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The Economies and
Dimensionality of Design
Prototyping: Value, Time, Cost,
and Fidelity
Economic use of early-stage prototyping is of paramount importance to companies
engaged in the development of innovative products, services, and systems because it
directly impacts their bottom line. There is likewise a need to understand the dimensions,
and lenses that make up an economic profile of prototypes. Yet, there is little reliable
understanding of how resources expended and views of dimensionality across prototyping
translate into value. To help practitioners, designers, and researchers leverage prototyp-
ing most economically, we seek to understand the tradeoff between design information
gained through prototyping and the resources expended prototyping. We investigate this
topic by conducting an inductive study on industry projects across disciplines and knowl-
edge domains while collecting and analyzing empirical data on their prototype creation
and test processes. Our research explores ways of quantifying prototyping value and
reinforcing the asymptotic relationship between value and fidelity. Most intriguingly, the
research reveals insightful heuristics that practitioners can exploit to generate high value
from low and high fidelity prototypes alike. [DOI: 10.1115/1.4042337]

Motivation and Inspiration

Prototyping is a fundamental activity in the design and develop-
ment of products, services, and systems [1–7]. In particular, physi-
cal prototyping is pointed out by practitioners as one of the most
important and effective tools in their early concept work [8].
Large companies are not the only ones leveraging on the effec-
tiveness of rapid and extensive prototyping to create revolutionary
designs [9,10]. The building of prototypes has been ubiquitous in

the development of innovative products, services, and systems
across many industries, even with leaner and more agile compa-
nies and teams [1]; perhaps it is even more critical in lean envi-
ronments where early validation of concepts is crucial [11]. One
example is the development of a new payment device for children
by SUTD-MIT IDC (Singapore University of Technology and
Design—Massachusetts Institute of Technology International
Design Center); the prototypes created—as seen in Fig. 1—served
to amplify their designers’ abilities and achieve high efficacy in
such industry projects [12].

The applicability of prototyping to design practitioners has
resulted in an increased academic interest in prototyping recently.
Contributions include the role of prototypes in companies [3] and
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state-of-the-art guidelines on prototyping [1,13], fast cycles of
prototyping and testing to radically compress development time
before making commitments, known as “sprints” [14].

Notwithstanding the above, there remain significant gaps in this
field that compel us to investigate—especially in areas and from
perspectives that will be pertinent and valuable to practitioners.

Existing studies tend to focus on student design teams in uni-
versities, which do not necessarily reflect the scale at which com-
panies conduct their design processes in terms of cost, schedule,
and performance [15]. These contributions often involve con-
trolled experiments that, although produce undeniably reliable
results, do not necessarily reflect the full spectrum of complexity
that practitioners face in multidimensional industry problems [2].
In many cases, publications use anecdotal stories from industry
practice to support their viewpoints rather than studies that sys-
tematically answer hypotheses. By doing so, these publications
emphasize and underscore the need for more in-depth studies
since the examples are used to illustrate rather than generalize
[16–22].

All these point to a strong need for research around prototyping
using data available from industry. Specifically, a realm of proto-
typing that greatly interests design practitioners is its economies.
Prototyping in companies, unlike that in universities or research,
directly affects the bottom line of a project [1,2]. As such, practi-
tioners must balance the cost of testing concepts and the potential
profits it will reap [23,24]. The failure to do so has led some
organizations to avoid it in total due to the uncertain return on
investment [2]. Since resource considerations, time and costs are
the primary barriers to its application in industry, understanding
how to prototype economically can not only help companies
leverage prototyping to save cost but also increase efficacy [1,2].

It is the goal of this work to study the economies of prototyping
as part of the design process, with the intention of developing tar-
geted strategies and heuristics to assist designers, practitioners,
and researchers to prototype effectively and economically.

Research Questions

In this research, we explore an important aspect of prototyping
for practicing designers and engineers—its economies. For clarity,
we will define some important terms. The use of the group of

words “economies,” “economic,” and “economical” in the context
of prototyping is in accordance with what Oxford Dictionary
defines as giving good value or return in relation to the money,
time, or effort expended [25].

Prototypes are used to gain design information that will allow a
team to advance “in product [systems] development with minimal
expenditure of time and cost” [1]. “There may well be a trade-off
between the design information gained and the resources
expended to gain that information,” and we seek to understand
this trade-off more deeply [5].

Our research adopts a few key elements from existing work that
study the roles of prototypes in companies and their impact on
innovation [3,21]. First, we examine projects that “create physical
end products, which have been studied less than digital products”
[3]. Second, we study prototyping in industry projects rather than
academic experiments, as there is not a solid understanding of
how prototyping facilitates success even though they are consid-
ered critical to the success of companies [3]. Third, we observe
how design teams execute the project in their natural work envi-
ronment instead of a controlled experiment. This inductive
approach captures the full spectrum of complexity that practi-
tioners face and allows insights relating to industry projects to
emerge organically [26]. Finally, we extend our study to service,
and system design contexts, to understand how generalizable our
models are.

The goal of our work is to be able to understand the economies
of prototyping and the corresponding dimensionality—more con-
cretely, how fidelity (estimated by time, cost, and effort) may
affect value (design information gained), or not—through empiri-
cal study in the natural work environment where expert design
teams prototype for industry projects.

Combining our motivations with the work by leading research-
ers in this field, the driving research question we seek to answer
is: What is the tradeoff between design information gained and
the resources expended in prototyping to gain that information?
We expect that more resources expended in prototyping will tend
not only to yield more information, but also anticipate exceptions
that will carry insights into prototyping economically.

Other supporting questions we would like to answer include:
How does the fidelity of prototypes affect their value? How do we
quantify the value of prototypes? What strategies can we

Fig. 1 Physical prototypes made by SUTD-MIT International Design Center
exploring concepts for a new payment device for children
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implement to be more economical and cost-efficient in prototyp-
ing? Can the observed patterns regarding prototyping efforts gen-
eralize across varied design contexts?

Research Methodology

Figure 2 illustrates the research methodology undertaken here.
The research follows three projects. By studying the execution of
an industry project involving the development of a FinTech B2C
(Financial Technology business-to-consumer) product, the
research problem will be refined to one that is both academically
and practically worthwhile and realistic as data are recorded for
analysis [27]. In these projects, a team of designers developed pro-
totypes and presented them to clients. Clients then reported needs
and insights in response to these prototypes. The time spent in
development of each prototype was also recorded. This constitutes
the first phase of the research.

In the second phase, these insights were mapped to the actual
list of final design features. This allows for a measurement of the
features or needs identified to be mapped to a specific prototype.
This information is correlated to time expended in fabrication of
each prototype. In order to evaluate principles for economic proto-
types, a residual analysis of the marginal return on investment of
each prototype was performed. Characteristics of highly valuable
prototypes were extracted and formulated into principles through
iterative evaluation by the researchers with inter-rater testing; this
is done using an open-ended approach [28]. Finally, the same
analysis, once defined, is extended to a system and a service
design case studies as a preliminary test for cross-domain applic-
ability. This particular approach can be defined as a descriptive
case study analysis with multiple cases [29], in which quantitative
measures are also taken to supplement qualitative insights.

Industry Projects

For this research, we study the prototyping efforts of three
industry projects. These projects were selected as they covered
breadth in the types and scales of design efforts, and also involved
substantial prototyping. A case study on a FinTech B2C product
will first be used to establish our method of analysis. In the second
half of the paper, we will introduce and analyze two supporting
projects with the aim of extending our findings to systems and
service design.

It is noteworthy that these industry projects were executed as a
participatory design project in which two out of the eight co-
authors were also engineers or designers in the project. By setting
it up as an inductive study, we ensured that the results of the pro-
ject were neither influenced by the research objectives nor was the
objectivity of the research compromised. Data from the design
project were objectively recorded as is and any subjective deci-
sions or constructs used in the research were tested for inter-rater
reliability to ensure objectivity. Hypotheses were formulated and
tested only after the design projects were complete.

Driving Case Study: FinTech B2C Product. As part of
Singapore’s “Smart Nation” agenda to become a cashless society,
a leading local bank tasked the design company with creating an
innovative product service that will help move the younger gener-
ation onto digital payment [30]. The design company—which has
been established for eight years and employs more than 200
people—assembled a design team of four consisting of a product
manager, mechanical engineer, electrical engineer, and industrial
designer to work on this design project. The team iteratively
diverged and converged on ideas, producing more than 200 proto-
types in three stage-gated development phases over the course of
6 months. Eventually, the team narrowed down to a best-fit design
concept that was designed for manufacturing and acclaimed by
both the client and users.

To ensure consistency in our analysis, we only study the first
phase of the entire design process—marked out by the red box in
Fig. 3—where the objective, resources, and timeline are homoge-
nous across all prototyping efforts. In this phase, the team
explored and diverged to gather information by generating a range
of new concepts [1]. Prototyping efforts for exactly 50 unique
design concepts were executed in parallel to more cost-efficiently
discover unseen constraints and opportunities, enumerate more
diverse solutions, and obtain authentic and diverse feedback
[31,32].

Subsequently, a 3-h long design review—where the clients
interacted with the prototypes—was organized so that the team
could effectively convey the concepts [8] and obtain answers to
specific design questions [4]. Since the clients were not fully
aware of their needs [33], this method was particularly useful in
uncovering latent needs [34], understanding underlying principles
[35], as well as sharpening categorical boundaries [36].

At this juncture, to avoid confusion, we will define some termi-
nologies that will be used throughout the paper. A “prototyping
effort,” according to Moe et al., is defined as the creation of proto-
types and testing for a single design concept [12]. Contrastingly, a
“prototype” refers to a single instance of representation of the design
concept. Accordingly, each prototyping effort may consist of one or
more prototype iterations of varying fidelity that were created using
different methods to test a single design concept [37].

Data Collection

The project data that were collected for research purposes came
from a multitude of sources: feedback from users during testing
and interviews, assessments from clients during review sessions,
design team’s internal records of the prototyping process, and a
retrospective review of the prototyping journey. The complete set
of data recorded is described in Table 1.

The idea was to let the prototyping process in the B2C product
project unfold organically under the plans of the design team
without any influence or input from the research team. The
research team would, however, be close by to observe, interview,
and record the every relevant empirical data of the prototyping
process at every stage. This way, the data that were collected
would arguably capture a complete and unadulterated picture of
the prototyping process. From this set of data, we build our
models.

Once the analysis had been defined and tested using the B2C
product project for core analysis, the same methods of data collec-
tion and analysis were applied to the system and service design
projects. Specifically, the same quantitative and qualitative data
were captured.

Economic Analysis Approach: Cost Versus Value

Recalling that the goal is to understand the economies of proto-
typing as part of the design process, we begin by defining what
prototyping economies mean in the context of this study.

The economies of prototyping capture how designers choose
the “least expensive” ways to prototype that are still effective,
using fast and inexpensive methods to build prototypes that areFig. 2 Research methodology
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sufficient to provide the required information [38]. Thus, we pro-
pose for this study that the input be effort, or time expended (as a
proxy for fidelity) [4] and the output be value. In the sections How
to Quantify Fidelity and Value of Prototyping and Design Infor-
mation, we will define more concretely what fidelity and value
mean in the context of our case study, but at this junction, it is
important to note that understanding the relationship between
investment on prototyping and design success [4,39,40] is critical
for a practitioner to make decisions [1].

We set the stage for understanding fidelity and value by clarify-
ing that the goal of using prototypes in the FinTech B2C project
was to more deeply understand the clients’ needs for the form fac-
tor of the payment device and its “implementation” [41].

How to Quantify Fidelity?. Researchers have suggested other
ways of measuring fidelity. For example, by comparing it with
respect to the final model [42], or by using different dimensions of
a prototype such as visual realism, interactivity, depth of func-
tions, and breadth of functions [6,43–47]. An example of one such
dimension is illustrated in Fig. 4 where a functional model was
created to determine the breadth of functions for a single proto-
type. However, these ways of quantifying fidelity have their sub-
jectivities as they are influenced by the specific design context [5]
and the stage of development [4].

Therefore, we explore an alternative way of measuring
fidelity—one that is more quantifiable and less subjective. On the
premise that the building of prototypes is a trade-off between

Fig. 3 Overview of design concepts prototyped across all phases of the FinTech B2C product project

Table 1 Types of data recorded from prototyping process

Example

Quantitative data
Number of prototype iterations for each prototyping effort 4
Cost of making each prototype iteration (S$) $40
Time spent for each prototyping effort (hours) 5

Qualitative data
Description of design concept for each prototyping effort Payment chip integrated with a popular toy.
Hypothesis for each prototyping effort Clients would desire a form factor that

appeals to children as a toy.
Photo and renders of prototypes and render

Methods of prototyping CAD, 3D Printing, hand assembled
Objective of the prototyping effort Communicate and explore
Design information gained for each prototyping effort Should not be playful or distracting.
Preceded by which ideas Keychain, Toy
Succeeded by which design concept None
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fidelity and the time, effort, and cost required to produce that pro-
totype [4], we propose that resources, such as time, cost and
effort, expended can be a justifiable estimator for fidelity by
proxy. This is a known correlation in the simulation literature
between time spent and model fidelity, and the corresponding lit-
erature ultimately recommends at a high level similar strategies as
uncovered in this work, multiple low fidelity samples and care in
executing high fidelity models, albeit the domain of execution dif-
fers [48–51].

It is worthy to note that time, cost, and effort expended in proto-
typing are arguably correlated and often proportionate—greater

effort consumes greater time and increases person-costs. In the
concrete case of the B2C product project, the cost and time
expended for each prototyping effort are highly correlated with a
Pearson’s correlation coefficient of 0.743. To avoid the problem
of multicollinearity and unobvious dependencies among these fac-
tors, we will choose only one out of three.

In this case, we choose to use time expended as a proxy for
fidelity because as it directly translates to the realization of a pro-
totype given a fixed team size, expertise, and access to resources.
This is sufficient and more suitable than cost, which is primarily
driven by the choice of prototyping method and may change by

Fig. 4 Functional model (top) of “card pack swivel” prototype (bottom) reveals
a breadth of eight unique functions
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context [20]. The approach to estimate cost via person-hours has
been demonstrated as a means for normative economic analysis in
design since the 1980s [52]. For our study, we define the time
spent for each prototyping effort as the number of hours that is
expended in translating each of 50 unique design concepts from a
sketch into a prototype that is capable of interaction with the cli-
ents, users, and stakeholders.

Value of Prototyping and Design Information. In quantifying
the value of prototyping, we first establish that in the development
of a product-service-system, “need” information necessary to
derive insights or intuitive foresight resides with the customers,
users, and stakeholders [33]. On this premise, the value of proto-
typing in the industry project lies in uncovering such “need” infor-
mation that moves the development team forward [1].
Accordingly, design information gained from each prototyping
effort becomes the obvious metric that represents value and will
be selected as output for our analysis.

For the case of the driving B2C product project, design infor-
mation was derived from a process of engaging the clients in a 3-h
long design review session where 50 design concepts were pre-
sented to them using prototypes. The prototypes elicited important
feedback and needs from the clients. The information gathered
were subsequently clustered into 19 unique pieces of design infor-
mation based on their affinity and recurrence. Overall, a total of
19 pieces of design information, listed in Table 2, were gained
from the 50 prototyping efforts.

To transform this textual design information into quantitative
data that we can plot against time, we developed a way to quantify
a value for every design information. A rubric to measure the
value of design information was developed and tested for inter-
rater reliability with four expert raters using the Fleiss’ kappa
method. It was iterated on through convergent coding until the
kappa value was 0.83 and we were confident of using it in the
analysis. All 19 pieces of design information were then rated on a
scale of 1–4 according to the rubric described in Table 3. The cor-
responding value scores for each piece of design information can
be seen in the right-hand column of Table 2.

For examples, the “need to simulate counting money” was rated
to have a value of 4 as it revealed a disruptive opportunity for the
design problem, while the design information that merely rein-
forced the need for the product to be “cost-efficient for large vol-
umes” was rated with a score of 1.

Some prototyping efforts elicited more than one piece of design
information while others yielded none. Hence, to calculate the
aggregate value captured by each prototyping effort, we summed

up the value score of all the design information they elicited or
created.

We observed that the “minimalist” design—shown in Fig. 5—
revealed only one piece of information about the clients’ latent
need for a practical design aimed at an older demographic of their
target users. As this design information was rated as incremental,
the total score of this prototyping effort was two (2). On the other
hand, the “LED vending token” design elicited three pieces of
information: the disruptive latent need to simulate counting
money in the device, an incremental latent need to have the design
compliant with all payment infrastructure island-wide, as well as
deepening the key need to avoid complex implementation due to
the diversity of stakeholders involved. This design information
was rated four (4), two (2), and three (3), respectively, giving the
prototyping effort an aggregated score of nine (9).

The aggregated scores of all prototyping efforts were normal-
ized using the minimum and maximum aggregated value score of
0 and 9, respectively. For example, the “minimalist” and “LED
vending token” prototyping efforts ended up with normalized
value scores of 0.22 and 1, respectively.

Experimental Data

A total of 50 distinct prototyping efforts were executed in this
phase, providing us with 50 data points to analyze. Each prototyp-
ing effort was executed for a single design concept. While more
than 50 prototypes were created due to exploration and refinement
of the design ideas (iteration on a single concept), only 50 proto-
types representing each design concept were presented to the cli-
ents [15]. It is important to note that the 50 prototyping efforts
were recorded in the same stage of the design process—they were
built for the same goal of understanding the clients’ needs and
underwent the same review process. By constraining our analysis
as such, we necessarily establish consistency across all our data
points.

Quantitative Analysis. A descriptive statistics of the 50 data
points containing two variables that we will use for quantitative
analysis is seen in Table 4.

To analyze our data, we created a scatter plot of “normalized
value” against “normalized fidelity” using the 50 data points, as
shown in Fig. 6. In this case, a Pearson’s data for both axes is nor-
malized on a zero to one scale using the feature scaling method
described by the following equation:

Xnormalized ¼
X � Xmin

Xmax � Xmin

(1)

where the minimum and maximum are taken across the data set
for a single variable.
We observed that the distribution has a mean normalized value of
0.391. Since the data follow a Gaussian distribution, we are able
to find the Pearson correlation coefficient of 0.530, which indi-
cates a strong correlation or high degree of association [53].

Next, we tested fitting linear, polynomial, and logarithmic
regression models to the data. As observed in Table 5, fitting a
second-order polynomial curve yielded the highest r-squared
value of 0.284. However, the intercept and coefficients of the
second-order polynomial curve are not statistically significant,
yielding p-values of 0.195, 0.082, and 0.6296.

Table 2 Design information and score

Need information Rated value score

Need to simulate counting money (financial literacy) 4
Need to be practical 2
Need to avoid complex implementation 3
Need to build on existing payment behaviour 3
Need to be universally compliant 2
Need to have personalization 3
Need to be cost-efficient for large volumes 1
Need to maintain or decrease transaction time 1
Need to be secured (not a loose item) 1
Need to be serious (not be playful/ distracting) 2
Need to command security/ importance 2
Need to be durable 1
Need to have innovative element 2
Need to track expenditure (financial literacy) 1
Need to encourage savings (financial literacy) 2
Need to have clear use case 2
Need to adhere to payment infrastructure 4
Need to allow recognition of money (financial literacy) 4
Need to leverage use of student card 4

Table 3 Rubric to rate value of design information

Value score Impact of design information

1 Confirms a known need.
2 Reveals an incremental need.
3 Deepens understanding of a key need.
4 Reveals a disruptive latent need.
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On the other hand, fitting a linear regression model to the data,
seen in Fig. 6, produced comparatively better results with an r-
squared value of 0.265. More importantly, its intercept and coeffi-
cients are statistically significant with p-values of 0.0086 and
7.55� 10�0.5, respectively. The linear regression line describing
the relationship between the dependent and independent variables
in the following equation:

Valuenormalized ¼ 0:164þ 0:630� Fidelitynormalized (2)

It is important to note that the low r-squared value observed in
Table 5 stems from the nature of how the design information was
obtained; the subjectivity of human factors such as interaction and
psychology causes less of the variance to be explained by the
model. Nonetheless, this is acceptable because we are using the
model to understand relationships and outliers rather than for
predictions.

To identify the outliers in the model, we first calculate the
standard deviation of its residual, which is 0.204. From this result,
we can identify which data points have residuals of more than
twice the standard deviation of the residuals. Accordingly, two
outliers at (1, 0.77) and (0.54, 1) were identified with residual
0.544 and 0.486, respectively. We will later study these outliers in
more detail as part of our analysis.

At this juncture, we allude to the perspective that the use of this
fitted curve is to give us a basis to compare with theory; its spread
and statistical characteristics are not the most important parts of
our analysis. Rather, the most critical aspect is what the distribu-
tion of the data points tells us. The general trend and the outliers
all reveal important insights, which we will discuss in greater
detail in the Impact Versus Time and Analysis of Prototyping
Economies: FINTECH B2C Product sections.

Qualitative Analysis—General Trend. Given the spread of
our empirical data points, we postulate that we can derive deeper

Fig. 5 ‘Minimalist’ (left) elicited one piece of design information for an aggregate score of
two (2) while the ‘LED vending token’ (right) elicited three pieces of design information for an
aggregate score of nine (9)

Table 4 Descriptive statistics of the dataset

Non-normalized variable Mean Median Standard deviation Min Max

Fidelity (hours) 3.24 3 1.825 1 9
Value 3.52 4 2.169 0 9

Fig. 6 Normalized value versus normalized fidelity

Table 5 r2-values for various trend-line fits

Trend-line fit linear poly-2 log

B2C product 0.281 0.284 0.265
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meaning through understanding these plots spatially. How can we
categorize the value–fidelity relationship meaningfully? At first
glance, it is difficult to identify a pattern in the data spread. However,
the high degree of Pearson’s Correlation Coefficient tells us that there
is a strong correlation between the fidelity and value [53]. We also
observe a prevailing void in the bottom right and top left corners of
the plot—indicating that very few prototyping efforts were of high
fidelity and low value or low fidelity and high value. To better appre-
ciate the implications of this distribution, we will carry out two analy-
ses: explore McElroy’s work on prototyping impact versus time, as
well as study and categorize outliers in the scatter plot.

Impact Versus Time. McElroy’s “prototyping for designers”
postulates that there is “a balance between the time and effort it
takes to make a prototype and the value you’ll get from testing at
that specific fidelity” [6]. It illustrates the three phases of that rela-
tionship as shown in Fig. 7. McElroy believes that there is a right
amount of time and effort that should be expended to achieve the
optimal impact of prototyping; anything less would be not helpful
and anything more, a waste of resources [6].

McElroy’s work provides us with more perspective for understand-
ing the relationship between value and fidelity. In early data explora-
tion phase, we observe a qualitative trend in our data distribution that

is not too far from McElroy’s proposal. Impact increases with time
spent (proxy of fidelity) and the asymptote on the right-hand side sug-
gest a limit to the amount of value high-fidelity prototypes can yield
even with its added dimensions. On the other hand, McElroy’s con-
jecture that there exist three distinct categories of impact for prototyp-
ing depending on the time spent deviates from what we observed.
From our results, we could not categorize all low fidelity prototypes
as unhelpful nor can we agree that high fidelity prototypes are always
wasteful as we will find and discuss in the Analysis of Prototyping
Economies: FINTECH B2C 499 Product section. If this way of cate-
gorization is not suitable for the spread of our empirical data points
and what we observed of the prototypes, how then can we better cate-
gorize the value–fidelity relationship?

Outliers and Categorizing Prototypes. We propose categoriz-
ing the prototypes using the standard deviation of the residuals.
We previously identified two outliers two standard deviations
away from the regression line at (1, 0.77) and (0.54, 1) with resid-
ual 0.5435 and 0.4857, respectively. We take that idea further by
segmenting the plot into five distinct spaces using standard devia-
tion as shown in Fig. 8.

These spatial segmentations give us a new perspective to study
the outliers and various groups of prototyping efforts. From the
green regions, we can abstract good practices that will allow
designers to create highly economical prototypes. While in the red
region, by studying prototyping efforts that did not reap value as
expected, we aim to derive strategies to avoid such pitfalls.

Deriving Insights

With the data points all categorized based on standard deviation
from the regression line, we can isolate the prototyping efforts
within each category and study their characteristics, such as fabri-
cation method, purpose, and dimensionalities. The idea is to iden-
tify patterns and commonalities among these prototyping efforts
that would explain the value they generated and extract prototyp-
ing heuristics that practitioners can exploit. Table 6 below
describes basic prototyping profile of each category.

Analysis of Prototyping Economies: FINTECH B2C

Product

Dark Green Region: Exceptionally Economical Outliers.
The two prototyping efforts in this outlier category are “card pack

Fig. 7 McElroy suggests that there is a balance between time
spent and the value gained [6]

Fig. 8 Segmenting prototyping efforts into five categories using standard deviation of residual for B2C product project
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swivel” and “LED vending token,” which were observed to have
low fidelity but generated exceptionally high value; shown in
Fig. 9. The exceptionally high value was a combination of two
factors—a substantially differentiated design concept was tested
and the prototypes were made with high-cost efficiency. By ana-
lyzing the method by these prototypes were made, we observed
that the design team employed simple tools and basic craft like
cardboard, markers, gluing and cutting that reduced the cost, time,
and effort for prototyping substantially.

Light Green Region: Highly Economical Prototypes. The
prototypes in this region can be further differentiated into two
subcategories—the prototypes with lower fidelity, that required
less effort to product, and were of low value, and those with high
fidelity, that required high effort to produce, and were of high

value. For both subcategories, we will study the purpose of the
prototyping for “cartoon QR code,” “super sticker,” “slap band
slider” and “hybrid wallet.”

For “cartoon QR code”—shown in Fig. 10, the team employed
an extremely low-cost prototype to test the core concept of using
a completely different form of payment. This prototyping effort
revealed a unique piece of design information that, although was
of low value, would have otherwise not been discovered—the
design team was constrained by the existing payment infrastruc-
ture of accepting only contactless payments; as such, QR code
payments, which required the use of cameras, were not supported.

The prototypes in the other subcategory were observed to be
high fidelity, high effort to product, and generated high value.
When we analyzed the purpose of these prototypes, we learned
that they were all substantially differentiated from the other proto-
typing efforts. As shown in Fig. 11, “super sticker,” “slap band
slider,” and “hybrid wallet” were purposefully made to test the
differentiated concepts reusable adhesive gel, counting money,
and modified wallet.

Yellow Region: Directly Proportional Economies. A total of
35 prototypes were found within one standard deviation of the
model’s residuals. Since there are numerous prototypes in this cat-
egory, there were many aspects we could investigate in depth. In
particular, from the study of the prototypes dimensionalities [6]
and method of fabrication, we were able to derive insightful
patterns.

We observed that prototypes in this category that generated
higher values had greater dimensionalities. For example, the
“adaptable token 2” was not only visually representative of the
concept; it contained a breadth of well-developed features that
allowed users to interact with it, such as the retractable cord and
the clip. The higher dimensionality contributed to a normalized
aggregate value score of 0.78. Conversely, other prototypes that
generated lower value typically had lower dimensionality. “Card
wristband,” “Dual-function token,” and “3 M dual Velcro” were
all not visually representative of the concept and only had one

Table 6 Categorizing the prototyping efforts for analysis

Category Color code Observation Number of prototyping efforts

> 2 r above Dark green Low fidelity, high value 2
<2, >1 r above Light green Low fidelity, low value 1

High fidelity, high value 3
Within 1 r Yellow Directly proportional 35
<2, >1 r below Orange High fidelity, low value 3

Minimal interest from clients 6
> 2 r below Red — 0

Fig. 9 Two low fidelity prototyping efforts that achieved high value score by effectively using
simple tools and craft

Fig. 10 “Cartoon QR code” was a low fidelity prototype that
tested core concept of a different payment mechanism
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interactive function for the clients to test. Comparison of proto-
types is shown in Fig. 12.

By studying the method of prototyping, we identified one proto-
typing effort that increased its value by augmenting the physical
prototyping with digital representation. As illustrated in Fig. 13,
“smart student card” demonstrated the interactivity of this design
concept using a physical prototype but brought to life the idea
with a rendered image that was visually representative. By aug-
menting the physical prototype with a visually accurate render,
the team was able to elicit design information about personaliza-
tion of the product, which would not have been possible with the
physical prototype alone.

Orange Region: Lower Economical Prototypes. Similar to
the above, the prototyping efforts in this category can be further

divided into two subcategories: the high fidelity (high cost), low-
value ones, and the ones that helped the team identify design
directions that are not worth pursuing due to minimal interest
from the clients.

By studying the purposes of the three prototyping efforts that
had high fidelity but generated low value, we learned that they
generated low value because resources were invested in prototyp-
ing smaller details when bigger ideas were still untested. As a
result, these prototyping efforts did not yield the value where
resources were invested. As shown in Fig. 14, “rotating bezel
coin,” “fidget spinner” and “adaptable token 1” were created with
high visual representation and multiple interactive features such
as rotatable components. However, the fundamental ideas of hav-
ing a loose item or a toy-like payment device were rejected
from the onset, negating further evaluation of its more
microfeatures.

Fig. 11 From left to right: “super sticker,” “slap band slider,” and “Hybrid wallet” are high
fidelity prototypes that were substantially differentiated to gain unique design information

Fig. 12 Higher dimensionality “adaptable token 2” (on the left) attained a value score of 0.78
compared to lower dimensionality prototypes like “card wristband,” “dual-function token,”
and “3M dual velcro” (three from the right) which scored 0.33, 0.22, and 0.33, respectively

Fig. 13 A single design concept was realized as a physical prototype (right)—
to demonstrate its interactivity—and also as a rendered image (left) to illustrate
it visual elements; each eliciting different design information
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Extension to With System and Service Cases

Having defined a method for categorizing and analyzing a product-
driven project to derive insights that can help practitioners, we seek to
understand how this approach of analysis can be generalized by
extending it to system and service realms so that we can create a
more holistic understanding of prototyping [3]. We will analyze and
evaluate—in the same methodological fashion—two other industry
projects that similarly employed prototyping heavily in the design
process. An overview of the system and service projects with respect
to the driving product project is described in Table 7.

System Case Study: Additive Manufacturing for Aerospace.
The objective of this project was to create a novel additive manu-
facturing process for use in hybrid rocket propulsion [54] by

the client, a space start-up company. To tackle this complex system,
the design team deconstructed the project into critical subsystems—
as seen in Fig. 15—and ran 80 unique prototyping efforts over two
years to explore the design space, refine concepts, and evaluate sub-
system interactions. The project eventually resulted in the successful
engine test of an orbital class rocket engine.

Service Case Study: Service Centers. In an effort to improve
service experience, staff satisfaction, and operations efficiency, 22
health service centers in Singapore were redesigned by the design
innovation team at SUTD-MIT IDC. Over a span of three months,
the team engaged in 54 prototyping efforts of varying fidelity to
explore and evaluate ideas on operating procedures, data manage-
ment systems, and interior architecture. Some resulted in single
device interfaces, while others manifested as a large-scale simula-
tion exercise of the integrated center. Exemplar prototypes are
seen in Fig. 16.

Repeated Analysis on System and Service Projects. To ana-
lyze the system and service projects, we applied the same
approach of input–output quantification to the 80 systems and 54
service prototyping efforts and then fitted them to a linear regres-
sion. The resulting scatter plot and regression lines are seen in
Fig. 17, together with the product project presented in Fig. 6 to
serve as a reference.

Key insights that we gathered from studying this collection of
plots are listed below. This fundamentally links to the original
research questions on the relationship of fidelity (time expense as
proxy) and value:

(1) The systems and service projects reaped increasing value
from prototypes with higher fidelity. This correlates with
our findings from the product project.

(2) Less for a few outliers (before residual analysis), bottom
right and top left corners are generally sparse—indicating
avoidance of high fidelity prototypes that generate low
value and difficulty in creating low fidelity prototypes that
generate high value, respectively.

(3) A concentration of points in the lower left region indicates
that a large portion of prototypes is created at low fidelity;
in line with being economical. On the other hand, only a
small portion of all prototypes created was actually of very
high value;

Fig. 14 From left, “rotating bezel coin,” “Fidget spinner,” and “adaptable token 1” were all
high fidelity prototypes with many small details that ended up being wasteful because its
larger idea had not been tested first

Table 7 Overview of case projects

B2C product System development Service design

Industry FinTech SpaceTech Healtd
Project nature B2C payments product Aerospace system development Healtd service design
Duration 6 months 24 months 3 months
Team Size 4 people 4 people 16 people

Fig. 15 Full scale test of the commercial grade engine1 using 3D
printed components (top); system segmentation and associated
prototyping strategy, dots indicate sequence, large dots are
higher fidelity (bottom). Courtesy gilmour space technologies.

1https://www.youtube.com/watch?v=kao4MxI87f4
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(4) There exist a number of outliers—especially for the sys-
tems project—which represents exceptions in our prototyp-
ing practices that we can extract valuable heuristics from.

To analyze the prototyping economies in both projects, we cate-
gorize the data points (prototyping efforts) into the five color-
coded economic regions as previously defined in Table 6. In each
category, we will study the trends thoroughly for additional
insights we can abstract.

Analysis of Prototyping Economies: System

Development

Prototype efforts that turned out to be exceptionally economical
in the systems project typically involved benchmarking or testing
of existing designs. Their value lies in drawing upon the vast repo-
sitories of past projects and focus on “finding the wheel” so to
speak, rather than re-inventing it. For example, benchmarking and
conducting basic tests on the material property—shown in
Fig. 18—identified a large number of unexpected latent needs,
such as the viscosity of the mixture, that turned out to be critical
to the project, and would have otherwise not been predicted by
standard models of composite viscosity as it did not account for
certain critical interactions in the mixture.

On the other hand, prototyping efforts that were not so econom-
ical were characterized by underperforming subsystems, such as
the first integrated printer subsystem prototype and the extruder
head design seen in Figs. 18(b) and 18(c). In each of these subsys-
tems, dozens of iterations were created with marginal benefit in
performance and target quality was never achieved. The reason
being that deep functional flaws were already prevalent before the
iterations, yet evolutionary prototyping was still conducted. In a
complex system, these fundamental problems should have been
addressed upstream, and if necessary, re-abstract and start afresh
with a new approach rather than only facing it when the subsys-
tems are being integrated.

Analysis of Prototyping Economy: Service Design

The highly economical prototyping effort in the service project
turned out to be that involving low-cost simulation of activities
and real data, as illustrated in Fig. 19. For example, the simulation
of patient foot traffic revealed a variety of latent user needs
regarding patient flow that neither prior observations nor static
concepts of layout had captured. Another simulation concerning
user experience revealed key patient–staff interaction and patient
information tracking that was of immense value to the improvement
of operations management in the service centers. Collectively, the
most valuable prototyping insight gained was to employ simulation
even for low fidelity concepts and base it upon on real data.

Even among the moderately economical prototyping efforts
simulation was an important tool; the only difference was that
they were of higher fidelity due to increased requirement. For
example, to test the concept of providing patients with a map of
the service center, the team had to make a site visit and larger
number of personnel was involved.

Prototyping Principles

Based on the findings from our data and analysis in the sections
Analysis of Prototyping Economies: FINTECH B2C Product and
Extension to With System and Service Cases, we can abstract and
express the results as a set of heuristics for economical prototyping so
that practitioners can exploit them. These design principles/heuristics
are created according to the methodology and format provided by
Fu et al.: “A fundamental rule or law, derived inductively from

Fig. 16 Example prototypes for service project; leftmost—earliest prototypes; rightmost corner—live simulations

Fig. 17 Normalized value versus fidelity (a) product, (b)
system, and (c) service
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extensive experience and/or empirical evidence, which provides
design process guidance to increase the chance of reaching a suc-
cessful solution [55].” The process of how we derived these heuris-
tics from our empirical data and analysis is illustrated in Fig. 20.

Heuristics From B2C Product Analysis

Aim for Increased Dimensionality. To prototype economically,
our study suggests aiming for increased prototype dimensionality as
more resources are expended. The increase in breadth and depth of
functionality, interaction, and visual resolution will improve the
chances of revealing unique and deeper design information [6]. Fur-
thermore, prioritizing which dimension is important for a specific
prototype will help designers focus and save time and effort [6].

Test Core Concepts With Low Fidelity Prototypes. Low fidelity
prototypes that are easy, fast, and inexpensive to make [6] are not
necessarily unhelpful. Conversely, they may be strategically criti-
cal, especially in the early stages of development where the relax-
ation of prototyping requirements does not have an adverse effect
on final performance [1]. Low fidelity prototyping enables quick
exploration of an unknown space of designs to establish promising
avenues for continued exploration and fosters a sense of forward
progress through the “fail fast, fail cheap” attitude [40,56], mak-
ing them particularly economical at testing core concepts, basic
assumptions, and user mental models [6].

Increase Low Fidelity Prototyping Value With Do-It-Yourself
Design. Principles for fabrication were extracted from a study of
the DIY movement in a previous effort [37], these principles can

be applied in prototyping to reduce cost and correspondingly
increase relative value. These principles are aimed at reducing
cost, time, and effort of fabrication while improving the outcome
[37]. Two particular methods of DIY design that was prevalent in
the case study were “hacking,” which repurposes, modifies, and
redeploy an existing product, and “basic craft,” which employs
tools, components, and materials that are readily available [37].

Use High Fidelity Prototypes to Test Finer-Level Features or
Subsystems. Higher fidelity prototypes do not necessarily generate
more value. High fidelity prototyping efforts have their strategic
advantages and should be utilized as such. In particular, high
fidelity physical prototypes are found to be most valuable when
used to test finer level features or subsystems rather than big ideas
[6]. Besides that, prototypes with higher fidelity representation
also prove to lead to more accurate interpretations by third parties
reviewing the design [57].

Be Especially Purposeful With Higher Fidelity Prototypes.
Since high fidelity prototyping necessarily expends more resour-
ces, being purposeful with them is especially important. In gen-
eral, a prototyping effort should answer a specific question [40] or
resolve a unique design problem or opportunity [1]. Accordingly,
to be economical, higher fidelity prototyping efforts should be
matched by the level of detail of questions asked [7].

Augment Physical Prototyping With Other Media and Forms of
Design Language. Augmenting physical prototypes with multime-
dia, such as videos and slides, can help make prototyping efforts
more economical [8]. For example, virtual prototypes may

Fig. 18 Prototypes; system samples: (a) Examples with residual two standard deviations or more above the norm: material
property tests, (b) Examples with residual within one standard deviation of the norm: first integrated printer subsystem pro-
totype, (c) Examples with residual between one and two sigma below the norm: iterations on extruder head design

Fig. 19 Prototypes; service samples: (a) Examples with residual two standard deviations or more above the norm: simulation
of patient flow pathways, (b) Examples with residual more than one but less than two standard deviations above the norm:
actor-scenario based simulation of patient traffic flow, (c) Examples with residual within one standard deviation of the norm:
map to identify patient flows in situ experiment
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drastically lower costs [13] and sometimes can be made more rap-
idly than physical prototypes [58], yielding roughly equal per-
formance [13]. An example of this is the rendered prototype.

System Development, Additional Principles

Conduct Fundamental Tests. Utilize testing on the component
level to identify fundamental phenomena and interactions that can
lead to substantial cost savings downstream. The complexity of
subsystem interactions in a system project gives rise to many pos-
sible failure modes and limitations when subsystems are re-
integrated. By conducting simple tests, fundamental behavior can
be understood, making it possible to identify a critical path early
in the project and be confident of its behavior and efficacy when
subsystems are integrated.

Prototype for Functionality Early. While it may be tempting to
delay prototyping for functionality until later in the project, early
tests can identify many important functional requirements that
will resolve potential issues of subsystem design later in the
development. Furthermore, it is possible to identify crucial design
insights that will inform core requirements of subsystem design
even with low fidelity prototypes. Therefore, it is important to
prototype with as soon as you can achieve a functionally minimal
viable concept.

Integrate Subsystems Early. It is important to integrate subsys-
tems as early as possible, even if the higher prototyping costs or
complexity of integration suggests otherwise. This is because
many design flaws only surface when subsystems are re-
integrated. Additionally, minor performances gaps in each subsys-
tem typically will compound into dramatic consequences at the
systems level when integrated. To prevent resources from sinking
into unfruitful development at the partitioned subsystem level,
integrate as early and regularly as possible.

Service Design, Additional Principles

Simulate Using Real Data. In order to get more out of mockup
prototypes, incorporate testing with the end users; base tests on
real data, take careful accurate measurements in order to ensure
that observations are based on traceable sources. Make sure that
real data are used for simulations, user interactions are supported,

and assumptions are checked and controlled rather than left to
chance. A low fidelity prototype built upon real data can yield
highly meaningful results, while high fidelity prototypes based on
too many assumptions can result in few insights.

Analysis of Economies: Summary

The different categories of our data and how we analyzed and
extracted prototyping principles from them are succinctly sum-
marized in Tables 8–10 for the product, system, and service
realms, respectively.

Generalization of Findings

The overlap in findings across product-system-service projects
with regard to the chart morphology in the correlation between
fidelity and value, trends in regional analysis, and prototyping
principles validates and reinforces the generalizability of our
research approach and findings. Many ethnographic studies may
sometimes be susceptible to contextual or problem selection var-
iance, which are known to impact project outcomes. Due to the
high variance in project scope, field, and other contextual
variables—an increased confidence in the results is supported by
the evidence.

Limitations

The results, discussion, and findings in this study include some
obvious caveats associated with the projects that were studied. For
example, the extent to which value was extracted from prototypes
depended not only on its fidelity but also on how it was tested
with the users and clients. The biases of the users and clients—
influenced by their background in design, company culture, and
demographics regarding age, gender, race, and experience—were
also not accounted for in this study. Notwithstanding these limita-
tions, the results of our studies substantiate an approach to under-
standing prototyping economies and provide practitioners with
useful heuristics for prototyping regardless of how they eventually
decide to use their prototypes.

Several of the authors were involved in the design effort as well
as the subsequent research. However, the authors who were on the
design team were exposed to the research question only after the

Fig. 20 Process of how heuristics are derived: All prototyping efforts are grouped into categories
according to their standard deviation from the residual. Next, they are analyzed in their subgroup on a
specific area of prototyping (e.g., fabrication method). The findings and insights the analysis in each
subgroup then abstracted into a heuristic.
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Table 8 Discovery of heuristics, B2C Product

Category Observation Prototypes Area of analysis Findings Proposed heuristic

Greater than 2 standard deviation
above

Low fidelity, high value

Card pack swivel,
LED vending token

Method of fabrication Basic craft were utilized to make
prototypes quickly, e.g.,

cardboard, marker, cut and glue.

Use Do-it-Yourself (DIY) design
principles.

Greater than 1 standard deviation,
But less than 2 standard deviation
above

Low fidelity, low value

Cartoon QR Code

Purpose of prototype Prototype was cheap but effec-
tively tested a different core

concept, revealing a new need.

Test core concepts with low
fidelity prototypes.

High fidelity, high value

Super sticker, Slap band slider,
Hybrid wallet

Purpose of prototype Prototypes were substantially
differentiated and tested unique

hypotheses.

Be especially purposeful with
higher fidelity prototypes.

Within 1 standard deviation Directly proportional

All other prototypes

Prototype dimensions Prototypes with more dimensions
exhibited higher value—

correlation exists.

Aim for increased
dimensionality.

Smart student card,
Adaptable token 2

Method of fabrication Renders of prototypes exposed
another dimension, e.g., visual

realism

Augment with other media and
forms of design language.

Greater than 1 standard deviation,
But less than 2 standard deviation
below

High fidelity, low value

Adaptable token 1,
Fidget spinner,

Rotating bezel coin

Purpose of prototype Prototypes were created with
many small details before testing

big ideas like toys and loose
items.

Use high fidelity prototype to test
small details not big ideas.
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design effort was completed. Therefore, a secondary data collec-
tion strategy was employed and it does not constitute a conflict of
interest. It does help to ensure that the assessment of insights is
more accurate through co-creation.

There may be potential for error in the measurement accuracy
of time expended (our proxy for fidelity); however, since the
region of interest is with regard to the residual line, the core
emphasis of the paper is those features of a prototype that relate to
value so small errors in time spent evaluation should not signifi-
cantly impact this result.

Finally, as in some cases, the prototypes were presented in par-
allel to users; it may not be clear how a “negative” example may
have impacted the perception of a “positive” example. The
authors encourage the execution of controlled and replication
studies to explore the core principles identified through this
exploratory ethnographic research project. Finally, there is only
one case study each per product service and system prototypes.
While this demonstrates that common principles were observed
across domains, it does not have the same meaning as a replica-
tion or the study of multiple problems in one domain would have
in establishing confidence.

Conclusions and Future Work

Understanding the economies of design prototyping is of partic-
ular relevance to companies, designers, practitioners, and
researchers. The work reported in this paper provides key research
findings based on extensive empirical data from a FinTech B2C
product project and supported by empirical data of a systems-
development and service-design projects.

The section on insights (end of the service/system study sum-
mary section) directly provided an initial set of responses to the
research questions. Insights are provided on how resources
expended into prototyping translate into design value—a quanti-
fied coded value developed in this paper. These insights lead to
prototyping strategies that can help design teams effectively
reduce cost while increasing the efficacy of prototypes across var-
ied design context. Foundations for the prototyping strategies are
in the form of design prototyping principles, including aim for
increased dimensionality; test core concepts with low fidelity pro-
totypes; increase low fidelity prototyping value with DIY design;
use high fidelity prototypes to test finer-level features or subsys-
tems; be especially purposeful with higher fidelity prototypes;
augment prototyping with other forms of design language; con-
duct fundamental tests in systems development; prototype for
functionality early; integrate subsystems early; and simulate using
real data for service design. The research was exploratory and
uncovered a number of key avenues for continued empirical
research in prototyping economies:

� What other ways can we measure fidelity to encompass a
great degree of the time, cost, and effort that is invested in it?

� How can we measure the different dimensions of a proto-
type’s fidelity consistently as McElroy’s proposed?

� How does the gathering for design information change when
we test prototypes with end users instead of clients?

� How do the demographic biases of designers, user, and cli-
ents affect the economies of prototyping?

� How do we further validate and deepen these results against
more industry projects of a diverse nature?

Table 10 Discovery of additional heuristics through additional cases, service design

Greater than 2
standard deviation
above

Low Fidelity,
High Value.

Simulation
of patient

pathways and traffic flow.

Method of
prototyping

When paired with real data,
low fidelity simulation of patient

pathways and traffic flow yield highly
meaningful results.

Simulate using
real data.

Table 9 Discovery of additional heuristics through additional cases, system development

Greater than 2
standard
deviation above

Moderate fidelity,
high value.

Extrusion material testing,
thermal analysis tests.

Purpose of
prototype

Basic tests on material
property revealed
large number of

latent needs, otherwise
undiscovered.

Conduct
fundamental tests.

Valuable insights were
gained through

simple benchmarking of
existing designs.

Greater than 1
standard deviation,
But less than
2 standard
deviation below

High fidelity,
low value.

Integration of the motion stage,
CAD of integrated extrusion

system, testing of wax
extrusion system.

Order of
prototyping

Hints of functional flaws
were present

at subsystem level
but not addressed.

Prototype for
functionality early.

Subsystem iterations
resulted in marginal

performance and missed targets.

Integrate
subsystems early.
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� How do we prototype to yield as many design information as
possible?

� Besides fidelity, does the way we test prototypes with clients
and users affect the design information we gain from them?

� What other variables can we use as the input and output
when measuring the economies of prototyping?

� How do the type of prototypes—“implementation,” “look
and feel” and “role”—affect our understanding of their fidel-
ity and economies?

� How else can we rate design information obtained from
prototyping?

� How do we find the minimum subset of prototypes that we
need to create to capture the maximum amount of design
information?

� How much more value does prototyping bring to a concept?
� Does a prototype add more confidence in whether a require-

ment is met?

While there are key and archival results in this research, signifi-
cant opportunities exist in studying the economies of prototyping
in greater depth. These include substantial and ongoing efforts
within the community to understand prototyping with the ultimate
intention of distilling greater value for practitioners, educators,
and researchers alike.
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