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Understanding learner’s mental models of a task as shaped by the physical fidelity 
of a learning environment 

 
Abstract 
 
The purpose of this research is to identify how different levels of physical fidelity – a 2D 
simulation, a 3D virtual environment and a physical environment- impacted the proficiency of 
participants who learned to construct a circuit on a breadboard. In an initial study, the researchers 
identified differences in proficiency, defined by circuit construction time, diagram accuracy, and 
correct circuit construction among participants in the three conditions. The results of this initial 
study, while providing valuable data about the outcomes achieved by the participants, offered 
little insight into the processes or mechanisms through which the physical fidelity impacted the 
results. In this follow-up study, the researchers sought to understand why students demonstrated 
significant differences in proficiency between conditions and whether these differences were 
related to the physical fidelity of learning environment. Semi-structured interviews were 
conducted to understand the experience of participants in the different learning environments. A 
purposeful sample of 20 participants was recruited for the study. Analysis involved coding the 
transcribed interviews, developing dimensions and properties for these codes and then generating 
themes related to the effects of the physical fidelity of the learning environment. The study 
identified differences in the level of support and procedural differences in the circuit construction 
process in the 2D and 3D environments that contributed to deviations in performance. 
Additionally, the study found differences in the affect of the students learning in the computer 
environments that impacted performance. The findings of this study provide valuable insights 
about how the physical fidelity impacted participant’s performance. These results can be used to 
better design and integrate computer mediated environments in technical education. 
 
Introduction 
 
When evaluating disparities in the performance of individuals using various types of technology, 
research studies have typically attributed statistically significant differences in performance to 
the technology.1, 2 However, these differences in performance may stem directly from the 
technology, the human computer interaction, or from characteristics of the individuals using the 
technology. Very few of these studies have sought to understand how the differences in 
technology contributed to deviations in performance. The purpose of this study is to use 
qualitative methods to further understand how the learning environment impacts the performance 
of individuals on an electric circuit construction task.  
 
In a previous study, Alfred, Neyens, and Gramopadhye sought to evaluate how an individual’s 
performance on a task (i.e., constructing a circuit on a breadboard), varied depending on the 
physical fidelity of the learning environment.3 Specifically the study investigated learning to 
construct electrical circuits using a 2D breadboard simulation, a 3D breadboard, and a physical 
breadboard (figure 1). The participants included 48 undergraduate and graduate students from a 
large public university in the southeastern US. These participants were randomly assigned to one 
of three levels of fidelity where they learned to construct a circuit on a breadboard. Statistical 
analysis of participants’ pre-test scores found that participants in each condition were 
comparable in terms of prior circuit knowledge. 



 
Figure 1. Breadboard used in three conditions for the initial study 
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The results from this study found that the physical fidelity of the learning environment was a 
significant predictor of self-efficacy, circuit construction, and construction time.3 While this 
study provided good data about the influence of physical fidelity on learning outcomes, it did not 
provide insights about why learners in the physical condition had higher self-efficacy, lower 
construction times and a higher likelihood of correctly completing the construction task than 
participants in the other two conditions.  
 
The theory of identical elements suggests that the more similar the learning environment is to the 
transfer environment, the higher the transfer.4 This theory provides justification for the superior 
performance of participants who learned to construct the circuit in the physical environment. 
While some differences were expected, the differences were very large, particularly with respect 
to the construction time. On average, participants in the physical condition constructed the circuit 
in half the amount of time required for participants in the other two conditions. 3 Additionally, 
this theory does not explain differences in self-efficacy among participants in the three 
conditions.  
 
In this follow-up study, the researchers sought to understand why students demonstrated 
significant differences in proficiency between conditions and whether these differences were 
related to the physical fidelity of the learning environment. 
 
Methods 
 
The study was approved by the Institutional Review Board of [University named omitted for 
review] (IRB # 2015-001).  The study used a purposeful sample of 20 participants who had 
participated in the original study. The participants were chosen in a way to ensure that the study 
included participants who are:  

• Representative of those in each experimental condition  (i.e., physical, 2D simulation and 
3D) 

• Undergraduates and graduate students 
• Males and females  
• Students of color and white students  
• Engineering and non-engineering majors 
• Successful and unsuccessful in completing the construction task  

 



Table 1. Participants 
Level of physical fidelity Class Gender Race Major/ 

Program 
Construction 

Physical 2D 
simulation 

3D Grad F Students 
of Color 

Engineering Successful 

6 
(30%) 

8 
(40%) 

6 
(30%) 

13 
(65%) 

10 
(50%) 

12  
(60%) 

7  
(35%) 

12 
(60%) 

 
 
Study Procedures 
 
Once participants signed the consent form they were given a short briefing that explained the 
purpose of the study. They were then informed about the structure of the study and were 
provided with an opportunity to ask questions. After the briefing, a semi-structured interview 
was conducted with each of the participants to learn about their understanding of the circuit 
construction task, their process for constructing the circuit, and their troubleshooting strategy. 
The participants were also asked about their emotional state during the study as well as their 
motivation for taking part of the study. This interview was audio recorded and then transcribed 
by a transcription service blind to the objectives of the study. Each transcript was verified and 
any mistakes or inconsistencies in the transcription were corrected by the research team.   
 
Following each interview, the researcher wrote memos about some of the key ideas from the 
interview as outlined by the qualitative research process.5 After several interviews the researcher 
revisited the notes from the individual interviews and then compared the notes to identify 
trends.6 This process was repeated with every four set of interviews and again at the end of the 
interview process. In the research memos, the lead researcher also reflected on these 
interpretations, noting her own thoughts, feeling, and preconceptions about the phenomena being 
studied.    
 
After all of the 20 interviews were completed, the researcher defined an initial set of concepts 
using the memos from the interviews as well as the transcriptions.  Thoughts, quotes and 
paraphrased excerpts from the different interviews were grouped based on similarity using a 
process comparable to an affinity diagram.  These groups of concepts were then used to define 
categories. Categories represent higher level abstract concepts that are similar in nature and can 
be contrasted by their properties. 5 
 
The categories generated from the previous process were used to code the transcriptions using 
Dedoose, a qualitative and mixed methods research software. Sentence fragments, sentences, and 
whole sections of interview data were coded based on the main idea being conveyed by the 
participant. The open coding process was completed by two members of the research team. 
Following individual coding, the two coders reviewed several of the coded transcriptions to 
compare results. Interrater agreement was not calculated as the coders sought consensus on the 
codes selected for each transcribed interview. The research team then identified properties and 
dimensions of the categories. Properties that were redundant or could not be analyzed across 
dimensions were eliminated. Finally, themes were developed from the data based on similarities 
in categories as well as their properties.    



 
Analysis 
 
The initial concepts were derived from both participant quotes and the researcher’s memos. The 
researchers focused on key aspects of the interviews, the memos taken after each interview, and 
the trends identified from revisiting these memos. Below is an example of a direct quote from a 
participant discussing his affect after he successfully constructed the circuit. The bolded 
statement in the bracket represents the concepts identified. 
  

“... When it finally ... Like we had a part where it lit up, something had to light up. And it 
felt good when it lit up [“joy”], you know, like, "I did it. I kilt it." In my head, you know? 
Like, "I'm the best at this. [“confidence”] 

 
Here is another statement from a participant describing how her learning style help shaped her 
approach to the circuit construction task. 
 

“I mean I'm a much more sort of like, visual conceptual thinker and learner [“learning 
style”]. So it always helps me if I have a pen and I draw either where I'm, where I think 
I'm at or where I want to go. So, sometimes I would draw like, you know um, if we 
learned, here's how you set up a ser- a simple series circuit. I might draw that before like, 
I started [“strategy”]. So then I could be like, "Okay, if it's a series, and I need like, three 
bolts, then I need to put like, a thing here, a thing here and a thing here." 

 
The researcher’s memos also provided a source of data as it summarized some of the major 
points of an interview as shown in the examples below.  
 

Spoke about the simplicity of working in the 3D environment [“simplicity”]. Performing 
well in the 3D environment and struggling in the physical environment led him to believe 
“there’s something wrong with the breadboard” [“attribution”]. Also discussed a 
downward slope of confidence [“confidence”]. 

 
Better understanding of circuit concepts then most participants [“circuit knowledge”]. 
Well in-tuned with differences between 2D simulation and physical environment 
Mentioned the need for “mental rotation” because orientation of breadboard in 2D 
simulation differed from orientation of breadboard in training [“differences in learning 
environment”]. Prior experience with circuits shaped view of 2D simulation [“past 
experience”].  

 
Once these concepts were identified, they were grouped together based on similarity.  For 
example, participants’ discussion of their confidence, anxiety or frustration was placed into a one 
group. Participants’ discussion of their major, learning preference or personality was placed into 
another group.  
 
The groupings were then analyzed to determine a broad category that best fit all of the concepts 
in the group.  In the first example listed above, confidence, anxiety, and frustration were 
categorized under affect. In the second example, major, learning preference, and personality 



were categorized as self-descriptions. After developing and revising the categories, a final list of 
nine categories were selected to code the interviews and are shown in Table 2.  
 

Table 2. High level categories generated from concepts extracted from memos and transcripts  
Category Description Example concepts 

Past experience with circuits 
Past experience working with or 
learning about circuits 

Electrical engineering course, 
physics lab, circuits kit 

General circuit knowledge 

General description of concepts 
related to circuit construction and 
analysis 

Ohm’s law, parallel circuit, 
series circuit, forward voltage 

Characteristics of the learning 
environment 

Attributes of the physical, 2D or 3D 
environments that participants 
like/dislike or influenced their 
performance in any way 

Simplicity, feedback, 
exploration 

Attributions 

Description of a reason for their 
struggles and successes during the 
construction task 

Self, training, environment, 
equipment 

Self-descriptions 

Description of personality, field of 
study, learning style, physical 
characteristics, interests etc. 

Major/program, career field, 
learning style, personality 

Affect 
Description of a particular emotion 
experienced during the study 

Confidence, frustration, joy, 
anxiety 

Strategies 

Description of a primary overall 
approach for constructing circuits on 
the physical breadboard 

Methodical, trial and error, 
memorization, visualization 

Tactics 

Description of the breakdown of the 
process by step when constructing 
the circuit on the physical breadboard 

Collect all resources first, 
check one connection at a 
time, double-check the circuit 
before energizing 

Motivation 

When the participant mentions 
his/her motivation for taking part in 
the study and persevering through the 
study 

Relationship with researcher, 
intrinsic, incentive 

 
The 20 interviews were then coded separately by two members of the research team using 
Dedoose. Once all of the interviews were coded, the properties and dimensions of the categories 
were defined. Properties describe the general characteristics of a category and dimensions 
describe the location of the property along a range or continuum. 5 For two of the categories, 
motivation and emotional state, the researchers used well-defined properties from the extant 
literature. Motivation was analyzed base on the orientation – extrinsic to intrinsic, and level – 
low to high. 7 Emotional state was evaluated in terms of valence – negative to positive – and 
arousal – low to high.8 The researchers defined the properties and dimensions for the remaining 
seven categories as shown in Table 3.  
 
 
 



Table 3. Properties and dimensions for each of the categories 
Category Properties Dimension 

Past experience with circuits 

• Experience 
• Date of experience 
• Type of experience 

• Limited to extensive 
• Long ago to recent 
• Informal to formal 

General circuit knowledge 
• Understanding 
• Type 

• Rudimentary to advanced 
• Theoretical to practical 

Characteristics of the learning 
environment 

• Support 
• Engagement 

• Low to high 
• Weak to strong 

Attributions 

• Attribution 
• Knowledge 
• Direction 

• Internal to external 
• Declarative to procedural 
• Negative to positive 

Self-descriptions • Origin • Innate to learned 

Emotional state 
• Valence  
• Arousal  

• Negative to positive 
• Low to high 

Strategies • Process • Unplanned to planned 
Tactics • State • Mental to physical 

Motivation 
• Orientation 
• Level 

• Extrinsic to intrinsic 
• Low to high 

 
The research team then began searching for trends among the categories and properties within 
those categories that were most influenced by the physical fidelity of the learning environment. 
Some of the categories, such as past experience with circuits and general circuit knowledge, 
varied highly among participants but appeared unrelated to the physical fidelity. Participants 
described prior courses and informal setting where they learned about circuits at various levels of 
breadth and depth. Motivation was less varied but was also unrelated to the different levels of 
fidelity. Participants discussed their relationship with the researcher, general interests in research, 
“research karma,” as well as the financial incentives for participating. For self-descriptions 
participants tended to relate their major, their learning preference and/or their personality to their 
performance. Some also used these descriptions to explain their preference for one learning 
environment (such as the physical) over the other (such at the 2D or 3D environments).  
 
The categories that were most affected by physical fidelity were the described characteristics of 
the learning environment, attributions, affect, strategies and tactics. The former three categories 
also had the highest level of co-occurrence. Strategies and tactics, while not having a high level 
of co-occurrence were the categories that were difficult for the coders to distinguish. Based on 
reviewing these categories, their properties and their dimensions as well as their relationship, the 
researchers identified three primary themes which help explain how the physical fidelity of the 
learning environments impacted performance. These themes are level of support, physical 
transition, and emotional transition.  
 
Theme 1: Level of support 
 
Participants in the computer environments, and specifically the 3D environment, often referred to 
higher levels of support in these environments compared the physical environment.  



 
Participants who practiced in the 3D condition spoke of specific attributes of the 3D environment 
that benefitted them during practice such as the different views of the breadboard as well as the 
ability to zoom in and out. They specifically noted this as: 
 

“I liked the, the virtual environment cuz you couldn't kind of, um, you didn't have a ... You could 
kinda flip it and view however you wanted. You didn't have this pure kind of, I guess, isometric 
view. You could look at it on the side. You could look at it in all sorts of, um, visual angles so it 
was easier to visualize the circuits in the virtual angle vers- er, in the virtual environment versus 
in the real world where you had to kinda ... Well, you can't, like, turn a circuit upside down, 
obviously, otherwise all the components would fall out and you have to start over again and you'd 
probably break some components.” 
 
“Um, and I think that was much more difficult to discern from the physical breadboard than from 
the computer model. Um, again just that aerial view that you only have from the physical model 
was, I guess slightly uncomfortable. Whereas in the digital one you could manipulate and look at 
it from the side and zoom in.” 

 
Participants in the 2D and 3D conditions also referred to simplicity of working in those 
environments. As one put it:  
 

“But, um, I was a lot faster on the computer than I was in real life, because I was trying to recall 
in my brain, like, "Okay, this was on the fifth hole," or whatever, and I had to, like, count it, and 
just, like, physically it was hard for me to, like, connect the pieces. Um, whereas, like, on the 
computer, it was easier, just, like, select where I wanted the wires to go, instead of having, like, 
make sure the wires would stretch to this hole, and make sure that they were in the holes all the 
way. Um, so the transition wasn't bad. Um, but I definitely preferred the CAD [3D] one to the 
physical one.” 

 
However, the primary difference in the level of support between the physical environment and 
computer environment concerned the level of feedback. Participants in both the computer 
environments, but more so in the 3D environment, benefitted greatly from the positive feedback 
they received while they were practicing.  
 

“I felt, again, that, um, that that positive reinforcement of knowing that like, okay I'm getting the 
answers right, I'm, you know, getting all these green lights in my drawing, my sketch or whatever 
and then it's like working in the simulation [3D].” 
 
“And that was one of my issues was – you know- making sure it was connected well enough in 
the physical environment so that that light could come on and that could -that sometimes made 
me second guess myself and wonder if I was actually putting it on correctly and wondering, 
"What did I do wrong?" Whereas, like I said, in the computer environment, you click go and if it's 
set up correctly, that light's going to come on. So, I really liked the feedback that I got from the 
computer environment [2D]” 

 
However, participants also reflected on not having this feedback in the physical environment and 
how it influenced their performance. One participant summed up the issue well stating: 
 



“I think having the instant feedback that you get in the simulation [3D] when it turned red or 
green like when your doing it that you know that it's hooked up right. Not having that in an actual 
like physical breadboard was tricky because like, oh, I don't know why this isn't working because 
you can't figure out where the problem is. So I think that was, I don't know, like the benefit in it 
maybe like handicapped to like transitioning from the computer to the physical breadboard was 
that, that instant feedback of like not knowing, not knowing how to figure out where the problem 
was, if there was a problem.” 

 
Theme 2: Physical transition 
 
Physical transition related to the strategies and tactics the participants used to during the 
construction process on the physical breadboard. This theme also included the participant’s 
assessment of their struggles during this transition. 
 
In terms of strategy, in general participants described having some idea of how they wanted to 
approach to the task but many switched to a trial and error approach at some point during 
construction, specifically if they encountered errors. 
 

“I didn't start with like, no clue. I started with like a base idea of what I wanted. Or like, what I 
could build off of it. But I also didn't start with like, "I know exactly what I'm gonna do.” 

 
“Um, the only trial and error, I guess ... Part of the thought process that came in was when I had 
that one light bulb that didn't work, um, and I needed to make sure that, uh, it could; but 
everything other than that was very step by step, and very methodical. Um, I didn't really do a lot 
of trial and error until I came up with an error, and then I had to try to fix it.” 

 
Participants in the physical condition, however, described a more structured approach using 
phrases such as “being organized,” “following instructions,” and “planning.” Participants in the 
computer environments appeared more comfortable with a less structured approach making 
statements such as “…and then if I didn't, then, you know if it didn't work then I would just have 
to play around with it and just keep playing around with it and just rethink it until I got it,” and 
“'Um, but I kind of just tried things until it worked.” 
 
Participants from each condition also spoke about using memory of the circuits constructed 
during practice to guide their construction. Several even mentioned trying to recreate the circuit 
directly from memory.  
 
In terms of the step by step process that participants followed during construction, participants 
described attempting to follow the process used during practice. One major difference between 
the tactics taken by participants in the physical condition in participants in the 2D condition 
concerned visualization and mental rehearsal. Participants in the 2D simulation described trying 
to mentally construct the circuit in the condition in which they learned prior to attempting 
construction on the physical breadboard. 
 

“I actually constructed it in my mind through the simulator software and then took the simulator 
software and tried to implement it and copy it that same way. So, that was my process, more so, 
in my head, and then see if I could make my hands actually do that. So, yeah.” 

 



“Um, I just really tried to imagine it, um, and I think that what I did was I tried to set the things 
up in front of me the way that they were on the screen. And then just try to do everything the way 
that I did there.” 

 
Participants in the physical environment made fewer attributions than participants in the 
computer environments and also made more positive attributions. They spoke about the recency 
of practice and the helpfulness of the videos. When discussing some of the reasons for their 
struggles, participants in the computer environments spoke primarily of gaps in their procedural 
knowledge. 
 

“But I always felt that I can get it. Because I had the knowledge of doing it. Um, but there's 
something that either, I may have missed that. I, I felt that there was something more wrong with 
the breadboard or something that I was doing wrong, procedurally rather than what I had learned 
to do.” 
 
“Um, so I think the most frequent obstacle at least that I perceived was that I wasn't using the 
correct wires to complete the circuit. Or for whatever reason my arrangement of the different 
components on the breadboard were, were not right. Um, so I would try and go back to what I had 
learned the digital model” 

 
Participants in the computer environments also spoke of some difficulty related to manipulating 
components in the physical condition. 
 

“I think the, the, the main difference I think between the so the, you know, clicking and the 2-
dimensional environment was easier because the components in the physical environment was, 
were so much smaller.” 
 
“I just found it, in this case, I found it harder because the components were small. If the 
components had the same sort of values, and they were just enlarged, um, by a scale of ... A 
factor of 5 or 10 say, it'd be a lot, a lot easier for me to work with.”  
 

Another issue that impacted participants’ transition from the computer environments to the 
physical environment was the orientation of the breadboard and the components. Below two 
participants noted how the change in orientation impacted their affect and performance.  
 

“I do know that it annoyed me that the orientation was different but I don't, I guess I'm not a 
100% sure whether or not it was the fact that the module and the simulation were flipped or the, 
or the simulation and the physical board were flipped…” 
 
“Um, I think just the orientation of some components like the switch uh, I don't recall precisely. 
But I think there is some ... I had trouble with the orientation of something.” 

 
Theme 3: Emotional transition 
 
Participants transitioning from the computer environments to the physical environment described 
a wide range of emotions related to the transition. Some participants spoke of a downward shift 
of confidence that resulted from performing without obstacles in the computer environment and 
then struggling to construct the circuit in the physical environment.  
 



“It took me a really long time. Be- uh, there was something related to ... I felt that I was very 
close every time I had it. Because I felt uh, uh, throughout the um, computerized part of that 
experiment, I got everything right away. And everything always worked right away.” 

“So, just after trying several times, it was like okay, probably I missed something. Probably I just 
don't get it, even though I'm supposed to get it. So, it was more like moving from, okay, 
excitement it's like, I can do this to like why? Why is this not working? It was more like a 
downward slope.” 

 
Participants also spoke of increased pressure and isolation in the physical environment stating:  
 

“I felt more pressure when it was actually in front of me.” 
 

“So then in switching to the physical environment, like, all of that kinda like was chipped away 
so it's like I didn't have my notes, I didn't have any kind of feedback, it's really just me and these 
wires.” 

 
Participants, specifically in the 2D condition, spoke of “higher stakes” in the physical 
environment that lead to increased frustration during their struggles but also greater satisfaction 
for those participants who were able to correctly construct the circuit. 
 

“I think that the physical environment was more intimidating, ah, because it seemed as though 
um, even with relative success in the 2D environment, um, to touch the physical objects seemed 
to be um, a little, yeah, intimidating is the word. It, it just seemed to be, there seemed to be more 
pressure with ah, using the real objects.” 
 
“Uh, the other thing I said was that when you go, when you do it physically, like the stakes feel a 
lot high, the emotional stakes felt a lot higher like you were more like down when something 
didn't work and you were more like excited when it did work and part of that might have been the 
fact that it was like physical so you're like hands on with it and some of it also might have been 
because it is more annoying, it takes longer to actually change something physically.” 

 
“Well I think that ah, one of the things that I liked in the, in the more, in the, sort of in the tactile, 
in the physical environment is that um, you know, right or wrong, whatever the, whatever the 
process um, I think there's a way of seeing, like of actually experiencing success or failure. So, 
seeing the light comes on, um, while there maybe more risk, more seeming risk, or you know, 
like um presumed risk, the, the reward is greater to actually physically make a light come on 
seems to be um, a better payoff than ah, a program you know in the 2 dimensional environment 
telling you that you've successfully completed it as opposed to, you know, sort of seeing the, the 
product of that.” 

 
Discussion 
 
The three themes that emerged from the analysis were level of support, physical transition and 
emotional transition. The level of support focused on attributes of the computer environments, 
2D and 3D, that helped participants successfully complete the practice activities. These 
characteristics included positive feedback, zooming capabilities, alternate viewpoints and 
simpler manipulation of components. The attribute of the learning environment described as 
having influenced performance the most was feedback. In the virtual environment, participants 



could switch views between the circuit diagram and the breadboard to ensure that they were 
constructing the circuit correctly. The diagram would show green lines for correct connections 
and red lines for the incorrect connections (figure 2). This feedback provided by the computer 
environments appears to have both beneficial and detrimental effects. Participants found it really 
helpful to have feedback during the practice session, particularly in the virtual environment.  It 
provided them with visual information concerning where an error was made while they were 
constructing a circuit on the virtual breadboard.  However, the lack of feedback in the physical 
seemed to create two issues for participants: it hindered their ability to identify the source of the 
error when the circuit was not functioning and it reduced their willingness to troubleshoot.  
Extant literature has already identified the dual affect of feedback specificity, which describes 
the amount of information provided to learners in feedback messages. 9 Previous studies suggests 
that high feedback specificity is beneficial for immediate performance but reduce learning 
opportunities needed for independent performance. 8  
 

Figure 2. Feedback provided to participants working in 3D breadboard environment 

 
A. 

Breadboard view 

 
B. 

Diagram view 
 
The theme of physical transition focused on the approach participants used to during the 
construction process on the physical breadboard and the effectiveness of this approach. The 
approach participants used can be described on a scale ranging from methodical to trial and error. 
Most participants used an approach that fell somewhere in the middle but participants in the 
computer environment appeared more comfortable using a trial and error approach. One possible 
explanation for this involves the adaptations required for the participants who transitioned from 
the computer environments. Unlike the participants in the physical condition who did not have to 
adapt their performance, participants in the computer environments were forced to deal with 
differences in the construction procedures, such as reading the resistor versus typing in the 
resistance value, which made it difficult to follow the exact steps they did in the simulation. As a 
result, it was necessary for them to perform some trial and error in the process.  
 
Participants in the 2D simulation spoke of visualization and mental rehearsal prior to actually 
constructing the circuit on the physical breadboard. They described trying to visualize the circuit 
they created in the simulation as well as trying to construct the circuit mentally in the simulation 
before attempting physical construction. This additional step in the construction process 
appeared to be a mechanism participants’ in this condition used to recall the procedures they 
learned. In both statements the participants describe using visualization or mental rehearsal to 
help them build the circuit on the physical breadboard. 
 



“I actually constructed it in my mind through the simulator software and then took the simulator 
software and tried to implement it and copy it that same way. So, that was my process, more so, 
in my head, and then see if I could make my hands actually do that. So, yeah.” 

 
“Um, I just really tried to imagine it, um, and I think that what I did was I tried to set the things 
up in front of me the way that they were on the screen. And then just try to do everything the way 
that I did there.” 

 
When it came to manipulating components, participants spoke of some difficulty working with 
the small physical components. However, the orientation of the breadboard appeared to be 
particularly problematic. The orientation of the breadboard in the 2D simulation was horizontal 
and could not be changed. The default orientation of the breadboard in the 3D environment was 
horizontal but it could be changed. For physical construction, the breadboard was arranged 
vertically but participants could, and several did, change the orientation.  For participants who 
did not immediately change the orientation of the breadboard, this potentially represented an 
unnecessary increase in cognitive load. 10 This increase in cognitive load may have been 
exacerbated for participants in the 2D conditions as they already had the additional task of 
translating “the representation from 2-D to 3-D.”11 
 
Another theme that emerged related to the emotion state of participants in the 2D simulation.  
The emotional transition theme describes the affect of participants when they transitioned from 
the computer environment to the physical environment.  Participants described two predominant 
emotion states related to the transition; decrease in confidence and heightened emotional 
divergence. Participants who performed successfully in the computers environments during 
practice and then struggled in the physical condition described experiencing a “downward slope” 
of confidence. The drop in confidence for the participants was not simply the result of 
encountering these obstacles but feeling ill-prepared and being unable to overcome these 
obstacles. Prior research has suggested that information processing capabilities are reduced when 
dealing with negative emotions. 12 Previous research in training has also found that learners who 
completed an instructional program without obstacles struggle when faced with obstacles in the 
performance environment. 12 Goodman and Wood (2004) suggest that in order to generalize 
performance, learners have to be able to adjust to different performance conditions, including 
making errors and resolving them without assistance. 9 Participants in the 2D simulation also 
described a heightened emotional divergence when they transitioned from the computer 
environment to the physical breadboard. They described becoming more frustrated when they 
could not get the circuit to work in the physical condition and they described increased 
“pressure.”  They also described more satisfaction and a “greater reward” when they were able to 
solve the circuit in the physical condition. For these participants, the perceived “stakes were 
higher” when they were working in the physical environment. Part of the reason for this is 
summed up but one participant who described the 2D simulation as feeling “simulated.” Another 
participant, who also learned in the 2D environment, described the physical environment as 
“real.” As a result, the emotional intensity for these participants was lower in the computer 
environments. Another explanation deals with the task itself. Constructing a circuit on a 
breadboard is hands-on task. Having to do this “hands-on” task in a computer environment 
potentially detracted from both emotional engagement in the environment and well as the 
participants’ perceptions of their ability to complete the task. This was evident in the previous 



study as participants in the computer conditions had statistically significantly lower self-efficacy 
than participants in the physical environment. 3 
 
Limitations 
 
Several months passed between the initial study and the follow-up study and as a result 
participants struggled to articulate the specific details related to their circuit construction process. 
Several of the participants knew the lead researcher outside of the study and this potentially 
affected the interview data.  A representative sample of 20 participants were interviewed, 
however, it may have been beneficial to conduct more interviews. The last limitation is that the 
interviews were conducted by one researcher.   
 
Conclusions 
 
The physical fidelity of the learning environment impacted the participants’ attributions, affect, 
and strategies and tactics. Although most participants in the 2D simulation and 3D breadboard 
environments enjoyed working in those conditions, learning how to construct a circuit in either 
of those conditions contributed to procedural knowledge gaps, decreased ability to identify 
errors, and heightened levels of frustration that were detrimental to performance.  Some 
participants noted these limitations suggesting that the computer conditions might be best used to 
help students develop a conceptual understanding. However, those limitations may be resolved 
with improvements in the design of the software. Specifically, the design of 2D and 3D 
environments will need to reduce the level of support provided to participants. For example, the 
3D breadboard software can progressively decrease the feedback provided to learners so that 
they have the help they need early in practice but are not hindered as they prepare for the 
transition.  Both the 2D simulation and the 3D breadboard software can also facilitate the 
transition by requiring similar procedures to what is necessary in the physical environment. For 
example, allowing participants to choose the correct resistor by reading a resistance sheet is a 
more difficult task then allowing them to type in the resistance value. Additionally, the computer 
environments can make the participants aware of differences they may encounter when they 
transition. Transitions from these environments can be made smoother if participants are aware 
of issues present in the physical environment – blown LEDs, dead batteries, burnt connections on 
the breadboard – that do not occur in the computer environments. If participants are 
knowledgeable of these potential issues they can better troubleshoot issues with their 
construction. 
 
There are some differences that will still require students to acclimate to the physical properties 
of the breadboard. One example is physically manipulating the components and inserting them 
properly into the breadboard. This simply does not translate from the computer environment. The 
other physical difference concerned the orientation of the breadboard. A simple fix in the 2D 
simulation would be to allow participants’ to orient the breadboard vertically or horizontally 
based on their preference. However, participants were able to overcome most of these 
differences as demonstrated in the initial study. 3  
 
The other difference between the 2D and 3D environment and the physical environment 
concerned the participants’ affect while working in those environments. Participants described 



feeling “intimidated,” “more pressure,” and having “higher stakes,” when transitioning from the 
computer environments to the physical environment. While the 2D and 3D cannot necessarily 
change these emotions, they can help build learners’ confidence and self-efficacy by providing 
them with knowledge needed for both constructing a circuit in that particular environment and 
for transitioning to a physical breadboard. Based on the experiences described by the participants 
as well as results from the initial study, both the 2D and 3D environments had strengths and 
weaknesses that shaped participants’ performance. Improvements in the design along with the 
advantages of the software – ease of use, multiple views, zooming capabilities, positive feedback 
– can offer a superior learning experience for students while also supporting high transfer.  
 
Future Research 
 
One of the most unanticipated finding from the analysis concerned the emotional transition 
participants faced when moving from the simulations and virtual environments to the real-world 
environment. Future work should examine the affect of students learning a skill in a computer 
environment and how their emotions evolve as they attempt to transfer skills learned in computer 
environments to real world applications. Future research should also examine whether the 
findings from this study are consistent across different tasks and different 2D and 3D 
implementations.  
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