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The forgotten steps of engineering design: design-build experiences and their downstream 
effect on capstone design projects 

Various stages are ascribed to the engineering design process, but they typically include (1) 
problem identification, (2) research and conceptualization, (3) prototyping, (4) testing, and 
finally (5) iteration of some or all of steps 1-4. Design courses are often tasked with teaching all 
of these in the span of a single semester. The coverage is often biased; problem identification, 
research, and brainstorming are easily taught in a traditional classroom. Fabrication, testing, and 
iteration, in contrast, are often emphasized less. This is presumably due to the facilities, time, and 
material costs needed to execute these steps.  

We posit that immersive design-build-iterate experiences are a vital part of early-year 
undergraduate engineering education, and that they can improve student outcomes in their major 
design experiences. This hypothesis is supported by the “spacing effect” – the accepted effect of 
improved learning by exposing students repeatedly to concepts but over a sufficiently long span 
of time [1]. The spacing effect is believed to hold not only of cognitive skills, but of motor skills 
also [2]. Further, it has been suggested that students need to be confronted with “the differences 
between their instinctive design behaviors and the behaviors of effective engineering designers” 
[5] in order to learn, and therefore apply, these skills. It is natural to assume that iterative, 
immersive projects would accomplish these goals. 

To test the hypothesis that early exposure to immersive design-build-iterate experiences improve 
student outcomes in their major design experience, we compared two years of fourth year 
capstone design outcomes in a biomedical engineering program. Students in this program take a 
required second-year course in biomedical design. In the control year of this study, the second-
year students engaged in traditional design instruction that emphasized steps 1 and 2. Students 
themselves identified fabrication resources, and only one prototype was required. In the 
intervention year, students were instead engaged in design instruction that emphasized steps 3 
through 5. Of particular note, these students were engaged for half the semester in hands-on 
fabrication of devices, and were required to prototype their design solutions twice to emphasize 
the importance of iteration.  

We found that an immersive design-build-iterate experience in the 2nd year is associated with 
narrowly focused improvements in 4th year capstone design outcomes. Specifically, the built 
quality of the final prototype was improved in projects that focused on mechanical design, but 
these improvements did not extend to other types of projects or to other late steps in the 
engineering design process. We discuss our findings in terms of the spacing effect, and other 
means by which engineering design behavior might be reinforced. 

Control year 

The control year of this design course was based around (a) a semester-long project that 
culminated in an alpha prototype, and (b) a series of 1 to 3-week lecture learning modules meant 
to deliver a broad overview of fundamentals pertaining to biomedical engineering (Table 1). The 
design problem – issues commonly encountered in a neonatal intensive care unit – was 
introduced in week 3 by a clinician, and the design project extended throughout the semester. 
Design-related assignments were due at regular intervals.  



 

Note that aside from one week of CAD training, there was relatively little hands-on training in 
two of the latter stages of the engineering design process – that is, prototyping, testing. In fact, 
students in the control year sought out facilities and materials on their own, generally did not 
have access to a machine shop, and were not required to spend any particular amount of time on 
the prototyping or testing steps. Further, no iteration of the design process was expected or 
required.  These features are anecdotally typical of undergraduate design courses. 

Intervention year 

The subsequent year, the class was taught in an immersive, project-based manner. Rather than 
modules that provided students a broad overview of topics in biomedical engineering, all 
activities were directly geared toward completion of the project (Table 2).  

As in the control year, students were presented by a clinician with a real, unsolved set of clinical 
problems – in this instance, problems in the cleaning and disinfection of clinical instruments. 
Students then worked in teams to solve the problem. Teams were required to progress through all 
of the stages of the engineering design process, including iteration. To this end, for the first five-
weeks of the semester, teams were lead through formal exercises in problem identification, 
research, and iterative brainstorming. They were also formally trained for two weeks in CAD (as 
compared to one week in the Control), and in the fundamentals of using microcontrollers.  

Teams transitioned mid-semester to hands-on design-build experiences lasting six weeks. During 
those six weeks, class met in the regular classroom only twice. Instead, student teams were 
required to sign up for a minimum of 3 hours of “shop flex time” – that is, student teams signed 
up for blocks of time when members were available, and when the machine shops were open. 
While the minimum number of hours any team could select was 3, teams were permitted to 

Table 1: Control year weekly in-class subjects and design project milestones / activities 
Week Classroom subjects Design activities and milestones 
 1 Engineering basics  
 2 Engineering basics  
 3 Engineering basics Problem introduced 

Problem statement, user needs, design specifications 
 4 Bioelectricity and circuits Summary of prior art 
 5 Bioelectricity and circuits Summary of brainstormed solutions 
 7 Computation  
 Computation  
 8 Design and CAD Finalized conceptual solution 
 9 Biochemical principles CAD drawing of a single component of the design 
 10 Biochemical principles  
 11 Biomaterials  
 12 Biomaterials Memo: prototype final design, and FDA path 
 13 Design integration Testing and validation data from prototype 
 14 Design integration Draft PowerPoint slides for product pitch 
Finals  Prototype due, along with an executive summary 



request up to 8 hours per week by the end of the semester.  The instructor was available in the 
machine shops for those same 20-25 hours per week to monitor student work, to ensure safety, 
and to provide assistance and tool training.  

Before students could begin work in the shop, they were required to watch one hour of training 
videos on shop safety, and best practices for using the most common tools. They then had to pass 
a quiz on these best practices with a score of 70% or better before being admitted to the shops. If 
they failed to do so, they were required to return on a different day to re-take the quiz. The 
failure rate on the quiz was approximately 6%.  

Teams were required to create both first- and second-generation prototypes of a functioning 
device. In fact, teams were suggested to create two first-generation prototypes – one for each of 
their top two conceptual designs. The first-generation prototypes were required to demonstrate 
the primary function of the device; they could omit any secondary functions or features.  These 
were tested, and presented before the rest of the class to garner feedback. The teams then had 
three more weeks of shop time to produce a new, second-generation prototype. The general 
requirements for the second-generation were that it be fully functional (including secondary 
functions and features), and be well-made. 

As a result of this format, equal emphasis was placed on the latter stages of the engineering 
design process (i.e. prototyping, testing, and iteration) as on the early stages. In fact, 50% of the 
course grade was determined by the two physical builds, and a final invention disclosure.  

 

Table 2: Intervention year weekly in-class subjects and design project milestones / activities 
Week Classroom subjects Design activities and milestones 
 1 Introduction to the problem Non-disclosure agreement 
 2 Q&A with clinician 

Ideation and sketching 
ßsame as 
ßsame as 

 3 Brainstorming and IP Pitches 
Permanent design teams formed 

 4 Measuring and drawing of parts 
Brainstorming on materials 

 
ßsame as 

 5 Brainstorming on fabrication ßsame as 
 6 CAD  
 7 CAD  
 8 Materials, machining, and assembly Shop training 
 9 CAD assignment due Shop 
 10  Shop 
 11  Shop 
 First-generation prototype presentations First-generation prototypes due 
 12 Microcontrollers Shop 
 13  Shop 
 14  Shop 

Second-generation prototypes due 
Finals Final presentations  



It is worth reemphasizing that time spent prototyping was treated as “in-class time” with direct 
access to the instructor. This is in contrast to the control year, during which prototyping and 
testing were conducted as homework. However, while the intervention year was an immersive 
experience, students and teams still learned fabrication skills on an as-needed basis (with the 
exception of CAD and microcontrollers).  

Metrics and statistics 

We analyzed the 4th year capstone design projects, completed two-years later, of students who 
took each of these variations on the 2nd year design course. Capstone projects from these two 
years were sorted into categories, and only considered projects that focused on product design 
(as opposed to computational, therapeutic, process, and other forms of design). Our rationale was 
that any downstream impacts would most likely affect projects that utilized similar skills as those 
emphasized in the 2nd year course. The projects of 14 teams from each year fell into this 
category. We further categorized product design projects as being primarily electrical or 
mechanical in nature. Four specific examples of product design projects were: 

1. (Mechanical) Students designed a physical model as a simulation tool for 
training otolaryngology residents to properly use an esophagoscope. 

2. (Mechanical) Students tested and optimized a lightweight, compact, and robust knee 
brace hinge mechanism for patients with osteoarthritis.  

3. (Electrical) A team developed a personalized, remote telemonitoring system for patients 
diagnosed with congestive heart failure that measured chest bioimpedance at home.  

4. (Electrical) A team developed a wearable sock with embedded flex sensors as a means 
for preliminary home diagnosis of suspected ankle sprains.  

Teams and their projects were scored on four metrics of engineering design behavior. 

1. Build difficulty 
2. Early generation of first prototype 
3. Iteration of the design process 
4. Quality of the final prototype  

The capstone instructor ranked build quality on an absolute scale of 1-5. The other three metrics 
were scored both on an absolute and on a rank-ordered basis. To help eliminate subjectivity from 
the former, the instructor aggregated teams/projects from the two years, and placed them in order 
from earliest generation of a prototype (1) to latest (28). The years were disaggregated, and the 
rankings between the two years compared by the non-parametric Mann Whitney U test.  This 
process was repeated for the iteration and quality metrics. Absolute scores, in contrast, were 
compared by unpaired t-test.  

Results and discussion 

The structure and design/build activities of the capstone teams were similar in most respects, 
regardless of which version of the 2nd year course was taken. The teams were of similar size (2.5 
and 2.7 students/team, 2nd year control vs intervention, respectively). Similar numbers of teams 
used CAD as an integral part of their design process (11 vs. 10), and similar numbers of teams 



used microcontrollers in their projects (5 vs. 6). Further, the difficulty of the prototype build they 
undertook did not differ significantly between the two years (p = 0.08). 

There was a trend toward improved scores in iteration and quality for capstone teams having 
been exposed to the 2nd year intervention, but the differences were not significant (Table 3). 
Likewise, there were across-the-board trends toward improved relative rankings of capstone 
teams having been exposed to the intervention, but these too failed to rise to the level of 
significance. Note that these statistics included scores and rankings from all product design 
projects. 

Table 3: Comparison of scores and rankings for all product design capstone projects 
having been exposed to the control or intervention 2nd year design course.  Higher 
absolute scores are better, while lower relative ranks are better. 

  Early  
prototype 

Iteration  
of design 

Quality of  
final prototype 

A
bs

ol
ut

e Control mean score 2.71/5 2.97/5 5.57/10 

Intervention mean score 2.71 3.07 6.50 

p 0.500 0.375 0.120 

R
el

at
iv

e 

Control mean rank 15.6 15.4 16.4 

Intervention mean rank 13.4 13.6 12.6 

U 83 86 71 

p 0.251 0.298 0.111 

 

If we instead consider those projects best aligned to the intervention experiences, – that is, 
capstone projects that emphasized mechanical design – then we find that the quality of the final 
prototype in capstone was significantly improved for students from the 2nd year intervention 
relative to the control group (Table 4). Significance held whether we compared absolute scores 
or relative ranks. Iteration scores approached significance. 

An accepted tenet in education is that exposing students repeatedly to concepts but over a 
sufficiently long span of time leads to improved learning. This is called the “spacing effect” [1]. 
This is thought to be true not only of cognitive skills, but of motor skills [2]. It is surprising, 
then, that having been immersed in the full breadth of the engineering design process at least 
twice over a two-year period did not result in greater gains in the latter stages of the engineering 
design process. Admittedly, our sample size was small (14 student teams each from the control 
and intervention years).  

It is telling, however, that significant changes were found only in the quality of the final capstone 
prototype build, and then only for those projects that were primarily mechanical in nature. This 
suggests that the impacts of our 2nd year intervention were extremely narrow, restricted to the 
manual skills that were so heavily emphasized in the latter half of the 2nd year course.  



It is also possible that more or different sorts of exposures to the engineering design process are 
needed to achieve improvements in student design abilities. Indeed, we have shown previously 
that a single immersive design-build experience fails to yield appreciable gains in engineering 
design process knowledge [3] – a metric that has been shown to correlate well with what 
engineering students will actually do when confronted with an engineering problem [4].  

Table 4: Comparison of scores and rankings for capstone projects that emphasized 
mechanical design, having been exposed to the control or intervention 2nd year 
design course. Higher absolute scores are better, while lower relative ranks are 
better. *Significant at p<0.05  

  Early  
prototype 

Iteration  
of design 

Quality of  
final prototype 

A
bs

ol
ut

e Control mean score 2.45/5 2.64/5 4.91/10 

Intervention mean score 2.64 3.27 6.55 

p 0.364 0.097 0.034* 

R
el

at
iv

e 

Control mean rank 17.1 17.6 19.2 

Intervention mean rank 14.6 11.9 12.3 

U 49 39 31 

p 0.236 0.084 0.029* 

 

Our work suggests that a single immersive design-build-iterate experience does not, on its own, 
lead to broad improvements in engineering design behaviors, even if those experiences are 
repeated over time. They may, however, result in improvements in specific design behaviors. We 
may need to consider fundamental changes to how we teach the engineering design process if we 
seek improve the design skills of the students we graduate. 
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