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Abstract  

Project-Based Learning courses are widespread in engineering curriculums worldwide. As such, understanding how 

students problem-solve in these settings benefits curriculum designers, educators, and future learners. The objective of this 

research was to employ a human factors approach of modeling and error analysis to develop and apply a cognitive model to 

illustrate how students make decisions and problem-solve in a Project-Based Learning course. In addition, the Systematic 

Human Error Reduction and Prediction (SHERPA) was applied to identify errors in the process illustrated through the 

model. Data was collected from direct observations of 84 students in the classroom over two terms, along with qualitative 

reflection surveys and individual interviews to understand the project's impact on their problem-solving skills during their 

studies. The final model can be extended to other PBL courses to allow the targeted design of course materials to fit the 

student problem-solving processes, improve the project, and thereby improve learning outcomes. One main finding of this 

study was that students consistently failed to predict consequences, and predominately relied on each other as well as 

course PowerPoints to solve any problems that arose, illustrating the value in developing processes for improved materials.  

Keywords: engineering education, Project-Based Learning, cognitive model, decision ladder, error analysis.

Introduction  

Since Project-Based Learning (PBL) has been 
widely adopted in engineering education, it is 
imperative that instructors learn more about PBL to 
benefit learners in the classroom (Chen et al., 2021). 
PBL is a learning method where students are exposed 
to real-world projects in the classroom (Yusof et al., 
2012). Students are given hands-on projects on day 
one, where they are given the ability to develop 
communication skills, critical thinking, and address 
complex questions (Yusof et al., 2012). PBL can be 
stressful for students as it requires skills such as 
proper communication, critical thinking, and problem-
solving, which students may develop while actively 
working on their projects (Mohd-Yusof, 2014). Since 
every student learns at their own pace, PBL may not be 
the most appropriate learning technique because they 
may not have received the necessary support, 
background, or attention needed to thrive in PBL 
(Mohd-Yusof, 2014). However, PBL has also been 
shown to be more effective than traditional learning in 
the classroom (Luke et al., 2021; Hendry, 2016; Greiff, 
2013). Traditional learning does not equip the student 
with the necessary skills to solve real-life problems; 
however, PBL does (Henriksen, 2009). Much research 
has been done not only on PBL but also on how to 
effectively implement PBL in an engineering classroom 

(Mills & Treagust, 2003; Gonczi & Maeng, 2020; Fink et 
al., 2002), as well as and shown success with PBL in 
classrooms in other disciplines (Clausen, H. B & 
Andersson, 2019; Ding et al., 2014; Jin & Bridges, 2014; 
Alrahlah, 2016).  

Many engineering jobs require problem-solving 
skills. The primary purpose of the use-case project 
described here is to teach students skills they may use 
in their future engineering careers. The instructor 
hopes to cultivate communication skills, critical 
thinking, and problem-solving abilities in 
interdisciplinary teams, as is needed to excel in 
industry jobs (Nguyen, 1998). Although the plotter 
project is implemented in a mechanical engineering 
course, the project incorporates skills that may not be 
typically seen in a mechanical engineer’s skill set. The 
plotter project provides engineering students with 
different skill sets, such as coding, manufacturing, and 
building that they can use in their future careers.  

Even though much research has been done on PBL 
in engineering education, including social interactions 
with others in a PBL classroom (Sedaghat, 2018; Du & 
Kolmo, 2009), this study provides a novel approach 
using human factors tools and methods to improve 
design of course materials, through the development 
and application of a cognitive model to illustrate how 
students approach decision making in a PBL course.  
An error analysis, aligned with the model, was applied 
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to identify common errors encountered in the process. 
Our approach considers both aspects to address the 
following research questions:  

1. Do students follow a problem-solving model that 
could be useful for instructors in a Project-Based 
Learning course? 

2. Does the quality of resources and social 
experience with fellow students influence how a 
student problem-solves in an engineering 
classroom? 

Figure 1 illustrates the human factors approach 
taken that will be described in the following sections. 

First, an introduction to the relevant background is 
provided, along with a description of the PBL course 
and project presented as a use case. The cognitive 
models developed are next described in detail, 
followed by the methodology of observations, 
interviews, and surveys to provide relevant data for 
revising the model, the SHERPA for error analysis, and 
finally, recommendations based on the findings from 
this work for improving PBL course projects. 

Background 

Problem-solving in the Classroom 

The ability to effectively problem solve is a key skill 
that students must have to do well in the classroom and 
their future careers (Greiff, 2013). The project 
implemented in the class requires students to know 
how to solve problems effectively. However, some 
students tend to struggle with being able to solve 
problems in the classroom, predominantly because of 
difficulties working well with other students. Students 
may struggle to work with others because of social or 
cultural issues such as gender, previous experience, or 
previous friendships (Sedaghat, 2018).  

Even though the project is an individual 
assignment, students are encouraged to work together 
on any problems that arise. Much research has been 
done on how to set students up for success when 
working in teams in an engineering classroom 
(Sedaghat, 2018; Rodríguez-Simmonds, 2018). Finelli 
et al. (2011) discusses the ample research that has 

been done that highlights the benefits to students of 
effective teamwork both during coursework and in a 
professional setting. Good teamwork plays a crucial 
role in effective problem-solving, which is highlighted 
in the proposed model.   

Many studies have been done to show the benefits 
of problem-based learning in the classroom (Maker, 
2020; Gonczi & Maeng, 2020; Luke et al., 2021; Hendry 
et al., 2016; Greiff et al., 2013). Some benefits are that 
students are given the opportunity to gain theory, 
content knowledge, and comprehension, as well as 
help students learn creative thinking, problem-solving, 
and communication skills (Awang & Ramly, 2008). 
Wegner et al., (2015) collected data to understand 
better how students worked together in a team for a 
design project. In the final assignment, students were 
asked to reflect on critical milestones in their personal 
development during their design projects. With these 
milestones identified, researchers could see common 
themes that impacted the students the most. The 
results of this study have been utilized to enhance how 
instructors teach engineering design to benefit the 
students most in their future professional careers. 

Cognitive Models (Decision Making Model and PBL 

Model) 

Modeling, a cornerstone of human factors 
research, involves creating representations of human-
system interactions to predict performance and 
identify areas for improvement. In the context of 
engineering education, several types of models have 
shown promise, including, cognitive task analysis 
(CTA), information processing models and models 
from mental model elicitation. CTA models break down 
complex cognitive processes, such as those involved in 
learning engineering concepts, helping instructors 
identify potential areas of difficulty for students 
(Kirwan & Ainsworth, 1992). Information processing 
models are based on the flow of information as it is 
processed by the human brain (Wickens 2021). By 
mapping how students perceive, process, and retain 
information, these models can inform the design of

 

Figure 1. Research approach using human factors tools and methods of cognitive modeling and human error 

analysis. 
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lecture materials and learning activities (Johnson et al., 
2023). Mental models can help instructors understand 
students' pre-existing conceptual frameworks, 
enabling more targeted and effective instruction 
(Vogel-Heuser et al., 2019). The decision ladder model 
incorporates several of these concepts by presenting 
the information processing steps and states of 
knowledge required by an operator to make decisions 
and ultimately achieve a stated goal (McNeese, et al. 
1999; Jenkins et al., 2010). Any of these models can be 
constructed as normative or descriptive and both are 
important in understanding the student decision 
making processes.  Normative models describe 
“norms” or “what people should do (in theory)”. 
Descriptive models describe what people actually do 
or have done, and prescriptive models describe what 
people should and can do (Baron, 2004). A normative 
model (Figure 3) was initially created to better 
understand how students problem-solve and make 
decisions. Jaušovec (1994) showed that students who 
understand their thought processes when solving 
problems tend to solve problems better.  Mental 
models also explain how students understand 
concepts differently (Ibrahim & Rebello, 2013). For 
this reason, a cognitive model is beneficial for 
instructors to understand how students problem-solve 
and design their project components accordingly. This 
model incorporates elements of the Decision Ladder 
model, (Jenkins et al., 2016) which supports activities 
like situation analysis, goal selection, as well as 
planning and execution (Naikar, 2010), and the 
Universiti Teknologi Malaysia (UTM) cooperative PBL 
framework (Yusof et al., 2012). We chose the Decision 
Ladder model since students were required to plan out 
the steps of completing the project as well as actually 
completing the project. Students were also required to 
diagnose and fix any issues that arose when completing 
the project. We chose the UTM cooperative PBL 
framework since the course is a PBL course. Both 
models were used to develop this cognitive model, 
since both problem-solving and decision-making are 
critical elements for the successful completion of the 
project. 

Contributions of this Study 

This study uses human factors tools and methods 
to extend the engineering education literature by 
providing researchers with a framework to 
understand student problem solving and 
recommendations to support the development of PBL 
activities for the engineering classroom. Using 
normative models to evaluate user behaviour and 
modifying the models based on actual user behaviour 
results in descriptive models to help instructors in PBL 
courses adapt their projects to suit the needs of 
learners. Instructors will also be able to better adapt 
the resources given to students in engineering 
classrooms to help students effectively solve problems. 
This model can be adapted and extended to represent 

PBL processes in classrooms around the world to suit 
educational and cultural differences. 

Methods 

This study was conducted through a series of 
observations, surveys, and interviews in a junior-level 
engineering class (Manufacturing Processes) at a 
university over two terms. The course materials were 
reviewed to develop the initial decision making model, 
while the observations, surveys and interviews were 
used to validate and revise the model.  An error 
analysis was also conducted to understand the 
implications of the decisions over the sequence of steps 
of the project completion. 

Participants 

Manufacturing Processes is a required class for 
Mechanical and Industrial Engineering majors. 
However, other engineering majors may enroll in the 
course. There were 84 students (71 male, 12 female, 1 
no response) who participated in this study over two 
terms. There were 44 students who participated in the 
Winter term and 40 students who participated in the 
Spring term.  

Materials 

This course was structured as a series of lectures, 
quizzes, and the PBL activity. The project, building a 
plotter, was completed over a period of eight weeks. 
Throughout the project, students followed PowerPoint 
instructions to complete the plotter. The project 
provides students with two opportunities to create a 
design solution throughout the project, allowing 
students the opportunity to explore a real-world 
problem creatively. The students are first asked to 
create a design from scratch for their pen holder. They 
are then required to determine what graphic to use and 
how to modify code for the plotter to draw the chosen 
graphic. Figure 2 illustrates an overview of the steps of 
building the plotter.  

Procedure 

Due to a delay in Institutional Review Board (IRB) 
approval, observational data was collected over a 4-
week period in the first term. During the second to last 
week of the term, a survey was administered to the 
students (seen in Appendix A). Going into the Spring 
2022 term; the survey was revised to elicit more 
quantitative results, with some questions being 
converted into Likert Scales. Observations were 
collected over 8 weeks in the second term. The revised 
survey can be seen in Appendix B. The error analysis, 
specifically the SHERPA, was conducted using course 
materials, and the results of the observations and was 
used as input to revising the final descriptive model of 
decision making.  
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Figure 2. Overview of steps students follow to complete the plotter project 

Surveys were given out in the second to last week 
of the quarter. By this point, most students were done 
with building their plotter. The only step any of the 
students had left to complete was to implement the 
code for their plotter to write/draw. The survey 
gathered demographic information in addition to 
questions regarding the project approach. Since the 
qualitative data is observation-based, the researchers 
of this study wanted to make sure to have responses 
from every student. This allowed the researchers to 
have more quantitative data to analyze to help validate 
the study’s results. Likert scale questions were also 
given on the survey to have an overall mean of how 
confident students felt when problem solving.   

Interviews were conducted with six students, in a 
subsequent term, who had previously taken the course, 
to gain insight into how they thought the project had 
impacted their engineering education so far. After the 
Winter term, an email was sent to the students who 
completed the class asking if they would be willing to 
be interviewed on their experiences in the class. Six 
students agreed to be interviewed. During the 
interview, the students were asked three Likert Scale 
questions and a series of open-ended questions that 
can be seen in Appendix C. Overall, the interview 
responses provided the researchers insight into how 
the use-case PBL project helped the students in future 
classes as well as if the PBL project provided them with 
more confidence in their problem-solving skills. Based 
on the student’s responses, instructors of future course 
iterations will know how to tailor the project more to 
help their students develop more problem-solving 
skills.  

 

Results 

Data was aggregated from the observations, 
surveys, and interviews for the cognitive model, to 
answer the following research questions: 1) Do 
students follow a problem-solving model that could be 
useful for instructors in a Project-Based Learning 
course? And 2) Does the quality of resources and social 
experience with fellow students influence how a student 
problem-solves in an engineering classroom? 

For the first research question, a cognitive model 
was created and evaluated to determine if students 
follow the problem-solving model in a PBL course. The 
resulting model was based on an aggregation of 
existing models in the literature (Jenkins et al., 2016 & 
Yusof et al., 2012). The model was validated through a 
combination of in-person observations and the survey 
and interview results.  To answer second research 
question, the researcher directly observed the 
students, taking notes on how students interacted with 
the resources and fellow students in the classroom. To 
analyze the qualitative data, the method of thematic 
content analysis is used, where the researcher reviews 
the data, analyze the themes within the data, and then 
compiles the main themes into groups (Burnard et al., 
2008). The data included the output of the SHERPA 
analysis. 

This section describes the results of creating the 
initial model, the output of the SHERPA analysis, and 
quantitative analysis from the surveys to arrive at the 
final, validated model that can be used for designing 
PBL materials. 
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Normative Model 

The resulting model describing how students 
should make decisions is shown in Figure 3. For the 
model, students first meet the problem of how to build 
and design the plotter. They then start to make 
decisions, by first determining the final goal of the 
project. After being alerted about needing to make a 
decision, students should begin to find the information 
needed to solve the problem and complete the task. 

Students will then determine if the system is working 
properly. Based on the system's state, the students 
should look at their available options. They may change 
the system state based on these options to accomplish 
the overall goal by predicting any potential 
consequences. They then test their system to evaluate 
its performance. Next, they plan and execute the 
remaining tasks to build their plotter. At the end of the 
project, students reflect on their work to gain closure 
on the project.  

 

Figure 3. A decision ladder model incorporated into a problem-based learning framework 
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The ultimate purpose is to make recommendations 
on improving the instructional materials and process 
for this project based on how student learners’ 
problem-solve and make decisions. Having a model 
that highlights decision points and problem-solving 
opportunities will improve the experience in PBL 
courses since instructors will know how to better 
design their PBL courses. For example, this model 
shows the order of steps that students partake in which 
will allow instructors to properly design their projects 
and course design to meet these steps. One of the main 
things seen is that students do not always predict 
consequences which is a crucial step as seen in the 
cognitive model. Knowing this, instructors can make 
sure to specify any potential consequences that could 
result when implementing a certain task of their 
project. Instructors may even add an extra slide at the 
end of each PowerPoint showing what could go wrong 
if the project step is not executed properly. 

Throughout both terms, we observed that the 
students failed to predict consequences. For example, 
one student noticed he had a wobbly surface once he 
started to run the plotter. When questioned about the 
wobbly surface, the student admitted that he did not 
predict this could happen. He realized that he had not 
tightened one of the screws enough, which caused his 

board to wobble. Another student failed to predict his 
screws would roll off the table. However, after seeing 
this happen, the next class he decided to bring a paper 
plate to hold his screws since he noticed that everyone 
was losing screws since they would roll off the table.  

Error Analysis 

As students consistently failed to predict 
consequences, the researchers of this study applied the 
systematic human error reduction and prediction 
approach (SHERPA) analysis (Embrey, 1986). The 
SHERPA utilizes an error mode taxonomy to classify 
errors. Each error mode described in the SHERPA table 
has the same id as seen in a SHERPA table. For example, 
A9 corresponds to “Operation incomplete” (Embrey, 
1986). The SHERPA table allows the instructor to see 
where and how errors are occurring, the consequence 
of these errors, the potential for recovery, the 
probability (P), and the criticality (C) of the error. The 
SHERPA table also provides remediation strategies for 
items that can be addressed in class to increase the 
potential for learning and project success. If students 
are given the proper instruction for the PBL activity, 
students will be able to learn more from the activity 
while experiencing less frustration.

 

Table 1. SHERPA (P and C columns refer to levels of low, medium, or high probability and criticality 

respectively) Each error mode has an assigned mode given by a letter and number, along with a mode 

description

Error Mode 
Error 

Description 
Consequence Recovery P C Remedial Strategy 

A9-Operation 
incomplete 

Failure to 
properly tap 

the holes 

Screws will not 
tighten- will wobble 

None L H Provide training on how to 
tighten screws properly; 
demonstrate for the class 
what one should look for 

A4-Operation 
too 

little/much 

Cutting the 
black wire 
attached to 
barrel jack 

Wires will not be 
long enough to reach 
power input on CNC 

shield 

None L H Instruct the students on the 
length required and make the 

students measure before 
cutting 

A4- 
Operation too 

little/much 

Failure to set 
correct temp 

for solder 

Solder will not be hot 
enough to properly 

solder the wires 

Immediate M L Instruct the students on the 
correct temperature settings 

A6- Right 
operation on 
wrong object 

Wrong screw 
used 

Part will not fit 
snugly together 

Immediate H L Provide clearer 
pictures/labels of the screws 
needed; Provide training on 

how to properly measure the 
size of the screws 

A6- Right 
operation on 
wrong object 

Wrong drill bit 
selected to size 

holes 

Given screws will not 
fit 

None M L Provide clearer 
pictures/labels of the drill bit 
needed; demonstrate how to 
properly select the drill bit  
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A5- Misalign Extrusion of 
aluminum not 
cut properly 

Plotter will not sit 
flat- will wobble 

Immediate L M Provide training on how to 
properly cut the aluminum; 
demonstrate cutting steps 

A1- 
Operation too 

long/short 

Stripping 
screws 

Will need to replace 
screws 

Immediate M L Provide training on how not 
to strip screws; demonstrate 

correct motions to the 
students 

A9- 
Operation 

incomplete  

Failure to 
properly code 

Plotter pen will not 
move properly 

Immediate H H Provide training on how to 
code; provide trouble-
shooting resources for 

students 

 

Observations 

Overall, through direct observations conducted by 
the main researcher of this study, the researchers 
found that the social experience with fellow students 
does influence how a student problem-solves in the 
classroom. Survey feedback indicated that students 
solved problems differently based on the resources 
they were given. The focus was to observe how 
students approached problem-solving and used 
available resources. Throughout the term, data was 
collected by observing the students building their 
plotters in the classroom. The researcher observed 
that most students would ask their peers questions 
when trying to solve problems that arose.  

Some students worked by themselves and mostly 
utilized the PowerPoints provided. Other students 
asked the professor for help if they could not figure it 
out. Having fewer social interactions impacted how 
these certain students approached the project as they 
chose to rely on their own ideas instead of reaching out 
to other people in the class. In the Spring term, one 
student ended up super frustrated and angry when 
told by the professor that he put together a part of the 
plotter wrong and needed to work backward to fix the 
issue. This particular student was working at a table by 
himself, and one can say that part of his frustration was 
caused by not having anyone at the table to help him 
solve problems. Almost all students only asked the 
professor for help as a last resort. Overall, students 
tended to rely on the PowerPoints and each other to 
decide how to build their plotter and solve any 
problems that arose throughout the execution of the 
project. 

Surveys 

The results of the surveys showed that when 
solving problems, most students asked their 
classmates how to build certain parts of their plotter. 
Table 2 shows, from most commonly used to least, the 
approaches observed. These results aligned with the 
observations seen in the classroom. Seven students 
stated that they reached out to past students rather 
than ask the instructor. Since students tended to ask 

other classmates, students who did not have previous 
relationships with classmates would problem solve on 
their own versus asking for help from other students. 
The model identifies opportunities in the process 
where students need information to diagnose the 
system state and plan procedures to reach the target 
state. 
 

Table 2. Preferred problem-solving approaches in 

PBL classroom (from student surveys) 

Problem-Solving 
Approach 

Number of Times 
Employed by Students 

Ask Classmates 54 
Online Search 19 
Ask Instructors 11 
Ask Previous Students 7 
Course Material 3 

 

Nineteen students stated that they tended to 
google solutions when problems arose, and only eleven 
students stated that they would ask their instructor 
first for help. Some students stated they would refer to 
the PowerPoints anytime they could not figure out how 
to do something in the building of the plotter. One 
particular student stated that he used a trial-and-error 
approach when solving problems. The student stated 
that he would try one solution and if the solution did 
not work, he would start over and try another solution 
until he eventually solved any problems that arose. 
Students also stated that they thought the GNC shield, 
and coding were the hardest part of the project, while 
the general assembly of the plotter was the easiest. 
Understanding student approaches and preferences 
allows instructors to provide better resources to help 
learners solve problems in a PBL course more 
effectively.  

The survey was revised based on the students' 
responses during the Winter term by including three 
additional Likert scale questions (Table 3). Results 
indicate that all students felt at least moderately 
confident that they could solve problems as they arose. 
These results showed that students overall felt they 
could solve problems on their own which is a crucial 
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skill that engineers must have, and should be 
supported by the PBL course resources.  
 

Table 3. Student responses on a Likert scale of Not 

at all confident or clear to Extremely confident or 

clear 

Questions Mean Standard 
Deviation 

How confident were you that you 
could solve problems when they 
arise? 

3.85 0.70 

How confident did you feel 
working on this project on your 
own? 

3.88 0.82 

How clear were the instructions 
for you to be able to work on your 
own? 

3.68 0.80 

 
The next two questions asked students if they were 

confident in working on the project alone and if the 
instructions were clear enough for them to do so. The 
results show that the students were not completely 
confident about working on the project independently 
and felt that the instructions could be clearer. Updated 
PowerPoints with clearer instructions would allow 
future learners to work more independently on the 
project. 

Interviews 

Based on the responses of the students; we were 
provided with more evidence that the quality of 
resources and social experience with fellow students 
does influence how a student problem-solves in an 
engineering classroom. One of the students said: “This 
project would have been hard as a Freshman, but now, 
with experience, I could handle the project in a junior-
level class. Made the class easier to be able to talk to 
other classmates since I knew people. Would have been 
hard to do the project if I did not know people. 
Connections are necessary.” 

Many students spoke about the quality of 
resources given affecting their ability to complete the 
project. One student stated “One thing would be to 
update the PowerPoints. More pictures and in-depth 
steps would be nice. Some assembly pictures were not 
clear.” Another student stated “The instructions were 
not very clear in some parts. Would have changed it to 
make more straightforward instructions instead of 
having to assume stuff. Could tell that some stuff was 
not polished yet. Better raw materials, some of the stuff 
that we got, the lead screw bent which made it hard to 
have everything line up when you assembled 
everything. The surface wobbled because the lead 
screw was bent.”  

Another student spoke about the instructor not 
being able to help with the coding, which affected his 
ability to problem-solve during the project. This 
student stated “I was enjoying the project until I got 
stuck with the coding. The professor was not able to 
help with the coding. He spent a lot of time 
troubleshooting the code. Wish we could have sorted 
out the issue faster.” Overall, based on the interview 
results, we can conclude that students’ interactions 
with one another and the quality of the resources given 
to them affected how they were able to problem-solve.  

Descriptive Model of Student Problem-solving 

The initial normative model was revised using all 
of the data gathered, resulting in the descriptive model 
shown in Figure 4. For the most part, students tended 
to follow the path of the initial model. However, there 
were several key changes. The first change was to take 
out the predicting consequences block in the model.  

The students would not consider any 
consequences due to building the plotter incorrectly, 
and frequently had to re-do parts of their plotter after 
being told by the professor that they did something 
wrong, to make the plotter function properly. For 
example, as previously mentioned, students did not 
predict that their plotter would wobble if parts were 
not installed correctly. Students also did not predict 
that the screws would roll off the table if they did not 
put them in a safe place on the table. To correct this, the 
PowerPoints should show any potential errors 
resulting from the students building a part of the 
plotter incorrectly. The PowerPoints' quality 
influences how students solve problems based on the 
results we saw. An additional change was moving the 
evaluate performance block to the end of the model. It 
was observed that was the last thing students would do 
when building their plotter. Instructors can use this 
revised model to emphasize to students the 
importance of constantly and iteratively evaluating 
their project throughout the process instead of waiting 
until the end of the building to evaluate. This way, 
students can predict consequences and make any 
necessary changes with less frustration and better use 
of resources during the process. Using this revised 
model, instructors in other PBL courses will know to 
emphasize that students should thoroughly think 
through the potential consequences at each stage (or 
system state). Instructors will also know to tell their 
students to constantly check that their project 
components are working properly throughout the 
building process as fixing an issue will be much harder 
at the end of the project versus fixing issues 
throughout the building of their project. 
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Figure 4.  A revised decision ladder model incorporated into a problem-based learning framework based on 

results of the study. Shaded rectangles refer to specific examples related to the use case. 

Discussion 

This study employed a human factors approach to 
show how students make decisions and problem-solve 
during a PBL activity in an engineering classroom. As a 
result, instructors have a set of resources, a validated 
cognitive model, and SHERPA, that can be used when 
designing their project-based learning activities to 
benefit future learners. These resources are grounded 
on how engineering students approach problem-
solving, as prior research has shown that PBL benefits 
learners in the classroom (Chen et al., 2021). The 
overall key findings of this research are that students 
failed to predict consequences throughout the project 
as well as waited until the end of the project to evaluate 

the performance of the plotter. Because of this, we 
recommend that future instructors in PBL courses 
emphasize to students to thoroughly check each 
component throughout the building of a project. We 
also recommend that instructors provide students 
with enough resources for them to accurately build 
their PBL projects. Generally, cognitive models are not 
widely seen in prior research studies in PBL studies. 
This research expands on these by integrating the 
UTM-PBL and decision ladder models to better 
illustrate how students actually problem solve during 
execution of these projects. The implications of this 
study will help both instructors and curriculum 
developers in PBL classrooms as they will know how 
students think and problem-solve. Application of the 
model and error analysis resulted in recommendations 
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to aid curriculum developers and/or instructors in 
designing their PBL courses accordingly.  

Using the output form the combination of 
observations, surveys and interviews, the following 
recommendations can be made. At the very least, it is 
recommended that the slides and other course 
materials be updated to visually depict what the 
students should be building and diagrams of the 
circuitry, etc., as we can see that the quality of 
resources influences how students solve problems. 
Providing these materials at the beginning of the 
project would provide an end goal of expected results. 
A physical, as well as a SolidWorks model of the 
completed plotter was also requested to help aid the 
students in the building of their plotter. Students also 
requested more resources for the coding aspect, as 
most people were unfamiliar with how to code their 
plotter. Even though this is specific to the use case, this 
holds true for many engineering projects that involve 
multiple skill sets. There is a need to provide 
supporting resources for secondary skills not 
necessarily taught in the course. These necessary skills 
have been shown in prior research to be critical for 
students to know how to apply (Nguyen, 1998). The 
last recommendation for the instructor is to have more 
precise due dates, or a timeline of expectations, on 
where the students should be in building their plotter 
so that they know if they are behind in the building 
process and can meet expectations (as seen in the 
cognitive model). Overall, if these recommendations 
are implemented, students should have a better 
learning experience when completing the project in the 
PBL course.  

While this study has added to the literature on 
improving PBL in the engineering classroom, some 
limitations should be acknowledged.  One such 
limitation, is that data was only collected in one PBL 
course, although it was collected over two different 
terms. Another limitation is that there was not a 
diverse group of students upon which to collect data, 
as most students in the course were mechanical 
engineering majors. Due to the majority of the data 
being qualitative, the researchers note that there may 
be some bias in the data observations and this should 
be noted.  An addition limitation is that with a small 
research group, not all students could be observed 
during each class to have additional quantitative data, 
but this survey results for resource use aligned with 
what the researcher observed in the classroom, 
validating the responses.  

Conclusions and Further Research  

Since Project-Based Learning activities are more 
pervasive in the engineering classroom, providing 
instructors with a cognitive model of problem-solving 
and decision-making will allow the instructors to see 
how they should design their projects to fit the needs 
of the students. The model can be easily modified to fit 
many different types of engineering projects to 

support a broad spectrum of educational structures 
universally. Students can better grasp the course's 
concepts since the instructors have insight into how 
students problem-solve when completing a PBL 
activity. Additionally, instructors now have insight into 
useful aspects of their presentation material and 
resources for students to smoothly complete their 
project. Implementing the recommendations will 
provide students with clearer outcome expectations 
that can be visualized, support for secondary skills 
needed, and progress checkpoints to help improve 
learning outcomes. 

For future work, recommendations will be given to 
the course's instructor to implement. Once these have 
been implemented, the study can be implemented 
again to determine if the students now have the 
appropriate resources to reduce frustration and 
improve resource use with the project. Applying the 
SHERPA output to other PBL activities, instructors can 
also design the project to help students predict 
consequences. By using the cognitive model, 
instructors in other PBL courses will be able to design 
their projects based on how engineering students 
problem-solve during a PBL activity.  
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APPENDIX A 
MEEN 321 Survey 

1. What is your sex? 
a. Male   b. Female   c. Prefer not to respond 

 
2. What is your race? 

a.  White    b. African American   c. American Indian or Alaska Native   d. Asian    e. Native Hawaiian or Other Pacific 
Islander    

 
3. What is your major? 
 
4. When struggling with an aspect of the project, what did you tend to do? 

a. Reach out to professor   b. Reach out to classmates   c. Reach out to past students     d. Google solutions   e. Other 
If other is selected, please explain what you do. 

 
5. In general, how do you tend to solve problems when they arise in class projects? 
 
6. What aspect of the project was the most difficult? Why? 
 
7. What aspect of the project was the easiest? Why? 
 
8. How could the instructions for the project be clearer and easier to understand? 
 
9. What resources do you wish you would have had when completing this project? 
 
10. Would you do anything differently if allowed to start the project over? If so, what?  
 
11. How confident did you feel working on this project on your own?  

Not confident at all  1   2 3 4  5 Highly confident  
 
12. Were the instructions clear for you to work on the project on your own?  

Yes    No  
 
13. Do you have any suggestions for this class?  
 
14. If you could talk to someone about your project experience before they start the project, what would you tell them? 

 
 
APPENDIX B 

MEEN 321 Survey 
1. What is your sex? 

a. Male   b. Female   c. Prefer not to respond 
 
2. What is your race? 

a.  White    b. African American   c. American Indian or Alaska Native   d. Asian  e. Native Hawaiian or Other Pacific 
Islander    

 
3. What is your major? 
 
4. When struggling with an aspect of the project, what did you tend to do? 

Reach out to professor   b. Reach out to classmates   c. Reach out to past students      d.   Google solutions   e. Other 
If other is selected, please explain what you do. 

 
5. How confident were you that you could solve problems when they arise? 

Extremely Confident 
Very Confident 
Moderately Confident 
Slightly Confident 
Not at all Confident 

 
6. What aspect of the project was the most difficult? Why? 
 
7. What aspect of the project was the easiest? Why? 
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8. How could the instructions for the project be clearer and easier to understand? 
 
9. What resources do you wish you would have had when completing this project? 
 
10. Would you do anything differently if allowed to start the project over? If so, what?  
 
11. How confident did you feel working on this project on your own?  

Extremely Confident 
Very Confident 
Moderately Confident 
Slightly Confident 
Not at all Confident 

 
12. How clear were the instructions for you to be able to work on your own? 

Extremely Clear 
Very Clear 
Moderately Clear 
Slightly Clear 
Not at all Clear  

 
13. Do you have any suggestions for this class?  
 
14. If you could talk to someone about your project experience before they start the project, what would you tell them? 
 

 
APPENDIX C 

Interview Questions 
1. What is your gender? 

 
2. What is your race? 

 
3. Looking back on the plotter project, have you used any of the skills you learned in other classes or life? If so, which 

skills? 
 

4. Do you feel that you will use any of the skills you learned in a future job? If so, which skills? 
 

5. How confident are you on using the skills you learned from the class? 
Extremely Confident 
Very Confident 
Moderately Confident 
Slightly Confident 
Not at all Confident  
 

6. How would you change the project now to better suite the skills you need to do well in your engineering classes as 
well as your future career? 
 

7. How confident are you that you will be able to do well in an engineering career now having taken the MEEN 321 
course? 
Extremely Confident 
Very Confident 
Moderately Confident 
Slightly Confident 
Not at all Confident 
 

8. How confident are you with your problem solving skills now having taken this course? 
Extremely Confident 
Very Confident 
Moderately Confident 
Slightly Confident 
Not at all Confident 
 

9. Is there anything else you would like me to know to make the project better?  


