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ABSTRACT
Recent research demonstrates the importance of prototyping to
support early stage design efforts. There remains a substantial
opportunity to provide tools that codify the leap between the
logical objectives of the design effort, and an individual's
intuitive design and fabrication experience. This study
investigates project articles on the open source, Do-It-Yourself
(DIY) design repository, Instructables.com. The database
contains guides for producing low cost functional prototypes.
Many entries in the repository include documentation of the
design process along with instructions for fabrication. Through
a systematic research methodology, we extract five prototype
design and fabrication principles from articles in the database.
An online crowdsourced assessment enables inter-rater testing,
with multiple parallel raters. This assessment validates presence
of the principles in the database. A controlled study was
conducted in which one of two groups was exposed to the
principles. This study evaluates connectivity, successful
adoption of the principles by participants in the experimental
group, and resulting design performance effects. Two case
studies of prototyping are also provided. Observations indicate
that application of the principles positively impacts prototyping
outcomes. A potential area for improvement is edge case
evaluation, i.e. principles only found in a single extraordinary
sample.

planning for the number, and fidelity of prototypes to pursue.
Applied fabrication principles can reduce effort, and improve
build quality.
The value of successful early stage functional prototyping is
often seen on incubation platforms such as Kickstarter, where
projects without a working prototype seldom succeed. This
leads to the question ‘What are the techniques for successful
prototype fabrication?’ Simultaneously, explosive growth of the
Do-It-Yourself (DIY) movement has resulted in large
repositories of projects which include catalogued procedures of
the prototyping process. This work provides results from a
systematic review of projects in the open-source database
Instructables.com
The DIY Design Movement
What is DIY design? DIY design is typically implemented
outside of the framework of professional design, for the
purpose of practical gain [17]. It may often be an individual
activity; however, sharing communities have recently evolved
[18]. Although research suggests that DIY communities are
social in origin [19], there are currently numerous platforms
with a high technology orientation. Information moves
organically in these communities. Experts may seed forums
with extensive topic knowledge [20]. This exchange can
directly lead to the mutual benefit of participants [21]. In turn, a
forum of creativity is emerging where open-sharing is highly
valued [22]. The paradigm permits individuals a self-reliance to
modify or develop certain technologies [23]. It is possible for
individuals without a technical background to fabricate a
cellphone, or other complex tools [24]. This movement does
not eliminate the need for large-scale manufacture of basic
components; however, it does act to democratize technology
through information sharing [24]. The DIY development can
share benefits of craft such as high quality aesthetic [25].

INTRODUCTION
Numerous critical insights have been gained from empirical
studies of prototyping, including: strategic planning methods
[1-7], time dependency factors [8-12], the benefits of parallel
and iterative testing [1, 13], and fixation effects [14-16]. A
relatively rich opportunity is to explore methods that inform
prototype fabrication. This opportunity complements previous
work on strategic prototyping [1-7]. Strategy guides high level
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However, the opportunity is much greater than this alone.
Genuine technological advancements are within the scope of
non-experts [23].

Design Principles
Heuristics or principles are fundamental to the engineering
method [37], and to rationalization in design [38]. They are
characterized by a provision of plausible aid or direction in the
solution of a problem, they guide, but may not in and of
themselves resolve a problem [37]. Categorization and
classification are essential to the development of design
principles, as categorization facilitates the representation of
large amounts of information in a compact form [39]. This
work seeks to identify the implicit principles present in the DIY
movement for prototype fabrication.
There is a substantial potential for this project, as radical
innovation has been cited as both human-centered, and
inclusive of novel interpretation of meaning [40].
OVERVIEW AND OBJECTIVES
Research Overview
This paper presents the findings of two years of research into
DIY and maker design. The project began with a multi-stage
deductive extraction procedure by which principles were
identified from the online database, and subsequently tested.
The presence of these principles in the database was also tested
through a study with multiple parallel online raters. An
empirical study was then conducted across two university
courses, a control in which a traditional stage gate prototyping
methodology was employed, and a second in which a new
prototyping method based on DIY principles was provided. A
high-level overview of the research methodology is depicted in
Figure 2. The goal is to learn if there are principles present in
the database, and if these principles can have a positive impact
on outcome. The following sections detail the extraction
procedure, the online evaluation, and the controlled experiment.
A consistent linguistic and logical scheme, as well as multiple
verification procedures, are employed. This is to match with
guidelines established in foundational classification research
[41, 42].

Figure 1: Example DIY project; an eye tracking system for the
mobility impaired that costs two orders of magnitude less than
commercial alternatives (The 'Eyewriter' [26]).

What opportunities does the DIY movement present for
design research? Often in a traditional design scope, needs
assessment is conducted in partial isolation from the user [27].
For DIY projects, the designer is often also the final user. Open
sharing permits iterative evolution as each participant advances
a design to fit their needs [28]. The development of personal
fabrication also provides a novel design arena. Open source part
databases (e.g. Thingiverse, Shapeways), in combination with
free modeling software [29], and low cost digital manufacture
(3D printers or laser cutters), make design and fabrication of
geometrically complex parts a desktop activity [29]. Distributed
manufacturing networks (e.g. Alibaba) provide means of
accessing components and materials in low volume directly
from suppliers [30]. Other platforms (e.g. Instructables, Make,
Highlowtech, Reprap, Opendesk, DIYlife) provide project
guidance [29]. There are companies deploying DIY centered
hardware and software (e.g. Arduino, Adafruit). Labs are also
experimenting with DIY, enabling hardware development,
including paper mechatronic platforms [31], haptic interface
designs [32], or modeling toolkits [33]. Open source software
enables generative design, to reduce the effort of digital
modeling [34]. Hacker-spaces, incubators, and online platforms
exhibit creative and inquisitive design. The results of these
efforts can be seen as functioning in parallel to industry and
research [35]. In this framework, designer, manufacturer,
supplier, and consumer act as distributed networks. There is
thus an open opportunity to connect directed research with
these emergent activities [36].

Extraction of Principles
Five Tested Principles
Online Rater Studies
Extended Inter-rater Testing
Empirical Evaluation
Connectivity and Outcome Effects
Figure 2: Overview of research methodology.
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Research Objectives
This section details the experimental objectives of the work,
and research method employed (Figure 2). The literature
provides a strong foundation that a new design paradigm is
emerging. With the development of open-source prototyping
technologies, individuals typically considered the end user are
now capable of design and fabrication of complex devices (e.g.
DIY cell phones). The emerging paradigm goes beyond the
concept of massively customized design, to a context in which
designer, manufacturer, supplier, and consumer are not
distinctly clear individuals or single entities, but distributed
networks. There is an opportunity to quantify the approach to
prototype design taken on emerging databases or repositories
such as Instructables, where many DIY projects are recorded.
The objectives of this research, are to quantify core
practices used in DIY design and furthermore to evaluate
whether these can have a positive impact on prototyping when
provided as a methodology in a traditional design experiment.
The utility of incorporating crowd-sourced analysis into the
design research process is also explored. The specific research
questions are:

unique channels such as Arduino or Gadgets. To extract
principles from this database, a multi-stage procedure was
taken. In general the extraction process begins holistically and
progresses towards quantification.
Categories

Channels

Articles

Technology

3D Printing

Tailored Touch

Workshop

Arduino

Sitway

Living

Assistive Tech

EMG Biofeedback

Food
Play
Outside

Figure 3: Wireframe structure of the Instructables repository.

Identification of Potential Principles
A preliminary set of entries was reviewed for potential
repeatable principles. A set of 70 articles was selected. The two
most viewed entries from each channel were taken. These
articles were selected as some of the less viewed entries are
incomplete. The researchers read this initial set closely and
recorded specific practices. The practices should either save
resources or improve performance. Four criteria were used for
identifying potential practices, which were based on design
principles theory. These criteria are as follows:

1.

Are there common identifiable practices embedded in
repositories such as Instructables’ entries?
2. Are the identified practices repeatable?
3. If formulated as principles:
3.1. Is there a successful rate of connectivity (transmission)
when presented to designers?
3.2. What are the measurable effects on prototyping
outcome?

I.
II.

The scope of this project is limited to analysis of
Instructables as these projects closely map to the development
of electro-mechanical prototypes. Furthermore the scale of the
projects evaluated is typically on the order of hand-held
devices, but ranges up to devices with equivalent complexity to
transport vehicles. Finally, the objective of this project is
limited to principles that are related to prototyping. There may
be principles of social organization, or information sharing that
are essential to the success of DIY projects. These are beyond
the scope of this work.

III.
IV.

Design oriented - the principle relates to an aspect of
fabrication or design.
Actionable - the principle describes a series of steps or
actions.
Objective paired - a specific benefit or objective is
expected as a result of implementing the principle.
Recurrent - the principle occurs in multiple articles.

The first criterion is specific to the scope of this study,
wherein only principles that relate to prototype design and
fabrication are explored. Criteria two, three, and four are given
requirements from design principles theory. A principle should
be actionable and lead to a specific goal. The fourth criterion
satisfies the requirement that a principle is not a specific
solution, but a general guide that aids in developing a solution
across varied contexts.

EXTRACTION OF PRINCIPLES
Instructables Repository Overview
Instructables is an open-source database developed at MIT’s
media lab and currently hosted by Autodesk. It is relatively
novel among DIY repositories in that entries include
documentation of early failures, and reasoning processes. On
January 9th, 2015 a total of 152,729 unique entries were counted
on Instructables.com; 37,370 were counted on the Technology
category. Figure 3 depicts the repository structure. The
Technology category was considered the most relevant to our
research in development of electro-mechanical products, as the
analogy is direct. Other categories include Food or Outside
projects. The Technology category is further subdivided into 38

Data Saturation Test
Data saturation testing was employed to determine whether the
initial sample set was large enough. Data saturation is used to
determine if most of the unique potential principles have been
found. Essentially, the number of unique principles found (in
total) is plotted against the total number of articles examined.
As each new article is added, the number of unique principles
found in that article (and no previously examined article) starts
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to decrease. This plot (Figure 4) nearly reaches asymptotic
convergence at about forty articles, and appears fully converged
at seventy articles. Examining more than seventy articles is not
very likely to result in identification of a new principle.

Include Lattices

Employ Repeated Thin Walls

Employ Shells

+
Include Structural Voids

Figure 5: Sample of the synthesis process.

Total Number of Potential Practices
Identified

50

Expanded Database Testing
An additional set of articles was examined to determine if the
principles occur outside of the initial sample set, and to add
statistical significance to the testing. Sample size calculation is
employed to define the minimum sample size required to be
confident that the sample is representative of the population.
The goal was to achieve the 99% confidence level with a
margin of error, or precision, of 0.05. For this calculation,
Equation 1 was employed [43]:
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where n is the minimum sample size, 𝑍 is the statistic for a level of
confidence (for 95% confidence, Z = 1.96; for 99% confidence Z = 2.58),
P is the expected prevalence or proportion (which ranges from 0 to 1;
for example if the prevalence is 20%, P = 0.2), d is the precision.

Number of Entries Evaluated

Figure 4: Data saturation for extraction of specific practices.

Quantification of Principles
After the initial identification, the next step was to quantify the
principles. This step was achieved by listing metrics for each
principle. For example, if an identified principle is ‘Hacking’,
components that were hacked and their function were listed for
each entry. This approach helped to more precisely define the
principles and to eliminate potentially vague or untestable
descriptions. The information that was extracted from the initial
set of Instructables is listed in Table 1:

This equation requires an initial estimate of the prevalence
of each principle in the repository. Prevalence is the percentage
of cases in which each principle is present. The prevalence of
each principle in the sample set was calculated from the initial
sample of 70. Equation 1 was then used to determine a
minimum sample size that would be required to achieve the
target confidence levels. Since the prevalence varies by
principle, so does the required sample size. The largest
minimum sample size was 653 articles. To achieve a substantial
safety factor, 1000 articles were reviewed. The first 30 articles,
(those with the most views and bookmarks) were taken from
each Technology channel, using the same selection criteria as
for the initial sample set.
A reviewer closely examined each article in this expanded
sample set to determine whether each principle was employed
or not. A table of principle usage across the entire sample was
constructed (Table 2). The data was validated with inter-rater
agreement. Pearson’s correlation was r = 0.68 between raters
for a sample set of 30 articles. This can be considered
substantial agreement. The raters achieved full agreement after
discussion.
Most articles employed several principles. The average was
3.84 principles per article (with n = 1,000), and the standard
deviation is 1.2. These principles are introduced and defined in
the following subsection.

Table 1: List of data collected in the quantification study.
Feature
All components
Planning
Custom components
Structural features

!! !(!!!)

Data recorded
Source, cost, and function
Representation tools used
Fabrication, and sequence
Reinforcement techniques

Synthesis of Core Principles
Results of the quantified tests were used to guide a synthesis, or
'binning', process. Logistically, this process was achieved by
listing each potential principle, alongside key features which
quantify the principle. Potential principles which overlap were
listed under a common core principle. Figure 5 represents a
sample of three potential principles which were grouped. This
process resulted in a set of five core principles.
Independent raters were supplied with the criteria, and a
sample set of articles. These independent raters found each of
the five principles. Although the additional raters used slightly
different wording, agreement was reached that the core concept
was the same.

Table 2: Principle prevalence from extended sample study.
Principle
Employ basic crafting
Hack commercial products
Prepare fabrication blueprints
Repeat fabrication processes
Include structural voids
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Articles with given principle
947
895
734
695
105
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Definition of Principles
The five principles are constructed to meet the four criteria
listed in the introduction. They are design oriented, actionable
principles that may aid a designer in the achievement of a given
objective. A consistent semantic scheme is employed.
Figure 8: (from left to right) CAD model of a robotic lamp; star
map used as placement guide to make a realistic light up star
map; gear fabrication using a paper stencil as cutting guide.

Hack commercial products to reduce the effort and cost
required to achieve functionality (Figure 6). An existing
product (or product subsystem) is repurposed, modified, and redeployed as a subsystem in the prototype.
Hacking is a means to reduce effort and cost required to
achieve subsystem functionality. Hacking does not imply illegal
modification of systems. Using commercial parts, as intended
for a subsystem, does not constitute hacking.

Repeat fabrication processes to increase the efficiency of
fabrication (Figure 9). Repetition is a means to reduce overall
costs from fabrication. Multiple, functionally distinct
components are made with a single fabrication process.
The objective of this approach is to reduce startup costs.
Preparing any machine or toolset for use has a certain
associated cost. This principle strictly applies to custom
component fabrication (not the purchase of COTS).

Figure 6: (from left to right) Inductive charge flashlight in candy
bottle; atomic force microscope using DVD read head for probe
control; a third hand tool from tripod.
Figure 9: (from left to right) Clamp system for a modular MAV
design where all custom parts are 3D printed; a light up clock,
both the circuit and light stencil have been fabricated with the
inkjet print and transfer PCB method; structural components for
a CNC mill, all formed on laser cutter.

Employ basic crafting to reduce cost and effort required to
acquire materials (Figure 7). Readily available materials are
used to achieve complex function with reduced cost.
Basic crafting implies use of tools and components that are
readily available, easy to use and require little overhead
maintenance or special training to operate; for the objective of
reducing cost and effort. It is critical to have a deep
understanding of relevant physical phenomena to avoid failure
modes. Use of machinery, e.g. CNC milling, would typically
not be considered basic crafting.

Include structural voids to increase strength-to-weight ratio of
the prototype (Figure 10). Elements such as lattices, hollow
shells, or repeated thin walls are examples of structural voids.
Aligning supports in a lattice can increase the strength-toweight ratio of a prototype. Steel suspension bridges
demonstrate structural voids, while traditional stone or concrete
bridges typically do not.

Figure 7: (from left to right) A projection system using cardboard,
LEDs and a small LCD; a 3D magnetic field mapping tool using
acrylic sheet, permanent magnets, and a handheld laser pointer;
a 3D motion capture interface using an Arduino and three
aluminum foil sheets.

Figure 10: (from left to right) Light up display with polystyrene
thin walls; servo actuated with paper case; laptop stand with
bilaterally segmented laser-cut sheet assembly.

Prepare fabrication blueprints to manage complexity and
increase accuracy of fabrication (Figure 8). Sketches
(sometimes even made onto components), stencils, CAD
models, and schematics are used to directly aid in fabrication.
This principle implies the use of any representation of the
design for the purpose of managing fabrication complexity. An
abstract design concept sketch would not be an example of this
principle.

ONLINE RATER STUDIES
Introduction to Crowdsourcing
Crowdsourcing has emerged as a powerful tool that combines
the benefits of parallelization with applied human reasoning.
One example is the project 'Foldit', in which crowd analysis
resolved a long-standing protein folding problem. Results from
the Foldit project have laid the first step for fuel-producing
enzymes [44]. Crowdsourced classification has been
demonstrated in a wide range of problems, from ecological
monitoring [45], to modeling experimental particles physics
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[46]. This work employed crowdsourced analysis to provide
extended inter-rater testing for presence of the principles in the
Instructables database.

𝑃! =

!
!(!!!)

!
!
!!! 𝑛!"

− 𝑛

=𝜅;

(2)

where Pi is the agreement for raters on a given topic (principle), N is the
number of subjects (entries), the categories are indexed by j from 1,..,k;
th
and 𝑛!" represents the number of raters who assigned the i subject to
th
the j category; 𝑃! =   𝜅 only in this special case where n = 1.

Pilot Studies
A series of pilot studies were conducted to inform design of the
surveys. A key observation is that concrete tasks (e.g. describe
a feature) leads to a higher percentage of usable replies than
conceptual tasks (e.g. rate quality) [47, 48]. With several
iterations, a survey design was achieved for which 91% of
responses were relevant. A relevant response is both not blank,
and directly addresses the topic of the question.
Data saturation testing was employed to determine how
many parallel raters should answer each survey. A sample set of
surveys was posted to the online tool. The number of unique
replies per rater was also listed, as in a data saturation test.
When a logarithmic curve was fit to the data (r2 = 0.99), the
expected marginal gain of unique replies per new rater (after 25
raters) is less than 1% of the total number of unique solutions
found by the first 25 raters. Therefore, for the full study, 25
parallel raters were employed for each survey.

The results of this comparison are shown in Table 3. In
Table 3, cases where the researcher did (or did not) find the
given principle are compared to whether the Synthesized Rater
found the given principle in that case. The overall Pearson’s
correlation between the Synthesized Rater and the researcher is
r = 0.85. This provides a validation that outside raters identify
the principles in the provided examples. This study validates
that an independent group of raters identify the same principles
as the researcher in the sample set (as substantiated by the high
Pearson's correlation); however, this study does not address
whether the principles are useful as a design tool. An empirical
evaluation was employed to address this limitation.
Table 3: Principle identification in samples by researcher and
Synthesized Turk. Cases of agreement highlighted in bold.
Researcher
Hack commercial products
Present
Not present
Employ basic crafting
Present
Not present
Prepare fabrication blueprints
Present
Not present
Repeat fabrication processes
Present
Not present
Include structural voids
Present
Not present

Full Study and Results
A study was conducted to determine if independent raters
would identify the principles in provided examples from the
Instructables database. Parallel rater sampling provides an
expansion beyond traditional inter-rater testing. Amazon’s tool,
Mechanical Turk, was employed.
Instructables from the sample set were coded into surveys.
The surveys included images from the Instructable, the textbased instructions from each entry, and a short series of
questions at the end. Online raters were asked to describe
something done in the example which could be re-applied to
another design, and to provide a binary yes/no response if a
given principle was present. Respondents were given the
opportunity to reply that they did not understand the question.
For each of the five principles, 30 samples were posted in
which the researcher had identified the given principle. A
control set was posted alongside these where the researcher had
not found each given principle. From the prevalence
calculations, this sample size passes the 95% ± 0.10 expected
confidence level. Each survey was then evaluated by 25 raters,
which resulted in a total of 4,200 individual surveys.
A novel approach is taken to evaluate the online rater
responses. It is an adaptation of the technique introduced by
Green for synthesizing multiple raters in design assessment
[49]. For each sample, if the Fleiss’ Kappa of online raters is
higher than k = 0.8 between raters that the principle is present,
then the response is taken as positive, i.e. the principle was
found. This approach essentially forms a ‘Synthesized Rater’,
or a calculated rating that represents the subset of observations
provided with substantial agreement among the online raters. In
the online rating system employed, each of the raters do not
necessarily complete more than one entry, therefore n = 1 and
the form for Fleiss’ Kappa is simplified as in Equation 2 [50]:

Synthesized Rater Pearson's
Present Not present
r = 0.852
29
1
0
3
Present Not present
r = 0.803
29
1
0
2
Present Not present
r = 0.819
28
2
0
5
Present Not present
r = 0.920
29
1
0
7
Present Not present
r = 0.696
29
1
1
1

EMPIRICAL EVALUATION
A controlled experiment was employed to empirically evaluate
prototyping outcome differences between a group of design
teams that were exposed to the principles and a control group
that was not. This controlled experiment took place over two
semesters of design course projects. Participants completed a
design task in teams of five individuals as a dedicated activity
during one week. In one course, the principles were introduced
via a brief presentation and handout. In the other course, a
typical stage gate requirements process [51] was the only
prototyping method introduced. Participants in the experimental
course were also provided a survey to self-evaluate their
prototypes. The participants of the study consisted of university
students majoring in engineering product development. There
were 61 teams in the control group, and 49 teams in the
experimental group. This difference is due to class sizes and the
voluntary nature of participation. There were a total of 550
individual participants in the study. There were no repeat
participants between the two courses, and the control course
occurred first (to eliminate potential for crosstalk). In the
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control course, teams were designing a cooling system for milk
delivery; in the experimental course teams were designing a
device that demonstrates one of the physical concepts in
Newtonian physics. Although these two projects were
somewhat different, the scope, expectations, and variety among
solutions are equivalent. The budget, time allocation, and
prototyping requirements of the two courses were the same.
Participants were given equal opportunities for prototyping.
Applied case studies are reported at the end of this section.
The researchers executed the principles during these case
studies. This provides a holistic assessment of the principles.

teams that entered the final competition is compared to the
average for other teams (Table 5). This provides an external
quantification of prototype quality. It was observed that the
teams in the final competition employed the principles more, on
average, than other teams. This difference is significant with
Student’s t-test at p = 0.05.
Table 5: Average number of principles per prototype between
teams in the final competition and other teams. This data is from
the experimental group.
Competition level

Repeat fabrication processes

Figure 11: Sample prototype from experimental group; note the
use of structural voids (hollow frame) and repeated manufacture
(all custom parts were laser cut).

0.14
0.16

Table 6: Total percentage of teams which constructed a
prototype between groups.

RESULTS AND CONCLUSIONS
Evaluation of Prototypes:
The final prototypes of participating teams were evaluated.
First, detailed photographs, and project reports, were collected
for the final prototypes. A researcher evaluated whether each
prototype employed principles or not using the same testing
approach as in the extended database testing. A second rater
evaluated a sample of 30 solutions (Pearson’s r = 0.85). This is
a metric for connectivity of the principles, i.e. whether
participants employed them or not.
These results can be seen in Table 4, which shows the
average total number of principles per prototype from each
group. The average number of principles identified in the
Instructables study (N = 1000) is included as a baseline. It was
observed that teams in the experimental group employed the
principles more often on average. This difference is significant
with Students t-test at p < 0.01.

Group

Number of principles

Standard Error

4.0
2.9
3.9

0.13
0.14
0.04

Fabricated a prototype

Experimental group
Control group

91%
51%

Evaluation of Surveys
In addition to the quantified testing, participants in the
experimental groups were also provided a survey for selfassessment of prototype performance. Table 7 reports average
results for several questions to help participants reflect on the
prototyping process. Responses are separated based on binary
self-reported execution of the principles. There are two possible
conditions for each principle, use of the principle or use of
another approach. Other responses are on a five point Likert
scale from [-2] strong disagreement, to [2] strong agreement.
Table 7: Experimental team's survey results, with t-test values.
Hack commercial products
Components were easy to find
Component quality was high
Employ basic crafting
Fabrication required minimal effort
Fabrication quality was high
Prepare fabrication blueprints
Schematics were accurate
Schematics were helpful
Repeat fabrication processes
Fabrication required minimal effort
Fabrication quality was high
Include structural voids
The prototype was durable
The prototype was light

Table 4: Connectivity of principles, average number of principles
used per prototype in each group.
Experimental group
Control group
Instructables articles

Standard error

4.4
3.9

Another comparison was made, between groups, of the
percentage of teams that were able to provide a physical
prototype at the end of the project. Some teams were unable to
complete a prototype. The ratio of teams with a prototype to the
total number of teams is a measure of overall process quality in
each group. More teams in the experimental group produced a
prototype (Table 6). This difference in proportions is significant
with a transformed z-test of the difference of two defective
proportions at p < 0.001.

Include structural voids

Group

Number of principles

Teams in final round
Other teams

Teams in the experimental group were also rated by an
independent set of judges (course instructors). A set of 11 teams
were selected to participant in a final judging competition. This
decision was based on design quality and execution of their
prototype. The average number of principles, per prototype, for
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With
0.1
0.6
With
0.8
0.5
With
1.2
1.4
With
0.5
0.7
With
0.9
0.6

Without
0.1
0.4
Without
0.6
0.7
Without
0.7
0.7
Without
0.2
0.4
Without
0.3
0.3

p value
0.482
0.313
p value
0.356
0.304
p value
0.01
0.003
p value
0.239
0.126
p value
0.013
0.186
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The survey results indicate general concordance with the
objectives of the principles defined in Section 3; some new
insights were also observed. For example, basic crafting
appears to have reduced effort required to find components but
may have also reduced quality. Several of the results are
statistically significant using the Student’s t-test, however,
repeated tests may be required to obtain significant results in all
comparisons.

Hack commercial products

Employ basic crafting

Hack commercial products

Evaluation of Case Studies
Several case studies were employed by the researchers to
holistically evaluate use of the DIY principles as a design tool.
In the development of a fluid mechanics course, one of the
researchers produced a flow chamber that simulates lid driven
cavity circulation. The prototype served as an example that was
used by students in a fluids course to understand how to
develop cavity flow before prototyping.
In this sample prototype, two of the principles were used
(Figure 12). An existing fish tank was hacked to contain the
fluid. This re-purposing resulted in a substantially higher
quality of sealing. Batches of custom components were
produced using repeated fabrication. The drive shaft, gears,
passive rollers, and structural support separator were 3D
printed. The drive belt, and inner casing were all laser cut. This
was novel in that it removed the need to purchase a timing belt.

Figure 13: Development of a handheld optical trackball mouse.

The principles provided insight into unique possibilities for
prototype design and fabrication in the case trials. These
prototypes were produced for relatively low cost, and in a
shorter time period than would be expected for their given
function. One observation from these case studies is that
implementation of a prototyping strategy, analogous to
previous work [1], may help to guide decision making
regarding the objective of various prototypes. Overall, the
design and fabrication principles provide an avenue for
inspiration and problem solving.
DISCUSSION
The traditional engineering design approach strongly
emphasizes the importance of testing. However, there are not
currently any widely accepted methods to inform the
development (embodiment) of prototypes. In challenging
design contexts, the development of a prototype may seem
logistically infeasible. The prototype design and fabrication
principles provide avenues for increasing the efficiency of a
prototyping effort. These principles provide a codified tool to
leap from an individual's intuitive design and fabrication
experience, to the logical objectives of the design effort. This
codification also addresses the critical need of enabling
prototyping in cases where a project has apparently high risk or
uncertainty and the design team may be averse to early testing.
Low risk prototyping is ultimately an enabler of innovation.
As a result of this study, five unique principles have been
extracted from the DIY repository, Instructables. These five
principles consist of generic actionable guidelines for achieving
efficiency of process or enhanced prototyping outcome.
Multiple parallel online raters provide substantial agreement
that the indicators are present in the sample set. The impact of
these principles in a design context was also evaluated through
a controlled design study. A high adoption rate, connectivity of
the principles to participants, was observed. Furthermore,
presentation of the principles to design teams appears have a
positive impact on prototyping outcome. In particular, a
significantly higher percentage of experimental teams produced
a prototype at the end of their project.
Each of the principles have varied objectives and potential
limitations. Hacking of commercial products can result in
reduced effort or improved function. It may not be obvious,
however, what kind of product can be modified appropriately.

Repeat fabrication processes

Repeat fabrication processes

Hack commercial products

Figure 12: Development of a lid driven cavity flow chamber.

Another case trial was fabrication of a handheld wireless
trackball mouse (Figure 13) that does not require a desk surface
to use. In this design, a wireless mouse was hacked to achieve
the core functionality of a mouse. This was possible, because
sensor casing design is the only difference between a standard
mouse, and a trackball mouse. The roller ball was also
repurposed from a commercial personal care product. Basic
crafting was used to connect these two components. One
observation of employing hacking in this case is that while the
design demonstrated full functionality, the casing was not very
ergonomic. This could be improved with a second iteration
where the casing was remade (perhaps with additive
manufacture), and only the circuit was reused from the mouse.
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Basic crafting may reduce the cost and effort of fabrication.
However, it may also require more skill to produce a robust
design. Fabrication blueprints may provide the possibility of
fabricating complex geometry without an automated tool. The
approach may be limited by materials (e.g. difficult to cut metal
accurately). Repeated use of a core fabrication process across
multiple custom components can reduce the startup costs of the
overall process. This may also result in compromise or design
changes so that all parts can be made with a selected process.
Including structural voids may enhance the strength to weight
ratio of a low cost prototype. However, designing and adding
structural voids may increase complexity of planning and
fabrication.
Discussion of general limitations to the scope of this project,
as well as new avenues for future research, follow in the next
subsection.

United Sates Air Force Academy under agreement number
FA7000- 12-2- 2005. The US Government is authorized to
reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation thereon. The views and
conclusions contained herein are those of the authors and
should not be interpreted as necessarily representing the official
policies or endorsements, either expressed or implied, of the
United States Air Force Academy or the US government.
Special thanks to the Instructables authors whose hard work
and creativity enabled this study.
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