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Introduction 

For the past two years the West Virginia University (WVU) 

Innovation Hub has been developing and testing a flipped-

lab/shop Introduction to Manufacturing course. Industrial 

Engineering 303 (IENG 303) guides 150 to 180 students 

through designing and fabricating structures and systems with 

a wide range of processes including: 

Parametric and Freeform CAD Design • Laser Cutting • 

FDM and SLA 3D Printing • 3D Scanning • Soldering 

• Vacuum Forming • CNC Milling • CNC Turning • 

CNC Plasma Cutting • MIG Welding 

Students design and build their own personal tutorial projects 

with the majority of these processes. In addition the course is 

capped off by a term-long team-based design and fabrication 

Radio Controlled Hovercraft project. 

Throughout the development of this course students have 

been asked to complete start, mid-term, and final surveys in 

addition to WVU’s standard course evaluations. These 

surveys collected self-assessed prior experience with, and 

attitude towards design and fabrication tools and processes. 

As discussed in Vaughn, 2017, a one-size-fits-all approach is 

inappropriate in maker/prototyper education [1]. However, 

the author was surprised at the range, and relative lack of 

design and fabrication experience in the incoming classes. In 

the surveys approximately 60% of each class reported little or 

no CAD Design or Shop Fabrication experience of any kind 

(1 to 2 on a 5 point scale). Under 20% reported substantial 

experience (4 to 5 on a 5 point scale).  

Though the solution developed for WVU’s IENG 303 course 

was created independently, this is not a novel problem, and 

multiple approaches have been deployed with success. Cooke 

et al. 2018 discuss Georgia Tech’s ME 1770 and 2110, 

Stanford’s PRL, and Yale’s Intro to Engineering Innovation 

and Design [2]. Matthews at Olin College introduces 

prototyping and making coupled with mathematical design 

and analysis [3]. The flipped-classroom teaching structure has 

been utilized in both Georgia Tech’s ME 1770 and by 

University of Victoria Libraries, McCue [4]. 

The novel contribution of this work is the development of a 

highly flexible course structure, flipped-classroom, and 

assignment framework. This framework encourages active, 

project-based learning for a wide range of skill levels across 

an unusually large range of manufacturing processes. 

Beyond being useful in a focused engineering shop class 

environment this framework has proved easy to integrate with 

other courses both within and outside of the Industrial and 

Mechanical Engineering curriculum. Instructors from Pre-

Engineering, Fashion Design, Theater, and Marketing have 

collaborated with the Innovation Hub to integrate maker-

based projects into their courses. This was done using 

segments of the flipped-class guide documents, and 

specifically customized assignments. Consultation and 

customization of these assignments has proved critical, as 

discussed in Wallace et al. 2018 [5]. 

Demonstrating this scalability was a significant concern. A 

core goal of the Innovation Hub is to draw in students from 

across the Statler College of Engineering and Mineral 

Resources, and WVU at large. Any training materials and 

processes developed for the IENG 303 course needed to serve 

as a testbed for truly large-scale training of novice makers. 

This was especially challenging since nearly all available staff 

are undergraduate assistants, and the Innovation Hub goes 

well beyond a basic Makerspace to include large CNC, 

welding, composites, casting, and, shortly, SLS metal printing 

capabilities. 

Class and Facility Background 

Between Summer 2016 and Fall 2017 the WVU Industrial and 

Management Systems Engineering Department (IMSE) 

overhauled its antiquated 1960s vintage Manufacturing 

Processes Shop. The new WVU Innovation Hub facility 

introduced fused deposition and stereolithographic 3D 

printing, laser cutting, 3D scanning, vacuum forming, CNC 

milling and turning, CNC plasma cutting, MIG welding, and 

more. The facility happens to follow the outline of a 

Manufacturing Oriented Academic Makerspace discussed in 

Brateris and Kam 2017 [6]. 

Previously the Manufacturing Processes Lab offered one 

main course, Industrial Engineering 303: Introduction to 

Manufacturing Processes (IENG 303). The original course 

consisted of four segments in each of which students would 

fabricate a standard example part according to explicit step-

by-step instructions, perform some measurements, and write 

a substantial lab report. In this model students would touch 

four main processes, manual machining, sand casting, arc 

welding, and hand-written CNC machining. However, by-

and-large, they did not gain the ability to make parts of their 

own design or appreciate the capabilities and limitations of 

each process. Not only did the re-built IENG 303 need to 

introduce the new equipment, it needed to remedy these 



 

 

fundamental issues. 

The new IENG 303 class has been designed to: 

• Require students to design, fabricate, and analyze 

their own introductory pieces. 

• Concretely demonstrate the capabilities and 

limitations of a wide range of manufacturing 

processes. 

• Encourage ambitious designs, while allowing true 

novices to fully participate. 

• Encourage a design-test-redesign fail-fast process. 

• Require a small-team based design and fabrication 

project incorporating multiple status and 

performance threshold dates. 

The Challenges and the Goal 

The Challenge – Students:  

• 55% to 65% of each class has spent little or no time 

with shop tools. 

• More than 50% of the class has not done multi-part 

CAD design of components they were required to 

fabricate and assemble. 

• More than 75% of the class has never used a machine 

tool of any type. 

The Challenge – Subject Matter: 

• Extreme range of tools, and very limited time. 

• Spectrum of student skills: Many students have little 

to no shop experience, but 10% to 20% have had 

professional shop experience. 

• Design requirement: To understand a process a 

student must fabricate a part of their own design and 

experience where machine limitations force design 

changes. 

• Fear of Negative Evaluation, as discussed in Vaughn 

(2017) [1]. Students are used to teaching-to-the-test 

and have difficulty working in an environment with 

no perfect right answer. 

The Goal: 

• Every student will have a sufficient understanding of 

a range of manufacturing processes such that they 

are able to design, and fabricate, a basic electro-

mechanical system with manual controls. 

• Every student will have worked in an 

interdisciplinary team to design and build a 

functional electromechanical system. 

• Every student will have the start of a design and 

fabrication portfolio. 

The Method 

Teaching making is inherently hands-on requiring 

individualized attention. A single instructor, even with several 

undergraduate assistants, cannot provide enough time or 

support in a traditional class format [4]. This is especially true 

when requiring each student to design and build unique 

individual pieces. 

To achieve the goals all standard, highly repetitive instruction 

tasks had to be formalized, automated, and scripted. This frees 

instructor and assistant time to respond to individual 

questions and provide more focused support for individual 

students and encourage more complex and challenging 

designs. However, it was necessary to implement a “no-help-

until-effort” policy. A minority of students were 

monopolizing staff time by arriving at class with no 

preparation and expecting staff to hand-hold them through 

every click of each process. Implementing this policy more 

fairly allocated instructor time without harming student 

outcomes. 

To automate the standard repetitive introduction of each 

process series of twenty four guide videos was created 

showing the design, toolpath generation, and machine 

operation, Table 1. Students are required to review these 

videos before class, and to have an attempt or specific 

questions prior to receiving staff help. 

Table 1: Guide Video List 

Laser Cutting 3 Videos: Part Design - Toolpath 

Generation – Laser Cutter Operation 

3D Scan & Print 4 Videos: Freeform Modeling – 3D 

Scanning – Makerbot Print Slicer – 

Formlabs Preform Slicer 

Vacuum Forming 

& Soldering 

2 Videos: Vacuum Forming – Soldering 

(note, no design element in this section) 

CNC Machining 5 Videos: Lathe Part & Toolpath Design 

– Mill Part & Toolpath Design – Toolpath 

Export – Lathe Operation – Mill 

Operation 

Plasma Cutting & 

Welding 

3 Videos: Plasma Cutter Part & Toolpath 

Design – Plasma Cutter Operation & Part 

Prep – MIG Welding 

Miscellaneous 3 Videos: 3-View Drawings – Fusion 360 

Collaboration – Term Project Electronics 

Three major features seem to have helped make this structure 

palatable to students. First, a highly detailed schedule 

presented on the first day of class. This schedule shows the 

due dates for each Individual Project, Term Project 

Deliverable, Extra Credit Project, and what Guide Videos 

students should be on that week. Second, every assignment 

includes very clear grading rubrics in the document template. 

A sample of one student’s first Laser Cutter Individual Project 

is presented in Figure 1 and Figure 2. Points in the rubric are 

weighted towards the completed part and analysis to 

encourage students to actually finish building their parts. Very 

few points are given for production quality, fit, or finish. The 

goal for these Individual Projects is to encourage students to 

experiment and build without fear of penalty due to lack of 

prior knowledge. 



 

 

 

Figure 1: Page 1 of sample completed Laser Cutter Individual Project 

 

Figure 2: Page 2 of sample completed Laser Cutter Individual Project 

The final feature implemented to make the Flipped Lab 

structure approachable is a very generous amount of extra 

credit. Just over a full letter grade of extra credit is available 

in IENG 303 in several projects. These include 0.5% Toolbox 

Knowledge Quizzes and Surveys, 1.5% Early Submission 

Bonuses, and 2% Re-Design and Re-Build projects. The Early 

Submission Bonuses not only give students an option to boost 

their grade, but they also help to de-congest certain tools like 

the CNC mills, lathes, plasma cutter table, and MIG welders 

by encouraging many students to finish their work early.  

Half of the overall grade is based on individual work split into 

five Individual Projects covering Laser Cutting, 3D Print & 

Scan, Vacuum Forming & Soldering, CNC Machining, and 

Plasma Cutting & Welding. The other half of the grade is 

based on a Team Design Project. For the past four terms this 

has been the design and construction of Radio Controlled 

Hovercraft using off-the-shelf radio control hobby 

electronics. Teams are required to distribute the design and 

fabrication work among the team members so that everyone 

gets hands on experience with the communication challenges 

inherent in group design and building. Each vehicle is 

required to include critical functional components from all the 

manufacturing processes taught in the course, except for 

welding. Race day is held during the last week of the term, 

and teams show their final posters, Figure 3. 

 

Figure 3: Sample Term Project Final Poster, a Batcraft prior to its yellow 

paint 

In summary the course structure consists of: 

• A highly detailed schedule and grading structure 

presented on the first day of class. 

• A series of guide videos providing standard step-by-

step / click-by-click instruction. 

• Small class sections each supervised by a trained 

teaching assistant supported by other shop staff. 

• Individual Project work presenting each 

manufacturing process. 

• Term Project work applying the manufacturing 

processes to a group design and fabrication goal. 

• A grading structure that encourages students to try-

fail/learn-retry with performance and build quality 

only being graded in the Final Term Project 

Demonstration. 

The Results 

The updated IENG 303 course has been very well received. 

While detailed analysis is still being conducted, some results 

are available. WVU runs Student Evaluation of Instruction 

surveys at the end of each term. Students are asked to score 

the course on a 1 (poor) to 5 (excellent) point scale in four 

major categories. These are Relevance of the content, whether 

the course is Thought Provoking, the Usefulness of the 

material, and the quality of their Learning. The revised IENG 

303 course has been evaluated very highly, as shown in Table 

2. 

Table 2: Student Evaluation of Instruction scores for IENG 303, 1 

(poor) to 5 (excellent) point scale. Responses are anonymous. 

Relevance of Content 4.5 

Thought Provoking Content 4.3 

Usefulness of Content 4.6 

Quality of Learning 4.2 



 

 

 

Figure 4: Sample student project parts. Note, the welding projects 

(tyrannosaur and flower) are personal work done outside of class by a 

student who had never welded prior to taking IENG 303. 

From a qualitative perspective student projects in the shop are 

becoming significantly more complex and creative over time. 

Figure 4 shows several student projects demonstrating 

complex multi-part designs, and/or intricate shapes. 

However, not every student appreciates the Flipped Lab 

structure of IENG 303. While the vast majority of students do 

very well a few each term fail, or refuse, to adapt to the 

structure.  presents a typical grade distribution clearly 

illustrating a double-hump distribution heavily weighted 

toward higher grades. A full 88% of students received an “A” 

or “B” in the shown term, while just over 10% received a “D” 

or “F”. 

 

  
Figure 5: Sample letter grade distribution in IENG 303 showing the 

distinct double-hump. 

The most significant and surprising result was the apparent 

polarizing effect of the course on student attitudes. Students 

were asked to respond to two questions quantitative questions 

at the beginning, middle, and end of the course: 

“Do you feel that CAD software is intimidating? 

Please rate you feeling from 1 (not at all) to 5 

(very).” 

And 

“Do you feel that a machine shop or fabrication shop 

is an intimidating place? Please rate your feeling 

from 1 (not at all) to 5 (very).” 

Originally the author expected to see the self-assessed level 

of “intimidation” shift down the scale from high numbers 

towards the low. This was not the result that was found. The 

overriding change was a significant, 7% to 10% decline in the 

middle range. This dropping middle occurred for both CAD 

and Shop comfort assessments, Figure 6. 

 

Figure 6: Change in student attitude towards CAD software and the Shop 

from the start of term to the end.. 

It appears that similar numbers of students found CAD 

software both more and less intimidating after their 

experience in the IENG 303 course and the Innovation Hub 

shop.  

Their attitudes towards the shop were more complex. Some 

of those who were not at all intimidated became so, and there 

was a general migration towards seeing the shop as a more 

intimidating place. This may be due to the more significant 

lack of student experience in shop environments, Figure 7. It 

is possible that tools and equipment which seemed simple and 

easy in concept prove not to be so when used in practice. 

Unfortunately the current survey questions and responses 

provide insufficient information to determine the cause-effect 

link in this case. 

 

Figure 7: Change in student attitude towards CAD software and the Shop 

from the start of term to the end. 



 

 

Students were also asked three free-response questions at the 

middle, and end of their courses. These were: 

•  What have you learned thus far in IENG 303? 

• What is going well in this course? 

• What would you like to see 

improved/added/removed from this course? 

As could have been expected, little was learned from the first 

question two questions. “What have you learned thus far in 

IENG 303?” resulted in summaries of the course content that 

point. The second, “What is going well in this course?” 

provided a range of positive feedback about course content 

and structure. Main themes were appreciation of the 

flexibility offered in the assignment format, and the 

opportunity to build hardware. The course teaching assistants 

received a lot of praise in this section. 

The final question proved very informative and lead directly 

to many of the items noted in the following section, Future 

Development. When asked “What would you like to see 

improved/added/removed from this course?” the students 

were very willing to open up and provide sometimes brutally 

honest answers. 

• <5% of the replies expressed disgust with a 

fundamental aspect of the course. Targets included 

the flipped-lab structure, subject matter, and style of 

teaching. 

• 25% felt that the workload was excessive for a 

course worth only 1 credit hour. Typical student 

schedules require 15 credit hours per term, and main 

classes are wort 3 credit hours each. 

• Just under 20% felt the course was excellent and no 

improvement was necessary. 

• The rest, just over 50% of the students, provided 

extremely helpful feedback which has led directly to 

the following section, Future Development. 

Future Development 

Despite the success of the IENG 303 course overhaul at this 

stage improvements are required. These include tweaks to 

course structure, lesson plans, term project team management, 

schedules, teaching materials, and assistant training. Some 

can be made quickly and implemented in the next semester. 

Others require substantial development work. Each entry is 

annotated with the parties which requested the change: (ST) – 

Student, (TA) – Teaching Assistant, (IN) – Instructor. 

Training Materials: (ST), (TA), (IN) By a large margin the 

most requested improvement is an update of the Guide Videos 

and development of accompanying written documents. 

Current guide videos are single clips, on average 15 minutes 

long. The longest, covering intro to CAD design, runs 80 

minutes. It is difficult for students to reference specific points 

to answer an immediate problem. Videos should be re-

recorded as series of short, 3 minute or less, clips bundled into 

playlists. Written bullet-point and picture documents should 

also accompany each video emphasizing critical frequently 

referenced points. These documents should end with a 

checklist for the Individual Projects to help insure that each 

student is completely ready when they schedule time to 

manufacture their parts.  

Scheduling: (ST) (TA) (IN) A major log-jam happens at the 

end of each term with the Plasma Cutting and Welding 

Individual Project. This places a large number of students in 

the most hazardous area of the shop, at a time of the term 

when very few are getting sufficient sleep. However, fixing 

this is difficult because all the other processes are required on 

the final Term Project system. Therefore, all other processes 

must be covered in time for students to work them into their 

designs. Increasing the Early Completion Bonus for the final 

project may help to alleviate the issue in the short term, but is 

not an ideal solution.  

Assistant Training, Lead Instructor Involvement: (ST), (TA) 

Teaching assistants have been recruited from the best students 

taking IENG 303 in prior terms. However, insufficient 

advanced training has been provided. Each term the assistants 

should design and fabricate their own, more advanced, 

versions of each Individual Project. This should both 

reinforce and improve their skills and demonstrate their 

competence to the class sections they manage. In addition, the 

lead instructor should be significantly more present in the 

day-to-day instruction. This may be accomplished by having 

the lead instructor support all classes one to two days each 

week on a rotating basis. 

Course Structure: (ST) (TA) The teaching assistants have 

consistently requested that students take short quizzes at the 

beginning of each class session. These quizzes would be 

based on the guide videos students were instructed to review 

for that session and would provide an additional incentive for 

students to watch the videos prior to class. This is a chronic 

problem, especially early in each term. 

Lesson Plans: (ST) (IN) Several students requested that the 

hardware grade be weighted less on system performance and 

more on manufacturing process quality, efficiency, and cost 

effectiveness. The current Term Project deliverables are too 

heavily weighted toward paper Status Reports. 60% of the 

Term Project points are awarded for paper status reports, only 

40% for actual assembled Prototype or Final System 

hardware. This ratio should be reversed.  

Term Project Team Management: (ST) One to two teams, of 

the 30 each term, usually wish to fire one non-contributing 

team member. A formal process for this should be established. 

Possibly a multi-process individual project for the “fired” 

team member. However, as teamwork is a required part of this 

course both the remaining team, and the “fired’ member 

should suffer a grade penalty. One idea is to implement a 0.92 

or 0.95 multiplier on all future Term Project assignment 

submissions for all parties in a team taking this option. 

Improved Data Collection: (IN) Developing the present paper 

has demonstrated significant weakness in the current course 

assessment surveys. This is due to a combination of relatively 

poor survey development, and inexperience with the analysis 

of qualitative free-response feedback. A partnership with 

education researchers should be forged to re-analyze current 

data and develop new tools to continue the improvement of 

the IENG 303 course. 

 



 

 

Conclusions and Scalability 

The Flipped Lab structure of the new IENG 303 Introduction 

to Manufacturing Processes course has been a resounding 

success. Not only are 150 to 180 students being introduced to 

a wide range of modern manufacturing processes each term, 

they’re also they’re also gaining experience and confidence 

designing and fabricating their own parts. This course is the 

only time in their curriculum that some students have to truly 

design and build before graduation. The vast majority of 

students do very well, and enjoy the course. Anecdotally 

several faculty managing research and student design projects 

have already noticed an increase in incoming student’s ability. 

Finally, Scalability. This is the major challenge for any 

facility teaching new makers. How do you train dozens or 

hundreds of students with only a small handful of full-time 

staff? This Flipped Lab model has built the core of a series of 

guides which can be distributed to new students allowing 

them to realize their ideas with support almost entirely 

provided by trained undergraduate shop assistants. 

This model has been demonstrated by sharing IENG 303 

guides with Freshman Engineering, Fashion Design, 

Merchandising, and Creative Arts classes. The instructors for 

these groups have arranged to use one or two specific pieces 

of equipment for a particular class project. We then provide 

the instructor and/or their teaching assistant with training, and 

the relevant guide videos. Those are distributed to the class 

for that assignment, and the instructor or TA comes into the 

Innovation Hub shop at scheduled times to assist their 

students with their project. 

This process has allowed us to reach several hundred students, 

many of which would not enter the shop until their junior year 

otherwise, and some who never would. The major learning 

from this outreach is that many new makers need a specific 

defined step-by-step project to build a specific tutorial part. 

That has not been implemented in IENG 303 as these are 

junior and senior engineering students who are expected to 

conceive and develop their own designs. However, a range of 

introductory defined projects will be useful in the future to 

draw a broad spectrum of new makers. 
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