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The Prototype for X (PFX) Framework:
Assessing Its Impact on Students’ Prototyping Awareness

Abstract

Each year, billions of dollars are invested by large companies in product research and design.
Studies indicate that anywhere from 40-50% of those resources are wasted on cancelled products
or those which yield poor results”. The largest sunk cost of product development occurs during
the prototyping phase of the design process, yet engineering design research has largely
overlooked this pivotal stage in the design process. This study is a portion of a larger project
based on a new theoretical framework for prototyping called Prototype for X or PFX. PFX
draws from human centered design (HCD), design thinking (DT) and Design for X (DFX)
frameworks and methods to enhance the design process and allow designers to prototype more
effectively. Among the anticipated impacts of PFX is increased confidence in one’s prototyping
skills, i.e., increased confidence in one’s ability to develop prototypes for different conditions.
The research described here marks the first step in testing this hypothesis, namely, exploring the
impact of PFX on students’ prototyping awareness.

In this study, students at a large Mid-Atlantic university were taught three prototyping lenses
based on the PFX methodology: (1) Prototyping for Viability, (2) Prototyping for Feasibility, and
(3) Prototyping for Desirability. This paper presents preliminary findings on the relationship
between these three prototyping lenses and students’ prototyping awareness, which we define as
students’ ability to identify their mental models during the prototyping process. We use
prototyping awareness as a proxy to measure adoption and implementation of PFX methods. The
Prototyping AWareness Scale, or PAWS was created for this study, and we discuss its internal
consistency and future iterations. Data were collected throughout the course of a semester-long
design project; the PAWS was distributed at the conclusion of each PFX learning module.
Results from both between and within subject experiments are presented.

1.0 Introduction

Research in engineering design has focused primarily on the front-end of the design process,
especially ideation' ™, concept generation™, and other areas related to early stage product
development’"”. Meanwhile, the later stages design have been largely overlooked, including
prototyping and testing. As Camburn summarizes, “prototyping may be simultaneously one of
the most important and least formally explored areas of design”'*.

Clearly, prototyping represents one of the largest uncertainties for companies and engineers.
Individuals in uncertain environments with low perceptions of control of that environment
struggle with motivation, creativity, and persistence in the face of obstacles'>"’. Bandura'” found
that the opposite is true when individuals are faced with uncertainties yet perceive themselves to
be in control of the situation. Specifically, Deci'® showed that perceptions of high control in
uncertain activities can lead to higher cognitive flexibility and creativity. We hypothesize that
structured prototyping methods could increase young designers’ and student engineers’ feelings
of control throughout the prototyping process and may lead to an increase in creative output',
higher levels of motivation'®, and an increase in the quality of final designs'’. As an initial step
in the measurement of these outcomes, we sought to understand what students thought about or



were aware of throughout the prototyping process, both when prototyping using Prototype for X
(PFX) methods versus “prototyping in the wild” (i.e., without a structured process).

Our work is guided by two overarching research questions: (1) how are end designs affected by
following PFX methods and (2) how are designers affected by PFX methods? This paper
presents preliminary work exploring the second research question. We begin with a review of
design cognition literature, namely, works focused on prototypes or physical instantiations of a
design concept. Design cognition is the study of human information processing in the design
process, and our work seeks to contribute to the growing body of knowledge at the intersection
of design cognition and prototyping. Following this review, we summarize prototyping literature
from a variety of fields, including engineering design, engineering management, engineering
education, and human computer interaction. From this literature base, we introduce the PFX
framework and derive definitions for each of the PFX lenses and provide the theoretical basis for
the proposed methods. We then present our hypotheses, research methodology, and measurement
tools. Finally, we conclude with a presentation of our preliminary results, a summary of the
limitations of our work, and a discussion for future research.

2.0 Design Cognition and Prototyping
2.1 Design Cognition

Eastman®® defines design cognition as “the study of human information processing in design”.
Within design cognition, researchers have evaluated how the use of physical objects, models, or
prototypes affects designers’ mental models** "%’ ideation abilities” " **, communications™
** and psychological experiences'™ **. Physical models, as defined by Viswanathan et al.°, refer
to “prototypes of any scale built to mimic certain aspects of the final design”.

McKim®®, Andreasen and Hein>’, and Bucciarelli*® all highlight the notion that building physical
models in the early stages of the design process can help visualize problems and highlight
incorrect design assumptions. Brereton and McGary”' found that engineering students often seek
out physical props or design small scale models when struggling to communicate design ideas.
However, Viswanathan et al.”, Kiriyama et al.”’, and Vidal et al.** found that physical models
can hinder idea generation efforts by inducing design fixation; Viswanathan et al.> ° refers to this
as the “sunk cost effect”. The sunk-cost effect was found to affect complex design problems
more than simple design tasks®; although prototyping led to an increase in feasible designs, the
ideas were less novel. Brereton and McGary®', however, argue that physical models and objects
are a necessary component of the distributed cognition of designers, stating that the transition
from abstract to material analogies is vital to design learning and thinking.

Design cognition research has typically utilized protocol studies, or “giving small but realistic
design tasks to subjects and monitoring their behavior”*®. This also applies to the prototyping
research within design cognition. Viswanathan et al.>’, Dow et al.>>**, and Hartman et al.* all
utilized relatively simple design problems with set and clear tasks, materials, and expected
outcomes. Protocol analysis has been criticized for oversimplifying design and design tasks®’,
however, and recent prototyping work has attempted to explore more complex design
problems™. For example, Gerber et al.”” used ethnographic research techniques to study a design
team at a large tech firm; their research found that “the production and rapid visualization of



multiple ideas through low-fidelity prototyping allows practitioners to reframe failure as an
opportunity for learning, supports a sense of forward progress, and strengthens beliefs about
creative ability”*. Our work adds to this growing body of literature by exploring what aspects of
prototyping student engineers are aware of as they engage in the design process, specifically
during prototyping activities.

2.2 Prototyping Literature

In this work, we use Christie et al.’s definition of a prototype as “an initial instantiation of a
concept as part of the product development process™’. Prototyping represents a large sunk cost
for most companies that is overcome through the launch of a successful product; however,
estimates indicate that 40-50% of product development costs are spent on failed products or
products that do not yield adequate return'* . Previous research has shown that breakthroughs
and innovations made by engineering designers are dependent upon the ability to experiment and
test'?. Understanding prototyping and utilizing a guided and repeatable approach to the
prototyping process could help companies develop feasible, viable, and desirable new products
more quickly with fewer resources.

Two extensive literature reviews on prototyping research exist'**” and have sorted the domain
work into two main fields, namely, engineering’’ and management science'*. Camburn et al."*
document prototyping strategies specifically related to engineering during product development.
Christie et al.>’ explore prototyping strategies related to business and engineering actions and
define prototyping strategies as “the set of decisions that dictate what actions will be taken to
accomplish the development of the prototype(s)’. Our work aims to evaluate prototyping
approaches that not only incorporate aspects of Human Centered Design, HCD, but extend into
the testing phase of the prototyping process. In order to understand prototyping at a deeper level
and highlight the gaps in the prototyping literature, 46 papers were critically reviewed. We build
upon Christie, et al.”” and Camburn, et al.’s work'* by adding literature from engineering
education”™ > ******* ‘human computer interaction’” > ***' industrial design***’, and design
thinking studies” ">, In the following section we use this literature to derive definitions for each
of our prototyping lenses.

After thoroughly reviewing each of these papers, three major gaps were identified: (1) literature
within engineering management and management science has largely overlooked how
optimizing a design for cost and time affects the product’s desirability; (2) literature within
engineering design and education has failed to evaluate prototyping in realistic and complex
design problems; and (3) while human computer interaction literature has explored aspects of
desirability, such as usability and preference, this work has not been translated to the design of
non-digital prototypes. We hypothesize that Prototype for X (PFX) will help fill these gaps by
supporting designers with structured prototyping methods. We define each of the PFX lenses in
the next section; these definitions are based on the aforementioned literature, the Human
Centered5 6D%e;sign framework proposed by IDEO>*, design thinking methods™, and Design for X
methods™ ™.



3.0 The Prototyping for X Framework and Related Research Questions

Human Centered Design, HCD, views innovation through three lenses: (1) desirability, (2)
feasibility, and (3) viability. The desirability lens asks questions related to how will the user
engage with the product, will the user find the product compelling, and how desirable is the
product. The feasibility lens ask questions about what is technically and organizationally
feasible, and the viability lens asks questions about what is financially and economically viable
for the company>*>>. We propose Prototyping for X (PFX) as a framework to aid product design
during the prototyping phase of the process. Prototyping is the least understood phase of the
design process'*?’, and we hypothesize that focusing prototyping methods through the three
lenses of HCD can positively impact final design outcomes, namely, the desirability, feasibility,
and viability of the end product.

Prototyping for Viability (PFV): We define prototyping for viability as the practice of creating
prototypes that test the design’s likelihood of fitting into time and budget constraints. This
definition was created by synthesizing literature within management sciences™ * and
engineering management®®’; both areas focus on evaluating the time and resources spent using
a variety of prototyping techniques.

Prototyping for Feasibility (PFF): We define prototyping for feasibility as the practice of
creating prototypes that test the technical functionality of the design. This definition was created
by synthesizing literature within engineering design”'®>**** engineering design education™ >
6.22.40.92 "and human computer interaction’"*>***>_ All three fields have explored the effect of

fidelity and frequency of prototyping on the technical feasibility of the end design'® ** 7%,

Prototyping for Desirability (PFD): We define prototyping for desirability as the practice of
creating prototypes that test the purchasability and consumer value of a product or solution. We
found relatively little literature within engineering design that explored or incorporated into
research in some way the desirability of a prototype and the effect on the end design. We found
that the field of human computer interaction had the highest rate of papers related to a
prototype’s desirability***.

Before detailing our research questions, we provide a brief overview of the experimental
protocol and data collection process to orient the reader. Data was collected using the
Prototyping Awareness Scale, or PAWS, a self-assessment instrument developed and being
validated by the research team to collect data on students’ awareness of their own mindsets,
behaviors, and practices during prototyping processes. There are three subscales of the PAWS
that relate to the three lenses of PFX, namely, desirability, feasibility, and viability (see Section
4.3). PAWS was administered four times in the experimental classroom (i.e., the classroom that
used the PFX method and three lenses), once after each alpha prototype was due and once when
the final beta prototype was due (at the conclusion of the course). PAWS was administered once
in the two control classrooms when the final beta prototype was due (at the conclusion of the
course); because the main researcher did not have control over these two sections the PAWS
could only be administered at the conclusion of the course, however in future work the PAWS
will be administered to both control and experimental groups at each time point. Results from all
four instantiations of the scale in the experimental classroom were compared in order to evaluate
how prototyping awareness changed with respect to time and the relevant PFX method. Results



from the final instantiation of the PAWS from the experimental classroom are compared with
results from PAWS in the two control classes in order to evaluate the difference in awareness
between control and experimental classrooms at the conclusion of the course. Figure 1 gives a
general overview of PFX methods and control classes with respect to time. The ordering of the
PFX methods was not randomized in this pilot study, and a large enough sample size was not
feasible; however, in future work the ordering of PFX lenses will be randomized to eliminate
sequencing or time effects as a potential variable.
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Figure 1: Overview of Experimental Flow

This paper presents preliminary findings on the relationship between the three prototyping lenses
and students’ prototyping awareness as measured by PAWS. We seek to understand how
students engage with, adopt, and implement the PFX methods and use prototyping awareness as
a way to measure its efficacy. Based on our review of the literature, we assert that prototyping
awareness will mediate the effects of PFX on design outcomes, and so it is necessary to measure
and track students’ prototyping awareness throughout the course of the PFX interventions. Our
hypotheses with respect to prototyping awareness and PFX are as follows:

o Hla: We hypothesize that students will be more aware of desirability prototyping
methods after being exposed to PFD.

o HIb: We hypothesize that students will be more aware of feasibility prototyping methods
after being exposed to PFF.

e Hlc: We hypothesize that students will be more aware of viability prototyping methods
after being exposed to PFV.

e H2: We hypothesize that students exposed to the PFX methods will be more aware of
prototyping methods than students who are not exposed to these methods (control).



4.0 Research Methodology

Students in the experimental classroom were taught each prototyping method in a two-week
learning module that was based on one of the three PFX methods. Lectures ranged from 45-90
minutes and covered tools and techniques specific to each PFX method, such as Design for
Assembly methods™® for viability, functional decomposition'® for feasibility, and design thinking
strategies™* for desirability. Students were instructed to build and test prototypes optimized with
respect to each lens. For example, during the Prototyping for Viability module, students were
instructed to increase their design’s critical part ratio by building a new prototype using fewer
non-critical components; critical part ratio is a metric used in design for manufacturing and
assembly that describes the theoretical minimum number of parts to total number of parts™.

4.1 Study Participants

The objective in this experiment was to understand the interaction of prototyping awareness and
PFX methods throughout a six-week period during a semester-long project. Participants were
juniors in mechanical engineering at a large Mid-Atlantic university, and the experiment took
place in the latter half of the semester, when students began to build and test prototypes. Two
samples are reported in this work: (1) Sample A is composed of 30 students from the
experimental classroom, and (2) Sample B is composed of 60 students from two control classes.
Data from Sample A were collected at four distinct time points as shown in Figure 1. This was
used to evaluate changes in prototyping awareness throughout the second half of the semester
with respect to each implementation of the three PFX methods. Data from Sample A and Sample
B are compared as part of the between subjects experiment comparing student’s prototyping
awareness in the experimental class and control class; these data were collected using PAWS
upon delivery of the final prototype.

4.2 Experimental Protocol

Each of the PFX interventions has three components: (1) frame, (2) build, and (3) test. Studies
have shown that the framing of a problem can drastically impact the results that designers
produce. Specifically, in over twenty studies from creativity and problem-solving literature,
problem framing and explicit instructions such as “be creative”, have been shown to have some
facilitative effect on the end results®®. Because of this we provided students with a prototyping
frame, or context, goals, and needs that they are to focus on when building the prototype.
Framing effect, or “the finding that subjects often respond differently to different descriptions of
the same problem™®, has been used to show the dependence of an individual’s preferences and
actions on the formulation or framing of the problem or task®> .

We used the Design Problem Framework (DPF)®’ as a guide for framing prototyping prompts.
The DPF is grounded in research on cognitive styles and problem framing, and it was originally
used to understand how the framing of a design challenge affects ideation and solution
generation67’ % The DPF breaks design challenges into three components: (1) context, (2) need,
and (3) goal. Context refers to who needs a solution and what purpose the solution serves, need
refers to functional requirements and constraints of the design challenge, and goal refers to the
instructions used to generate ideas and the metrics used to evaluate those ideas. In an experiment
studying the effect of DPF on ideation metrics such as paradigm relatedness, researchers



demonstrated that the DPF can successfully shift students’ ideas based on the framework
provided®. Because our work is exploring prototyping methods, we adapted the DPF into three
separate frames, one for each of our three lenses (i.e., desirability, feasibility, and viability); the
problem frames used in this study are shown in Appendix A.

During the test portion, students are instructed to test their prototype with respect to certain
metrics. For desirability, students were told to gather feedback from a minimum of five users
about the purchasability and user satisfaction of their product. For feasibility, students identified
one key sub-system in a functional decomposition that was critical to the technical functionality
of their prototype; student’s then built this sub-system and tested its overall functionality. For
viability, students were instructed to count the number of parts in their products, and calculate
the theoretical minimum number of parts, along with estimates of the overall cost to manufacture
a minimum batch of the product, using guidelines set forth in design for manufacturing and
assembly”’. Students then re-built their prototypes to reduce part count and cost.

4.3 The Prototyping AWareness Scale (PAWS)

Prototyping literature has typically evaluated the few prototyping methods, tools, and
frameworks using design-based metrics, such as binary evaluations of completion of a design
task® . In other words, there are few prototyping studies that use a scale to evaluate how the
designers are being affected by prototyping methods. Dow et al.** ** used a prototyping
experience survey when evaluating the potential benefits of parallel prototyping; however, their
survey was used to judge prior experience and was not used as an indication of adoption or use
of methods. Although Gerber et al.'® did study the psychological experience of prototyping,
results of their ethnographic study were based on observations and field notes from studying a
single design team. While Camburn et al.'* asked a similar question “how well do participants
apply prototyping methods”, their experimental protocol was not applicable to our case because
their experimental methods were significantly different. Camburn et al.'* had students create a
prototyping plan prior to being exposed to their methods, then recreate this plan after exposure;
at a later time point, students were asked to rate on a ten point Likert-type scale how well they
followed the second prototype plan. Because Camburn et al.'* proposed what was largely a
planning method, and not active prototyping methods, we need to create a separate measure in
order to track and evaluate prototyping awareness.

We hypothesized that prototyping awareness or the efficacy of students’ prototyping behaviors
with the PFX methods will mediate the effect of PFX on design outcomes. In other words, the
level of adoption and use of PFX methods will mediate the impact of PFX on design outcomes;
design outcomes refer to the final prototypes which were evaluated using a series of metrics
measuring viability, feasibility, and desirability.

The Prototyping AWareness Scale (PAWS) asks students to rate their agreement with fifteen
statements about the processes, behaviors, and mindsets they engaged in during the prototyping
process on a five point Likert-type scale (1 = strongly disagree, 5 = strongly agree). PAWS is
provided in Appendix B. PAWS is composed of three subscales, a desirability subscale, a
feasibility subscale, and a viability subscale based on the extensive literature reviewed discussed
in Section 2. Items from the desirability subscale are based on literature within interaction
design®®*” and human computer interaction***’; an example item would be when developing my



prototype I built features I felt would increase user value. Items from the feasibility subscale are
based on literature within engineering design”**>? and systems design'’; an example item would
be when developing my prototype I determined one or more technical functions to test. Items
from the viability subscale are based on literature within management sciences”™™ *° and
engineering management®®*; an example item would be when developing my prototype I

thought about the manufacturability of my design.

The PAWS overall had a Cronbach's alpha of 0.723, indicating a high level of internal
consistency. The desirability awareness construct consisted of five questions and was found to
have a high level of internal consistency as determined by a Cronbach's alpha of 0.748. The
viability awareness construct consisted of five questions and was found to have a high level of
internal consistency as determined by a Cronbach's alpha of 0.808. The feasibility awareness
construct consisted of five questions and was found to have moderate levels of internal
consistency as determined by a Cronbach's alpha of 0.550. Future work will include editing and
rewriting some of the feasibility questions to improve the internal consistency of the overall
subscale. For this work, however, the internal consistency of the feasibility subscale is treated as
a limitation of our research.

5.0 Data Analysis
5.1 Within Subjects Experiment

For the within subjects test, we seek statistically significant differences in subscale scores on
PAWS following each intervention. Review Figure 1 for an overview of the timing and
distribution of the PAWS. We hypothesize that students’ awareness and focus will shift from
desirability, to feasibility, and finally, to viability as each PFX intervention is implemented. At
the completion of the final prototype, we hope to see that students are able to combine all three
lenses and focus equally on desirability, feasibility, and viability when developing their final
prototypes.

A Friedman test® was run on each subscale to determine if there were differences in prototyping
awareness throughout the course of the PFX methods. Pairwise comparisons were performed
using SPSS 2012 with a Bonferroni correction for multiple comparisons. Desirability prototyping
awareness was statistically significantly different at the four different time points throughout the
PFX methods, ¥2(2) = 24.611, p <.000. Post-hoc analysis revealed statistically significant
differences in desirability awareness from T2 (Mdn = 3.5) to T4 (Mdn = 4.2) (p <.000) and from
T3 (Mdn = 3.6) (p =.007) to T4. There was not a statistically significant difference in
desirability awareness between T1 and T4, T1 and T3, or T1 and T2.

Feasibility prototyping awareness was statistically significantly different at the four different
time points throughout the PFX methods, ¥2(2) = 51.05, p <.000. Post-hoc analysis revealed
statistically significant differences in feasibility awareness from T1 (Mdn = 3.0) to T2 (Mdn =
4.4) (p <.000), T1 to T4 (Mdn = 4.8) (p <.000), and T3 (Mdn = 4.0) (p <.000) to T4. There was
not a statistically significant difference in feasibility awareness between T1 and T3, T3 and T2,
or T2 and T4.



Viability prototyping awareness was statistically significantly different at the four different time
points throughout the PFX methods, ¥2(2) = 38.83, p <.000. Post-hoc analysis revealed
statistically significant differences in viability awareness from T1 (Mdn = 2.2) to T3 (Mdn = 3.7)
(p <.000), T1 to T4 (Mdn = 3.6) (p <.000), T2 (Mdn = 2.2) (p <.000) and T3, and T2 and T4 (p
<.000). There was not a statistically significant difference in viability awareness between T1 and
T2, and T3 and T4. Figures 2-4 show the median scores for each subscale at each of the time
points at which the prototyping awareness survey was administered (see Figure 1). Times that
correspond with the PFX module that matches the subscale are starred (e.g., PFD method was
implemented at T1 as indicated by the star in Figure 2.
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By reviewing Figures 2-4 along with the results from statistical analysis, the following
observations can be made in relation to our first hypothesis:

Hla: We hypothesize that students will be more aware of desirability prototyping
methods after being exposed to PFD. There were statistically significant results
comparing T1 (the time PFD was implemented) with T2 and T3, we did not see a
statistically significant difference between T4 and T2 and T3. This means that students
were more aware of desirability during the first prototype construction (T1) as compared
with second and third alpha prototype construction (T2 and T3, respectively). These
findings support our hypothesis that students will be more aware of desirability
prototyping methods after being exposed to PFD. In other words students were able to
successfully shift awareness from T2 and T3, and they focused on—or were more aware
of—the desirability of their design at the first time (T1).

H1b: We hypothesize that students will be more aware of feasibility prototyping methods
after being exposed to PFF. We found statistically significant differences on the
feasibility awareness subscale at T2 compared to T1 and T3. We also saw a statistically
significant difference between T4 and T1 and T3. This means students were significantly
more aware of feasibility during the second alpha prototype (T2) as compared with the
first and third alpha prototypes (T1 and T3 respectively). This also means that students
were significantly more aware of feasibility during the final prototype construction (T4)
as compared with the first and third alpha prototypes. These findings support our
hypotheses that students will be more aware of feasibility prototyping methods after
being exposed to PFF. In other words students were able to successfully shift awareness
from T1 and T3 and focus on feasibility during construction of the second alpha
prototype (following the PFF learning module). Students were also able to shift back to
feasibility for the final prototype.



e Hlc: We hypothesize that students will be more aware of viability prototyping methods
after being exposed to PFV. We found statistically significant differences on the viability
awareness subscale at T3 compared to T1 and T2. We also saw a statistically significant
difference between T4 and T1 and T2. This means students were statistically significantly
more aware of viability during the third alpha prototype (T3) as compared with the first
and second alpha prototypes (T1 and T2 respectively). This also means that students were
statistically significantly more aware of viability during the final prototype construction
(T4) as compared with the first and second alpha prototypes. These findings support
our hypotheses that students will be more aware of viability prototyping methods
after being exposed to PFV. In other words students were able to successfully shift
awareness from T1 and T2 and focus on viability during construction of the third alpha
prototype (following the PFV learning module). Students were also able to shift back to
viability for the final prototype.

Reviewing T4 more closely reveals that students were statistically significantly more aware
across all three dimensions—desirability, feasibility, and viability—during construction of the
final prototype. This means that students used prototyping methods or practices from each of
three previous alpha prototype phases throughout the construction of the final prototype.

5.2 Between Subjects Experiment

A Mann-Whitney U™" "' test was completed to determine if there were differences in desirability
awareness sub-scores between the experimental class and the control class. This statistical
method was chosen because it is a rank-based nonparametric test that is typically used to
determine if there are differences between two groups on an ordinal dependent variable.
Prototyping awareness was measured with a five point Likert-type scale, making it an ordinal
dependent variable. This eliminated an independent samples t-test’’ as an option, as it requires a
normal distribution and continuous dependent variable. Median prototyping awareness scores per
item were not statistically significantly different between the experimental and control classes
except on three items: 1) thought about the technical functionality of the design (U =953, p =
.001), 2) explored how subsystems would work (U = 867, p = .040), and 3) Was not concerned
with the functionality of the prototype (U =502, p = .021). All three items are within the
feasibility subscale of the PAWS. This data indicates that students in the experimental group
were significantly more aware about the technical functionality of their designs (with respect to
these three items) as compared to the control groups.

The following observations can be made in relation to our second hypothesis:

e H2: We hypothesize that students exposed to the PFX methods will be more aware of
prototyping methods than students who are not exposed to these methods (control). In
general, we saw few statistically significant differences on PAWS items between the
experimental and control classes. In particular, only three items yielded statistically
different results across control and PFX groups. We know that the experimental group
scored higher across these three items, however at this point we cannot say for certain
why we saw these results. In future work we will attempt to parse this data out further
and investigate the causes of these differences. We will collect more data in the next
experiment to determine whether these differences might be due to a) course constraints



b) efficacy of student prototyping awareness c) social biasing or any number of other
variables. We detected no differences in their awareness of desirability and viability but
at this stage in the experiment are unable to define the reasons behind this finding. We
will consider how these parts of PFX can be emphasized even stronger and more clearly
next time, to see whether the way in which they are presented will yield different results.
Further research is required to explore these findings and rule out alternative
explanations.

6.0 Discussion of Results

The results of our analysis indicate that a statistically significant relationship exists between
prototyping awareness, as measured by PAWS, and PFX methods. The purpose of this paper was
to present preliminary findings on the relationship between the three prototyping lenses—
desirability, feasibility, and viability—and students’ prototyping awareness. Based on our
statistical analysis, we found support for our first hypothesis, meaning that students were able to
successfully shift their prototyping awareness to focus on either desirability, feasibility, or
viability with respect to PFX methods. This is an important finding because it indicates that
students can successfully engage with and implement new prototyping methods to develop more
desirable, feasible, and viable end designs. In a separate study, the final designs from the control
and experimental classes were compared, and the designs of students using PFX significantly
outperformed their counterparts’ designs in terms of user satisfaction, user perceived value,
manufacturability, and technical functionality”.

We found no statistically significant difference between the control and experimental groups in
terms of prototyping awareness. This is an interesting and unexpected finding, as data from a
separate experiment showed that designs from the control classes performed significantly lower
in metrics related to desirability, feasibility, and viability; in other words, the students’ design
outcomes seem to show that the control group students are not as aware of the PFX lenses as the
experimental group [74]. In this experiment we evaluated the final designs produced in both
control and experimental classes across four categories of metrics, including user perceived
value, user satisfaction ratings, technical functionality scores, and overall manufacturability of
end designs. User perceived value and user satisfaction were evaluated by two independent
raters, technical functionality was measured by the amount of rice each vacuum was able to
collect in ten seconds, and manufacturability was evaluated by calculating the critical part ratio
for each design. The disparity in the findings from these two experiments could indicate that
some social bias is at play, with students answering items based on what they think their
prototyping awareness levels should have been, as opposed to what they actually were. This
finding could also indicate that students are not aware of their own knowledge gaps and feel that
their prototyping behaviors and practices are at a mastery level. An initial prototyping knowledge
survey would help to determine the bounds of students’ knowledge surrounding prototyping and
may help answer this question. Future work will incorporate a survey for post-hoc analysis such
as this.

This work benefits design educators because it helps shed light onto the thought processes and
behaviors student engineers engage in during the prototyping process. PAWS can be used to
determine if students are focusing on desirability, feasibility, or viability, and it can help
educators re-focus student teams onto problem areas or blind spots. Our work also helps students



and educators take some of the guesswork and mystery out of the prototyping process. The PFX
framework guides student teams to prototype and iterate on designs more effectively, ultimately
leading to designs that are more desirable, feasible, and viable. Future work will help determine
how generalizable PFX methods are by exploring how PFX affects designs and students within
different design contexts and problems. Our goal is to create a set of prototyping methods that
enhance traditional design courses and add to students’ skill sets and tools for use in industry.

7.0 Limitations and Future Work

Our study was limited in its scope due to a lower internal consistency on the feasibility subscale
and constraints placed on the experiment due to the nature and timing of the course. It should be
noted that the Prototyping Awareness Survey (PAWS) is in its pilot stage, and the results of this
work will help advance its development. Future work will include iterating and revising items on
the feasibility subscale in an attempt to raise its internal consistency; the moderate internal
consistency makes it difficult to attribute changes on that subscale to one larger construct,
namely, feasibility. We will revise the items on that subscale so that they are related only to the
feasibility construct by consulting the prototyping, design, and assessment literature.

Constraints placed on the experiment due to the nature and timing of the course include: a
sample of convenience for the intervention class (N =30); PFX methods could not be
randomized; and the lectures, materials, and instructions in control classes were outside the
control of the primary researcher. The intervention sample was a sample of convenience, as the
primary researcher was teaching this section; this means that the effect the lecturer had on the
class could not be evaluated and may have influenced student and design outcomes. In future
work, control classes and experimental classes will be randomized to remove this potential
effect. Because the researcher only had control over one section, the order of the PFX methods
was set to be (1) desirability, (2) feasibility, and (3) viability; future work will include a partial
factorial experimental design to evaluate what (if any) effects the order of PFX methods has on
student and design outcomes. Finally, lectures, materials, and instructions for the final prototype
within the control sections were outside the control of the primary researcher; so, other methods
may have affected the results from these sections. In future work, the course content will be
controlled throughout each prototyping phase.

Engineering students are expected to develop innovative products that solve some of the world’s
toughest challenges as soon as they enter the workforce. The Accreditation Board for
Engineering and Technology (ABET) requires engineering graduates to have “an ability to
design a system, component or process to meet desired needs within realistic constraints such as
economic, environmental, social, political, ethical, health and safety, manufacturability, and
sustainability”’*. A thorough understanding and mastery of the design process is necessary to
solve these difficult challenges; however, one of the most critical stages of the design process,
prototyping, has remained largely unstructured and unstudied. This work evaluated the impact on
prototyping awareness of a guided prototyping framework. Future work will explore how PFX
may help engineering students test and iterate on designs faster and more effectively.

Finally, our work aligns with the National Science Foundation’s second strategic goal “stimulate
innovation and address societal needs through research and education””. By educating
engineering students to develop products that incorporate societal, economic, and technical



perspectives, we are encouraging the development of innovative solutions and individuals.
Engineers and students exposed to this work will be able to design a technically feasible product
or system that meets the needs of a complex global market and user base.
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Appendix A: Prototyping Framework used in Experiment

Context: ACME Tool
Company has a product
family of 18V cordless drills,
saws and sanders that have
been very successful in the
consumer market. Their
marketing department
recommends expanding the
product line to include a
cordless handheld vacuum.

Need: Design and build a
prototype of a handheld
vacuum. Your prototype
should focus on solving a
customer need and you
should work to create a
positive customer
experience.

Goal: A jury consisting of
corporate executives, typical

Context: ACME Tool
Company has a product
family of 18V cordless drills,
saws and sanders that have
been very successful in the
consumer market. Their
marketing department
recommends expanding the
product line to include a
cordless handheld vacuum.

Need: Design and build a
prototype of a handheld
vacuum. Your prototype
should focus on solving a
key issue in functionality
or technical feasibility.

Goal: A jury consisting of
corporate executives, typical
customers and investors will

Context: ACME Tool
Company has a product
family of 18V cordless drills,
saws and sanders that have
been very successful in the
consumer market. Their
marketing department
recommends expanding the
product line to include a
cordless handheld vacuum.

Need: Design and build a
prototype of a handheld
vacuum. Your prototype
should focus on creating
an economically viable
solution that is ready for
mass manufacture.

Goal: A jury consisting of
corporate executives, typical
customers and investors will




Appendix B: The Prototyping AWareness Scale
Please answer each of the following questions based on your mindset or thought process as you prototyped. No
response is “right” or “wrong.” Please consider the full range of responses for each of the items and avoid bunching
your responses down either side or down the middle, since these patterns will make it difficult to interpret the
results. Your answers are confidential and your participation is voluntary.
When developing my prototype IL...
Strongly Disagree

(1)

Neither Agree
or Disagree (3)

Strongly
Agree (5)

Disagree (2)

Agree (4)

Empathized with users O ) o o) o)
Thought about the user's
needs O O @) O @)
Reflected on user feedback
about the design @) O O @) O
Built features I felt would
increase user value @) O O O @)
Did not care about the
aesthetics of the design O @) @) O @)
Thought about the technical
functionality of the design O @) @) O @)
Explored how subsystems
would work O O @) O @)
Used technical knowledge to
layout or design the
prototype O O O O O
Determined one or more
technical functions to test O O O O O
Was not concerned with the
functionality of the prototype O O O O O
Thought about the
manufacturability of my
design O O @) O @)
Contemplated how my
design would fit in the
market O O O O O
Considered the expected
return on investment my
design would produce O O O O O
Thought about which
available resources could be
used to bring the design to @) O O O @)
market
Did not consider mass
manufacture of the product O o O o o




