from 

the data set due to exceeding the study’s time limit.  

Participants were first asked to complete a survey assessing 

the impact of the COVID pandemic on them and how much it 

affected their stress within the previous week. The listed sources 

of stress relevant to the COVID pandemic were: 

• Changes in routine (CIR) 

• Fear of getting sick (FGS) 

• Fear of friends and family getting sick (FFS) 

• Doing well in school or at work (DWS) 

• Using the technology needed for classes or work (UTC) 

• Access to a reliable internet connection (ARI) 

• Access to a place to do work (APW) 

• Juggling with other responsibilities besides work (JUG) 

• Managing the overall situational changes due to the 

pandemic (OVR) 

This data helped to understand the participant’s condition before 

the intervention and helped strengthen the analysis on cognitive 

load by indicating the presence of underlying trends due to the 

COVID pandemic in their reported scores. Participants then 

provided information on their prior exposure to AM and 

highlighted their awareness, length, and sources of exposure in 

AM concepts [41]. They also at this time indicated their interest 

and motivation levels for participating in the study [41].  

Participants then completed the pre-quiz intervention which 

assessed their knowledge of process-centric AM concepts [42]. 

This data helped set an initial comparison point for knowledge 

gain [25]. The questions in the quiz were formulated using the 

same terminology as used verbally in the intervention to ensure 

there was little confusion in comprehension. They were also 

drafted to test participants’ grasping of fundamental knowledge 

of AM process concepts derived from the Williams et al. [43] 

functional decomposition framework as highlighted in Section 

4.2. All the questions were objective, single-answer, or multiple-

answer type questions to ensure simplicity in calculating the 

quiz-scores and knowledge gain through the change in quiz 

scores. Every question offered an “I don’t know” option to 

encourage honest responses and minimize the probability that 

students would accidentally pick the correct answer thereby 

providing misleading data. The scoring for each question was 

valued at 1 point in total with partial credit offered for the 

multiple-answer questions that still amounted to a maximum of 

1 point. No negative scoring was done. All incorrect options 

were awarded 0 points.  

Participants next completed a timed tutorial session (4 

minutes) where they were given instructions for the keyboard 

and mouse controls and given time to practice with these. During 

the tutorial, participants were instructed on how to use the motor 

controls available to them to interact with, and navigate through, 

their computer environment. They were asked to perform 

practice tasks to reinforce their learning. The goal for the tutorial 

was to equalize any variation in skill participants had with prior 

CAI experiences similar to this research. After going through the 

brief tutorial, participants completed the timed intervention (13 

minutes) in which they were exposed to the different process-

centric concepts for their assigned AM process (see Section 4.2).  

Upon completing the intervention, participants reported 

their cognitive load to share their perceived difficulty of their 

experiences. To capture the difficulty the participants perceived 

the different experiences to be, participants were asked to 

complete the Workload Profile Assessment (WPA) developed 

by Tsang and Velazquez [44] to measure cognitive load. This 

tool was selected due to the validity evidence in support of its 

use and because of its non-intrusive nature when compared to 

other multidimensional subjective workload assessment 

instruments [45]. Additionally, Rubio, et al. [45] found that the 

Workload Profile Assessment was the most sensitive when 

compared to the Subjective Workload Assessment Technique 

and the NASA Task Load Index. Participants provided scores for 
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each of the eight dimensions of the workload profile assessment 

after completing the intervention. They provided a number 

between 0 and 10 to represent their cognitive load for each 

workload profile dimension. Due to the short length of the 

intervention, the cognitive load values were collected for the 

experience as a whole and not for each task that was completed. 

Analysis was done on these values as a grouped dependent 

variable. To ensure that the participants provide the most 

accurate measurements they can, each participant was provided 

with both a textual and pre-recorded audio description for each 

workload profile dimension. Participants were required to listen 

to the full audio description before proceeding, therefore this 

ensured that all participants received the same quality and 

quantity of information for their assessment. In addition, 

participants were given an example of how cognitive resources 

for each dimension might be applied to a relatable task to better 

evaluate their cognitive load.  

Participants then completed the post-quiz, which assessed 

their change in knowledge as impacted by the intervention. 

Paired with the data from the pre-quiz, this data was used to 

measure knowledge gain as measured by the difference in quiz 

scores [25]. Using the functional classification framework [43] 

ensured that the pre-and post-quizzes asked identical questions 

related to the same concepts to provide an on-par comparison in 

knowledge gain between the two processes; however, certain 

concepts required adding additional questions to the quiz to 

ensure that all the relevant elements in the concepts were tested. 

Therefore, the number of questions differed between the two 

conditions (i.e., ME had 10 and PBF had 9). To account for the 

difference in number of questions, the difference in scores for 

each participant between the pre-and post-quizzes was 

calculated after tallying and normalizing the quiz scores. 

Normalization means 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 change. The difference score was 

regressed on the AM process conditions to analyze for 

statistically significant differences in knowledge gain between 

the two conditions. 

Finally, participants filled out a formative assessment of 

their experience where they offered objective and subjective 

feedback for their experience. The subjective feedback from the 

comments was categorized into a “type of comment” and was 

quantified accordingly. The difference in frequency for the types 

of comments was used to assess the qualities of the web-based 

CAI experiences between S1 and S2. 

 

4.2 Design of the intervention 
Although there are several frameworks for process-centric 

education [46], we chose the work by Williams et al. [43] for this 

study because it has been successfully used to design pedagogies 

for higher-level education of AM design and process-centric 

concepts [6,14,47–49] in an academic learning environment. 

Using the framework by Williams et al. [43] also offered a 

structured foundation to design educational experiences for both 

material extrusion and powder bed fusion. This framework 

offered a functional classification of different AM processes that 

allowed us to extract key functional elements to design our 

process-centric education for both material extrusion and 

powder bed fusion. The functional classification of AM 

processes from this work was used to design a functional 

decomposition framework (see Figure 2) that allowed for a 

comparison between the two process conditions and provided 

comparable results in knowledge gain and cognitive load.  

 

 
 

Figure 2: Highlighting the concepts derived from the 

Williams et al. [43] functional classification framework that 

are used to design the educational experiences and define the 

relevant tasks. 

 

The simulated environments for the tutorials and 

interventions were designed as web applications using Unity, a 

cross-platform game engine popularly used to design virtual 

experiences. For the tutorials, the virtual space consisted of two 

arbitrary objects (a Nittany lion, and a Rubik’s cube) on a desk 

that participants used to practice their motor skills. For the 

interventions, the virtual space consisted of two additively 

manufactured parts (one with support material intact, one 

without) on a desk, the source of raw material for the AM process, 

and the machine for the AM process. The Lulzbot Taz 6 was the 

system simulated for the material extrusion condition with a 

spool of filament next to it on a desk, while the Xact Metal 

XM200C, a laser-based system that fuses powder to make parts,   

was simulated for the powder bed fusion condition with a 

container of powder next to it on a desk  

The typical steps participants would undergo in this virtual 

space during the instructional intervention involved first being 

introduced to a brief explanation for a particular AM concept, 

followed by a timed pause for them to execute any necessary 

motor operations to complete the task associated with the 

concept. The timed pause would range between 15-60 seconds 

depending on the perceived complexity of the task. Figure 3 

illustrates a 60-second-long sample task performed during the 

intervention for both conditions. The goal for this sample task 

was to educate participants about the raw material used for the 

AM process and how and where it is stored in the system. 
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Participants were verbally educated on the raw material for the 

system and were then encouraged to load the material into the 

system. This design approach encouraged participants to actively 

engage with the virtual systems and their surroundings as they 

would have with the real systems in an in-person environment. 

The design of the intervention was done to reflect the 

fidelity of in-person and hands-on learning experiences. 

 

 
a) Loading filament into the extruder head 

 

 
b) Adding powder into the powder bin 

 

Figure 3: Illustrating the task associated with providing or 

supplying new material into the machine for the two different 

AM processes. 

 

By facilitating an identical learning environment, this research 

hoped to analyze the effects of virtual learning while minimizing 

or enabling the advantages and disadvantages offered by virtual 

learning. Specifically, the goal was to minimize the effects of 

visual user interface features such as subtitle text, play, pause, or 

repeat buttons, highlights or guiding animations, and pop-ups or 

tooltips. This design approach played a significant role in how 

information was conveyed to the participants and how the tasks 

to be performed during the intervention were designed. As a 

result, participants were only provided with verbal instructions. 

These instructions included educational information on process-

centric AM concepts and guidance to perform certain tasks to 

help reinforce the concepts conveyed.  

Tasks were constrained to those that would be possible and 

permitted in a typical in-person learning environment with the 

real systems. This means that while participants were educated 

on the equivalent concepts in both conditions, participants were 

not instructed to perform some types of tasks. For example, tasks 

that were deemed dangerous (such as moving or interacting with 

a laser) or were simply restricted by the physical systems, were 

not part of the instruction. Since the organization of the tasks and 

the tasks themselves were specialized for the condition itself, 

there could not be any observable confounding interactions 

between the effective completion of the tasks. All tasks were 

therefore designed to be independent of each other; i.e., whether 

the participants succeeded or failed in completing the task did 

not affect the next task or concept conveyed in the intervention. 

Therefore, this work did not determine a task to be successful or 

failed and allowed participants to progress freely. 

 

5. RESULTS 
This paper uses linear model regression for all its statistical 

analyses with a sample size of 34 participants. The assumptions 

for using this approach were validated based on the work by Peña 

& Slate [50]. While validating the five assumptions for linear 

model regression, it was observed that the normality assumption 

for the analysis was not satisfied for some datasets. This section, 

therefore, highlights the findings from the data collected and its 

regression analysis results while relying on the robustness of 

linear model regression to non-normality [51,52].  

 

TABLE 2: Highlighting the distribution of participant 

awareness in AM before the intervention. 

 

Option Count 

I have never heard or learnt about additive 

manufacturing or 3D printing before this. 

2 

I have some informal knowledge/education about 

additive manufacturing (3D Printing). 

13 

I have received some formal knowledge/education 

on additive manufacturing (3D Printing). 

18 

I have received lots of formal knowledge/education 

on additive manufacturing (3D Printing). 

1 

I am an expert on additive manufacturing and can 

proficiently print parts. 

0 
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The data collected from the surveys on AM awareness 

helped identify the diversity of experience in the dataset present 

prior to effects from the intervention. Table 2 shows the 

distribution of prior experience participants had with AM and 

suggests that many participants had some form of informal or 

formal experience with AM. This research also evaluated the 

interest and motivation of the participants in participating in the 

study. Results from the survey that collected information on 

participants’ interest and motivation levels before their 

participation are shown in Figure 4. Most participants agreed that 

they were motivated and interested to use and learn about AM.  

 

 
Figure 5: Highlighting the influence on the participants’ 

stress levels by the COVID pandemic. 

 

An additional assessment of participants' stress levels as 

influenced by the COVID pandemic (see Figure 5) identified if 

participants in either condition were under significantly different 

stress before participating. According to Figure 5, most 

participants felt that the listed sources of stress influenced them 

either about the same or more than they did within the last week.  

We estimated a simple linear regression model in which we 

regressed participants' awareness of AM, interest and motivation 

levels, and COVID stress levels on the centered process 

condition (PBF= -0.5, ME= 0.5). We did not observe a 

significant difference in any of these dependent variables 

between the two conditions. These preliminary results indicate 

that participants in both the conditions were not significantly 

different in AM awareness, interest, and motivation to use and 

learn AM, or prior cognitive condition due to COVID-related 

stress. Therefore, effects observed in knowledge gain and 

cognitive load were attributed to the design of the intervention 

and effects of the medium only. 
 
5.1 Knowledge gain as affected by the differences 

between the AM processes 
The first research question in this study was developed to 

understand how the differences in AM processes affected 

knowledge gain as measured by the difference in quiz scores. 

Figure 6 highlights the distribution of the quiz scores for each 

condition. We hypothesized that the knowledge gain between the 

two processes (material extrusion and powder bed fusion) will 

differ due to the difference in accessibility to the AM process for 

the two processes. To study this, a linear regression model 

approach was applied to the data where the difference score was 

the only dependent variable, and the AM process was the only 

independent variable. The difference score was then regressed 

on the AM process for the analysis which identified significant 

differences in knowledge gain between the two conditions. No 

assumptions for parametric linear regression were violated. 

From the estimated simple linear regression model in which 

we regressed the difference score on the centered process 

condition (PBF= -0.5, ME= 0.5), we observed a statistically 

0 5 10 15 20 25 30 35

CIR

FGS

FFS

DWS

UTC

ARI

APW

JUG

OVR

Number of participants

S
o

u
rc

e
 o

f 
s
tr

e
s
s
 d

u
ri

n
g

 C
O

V
ID

Much less Somewhat less About the same

Somewhat more Much more

 
Figure 4: Illustrating the distribution of interest and 

motivation levels for each aspect of the participation. 

 
Figure 6: Illustrating the differences in knowledge gain 

between the two AM process conditions as shown by the pre-

and post-quiz scores. 
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significant difference in knowledge gain between both AM 

process conditions, F(1,32) = 37.87 [t(32) = -6.154], p = 6.96e-

07. The regression equation was: knowledge gain = 0.369-

0.478*(Centered AM Process). The knowledge gain for the 

participants in the powder bed fusion process condition was 

therefore 47.8% higher than knowledge gain for the participants 

in the material extrusion condition.  

 
5.2 Cognitive load as affected by the differences 

between the AM processes 
The second research question in this study was developed to 

understand how the differences in AM processes affected the 

cognitive load experienced during learning as measured by the 

workload profile assessment tool. We hypothesized that the 

cognitive load between the two processes (material extrusion and 

powder bed fusion) will differ for the two processes due to the 

difference in perceived complexity of the tasks, parts, and 

required motor skills to interact with the AM process.  

To study this, a linear regression model approach was 

applied to the collected data where the cognitive load values 

were the dependent variables, and the AM process was the 

independent variable. Cognitive load values for each dimension 

were collectively regressed on the AM process for the analysis. 

This analysis identified any statistically significant differences 

in cognitive load experienced between the two conditions. 

Figure 6 shows the distribution of the cognitive load values for 

each condition, and Table 3 lists the results from the analysis.  

Linearity was violated when conducting linear regression using 

the raw data for the visual dimension. This was addressed by 

removing the outlier (see Figure 7) from the dataset. The results 

reported are from the linear regression model run after removing 

the one outlier. From the estimated simple linear regression 

model in which we regressed the cognitive load values on the 

centered process condition (PBF= -0.5, ME= 0.5), we observed 

no statistically significant difference in knowledge gain between 

both AM process conditions as shown in Table 3. 

 
TABLE 3: Results obtained from linear regression of 

cognitive load on AM process. 

 

Workload Profile 

Dimension 

Mean t-

value 
P-value 

PBF ME 

Perceptual 5.62 5.77 0.146 0.885 

Response 6.75 5.65 -1.133 0.266 

Spatial 5.62 5.38 -0.239 0.813 

Verbal 5.25 4.88 -0.326 0.747 

Visual 4.25 5.77 1.659 0.107 

Auditory 4.62 4.96 0.261 0.796 

Manual 7.12 6.08 -0.882 0.385 

Speech 1.12 1.46 0.411 0.684 

 
6. DISCUSSION 

The purpose of conducting two studies was to identify the 

shortcomings of web performance in CAI and identify testing 

conditions that focused on the effects of the intervention on 

knowledge gain and cognitive load. The distribution of the 

feedback from all 54 participants shown in Figure 8 indicates the 

quality of the intervention across the two studies.  

 
Figure 8: Highlighting the distribution of subjective 

feedback across the studies. 

 

The comment categories were coded by a single researcher on 

the team; hence, an inter-rater check was not conducted. General 

themes regarding the comment topics were identified, and the 

number of instances of topics was computed. Identical categories 

were then grouped to concisely and sufficiently describe the 

types of comments that students made after their experiences. 

These themes were based on the content of the comments. The 

themes shown in Figure 3 were as follows: 

• General: Comments did not mention specific elements 

while indicating a generally positive or negative 

experience. 

e.g., “I thought it was great and a very interesting tool 

to do something like this in chrome.” 
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Effect of Medium
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Intervention Script
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Study 2 Study 1

 
Figure 7: Illustrating the distribution of self-reported 

cognitive load values for each workload profile dimension. 
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• Lag: Comments explicitly highlighted lag or poor web 

performance during the experience. 

e.g., “The interactive part was sort of laggy.” 

• Other Tech Issues: Comments highlighted issues not 

related to web performance but pertained to technical 

problems such as glitches or bugs during the 

intervention or screen recording. 

e.g., “In the interactive portion, when I was asked to fill 

the left side bin with powder, my powder bottle 

disappeared….” 

• Intervention script: Comments highlighted issues or 

problems with the intervention's instructional format. 

e.g., “… I felt like the pauses were a little long between 

each step and it caused me to feel a little bit 

disinterested as I went along…” 

• UI & UX: Comments highlighted the need for visual 

user interface elements to improve the experience. 

e.g., “Some of the features would be better seen if 

highlighted some way when explaining what they are 

and what they do.” 

• Effect of medium: Comments highlighted the 

characteristic effects observed when learning through 

an interactive CAI experience. 

e.g., “I found the simulation interesting however, I 

found it difficult to maneuver the parts in the correct 

areas.” 

Comparing the results between the two studies primarily 

highlights that lower web performance (i.e., due to lag) in the 

intervention for S1 was a significant concern for participants. We 

believe that the number of concerns due to lag and low web 

performance distracted participants from being able to focus on 

other elements during the intervention. This claim can be 

supported by the opposite observations in feedback for S2. 

Participants in S2 were not as concerned with lag as they were 

with the elements of the intervention. This reduction in lag and 

improvement in web performance in S2 was attributed to mesh 

compression of 3D data used in the simulations, elimination of 

intensive lighting features, and simplification of visual effects. 

As Figure 8 highlights, participants instead were more concerned 

with having visual user interface elements in place or were 

concerned with the challenges of navigating through the 

computer-aided experience to perform tasks. These findings 

imply that improvements in web performance from S1 to S2 

allowed us to focus on our assessment of knowledge gain and 

cognitive load purely on the effects of the interventions for each 

process condition, rather than the shortcomings of the medium. 

The goal for preliminary testing in this research was to 

identify the differences in the knowledge gain and cognitive load 

experienced when learning about different AM processes 

through CAI. By validating CAI as an alternate medium to in-

person learning, we can improve AM education and offer 

exposure to the full range of AM processes. Providing this 

exposure can improve both design- and process-centric AM 

intuition. Therefore, this research validated an intervention 

design to improve knowledge in material extrusion and powder 

bed fusion. The goal behind the intervention was to validate 

whether designers can gain knowledge for different AM 

processes and whether they do so while experiencing different 

levels of difficulty in learning. Our research questions were 

therefore based on a hypothesis that knowledge gain and 

cognitive load are affected by the innate process features and 

user tasks (or actions). These process features can include 

assembly dynamics, machine terminology, and other forms of 

functional complexity present in the AM process or AM system. 

Based on this hypothesis, we designed an intervention script [53] 

to test our research questions and the findings for the proposed 

research questions suggested the following:  

 

RQ1. How do the differences between material extrusion and 

powder bed fusion affect knowledge gain for the AM 

processes? 

 

The computer-aided intervention significantly affected the 

knowledge gain for powder bed fusion, which as hypothesized is 

observed to be the process with lower knowledge as suggested 

from the lower pre-quiz scores for powder bed fusion than for 

material extrusion. While participants in both conditions were 

observed to have performed better on the post-quiz, the 

difference in knowledge gain between the processes was 

statistically significantly different. The knowledge gain for the 

participants in the powder bed fusion process condition was 

47.8% higher than the knowledge gain for the participants in the 

material extrusion condition. We believe that this significant rise 

in knowledge for the PBF condition was because of the 

significantly lower prior awareness for the process as was 

identified as a gap in the literature.  

As the results from the regression analysis of awareness and 

interest and motivation suggested, there was no statistically 

significant differences between the participants in the two 

process conditions. This is likely because the participants were 

recruited from an introductory engineering design class where 

the general population is primarily novice designers. As a result, 

they did not have extensive prior experience with AM and were 

interested and motivated to be introduced to the topic. Therefore, 

the results from the analysis on knowledge gain showed that any 

prior awareness participants might have had in AM was biased 

toward awareness in material extrusion AM. These findings 

support the gap identified in Section 2 and bolster the need for 

alternative methods of education. Our findings suggest that CAI 

of process-centric AM concepts can meet this need and improve 

process-centric intuition in AM in students. We believe this is 

because the medium offers an accessible and hands-on 

opportunity to learn with acceptable fidelity.  

 

RQ2. How do the differences between material extrusion and 

powder bed fusion affect the cognitive load experienced 

during learning for the AM processes? 

 

As the results in Table 3 highlight, the effects on knowledge 

gain, and therefore the improvement in process-centric AM 

intuition, can be accomplished with no significant difference in 

cognitive load. This observation refuted our hypothesis for RQ2 
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as we expected that there might be differences in the perceived 

complexity of the AM process that would show differences in 

cognitive load. These observations seem to instead resemble the 

findings from Starkey et al. [54] that suggest, counter to past 

literature, that product complexity may not affect cognitive load.  

Participants reported cognitive load values from the entire 

experience, therefore there can be underlying effects from the 

CAI method of education. There is scope for future work to 

understand whether the reported values were predominantly 

driven by the virtual medium itself, thereby diminishing the 

observable effects of the AM process on cognitive load. 

Furthermore, while these findings on cognitive load suggest that 

there was no statistically significant difference in cognitive load 

between the two processes, this research did not analyze the 

effects of prior stress on the reported cognitive load.  

As our secondary hypothesis, we believe that there can be 

underlying effects added to the cognitive load values reported by 

the participants due to generally stressful conditions as affected 

by the COVID pandemic. Although our findings suggest that 

there was no significant difference in the stress levels for 

participants before the intervention between the two process 

conditions, most participants claimed that the listed sources of 

stress influenced them either about the same or more than they 

did within the last week. Therefore, we believe that this may 

have largely affected the generally consistent range of cognitive 

load values reported by the participants and therefore effects 

from the intervention may have been too small to observe. There 

is scope for future work to understand whether the reported 

values were driven by the reported stress levels, resulting in 

diminished effects of the AM process on cognitive load. 

 
7. CONCLUSION AND FUTURE WORK 

This research analyzed the use of virtual mediums in 

process-centric learning of AM concepts and selected CAI as the 

tool of choice. While keeping the current early stages of this 

work in mind, the preliminary testing in this research still 

highlighted interesting results with key implications for the 

future practice of AM education. The results obtained help better 

understand the observable effects of using a virtual medium, 

such as CAI, on the quality and effectiveness of the learning 

experiences. The results also indicate that a significant difference 

in knowledge gain exists between material extrusion and powder 

bed fusion. Specifically, students showed a higher knowledge 

gain in powder bed fusion than they did for material extrusion. 

The results also highlight that students show no significant 

difference in cognitive load experienced during learning.  

These results imply that the utility of virtual mediums such 

as CAI can enable AM process-centric education for processes 

that are typically inaccessible to designers. Education for less 

accessible processes, such as powder bed fusion, can be provided 

while not adding significantly more cognitive load to the 

learning experience when compared to learning about more 

accessible AM processes such as material extrusion.  

There were certain limitations in this research that affected 

the results obtained during the studies. Knowledge gain in this 

work was assumed to follow a linear behavior, i.e., a change in 

knowledge from 0.1 to 0.3 was considered equivalent to a change 

in knowledge from 0.7 to 0.9. This was because the change in 

quiz score was associated with knowledge gain and the nature of 

the quiz and scoring was linear. Future work could consider 

validating the relationship between knowledge gain and the 

assessment scores. Regarding the sample of participants, the data 

collected was limited and unevenly distributed. There is scope to 

improve the power of the results by collecting data from a larger 

and more evenly distributed sample of participants. Doing so can 

indicate the robustness of using virtual mediums for AM 

education and can therefore contribute to the wider improvement 

of AM education for design and process-centric education. 

Furthermore, the work from this paper can be improved by 

conducting testing with participants who have equivalent prior 

exposure to AM for all AM processes. There is also scope for 

future work to develop a stronger designer understanding of AM 

using other virtual mediums, such as VR. Finally, there is an 

opportunity to cultivate an understanding of how the medium of 

education (virtual or in-person, immersive or non-immersive) 

affects the knowledge gain and cognitive load experienced 

during learning. Doing so can illustrate the potential in each type 

of virtual medium allowing us to identify effective solutions for 

conducting AM education in significant ways to empower the 

future AM workforce. 

 

8. ACKNOWLEDGMENTS 
This research was conducted through the support of the 

National Science Foundation under Grant No. 2021267. Any 

opinions, findings, and conclusions expressed in this paper are 

those of the authors and do not necessarily reflect the views of 

the NSF. We would also like to thank Dr. Stephanie Cutler for 

her guidance and advice, and Xact Metal for providing the 3D 

data for their powder bed fusion machine, and for their continued 

assistance with this research initiative. 

 

9. REFERENCES 
[1] Mordor Intelligence, 2020, “Global Additive 

Manufacturing & Materials Market | Growth, Trends and 

Forecast (2020-2025)” [Online]. Available: 

https://www.mordorintelligence.com/industry-

reports/global-additive-manufacturing-and-material-

market-industry. 

[2] Ford, S., and Despeisse, M., 2016, “Additive 

Manufacturing and Sustainability: An Exploratory 

Study of the Advantages and Challenges,” J. Clean. 

Prod., 137, pp. 1573–1587. 

[3] Pei, E., Monzón, M., and Bernard, A., 2018, Additive 

Manufacturing - Developments in Training and 

Education, Springer International Publishing. 

[4] Williams, C. B., Simpson, T. W., and Hripko, M., 2015, 

“Advancing the Additive Manufacturing Workforce: 

Summary and Recommendations from a NSF 

Workshop,” Proceedings of the ASME Design 

Engineering Technical Conference. 

[5] Bracken, J., Pomorski, T., Armstrong, C., Prabhu, R., 

Simpson, T. W., Jablokow, K., Cleary, W., and Meisel, 



 

11                                                             © 2021 by ASME 

 

N. A., 2020, “Design for Metal Powder Bed Fusion: The 

Geometry for Additive Part Selection (GAPS) 

Worksheet,” Addit. Manuf., 35. 

[6] Booth, J. W., Alperovich, J., Chawla, P., Ma, J., Reid, T. 

N., and Ramani, K., 2017, “The Design for Additive 

Manufacturing Worksheet,” J. Mech. Des. Trans. ASME, 

139(10). 

[7] Blösch-Paidosh, A., and Shea, K., 2019, “Design 

Heuristics for Additive Manufacturing Validated 

Through a User Study1,” J. Mech. Des. Trans. ASME, 

141(4). 

[8] Ponche, R., Kerbrat, O., Mognol, P., and Hascoet, J. Y., 

2014, “A Novel Methodology of Design for Additive 

Manufacturing Applied to Additive Laser 

Manufacturing Process,” Robot. Comput. Integr. Manuf., 

30(4), pp. 389–398. 

[9] Kumke, M., Watschke, H., Hartogh, P., Bavendiek, A. 

K., and Vietor, T., 2018, “Methods and Tools for 

Identifying and Leveraging Additive Manufacturing 

Design Potentials,” Int. J. Interact. Des. Manuf., 12(2), 

pp. 481–493. 

[10] Rayna, T., and Striukova, L., 2016, “From Rapid 

Prototyping to Home Fabrication: How 3D Printing Is 

Changing Business Model Innovation,” Technol. 

Forecast. Soc. Change, 102, pp. 214–224. 

[11] Huang, Y., Leu, M. C., Mazumder, J., and Donmez, A., 

2015, “Additive Manufacturing: Current State, Future 

Potential, Gaps and Needs, and Recommendations,” J. 

Manuf. Sci. Eng. Trans. ASME, 137(1). 

[12] Smith, P. R., and Pollard, D., 1986, “The Role of 

Computer Simulations in Engineering Education,” 

Comput. Educ., 10(3), pp. 335–340. 

[13] Mogessie, M., Wolf, S. D. V., Barbosa, M., Jones, N., 

and McLaren, B. M., 2020, “Work-in-Progress-A 

Generalizable Virtual Reality Training and Intelligent 

Tutor for Additive Manufacturing,” Proceedings of 6th 

International Conference of the Immersive Learning 

Research Network, ILRN 2020, Institute of Electrical 

and Electronics Engineers Inc., pp. 355–358. 

[14] Go, J., and Hart, A. J., 2016, “A Framework for 

Teaching the Fundamentals of Additive Manufacturing 

and Enabling Rapid Innovation,” Addit. Manuf., 10, pp. 

76–87. 

[15] “Penn State World Campus | Master of Engineering in 

Additive Manufacturing and Design” [Online]. 

Available: https://www.worldcampus.psu.edu/degrees-

and-certificates/penn-state-online-additive-

manufacturing-and-design-masters-degree/overview. 

[16] “Graduate Certificate in 3D Engineering and Additive 

Manufacturing < University of Texas at El Paso” 

[Online]. Available: 

http://catalog.utep.edu/grad/college-of-

engineering/mechanical-engineering/grcertificate-

3dam/. 

[17] “Additive Manufacturing Designated Minor - College of 

Engineering at Carnegie Mellon University” [Online]. 

Available: 

https://engineering.cmu.edu/education/undergraduate-

programs/curriculum/additive-manufacturing-

minor.html. 

[18] Chua, C. K., Leong, K. F., and Lim, C. S., 2010, Rapid 

Prototyping: Principles and Applications, Third Edition, 

World Scientific Publishing Co. 

[19] Hod Lipson, M. K., 2013, “Fabricated The New World 

of 3D Printing,” John Wiley&Sons ,Inc,1st Ed., (1), pp. 

1–5. 

[20] Gibson, I., Rosen, D. W., and Stucker, B., 2010, Additive 

Manufacturing Technologies: Rapid Prototyping to 

Direct Digital Manufacturing, Springer US. 

[21] Gao, W., Zhang, Y., Ramanujan, D., Ramani, K., Chen, 

Y., Williams, C. B., Wang, C. C. L., Shin, Y. C., Zhang, 

S., and Zavattieri, P. D., 2015, “The Status, Challenges, 

and Future of Additive Manufacturing in Engineering,” 

CAD Comput. Aided Des., 69, pp. 65–89. 

[22] Hamilton, D., McKechnie, J., Edgerton, E., and Wilson, 

C., 2020, “Immersive Virtual Reality as a Pedagogical 

Tool in Education: A Systematic Literature Review of 

Quantitative Learning Outcomes and Experimental 

Design,” J. Comput. Educ. 

[23] Tseng, T.-L., Chiou, R., and Belu, R., 2020, “Fusing 

Rapid Manufacturing with 3-D Virtual Facility and 

Cyber Tutor System into Engineering Education,” 

American Society for Engineering Education, pp. 

24.636.1-24.636.12. 

[24] Renner, A., Holub, J., Sridhar, S., Evans, G., and Winer, 

E., 2015, “A Virtual Reality Application for Additive 

Manufacturing Process Training,” Proceedings of the 

ASME Design Engineering Technical Conference, 

American Society of Mechanical Engineers (ASME). 

[25] Ostrander, J. K., Tucker, C. S., Simpson, T. W., and 

Meisel, N. A., 2020, “Evaluating the Use of Virtual 

Reality to Teach Introductory Concepts of Additive 

Manufacturing,” J. Mech. Des. Trans. ASME, 142(5). 

[26] Bill Tseng, T. L., Pan, R., Zheng, J., Gonzalez, M. V., 

Awalt, C. J., and Medina, F., 2011, “Digital Additive 

Manufacturing for Engineering Education: A Virtual 

Rapid Prototyping Simulator Approach,” ASEE Annual 

Conference and Exposition, Conference Proceedings, 

American Society for Engineering Education. 

[27] Grabe, M., and Sigler, E., 2002, “Studying Online: 

Evaluation of an Online Study Environment,” Comput. 

Educ., 38(4), pp. 375–383. 

[28] McNulty, J. A., Halama, J., Dauzvardis, M. F., and 

Espiritu, B., 2000, “Evaluation of Web-Based 

Computer-Aided Instruction in a Basic Science Course,” 

Acad. Med., 75(1), pp. 59–65. 

[29] Shin, D., Yoon, E. S., Park, S. J., and Lee, E. S., 2000, 

“Web-Based Interactive Virtual Laboratory System for 

Unit Operations and Process Systems Engineering 

Education,” Computers and Chemical Engineering, pp. 

1381–1385. 

[30] Mishra, R., Barrans, S., and Crinela, P., 2009, 



 

12                                                             © 2021 by ASME 

 

“Imparting Psychomotor Skills to the Learners Using 

Computer Aided Instructions in Engineering Education,” 

Res. Reflections Innov. Integr. ICT Educ. Imparting, (4), 

pp. 387–391. 

[31] Bengu, G., and Swart, W., 1996, “A Computer-Aided, 

Total Quality Approach to Manufacturing Education in 

Engineering,” IEEE Trans. Educ., 39(3), pp. 415–422. 

[32] Jou, M., and Liu, C. C., 2012, “Application of Semantic 

Approaches and Interactive Virtual Technology to 

Improve Teaching Effectiveness,” Interact. Learn. 

Environ., 20(5), pp. 441–449. 

[33] Jou, M., and Zhang, H. W., 2006, “An Interactive Web-

Based Learning System for Manufacturing Technology 

Education,” Mater. Sci. Forum, 505–507, pp. 1111–

1116. 

[34] Ong, S. K., and Mannan, M. A., 2004, “Virtual Reality 

Simulations and Animations in a Web-Based Interactive 

Manufacturing Engineering Module,” Comput. Educ., 

43(4), pp. 361–382. 

[35] Li, K., Hall, M., Bermell-Garcia, P., Alcock, J., Tiwari, 

A., and González-Franco, M., 2017, “Measuring the 

Learning Effectiveness of Serious Gaming for Training 

of Complex Manufacturing Tasks,” Simul. Gaming, 

48(6), pp. 770–790. 

[36] De Ciurana, J., Garcia-Romeu, M. L., Rodriguez, C. A., 

and Vazquez, V., 2005, “Integration of Information 

Technology for Manufacturing Education,” Innovations 

in Engineering Education 2005: Mechanical 

Engineering Education, Mechanical Engineering 

Technology Department Heads, pp. 249–256. 

[37] Zyda, M., 2005, “From Visual Simulation to Virtual 

Reality to Games,” Computer (Long. Beach. Calif)., 

38(9), pp. 25–32. 

[38] Gredler, M. E., 2004, “Games and Simulations and Their 

Relationships to Learning,” Handb. Res. Educ. Commun. 

Technol., 2, pp. 571–581. 

[39] Vlachopoulos, D., and Makri, A., 2017, “The Effect of 

Games and Simulations on Higher Education: A 

Systematic Literature Review,” Int. J. Educ. Technol. 

High. Educ., 14(1), pp. 1–33. 

[40] Pantelidis, V. S., 1997, “Virtual Reality and Engineering 

Education,” Comput. Appl. Eng. Educ., 5(1), pp. 3–12. 

[41] Prabhu, R., Miller, S. R., Simpson, T. W., and Meisel, N. 

A., 2018, “Teaching Design Freedom: Exploring the 

Effects of Design for Additive Manufacturing Education 

on the Cognitive Components of Students’ Creativity,” 

Proceedings of the ASME Design Engineering Technical 

Conference, American Society of Mechanical Engineers 

(ASME). 

[42] Mathur, J., “AMXR Quiz Questions” [Online]. 

Available: 

https://sites.psu.edu/madebydesign/files/2017/07/AMC

AI-Quiz-Questions.pdf. 

[43] Williams, C. B., Mistree, F., and Rosen, D. W., 2011, “A 

Functional Classification Framework for the Conceptual 

Design of Additive Manufacturing Technologies,” J. 

Mech. Des. Trans. ASME, 133(12). 

[44] Tsang, P. S., and Velazquez, V. L., 1996, “Diagnosticity 

and Multidimensional Subjective Workload Ratings,” 

Ergonomics, 39(3), pp. 358–381. 

[45] Rubio, S., Díaz, E., Martín, J., and Puente, J. M., 2004, 

“Evaluation of Subjective Mental Workload: A 

Comparison of SWAT, NASA-TLX, and Workload 

Profile Methods,” Appl. Psychol., 53(1), pp. 61–86. 

[46] Jiménez, M., Romero, L., Domínguez, I. A., Espinosa, 

M. del M., and Domínguez, M., 2019, “Additive 

Manufacturing Technologies: An Overview about 3D 

Printing Methods and Future Prospects,” Complexity, 

2019, pp. 1–30. 

[47] Williams, C. B., and Seepersad, C. C., 2012, “Design for 

Additive Manufacturing Curriculum: A Problem and 

Project-Based Approach,” International Solid Freeform 

Fabrication Symposium (SFF), Aug. 6–8, Austin, TX, pp. 

471–481. 

[48] Simpson, T. W., and Williams, C. B., 2017, “Preparing 

Industry for Additive Manufacturing and Its 

Applications: Summary & Recommendations from a 

National Science Foundation Workshop,” Addit. Manuf., 

13, pp. 166–178. 

[49] Stern, A., Rosenthal, Y., Dresler, N., and Ashkenazi, D., 

2019, “Additive Manufacturing: An Education Strategy 

for Engineering Students,” Addit. Manuf., 27, pp. 503–

514. 

[50] Peña, E. A., and Slate, E. H., 2006, “Global Validation 

of Linear Model Assumptions,” J. Am. Stat. Assoc., 

101(473), pp. 341–354. 

[51] Nimon, K. F., 2012, “Statistical Assumptions of 

Substantive Analyses across the General Linear Model: 

A Mini-Review,” Front. Psychol., 3(AUG). 

[52] Knief, U., and Forstmeier, W., 2018, “Violating the 

Normality Assumption May Be the Lesser of Two Evils,” 

bioRxiv, p. 498931. 

[53] Mathur, J., “AMXR Intervention Script” [Online]. 

Available: 

https://sites.psu.edu/madebydesign/files/2017/07/AMX

R-Script.pdf. 

[54] Starkey, E. M., McKay, A. S., Hunter, S. T., and Miller, 

S. R., 2018, “Piecing Together Product Dissection: How 

Dissection Conditions Impact Student Conceptual 

Understanding and Cognitive Load,” J. Mech. Des. 

Trans. ASME, 140(5). 

 
 

 

 

 

 


