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ABSTRACT

This thesis introduces a taxonomy of physical prototypes, and validates the proposed taxonomy by
five different approaches. The proposed taxonomy is validated by, (i) checking the orthogonality of
individual elements of the taxonomy, (ii) benchmarking the taxonomy with existing classifications of
prototypes, (iii) demonstrating its utility by applying it to classify different prototypes, (iv) building a
prototype database containing 35 different prototypes, and (v) consistency evaluation of the prototype
database using a description logic based software called Protégé.

The results indicate that the proposed taxonomy is capable of distinguishing prototypes with
greater accuracy when compared to existing classifications. The orthogonality of the proposed taxonomy is
satisfactory, allowing for more consistent delineation between prototypes. Furthermore, the utility of the
taxonomy to classify prototypes, and the building of prototype database demonstrates the flexibility of the
proposed taxonomy to classify wide gamut of prototypes.

Implementation of prototype database into Description Logic (DL) based ontology revealed the
definitions for each prototype class is consistent. This demonstrates the ability of the proposed taxonomy
to differentiate distinct prototypes. In addition to the consistency evaluation, Protégé is used to generate
the automatic class hierarchy of 35 prototypes, which classifies prototypes based on user defined classes.
Finally, the DL implementation of the proposed taxonomy and the prototype database provides scope for
future research to develop design tools that can aid designers in identifying prototypes necessary for a

specific design scenario.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Prototypes are generally recognized as an integral part of any product design and development
process. From checking the feasibility of a new concept to performance testing of final products,
prototypes play a crucial role. A prototype, which is usually a first of its kind, undergoes design, construct,
and test cycle until a final satisficing, feasible solution is achieved. During this process, critical
information such as customer satisfaction in the design, tolerance issues, and any unanticipated
phenomenon by the designer can be identified [Vandevelde02]. This increases the overall quality of the
final product, and reduces the product development time. Prototypes also play a major role of problem
identification in product design and development [Yang04] [Wall92]. Prototypes are known to help
designers in identifying design flaws and thereby improve the overall design of a product and test its
performance.

There are several classifications of physical prototypes but there does not currently appear to be
any classifications of prototypes which clearly and consistently capture the characteristics and purposes of
prototypes [Otto0O1] [Ulrich00] [Ullman02]. Lack of such a classification precludes designers and
researchers from understanding the true potential of a physical prototype and hence its possible applications
in various fields. For instance, a classification of physical prototypes would enable designers easily
identify the characteristics necessary for a prototype, that would best suit their design needs/situation. In
addition, ever so increasing product complexity and the costs associated with it necessitate the development
of a classification or taxonomy of physical prototypes, which can clearly and consistently classify
prototypes [Vandevelde02] [Kruth91]. Therefore, the pivotal reason for classifying physical prototypes is
to obtain a common, shared understanding of prototypes to help reduce the complexities involved with

prototype fabrication and selection.



1.2. Physical Prototypes

A prototype can be a physical, tangible artifact or a virtual, intangible representation of actual
product such as CAD geometry depending on its applications [Jayaram96] [Tseng97] [Jonsson04]. These
applications can range from proposing new concepts to obtaining empirical data from final prototype. The
main focus of this research is to classify physical prototypes; hence it is imperative to define prototypes,
before attempting to classify them.

There are several general definitions for a prototype in engineering design. In one view,
prototypes are considered to be testbeds that enable designers to test their design hypotheses [Wall92]. For
example, in a design review a crude, low fidelity prototype made from foam or modeling clay conveys the
design intent better than a sketch and tests functions such as aesthetic appeal [KelleyO1]. Figure 1.1 shows
a clay model intended for testing aesthetic appeal during a design review. Others consider prototype to be
an artifact or model of design which acts as a catalyst for further development and evolution [Otto01].
Prototypes undergo design-build-test cycles until a final satisficing solution is achieved. The prototypes
built during these multiple iterations accelerate product design by providing crucial insights into possible
design flaws in the product features. Figure 1.2 shows an evolutionary prototype being tested for auditory
response.

However, these definitions do not generalize the purposes or intents of prototypes into a single
definition. Therefore the following definition is used as in this thesis. A prototype is a physical
instantiation of a product meant to be used to help resolve one or more issues during product development

[Otto01] [Ulrich00].



Figure 1.1: Design review - Concept Clay Figure 1.2: Evolutionary Prototype
Prototype [Mercedes07] [Wilkinson07]

The intent for building a physical prototype may be to realize the conceptualization of a design

and check form, fit, and function prior to setting up expensive manufacturing process and tooling [OttoO1].

Further, prototypes play a critical role in concept selection when multiple concepts are prototyped to

identify the best or optimal design [Dahan00]. Prototypes serve different purposes depending on their

intended field of application. In the field of product design and development, Ulrich and Eppinger

[UlrichO0] suggest four possible purposes for constructing prototypes: learning, communication,

integration, and milestones.

Learning: Prototypes can be used as a learning tool in identifying the unknowns during product
development. These unknowns also known as epistemic uncertainty in knowledge theory can be
customer satisfaction, functionality, or feasibility of the prototype [Agarwal0O4] [AughenbaughO6].
Physical prototypes are capable of identifying these unknowns due to its unique ability to communicate
to the designer through tactual sensation which is currently not available in other forms of prototyping.
Communication: ~ As mentioned above, the ability of prototype to communicate to different
stakeholders within a product development team and external to the team is pivotal. Prototypes seem
to convey the design intent effectively among designers and customers when compared to sketches, 3-
D drawings, and other design representations, though experimental evidence of this is limited in the

literature [Yang04] [KelleyO1] [Vandevelde02]. The expressiveness of visual design representations,



such as sketching, is greater than that of textural representations during idea generation [McKoyO1].
Similarly from a product development perspective, prototypes should express the design intent better
than other forms of representations.

e Integration: One of the important purposes of prototypes is its ability to verify the assembly and
integration of components and subsystems of a product. This allows designers to verify the fit and
assembly sequence of the prototype before full scale production. Such verification process would
build confidence about the design and its manufacturability which is not possible to achieve from a
computer simulation or virtual model. [Kruth91]

®  Milestones: Prototypes which are built to demonstrate particular level of functionality or to prove the
management that the project is on schedule are known as milestone prototypes. The primary objective
of these prototypes is to keep track of product development during the final stages by meeting the
desired goals and deliverables. Milestone prototypes would create a sense of order and routine which
is a counterweight to the chaotic activities of iteration and testing. [Weick93] [Gersick88]

These various purposes of prototypes and its application in product development necessitate the
need for taxonomy of prototypes. It is hypothesized that taxonomy of physical prototypes can guide
designers in selecting or identifying the prototype necessary for specific design scenarios. This selection is
possible only when prototypes can be clearly distinguished from one another and common terminology for
defining a prototype can be established. Moreover, these definitions should include the resources necessary
for prototype construction, so that the selection of a prototype can be made based on prototyping resources
available in a product development group. Therefore, the main focus of this research is to develop

taxonomy of physical prototypes and validate it in order to help define prototypes.

1.3. Statement of the Problem

It is clear from the above discussions the importance of classifying prototypes and the significance
of prototypes in product development process. But before classifying prototypes, it is important to identify
the current classification schema, and their limitations. Therefore, the first research question focuses on
addressing the issue of developing an effective prototype taxonomy based on the limitations of existing

classifications of prototypes.



The second research question focuses on validation of the prototype taxonomy. It is imperative to
verify that the proposed taxonomy is capable of classifying different prototypes with consistency and
clarity. The ability of the proposed taxonomy to differentiate prototypes is vital to create a common and
shared understanding about prototypes among design community. Therefore, the second part of the
research is to develop, and implement techniques to validate the proposed taxonomy. The two research

questions are summarized below in Table 1.1.

Table 1.1: Research Questions

S. No Research Questions
1. How to classify physical prototypes clearly, and consistently?
2. How to validate the proposed classification schema?

1.4. Thesis Roadmap
e Chapter 2 introduces the concept of taxonomy or science of classification, and describes the qualities
of an effective taxonomy. Then the need for physical prototype taxonomy is discussed briefly to
elucidate the importance of classifying prototypes. Finally, the structure of the prototype taxonomy is
explained in detail, from the higher level classifiers to the lower level constituent members known as

taxa.

e Chapter 3 focuses on a validation technique used to verify the proposed taxonomy’s orthogonality. It
gives a brief introduction to orthogonality check matrix and its usage in current research. Then,
elements of the proposed taxonomy are verified using this orthogonality check matrix and findings are

reported.

e Chapter 4 looks at existing classification schemes for prototypes, and identifies their limitations in
distinguishing prototypes. Then the proposed taxonomy is compared with these existing classification

schemes, in an effort to highlight its ability to differentiate physical prototypes clearly and consistently.

e Chapter 5 validates the proposed taxonomy by demonstrating its utility to classify prototypes at

different levels of abstraction. This chapter presents the background on the non-pneumatic wheel
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design projects and the prototypes built during the course of the project. Then the proposed taxonomy
is used to classify two different prototypes developed during the project, to identify if the taxonomy is

capable of making a distinction between them.

Chapter 6 is an extended approach of demonstrating proposed taxonomy’s utility by building a
database of physical prototypes. This chapter intends to demonstrate the prototype database as a
validation tool for the proposed taxonomy. Examples of physical prototypes from various sources
such as conference proceedings, industrial white papers, and student project reports were collected to
build the database. Finally, this chapter briefly states the modifications made to the original taxonomy

in order to enable easy data collection for the database, and describes the modified taxonomy structure.

Chapter 7 implements the prototype database into Description Logic based ontology to test the
consistency of each prototype definition in the database. This chapter introduces Description Logic
based software known as ‘Protégé’, and its features. Then consistency evaluation of the prototype

definition is conducted with the help of an automated reasoner.

Chapter 8 summarizes the research contributions and identifies areas for future work.



CHAPTER 2

TAXONOMY OF PHYSICAL PROTOTYPES

2.1. Background on Prototype Taxonomy

Taxonomy, defined as the science of classification, supports the transmission, clarification, and
organization of large amounts of information [Jeffrey82] [Derr73] [Gershenson99]. Little is known about
when and what types of prototypes should be built throughout the design process. What is known is
typically internal to the company and/or individual and based on empirical, anecdotal, or experiential
knowledge. The development of a physical prototype taxonomy should aid in improving the common
understanding about prototypes and would allow designers to build prototypes in an effective manner.
Three general and broad classifications of prototypes are found in common usage in engineering texts
[Otto01] [Ullman02] [UlrichO0]. However, these classifications are too broad and thus do not distinguish
between every prototype.

The main criteria while developing the taxonomy are to achieve completeness, orthogonality, and
parallel structure [Derr73] [Dunn82] [Slaughterbeck89]. Gershenson and Stuaffer point out that it is
impossible to completely classify a whole subject due to the fact that the development of taxonomy is based
on a finite number of individuals’ knowledge of that subject [Gershenson99]. This knowledge is neither
comprehensive nor objective, making perfect completeness an unobtainable goal. However, this can and
should be used as motivation to create the most complete taxonomy possible. Orthogonality is achieved
when the taxa are mutually exclusive. If the taxonomy is truly orthogonal, a distinction can be made
between different classes. Orthogonality of the physical prototype taxonomy will enable slightly different
prototypes to be classified separate from one another. A taxonomy has a parallel structure if, along each
level in the taxonomy, the abstraction of the taxa are approximately the same. As taxonomies progress
from high level information to low level information, the abstraction at each level gradually decreases. The
usability of the taxonomy depends on its depth (number of levels) and breadth. The depth of the taxonomy

is important to control because the taxonomy can be too cumbersome to use if it has too many levels. The



breadth of the taxonomy is important as it controls how long one has to search for the appropriate taxon to
use.

There are many ways to evaluate whether the taxonomy meets the aforementioned criteria. One
method of examining orthogonality is to use an orthogonality comparison matrix [Ostergaard03]. For a
physical prototype taxonomy be of value in helping to select what type of prototype is most useful to serve
a particular purpose, the taxonomy must differentiate between prototypes. It is important to note that
judging whether the taxonomy is orthogonal is subjective and dependent on that which is being studied
[Slaughterbeck89]. Thus, the physical prototype taxonomy maybe orthogonal for one discipline of
engineering, but not for another. Benchmarking against relevant literature and applying the taxonomy to
real world applications are other validation methods. These two methods can draw attention to missing
components within the taxonomy as well as test its usability. Iteration is the key when verifying taxonomy
and should be done until it is reasonable to believe that all available resources have been explored. The
parallel structure of the prototype taxonomy can be verified by applying it to real world prototypes. This

will check its usability by testing the taxonomy for appropriate depth and breadth.

2.2. Structure of Prototype Taxonomy

The physical prototype taxonomy and its corresponding references are shown in Table 2.1. The
taxonomy is developed based on literature review in the areas of engineering, design, and product
development [Otto01] [Ullman02] [UlrichOO] [Ostergaard03] [Yates92] [Gibbs84] [Yoshioka99] [Pahl07]
[KriO1] [Thomke98] [PoliO1] [Dieter00] [Eggert05] [SummersO3] [Boulin04] [Goel97] [Shigley04]
[Lindbeck95]. Definitions for each taxon are provided in Appendix — B: Definitions for Taxa. The
taxonomy is divided into two main groups: Factors of a Physical Prototype and Characteristics of a
Physical Prototype. It is divided in this manner as it is hypothesized that, through experimentation, one
will discover that the factors taken into account when fabricating a physical prototype prescribe the
characteristics of that prototype.

The secondary taxa under Factors of a Physical Prototype are: Communication, Evaluation
Purpose, Cost, and Design Stage. These four taxa are the factors that need to be taken into account when

planning to build a prototype. The prototype will be used to communicate information and thus, the mode
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in which it will communicate and the information it will try to communicate need to be considered when
designing the prototype [Ostergaard03] [Yates92] [Yoshioka99]. Ullman [Ullman02] and Otto and Wood
[Otto01] classify prototypes based on their evaluation purpose only. Prototypes are built to evaluate some
aspect or aspects of the design and this evaluation purpose is driving force to begin fabrication of a
prototype [OttoO1] [Ullman02] [UlrichOO] [Pahl96] [KriO1] [Eggert0S] [Summers03]. The amount of
money and time available to construct the prototype describe the cost of the prototype [Thomke98]
[Pahl07] [PoliO1] and depending on design stage, the abstraction of the prototype will be higher or lower
[Ullman02] [Ulrich00] [Pahl07] [DieterO0] [Eggert05].

The secondary taxa under Characteristics of a Physical Prototype are: Size, Type, Material, and
Fabrication. The size of the prototype is described by a number of characteristics including: the number of
parts relative to the final subsystem, the number of disciplines involved (e.g. electrical and mechanical), the
number of questions it can answer, and the scale of the prototype relative to the final subsystem
[Summers03] [Boulin04]. Prototypes can be typed as a new prototype or a variation of an existing
prototype [Pahl96] [Boulin04] [Goel97]. The materials, fabrication process, and joining method used to
build the prototype are classified under the material and fabrication taxa [OttoO1] [PoliO1] [Shigley04]
[Lindbeck95].

An iterative process was used to develop the taxonomy, starting with a survey of the factors found
in the literature that influence or define physical prototyping and followed by application of the taxonomy
to real world prototypes to determine if it is possible to differentiate between the prototypes. The missing
components within the taxonomy were exposed, thus enabling it to be iterated. This process was repeated
until no new significant information was identified as necessary. The taxonomy is discussed in the
following sections by first analyzing the secondary taxon groups and then demonstrating the orthogonality

within each secondary group.



Table 2.1: Physical Prototype Taxonomy

Factors of a Physical Prototype

Declarative (Inform, Record) [Ostergaard03]
Communication Intent Interrogative (Request, Propose, Test) [Yates92]
Imperative (Guide, Commit, Decide) [Gibbs84]
Mode of Communication (Visual, Tactile, Auditory, Mixed) [Yoshioka99]
. Form (Is it acceptable, what is good/bad)
Single - - - - [Otto01]
A Function (Does it function, how well does it perform) A
Design — — [Ulrich00]
. Fit (will it fit, how well does it fit)
Evaluation - - - [Ullman02]
Form (which ones are acceptable, which one has better visual, .
Purpose ) . ) [Pahl96] [Kri01]
Multiple tactile, and/or auditory appeal) [Eggert0S]
Designs Function (which ones work, which one performs better) [Sﬁfnmerso_%]
Fit (which ones fit, which ones fit better)
Cost Time (fabrication, procurement) [Thomke98]
Availability (internal resources, external resources) [Pahl07] [Poli01]
[Ulrich00]
[Ullman02]
Design Stage (Clarification of the task, conceptual, embodiment, detailed, production) [Pahl07]
[Dieter00]
[Eggert05]
Characteristics of a Physical Prototype
Number of Parts relative to the final sub-system
Number of disciplines
. - - [Summers03]
Size Number of constraint questions that can be answered .
—— - [Boulin04]
Number of criteria questions that can be answered
Relative scale (dimensioned) to final
[Pahl96]
Type (Novel, Variant) [Boulin04]
[Goel97]
Intrinsic Properties [Otto01] [Poli01]
Material [Shigley04]
Processed Form [Lindbeckos]
L Joining methods [Shigley04]
Fabricat
abrication Part production processes [Lindbeck95]

2.2.1. Factors of a physical prototype

The factors taken into consideration when planning to build a physical prototype are
communication, evaluation purpose, cost, and design stage. These are listed as taxa below the Factors of
physical prototype taxa and are represented in Figure 2.1. The mode of communication and the
communication intent are important factors to account for when planning to fabricate a prototype and thus
were grouped under the communication taxon [Ostergaard03] [Yates92] [Yoshioka99] [Gibbs84]. The
evaluation purpose of a prototype drives the need to build a prototype [OttoO1] [Ullman02] [Ulrich0O]

[Pahl96] [Eggert0S] [KriOl] [Summers03] while the cost of the prototype characterizes the available
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resources [Thomke98] [Pahl07] [Poli01]. The design stage at which the designer decides to build a

prototype will determine the abstraction of the prototype.

Factors of a
physical
prototype
|

Communication SN Cost Design Stage
Purpose

Figure 2.1: Factors of a Prototype
The lines connecting each taxon represent the appropriate path to follow when navigating through

the taxonomy, as illustrated by the legend in Figure 2.2.

Use all the taxons
— « = . Choose One of the taxons

_______ Choose One or multiple taxons

Figure 2.2: Legend of Connections between Taxa

CommunicationTaxon

Communication factors considered when fabricating a prototype are communication intent and
mode of communication (Figure 2.3) [Ostergaard03] [Yates92] [Gibbs84] [Yoshioka99]. The
communication intent [Yates92] [Gibbs84] [Yoshioka99] of a prototype can be defined as how a designer
plans on using a prototype to convey desired information. The mode of communication [Ostergaard03]
which the designer chooses to use will determine the initial physical attributes of the prototype. For
example if a prototype is fabricated to test (communication intent/interrogative/test) tactility (mode of
communication/tactile), the materials chosen would be a major design factor; whereas, if a prototype is
used to demonstrate  (communication intent/declarative/inform)  functionality = (mode  of
communication/virtual), the materials and fabrication processes may not matter so long as the prototype

works.
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Communication

Communication

I
Mode of

Intent Communication
e I
|
Declarative Interrogative Imperative F Visual
|
I | I I
| | | I
F Inform F Request = Guide I— Tactile
| I I
| |
I | : |
- Record I - Propose - Auditory
|
I
- Test

Figure 2.3: Classification Based on Communication

An orthogonality comparison matrix is used to test the orthogonality within each taxon
[Ostergaard03]. The matrix uses either a 1 or O to show if there is or is not a relationship respectively
between the two taxa being compared. The matrix is symmetrical along its diagonal because it is testing if
a relationship exists and not the direction of that relationship. Thus, it is necessary to only fill out half of
the matrix. The matrix in Figure 2.4 demonstrates that within the communication taxon, the elements are
orthogonal, even though there are 1’s corresponding to Inform column. This is due to the fact that the act
of informing is inherent to the process of recording, requesting, proposing, testing and guiding. For

example, a designer may build a prototype to propose a design, but first he should explain (inform) the

various attributes of the design to the customer.
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Figure 2.4: Orthogonality Comparison Matrix for Communication

Evaluation Purpose Taxon

Designs are evaluated to determine if they meet form, function, and/or fit requirements (Figure
2.5) [Otto01] [Ullman02] [Ulrich00] [Pahl96] [KriO1] [Eggert05] [Summers03]. A prototype designed to
test the form may look and feel exactly like the final design, but not from a functional aspect. Similarly, a
prototype built to test the functionality of a design does not necessarily need to look like the final product.
The fit of a design can be tested without looking or functioning like the final design. It can simply be a
block of material used to represent the volume the final design will take up. When evaluating a single
prototype for form, function, and/or fit, one would ask does the design meets the following constraints or
how well does it meet the following criteria? However, when evaluating a prototype against multiple
prototypes, one would first ask does it meet the following constraints and does it meet the following criteria
better than the other design(s). Therefore, it is decided there needs to be a distinction between evaluating
prototypes for a single design or multiple designs.

There is an overlap within these taxa shown by the 1’s in the orthogonality comparison matrix in
Figure 2.6. This is due to the fact that testing a single design for form, function, or fit is not mutually
exclusive from comparing multiple designs for form, function, or fit. For example, the box comparing a
single design for form asking “is it acceptable?” is not mutually exclusive from comparing multiple designs
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for form asking “which ones are acceptable?” This is due to the logical fact that one must first ask is it

acceptable for each prototype being compared in order to ask which ones are acceptable. Similarly, this is

done for the function and fit questions under single design and multiple designs. Although there is an

overlap within this taxon due to the inherent nature of the questions being asked, it is considered orthogonal

based on the logic mentioned previously.

Evaluation Purpose

Single Design

Multiple Designs

acceptable

E — -
Form Function Fit Form Function Fit
- Is it acceptable —-— Does it function - Will it fit - Which ones are == Which ones work Which ones fit

What is good/bad

How well does it
perform

L

How well does it fit

Which one has better
visual, tactile, and/or
auditory appeal

Which one performs
better

Which one fits better

Figure 2.5: Classification Based on Evaluation Purpose
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Figure 2.6: Orthogonality Comparison Matrix for Evaluation of Purpose

Cost Taxon

The cost of a prototype is dependent on time and availability of resources (Figure 2.7)
[Thomke98] [Pahl07] [PoliO1]. There is a relationship between the cost of time to fabricate and cost of
time to procure materials as seen by the orthogonality comparison matrix in Figure 2.8. Typically, as the
amount of time to procure and fabricate materials increases, the cost increases due to increased labor and
shipping expenses [Thomke98] [Pahl07]. Cost is also a relative value dependent on the company. For
example, $400 for a student design team is expensive whereas, $400,000 is perhaps expensive for an OEM.
Furthermore, many companies have material, manufacturing, and labor resources available to them that
will reduce the cost of the prototype [Thomke98] [Pahl07]. Thus, a distinction is made in the taxonomy
between the cost to the company depending on their internal resources and external resources [PoliO1].
This distinction between the internal and external resources available to a company allows the taxonomy to

be used for any company or individual and further enables the taxonomy to provide a common framework.
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Figure 2.7: Classification Based on Cost

Cost Tanamn

0 has no dependence
1 has s ome dependence

Internal Resowrces
Extemal Resources

Avaliability

Fabricato

Time

Fabricale

Procure
Avaliability
Internal Resources
Exterral Reaiices m

Figure 2.8: Orthogonality Comparison Matrix for Cost
Design Stage Taxon
Prototypes are constructed throughout the design process [Pahl07]. This is represented by the
Design Stage taxon shown in Figure 2.9 [Ullman02] [UlrichOO] [Pahl07] [Dieter00] [Eggert05]. Through
analysis of the orthogonality comparison matrix shown in Figure 2.10, the taxa are found to be orthogonal
within the classification. This means that a prototype built for the conceptual design stage and a prototype
with the exact same characteristics of the previous prototype, but built for the embodiment design stage

would be classified differently. This is possible because the evaluation purposes would be different.
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Design Stage

Clarification of the
Task

Conceptual Embodiment Detail

Figure 2.9: Classification Based on Design Stage

Design Stage
Taxon

0 has no dependence
1 has some dependence

Clarfication of the task

Embodiment

Conceptual

Clanfication of the task

Conceptual
Embodiment
Detail

Figure 2.10: Orthogonality Comparison Matrix for Design Stage

2.2.2. Characteristics of physical prototypes
The characteristics section of the taxonomy represents the physical attributes of prototypes. As
mentioned before, prototype characteristics are result of factors taken into account during its construction.
Therefore classifying prototypes based on its characteristics is an important facet to achieve completeness
of taxonomy. Figure 2.11 shows the classification of physical prototypes based on its characteristics. The
characteristics of prototypes are grouped into four major taxa. They are size, type, material, and fabrication

taxa which describes the quantitative and qualitative aspects of a prototype.
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Characteristics of a physical prototype

Size Type Material Fabrication

Figure 2.11: Classification Based on Characteristics

Size Taxon

Any quantifiable information obtained from the prototype is considered to be a part of Size-taxon
(Figure 2.12). It contains information pertaining to dimensional aspect of the prototype such as part count
and scale, which are the defining factors of complexity of a product [Summers03] [Boulin04]. It quantifies
communication between the designer and prototype in terms of number of questions that can be answered
and number of disciplines involved in the construction of prototype. One major difference between the size
taxon and communication taxon is that the former communicates only the quantifiable information to the

designer while the later communicates qualitative information such as color, aesthetic etc.
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Size

# of parts

# of disciplines

# of constraint
questions one
can answer

# of criteria
questions one
can answer

Scale relative to

the final

Figure 2.12: Classification Based on Size (Quantity) Factors
The comparison matrix (Figure 2.13) demonstrates that the size taxon is orthogonal within itself
except between the “# of Constraint questions the prototype can answer” taxon, and the “# of criteria
questions the prototype can answer” taxon. These taxa are separate from one another in the taxonomy

even though they are related. This is done because the number of questions the prototype can answer

would not be a descriptive enough question

prototypes that answer the same number of questions; one prototype answers 5 questions relating to
constraints and another prototype answers 4 questions relating to constrains and 1 question relating to

criteria. These two prototypes are different, but one would not be able differentiate if they simply knew the

number and not the type of questions answered.

to differentiate between two prototypes.
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Size Taxon

0 has no dependence
1 has some dependence

# of Parts relalive to the final Subsystem
# of Constraint questions the prototype can answer
# of Cnteria questions the prototype can answer

Scale relalive to the Final

# of Disciplines

# of Parts relative to the final Subsystem

# of Disciplines

# of Constraint questions the protofype can answer
# of Crteria questions the protolype can answer
Scale relative fo the Final

Figure 2.13: Orthogonality Comparison Matrix for Size

Type Taxon

The type-taxon (Figure 2.14) classifies prototypes based on creativity and innovation involved
with the prototype development. This taxon is an indicative of creativeness of a concept which is crucial in
early stages of product development where multiple ‘out of the box’ concepts are prototyped to select a
feasible concept. Therefore, this taxon is introduced to identify whether the design of prototype is novel or
a variant of existing solution [Pahl96] [Boulin04] [Goel97].

Novel and Variant prototypes are two mutually exclusive taxa as they represent prototypes which
are result of a novel idea or an iteration of previous design respectively. Hence they are denoted by the

symbol ‘0’ in Figure 2.14.
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Type Taxon
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Novel Variant Novel
Varant 0

Figure 2.14: Classification and Orthogonality Matrix for Type

Material Taxon

Material selection is a key step in prototype development process because improper material
selection may lead to prototype failure and unnecessary cost [Dieter00] [Boulin04]. For instance, a
material selection for a prototype which does not considers intrinsic property of a material such as elasticity
or tensile strength may lead to failure, if the prototype is subjected to an overload. Therefore, the material-
taxon is classified into two major categories; which are on the basis of its intrinsic material property and the
process each material undergoes before utilizing them for prototype construction [OttoO1] [Poli01]

[ShigleyO4] [Lindbeck95]. Figure 2.15 show the classification based on the material.

i
4
Material % | E
Material Taxon |=|°
I 0 has no dependence % =
| | 1 has some dependence |'® 7
g o
o E]
=2
. . . o
Intrinsic Properties Processed Form =1
Intrensic Properties H
]

Processed Form

Figure 2.15: Classification and Orthogonality Matrix for Material
Processed form and Intrinsic properties are correlated as the latter contributes significantly to the
former and vice versa. For instance, intrinsic properties such as melting point, tensile strength etc., depends
heavily on the processed form (sheet metal, iron ingot etc.) at which they are available. This correlation is

denoted in Figure 2.15 by the symbol ‘I’.
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Fabrication Taxon

The selection of appropriate fabrication process for a prototype depends on matching of the
required attributes of the prototype and the various process capabilities [Boothroyd94] [Shigley04]
[Lindbeck95]. Therefore emphasis is given to the fabrication processes that are suitable for prototype
construction rather than populating Fabrication-taxon (Figure 2.16) with every manufacturing process

available.

Fabrication

Joining

Process(es) Method(s)

Figure 2.16: Classification Based on Fabrication Process
The orthogonality comparison matrix (Figure 2.17) shows that there is interdependency between
the fabrication process and joining method utilized for prototyping. This is due to the fact that both joining
methods and fabrication process are inherently tied together and affects each other’s selection. For
example, laser welding process causes rapid cooling which can lead to cracks in the weld, and hence it is

not advisable for use in fabrication of aluminum components.

G
Fabrication g
Taxon o %
0 has no dependence EJ; %,
1 has some dependence | § | =
215
o
Process(es)
Joining Method(s) 1

Figure 2.17: Orthogonality Comparison Matrix for Fabrication
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CHAPTER 3

VALIDATION OF PROTOTYPE TAXONOMY: ORTHOGONALITY CHECK

3.1. Background on Orthogonality Check Matrix

An Orthogonality check matrix consists of a matrix with taxa to be evaluated for dependencies in
its first row and column as shown in Figure 3.1. Each taxon is compared with every other taxon in the
taxonomy. The cells which are colored black represent either repetitive comparison between taxa (top
triangle) or a taxon comparing itself. If a taxon has dependence with another taxon, then it is represented
with ‘1’ and taxa which are exclusive of any dependency are denoted by ‘0’. As mentioned before, if the
taxonomy is void of any dependencies between its taxa then it represents a truly orthogonal classification.
Elimination of these dependencies is critical in taxonomy to differentiate between different classes of
prototypes. In other words, a truly orthogonal taxonomy can differentiate between different prototypes with
varying factors and characteristics.

The main purpose for developing the orthogonality check matrix is to identify any dependencies
between the taxa of proposed taxonomy. This would help in iterating the prototype taxonomy to an extent
till all possible dependencies are removed, or identify the reason for their dependencies and arrive at a

conclusion.

3.2. Orthogonality Matrix for Prototype Taxonomy

A comparison matrix is developed to identify if there is overlap within the taxonomy and is shown
in Figure 3.1. There are overlapping taxa within this taxonomy. This is expected because the factors taken
into account when fabricating a prototype should prescribe the characteristics of that prototype. This
inherently causes an overlap between many of taxa. Two examples of overlapping taxa (Evaluation
purpose & Communication, and Size & Cost) are discussed to address why the taxonomy can be considered
orthogonal even though overlapping exists within the taxonomy. The remaining overlapping taxa can

similarly be discussed but are not in order to maintain brevity.
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Physcial Prototype Taxonomy
Orthogonality Matrix
0 has no dependence
1 has some dependence

Characteristics of a physical prototype

Factors of a physcial prototype

Evaluation Purpose

Communication

Design Stage
Material
Fabrication

Factors of a Physical Prototype

Communication

Evaluation Purpose

Cost

Design Stage

Characteristics of a physical prototype
Size

Type

Material

Fabrication

Figure 3.1: Top Level Orthogonality Comparison Matrix
Matrix comparing the Evaluation Purpose and Communication taxon
Figure 3.2 shows the matrix comparing the Evaluation purpose and Communication taxa. The
taxa that are not mutually exclusive are represented by ‘1’. Under the communication intent taxa, Testing
is the only taxon that is not exclusive from the Evaluation Purpose taxa. This is due to the fact that when a
prototype undergoes a test, there is an inherent property of asking a questions such as “Will it fit? Or which
one has better visual appeal?” This creates the overlap between the test taxon and select taxa under

Evaluation Purpose.
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Matrix comparing Evaluation
Purpose to Communication
0 has no dependence
1 has some dependence

Communication Intent
Mode of communication

Communication

Evaluation Purpose
Single Design

Form

Is it acceptable
What is good/bad
Function

Does it function

How well does it perform

Fit

WVill it fit

How well does it fit

Multiple Designs

Form

Which ones are acceptable
Which has better visual appeal
Which has better auditory appeal
Which has better tactile appeal
Function

Which ones work

Which one performs better

Fit

Which ones fit

Which one fits better

Figure 3.2: Orthogonality Comparison Matrix for Purpose and Communication Taxa

Matrix comparing the Size and Cost taxa

The cost due to time to fabricate a prototype has dependencies to three of the size taxa as seen in
Figure 20. As the number of parts in a prototype increase, the fabrication costs will also increase because it
will take longer time to manufacture all the parts necessary for the prototype. Similarly, an increase in the
number of disciplines involved in the prototype (e.g. mechanical, electrical, etc.) will also increase the
fabrication time. The scale of a prototype affects fabrication costs as well. By reducing the scale of the
prototype, money is saved since there is less material to be fabricated and thus, less time and energy spent

fabricating.
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Matrix comparing Size to Cost
0 has no dependence
1 has some dependence

internal Resowces
External Resowces

Size

# of Parts relative fo the final Subsystem
# of Disciplines

# of Constraint questions you can answer

# of Criteria geustions you can answer

Scale relative to the Final

Figure 3.3: Orthogonality Comparison Matrix for Size and Cost Taxa
Although there are interdependencies between taxa in the taxonomy, it is considered to be
orthogonal. The justification for doing so lies in the nature of these dependencies inherent within the taxa

and consequently, cannot be avoided.
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CHAPTER 4

VALIDATION OF PROTOTYPE TAXONOMY: BENCHMARKING

4.1. Background on ‘existing’ classifications

In an effort to identify the performance of proposed taxonomy against existing classification
schemes of prototypes, three different classification schemes for prototypes are analyzed. The structure and
classification methodology of Otto & Wood, Ullman, and Ulrich & Eppinger classification schemes are
analyzed to identify it’s weakness over the proposed taxonomy. The emphasis is given to the classification
schema’s ability to distinguish prototypes with different level of fidelity, or at different design stage. This

would demonstrate or help in identifying the superiority of one classification scheme over the other.

4.2. Benchmark against existing classifications

Otto and Wood

Otto and Wood’s classification of prototypes is with relevance to the contemporary product
development processes followed in industries [OttoO1]. This is a high level classification of prototypes
which categorizes prototypes into six major groups (Figure 4.1) based on the purpose or design intent of the
prototype. They are (i) Proof of concept prototype which is built to check the feasibility of a concept, (ii)
Industrial design prototype which helps in visualizing the design intent, (iii) DOE Experimental prototype
which is built to obtain empirical values, (iv) Alpha prototype which is the first subsystem integrated
prototype, (v) Beta prototype which is the first full scale prototype made from actual material of
construction and (vi) Preproduction prototype which is developed to check the final product and its
assembly sequence.

Although this classification appears sufficient enough to distinguish prototypes, it does not
classify prototypes at lower levels. For example, there is an overlap between the beta and preproduction
prototype in terms of material used, and manufacturing process which can remain same for both the
prototypes. This overlap makes it difficult to differentiate a beta prototype from preproduction prototype.

But the proposed taxonomy would differentiate these prototypes due to the presence of classes such as
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material and manufacturing processes. The taxa under these classes can be assigned to prototypes

belonging to both beta and preproduction prototype to distinguish between them.

PHYSICAL
PROTOTOYPE
| I | I I |
PROOF OF INDUSTRIAL DOE PRE
ALPHA BETA
CONCEPT DESIGN EXPERIMENTAL sl SRR PRODUCTION

PROTOTYPE PROTOTYPE PROTOTYPE PROTOTYPE

Figure 4.1: Classification of Prototypes [Otto01]

Ullman

The taxonomy shown in Figure 4.2 broadly distinguishes prototypes into four categories based on
the purpose of the prototype [Ullman02]. Though it has some similarities with Otto and Wood’s
classification, it further generalizes the prototypes into categories such as proof of product and process
prototypes rather than industrial design, DOE experimental, alpha, beta prototypes. This further reduces
the chance of identifying distinction between the prototypes leading to overlap between the taxa. For
instance, proof of process prototype which is built to verify the geometry and the assembly sequence can be
used as a proof of product prototype. This results in a classification which lacks orthogonality.

The proposed taxonomy can distinguish these prototypes, as it incorporates additional details such
as the material used, evaluation purpose, apart from geometry and joining method used in fabrication
process. This would eliminate any overlap between prototypes belonging to proof of process and product

classes.
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Figure 4.2: Classification of Prototypes [Ullman02]

Ulrich and Eppinger

This taxonomy groups prototypes based on two dimensions (Figure 4.3). The first dimension
focuses on the physical and analytical prototypes while the second dimension focuses on degree to which a
prototype serves its purpose [UlrichO0]. It is important to notice that the physical prototypes are classified
only as proof of concept and proof of product prototypes in this classification. This generalization leads to
a higher overlap among taxa when compared to other two classifications. Therefore it is not capable of

distinguishing prototypes clearly and consistently.

29



PROTOTYPES

P e —
| FIRST SECOND 1
i DIMENSION | DIMENSION

;l—/

== — [ 1
‘.’ R I N b { ™
PHYSICAL : ANALYTICAL COMPREHENSIVE [ FOCUSSED
S— |
. i e i
|
PROOF OF PROOF OF |
CONCEPT PRODUCT S?;Ln&u;g:‘ 3IDMODELS
PROTOTYPE PROTOTYPE |

Figure 4.3: Classification of Prototypes [Ulrich00]

It is clear from the discussion on above mentioned classification schemes that they clearly lack the
depth and clarity to distinguish prototypes. Though these prototype classification schemes are applicable
only to high level classification of prototypes, they still show overlap between their classes or taxa.
Comparisons between the proposed taxonomy and the other classification schemes reveal that the proposed

taxonomy can distinguish between prototypes more accurately than their counterparts.
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CHAPTER 5

VALIDATION OF PROTOTYPE TAXONOMY - UTILITY

5.1. Background on Non-pneumatic wheel project

In order to determine the applicability of the proposed taxonomy for practical scenarios two
prototype non-pneumatic wheels which were developed for different purposes are classified using the
proposed taxonomy.

These non-pneumatic wheels (NPW) are developed by undergraduate students as a part of their
senior design project. Both the non-pneumatic wheels are prototyped at different stages of design. The first
prototype, Helical coil NPW is built as a demonstration of the final design, whereas the second prototype,
Plastic NPW is built to convey the design intent. The intent is to identify whether the proposed taxonomy is
capable of classifying two different prototypes built at different stages of design and different design intent
but belonging to a same class of prototypes (Non-pneumatic wheel). If successful, the proposed taxonomy

would also ensure the applicability of the classification system to a much larger number of prototypes.

5.2. Demonstration of Utility

Helical coil non-pneumatic wheel Prototype

The first example is a helical coil non-pneumatic wheel prototype (Figure 5.1), which is primarily
built to test its performance and functionality. The major components of the helical coil non-pneumatic
wheel include spring steel outer inextensible membrane, aluminum inner inextensible membrane, Kevlar

spokes and a steel wire rope mechanism.
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Figure 5.1: Helical Coil Non-Pneumatic Wheel Prototype

The helical coil non-pneumatic wheel (NPW) is classified based on its factors of prototype and
characteristics as shown in Table 5.1. Since the primary intent for building this prototype is to test and
measure its performance, the communication intent of the prototype is represented as to inform, test and
guide. The performance is measured by observing failure of mechanism for different cycles and loading
conditions. Therefore the mode of communication of the prototype is considered to be visual. The
evaluation purpose of the prototype is based on a single design and its form, function and fit were desired
to be acceptable, good, and satisfactory respectively. The cost in terms of time for procurement and
fabrication of the prototype are expected to be 1 week and 200 man-hours respectively. Individual material
cost, fabrication cost and cost incurred due to joining method used are also included in classifying helical
coil NPW prototype. Since helical coil NPW is a variant prototype of a preconceived concept and focused

on giving a concrete form to an abstract concept, it falls under embodiment stage of design.
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Table 5.1: Classification of Helical Coil NPW Prototype

(i) Factors of physical prototype
e  Communication intent
o  Declarative — Inform
o Interrogative — Test
o Imperative — Guide
®  Mode of Communication
o  Visual
e Evaluation Purpose
o  Single design
=  Form — Acceptable
. Function — Good
= Fit—Satisfactory
U Cost
o Time
=  Fabrication — 200 Man-hours
=  Procurement — 1 week
o Internal resources
=  Material-$0
=  Fabrication - $ 2000
= Joining method - $ 300
o  External resources
=  Material - $ 1500
=  Fabrication-$0
= Joining method -$ 0
U Design Stage
o Embodiment
(ii) Characteristics of physical prototype

® Size
o No. of parts relative to the final product —
Same
o No. of disciplines — Single
o  No. of constraints met — 2
o No. of criteria met —2
o  Scale of prototype — 1:1
e Type
o Variant

e Material
o Intrinsic properties
. Min. Operating Temperature — 140 K
. Max. Operating Temperature — 400 K
o Form
=  Post processed — sheets and coils
e  Fabrication
o Process
. Forming
o Joining Method
= Springs, nuts and bolts

The characteristics of helical coil NPW prototype represent various physical attributes such as

size, type, material used, and fabrication process. The size attribute includes the part count, number of
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disciplines and the scale of the prototype. It also shows the number of constraints and criteria met by the
prototype. One of the important constraints of the prototype is to be able to operate under extremely low
and high temperature; out of which it satisfied the higher operating range (400K) during testing. As
mentioned before, the type of prototype is classified as variant due to its previous iterations. The materials
used for construction of prototype are aluminum sheets and steel coils which is categorized in the form
category. The fabrication process involved forming the aluminum sheets and joints are created using
springs, nuts and bolts.
Plastic NPW Prototype

The second example is a plastic NPW prototype (Figure 5.2) built as a conceptual stage prototype
primarily for the visualization of a proposed concept for increased traction in soft soil. The rubber flaps are
used to depict the inextensible outer membrane of the NPW and a formed plastic is used to represent the

inner inextensible membrane.

Figure 5.2: Plastic NPW Prototype for Traction Concept
Plastic NPW prototype intended to propose a new concept for traction improvement and this is
reflected in the communication intent section of the classification shown in Table 5.2. Since functionality
and fit did not act as important criteria during the construction of prototype, they are considered to be poor
in the evaluation purpose category. The cost allocated in terms of time, material, fabrication process and

joining method are minimal due to the minimal scope of this project viz. to propose new concept.
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Table 5.2: Classification of the Traction NPW Prototype

(i) Factors of physical prototype
e  Communication intent
o  Declarative — Inform
o Interrogative — Propose
o Imperative — Commit
®  Mode of Communication
o Visual
e  Evaluation Purpose
o  Single design
=  Form — Acceptable
. Function — Poor
. Fit — Poor
U Cost
o Time
=  Fabrication — 5Man-hours
= Procurement - 1/2 day
o Internal resources
=  Material-$0
=  Fabrication-$0
= Joining method -$0
o  External resources
=  Material - $ 80
=  Fabrication-$0
= Joining method -$ 0
U Design Stage
o Conceptual
(ii) Characteristics of physical prototype
® Size

No. of parts relative to the final product — low
No. of disciplines — Single

No. of constraints met — 1

No. of criteria met — 1

Scale of prototype — 1:1

O O O O O

* Type
o Novel
e Material
o Intrinsic properties
=  Strength —low
=  Rigidity — low
o Form
= Post processed — Rubber and Plastic
e  Fabrication
o  Process
. Forming
o Joining Method
=  Adhesive bonding

Observations on NPW prototype classifications
The following important observations are made from the two prototype classification examples

discussed above. Though the two classifications are conducted on similar class of prototypes (NPWs), the
35



proposed taxonomy exhibits huge differentiation between them. For instance, the communication intent of
the helical coil NPW prototype is to test or measure performance of the NPW while that of plastic NPW
prototype is to propose the concept. The classification also makes it clear with the variation in
characteristics such as material, fabrication and joining process the prototype falls under different class or
category. This shows that each prototype can be classified based on its design intent and its physical
attributes. Furthermore, various taxa in classifications offer a unique advantage of generating orthogonal
classification for each prototype.

Furthermore, the classification of non-pneumatic wheels by three existing classification methods
(Table 5.3) show that these classification methods are not sufficient to accurately classify prototypes. It can
be observed that there is overlap in both Otto and Wood and Ullman’s classification for helical coil NPW.
As mentioned before, the helical coil NPW prototype was intended for performance testing and
demonstrate its’ functionality, hence there is an ambiguity whether it is a DOE or Proof of product or
Production prototype. Though Ulrich and Eppinger’s classification was able to differentiate between the
two prototypes it lacked sufficient depth to classify prototypes which were intended for other purposes such

as process verification, production verification etc.

Table 5.3: Comparison of Classifications

Classification Helical coil NPW Plastic NPW
Otto and Wood | » DOE/Beta prototype »  Proof of concept prototype
Ullman »  Proof of product/production prototype | > Proof of concept prototype

. . . o First dimension
o First dimension

® Physical * Physical
E il}ilr;ih and » Proof of product prototype > P:Z?gtof zoncept
PPINg o Second dimension p. yp
. o Second dimension
e Comprehensive e Focused
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CHAPTER 6

PHYSICAL PROTOTYPE DATABASE

6.1. Database as a validation tool

A database of physical prototype is developed to validate the practical applicability of the
prototype taxonomy. The intent is to classify a wide array of prototypes from conceptual to detailed stage
of design, low to high cost, and low-fidelity to high-fidelity. This would ensure that the proposed
taxonomy is capable of classifying different types of prototypes. Moreover, classifying prototypes on a
larger scale than the two handpicked prototypes used in demonstrating the utility would help identify any
practical issues with the taxonomy and its classification system.

As mentioned before, the main purpose of this database is to serve as a validation and evaluation
tool for the prototype taxonomy. If prototypes belonging to different stages of design, or made of different
classes of materials or any other factors and characteristics can be populated in this database, then it would
demonstrate the flexibility and applicability of the proposed taxonomy. In order to make a reasonable
evaluation about the proposed taxonomy and its ability to distinguish between physical prototypes, it is
necessary to populate the database with a minimum of 20-30 prototypes. This would indicate if there are
any distinct group of prototypes based on their factors and characteristics. This will be discussed in detail
in Chapter 7.

In addition to above mentioned reasons, the prototype database with a multitude of prototypes can
lead to development of design tools and methods to help designers during prototype development. For
instance, a database containing factors and characteristics of physical prototypes built during product
development can aid designers in preselecting prototypes suitable for their design scenario i.e. Cost, Design
stage, and Material availability [Ashwin08]. However this is out of scope for the current research and

briefly described under future work in Chapter 8.

6.2. Data collection approach

A total of 35 physical prototypes and its factors and characteristics are populated in the database.

The main mode of data collection for the database is literature from conference proceedings and journal
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publications. This is to ensure that the sources are reliable, and accessible for further detailed study or
verification. Moreover, this data collection approach increases the confidence level of the database for real
life applications. Other sources include industrial white papers or case studies, and student projects. These
are obtained by web search from product development companies, and universities which provide product
design and development projects to engineering students. However, there is limited number of prototypes
taken from student projects. Of the 35 prototypes, 29 (83%) are from Journal/Conference proceedings, 4
(11%) are from student projects, and 2 (6%) are industrial case studies. The percentage distribution of

prototype sources in data collection is shown using a pie chart in Figure 6.1

I
A
e
© Proceedings
N A4
.

Figure 6.1: Prototypes for Database
During the development of the prototype database, and literature search it became clear that not all
information about taxons can be extracted or available in the document. For instance, most literature about
prototypes did not mention the developmental cost or the time for fabrication. Without this vital
information it is difficult to populate the entire taxonomy in its true and original intended form. Moreover,
lower level taxons such as ‘No. of constraint questions that can be answered’, ‘No. of criteria questions that
can be answered’, and ‘scale of the prototype’ are not explicitly stated in most cases. This prompted a

reduction in the level of abstraction of the prototype taxonomy to a degree which can be used to
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differentiate prototypes but still maintaining the integrity of the taxonomy. A modified sample taxonomy

used for collecting information about prototypes is shown in Table 6.1.

Table 6.1: Modified Prototype Taxonomy Structure

Description Prototype Prototype Prototype Prototype | Prototype
U Vv W X Y
Communication Mixed Tactile Visual Mixed Mixed
g Evaluation Function Function Form Function Function
‘g purpose
w Cost <$500 < $10000* > S 500* < S 500* < S 500*
Design stage Conceptual Detailed Embodiment Detailed Detailed
S Size ~0.5:1 1:1 1:1 ~0.25:1 ~0.25:1
o~
"é Type Variant Variant Variant Variant Variant
° Material LEGO Same as Same as final ABS ABS
g blocks final product
S product
Fabrication Assembly Assembly Assembly FDM FDM

6.3. Database Model/Structure

Table 6.1 and Figure 6.2 show the structure of the physical prototype database comprising of
factors and characteristics of prototypes. As mentioned before collection of information corresponding to
each taxon proved difficult, therefore certain modifications were made to the proposed taxonomy. The
modifications to the original taxonomy involve,

¢ Communication taxon represent only the mode of communication,

e Cost represents only the fabrication cost (explicitly or implicitly stated),

e Size stand for the relative scale of the prototype to the final product,

e  Material denotes the material(s) used in the construction of prototype and

e Fabrication taxon combines both Joining method and Part production process into single

entity.

These modifications reduced helped populate the database while still providing enough
This distinction is

information to clearly distinguish between two or more distinct prototypes.

demonstrated in Chapter 7, where multiple prototypes are grouped under classes such as Conceptual
39



prototype, Embodiment Prototype, High cost prototype, and Low cost prototype. This approach
demonstrated that not only distinct prototypes can be differentiated from one another using factors and

characteristics but also similar prototypes can be identified and grouped.

Figure 6.2: Prototype Database Structure - lllustration

The 35 prototypes involved in product design and development are taken from literature and the
factors and characteristics of these prototypes are populated in prototype database. Figure 6.3 and Figure
6.4 shows the distribution of prototypes based on the design stage, and evaluation purpose respectively.
The distributions indicate prototypes from different sections of design stages and evaluation purpose are

considered during the development of the database.
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Prototype Database - Design stage
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Conceptual Embodiment Detailed Production

Figure 6.3: Distribution of prototypes in database - Design stage
The prototypes are fairly distributed in the design stage category; while the comparison of

evaluation purpose indicates that majority of the prototypes are built to test or serve the functionality.

Prototype Database - Evaluation Purpose
30

25

20

15

10

Number of prototypes

Form Function Fit

Figure 6.4: Distribution of prototypes in database - Evaluation purpose
The prototypes and their references are shown below in Table 6.2. The modified version of the
proposed taxonomy used to build the database is shown in Appendix — A. To test the modified taxonomy’s

ability to distinguish between different prototypes, a new approach is followed. The distinction of
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prototypes can be verified by the Description Logic implementation of the prototype database using

Protégé, which will be discussed in the next chapter

Table 6.2: Prototypes for database

Prototype

Reference

‘Early concept car’- Verlinden J., and Horvath I., 2007, “A
critical systems position on augmented prototyping systems
for industrial design”, Proceedings of ASME DETC 2007,
USA.

‘Prototype Truck’ — Wilkinson P., 2007, “The changing role
of physical testing in vehicle development programmes”,
Journal of Terramechanics 44, pp. 15-22.

‘Electromechanical device’ — Yang M. C., 2004, “An
examination of prototype and design outcome”,
Proceedings of ASME DETC 2004, USA.

‘Initial soft model’ — Woolley A., and Gill S., 2006,
“Information ergonomics lectures for creative prototyping”,
Proceedings of HCl educators workshop 2006, Limerick,
Ireland.

Picture (if available)
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‘Facsimile model’ - Woolley A, and Gill S., 2006,
“Information ergonomics lectures for creative prototyping”,
Proceedings of HCl educators workshop 2006, Limerick,
Ireland.

‘Mouse’ —2007, “Reverse engineering of aesthetic products:
use of hand-made sketches for the design intent
formalization”, Journal of engineering design, 18(5), pp.
413-435.

‘Airplane-Door’ — Bernard A., and Fisher A., 2002, “New
trends in rapid product development”, Journal of CIRP
Annals-Manufacturing technology, 51(2), pp. 635-652.

‘Lunar Rover’ — Fuke Y., Apostolopoulos D., Rollins E.,
Silberman J., and Whittaker W., 1995, “A Prototype
locomotive concept for a lunar robotic explorer’,
Proceedings of Intelligent vehicles ‘95 symposium, Detroit,
USA. Pp. 382-387.

‘Clutch’ — Vanisacker B., 2007, “Spending a few thousand
dollars on a prototype saves us months in engineering
time”, Industrial case study — Dana Corporation.
Web:
http://www.stratasys.com/uploadedFiles/North_America/
Media/Case_Study/CaseStudy-Dana.pdf

‘Helicopter model’ — “Bell Helicopter 417 1FR”, Industrial
case study — Ogle Models and Prototypes Ltd.
Web: http://www.oglemodels.com/caseStudies.cfm
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‘Torus window prototypes’ — Heidinger et al., 2007,
“Development of high power window prototypes for
ECH&CD launchers”, Journal of Fusion Engineering and
Design, 82, pp. 693-699.

‘Revolute Joint prototype’ — Mavroidis C., DelLaurentis K.,
Won J. and Alam M, 2001, “Fabrication of Non-Assembly
Mechanisms and Robotic Systems Using Rapid Prototyping”
Journal of Mechanical Design, Transactions of the ASME,
123( 4), pp. 516-524.

‘Robotic finger’ — Mavroidis C., DelLaurentis K., Won J. and

Alam M, 2001, “Fabrication of Non-Assembly Mechanisms

and Robotic Systems Using Rapid Prototyping” Journal of

Mechanical Design, Transactions of the ASME, 123( 4), pp.
516-524.

‘Pickup winder’ — McAdams D. A., and Wood K. L., 2002, “A
guantitative similarity metric for design-by-analogy”,
Journal of Mechanical Design 124, pp. 173-182.

‘Engine Cover’ — Dimitrov D., Schreve K., Taylor A., and
Vincent B., 2007, “Rapid prototyping driven design and
realization of large components”, Rapid Prototyping Journal
13 (2), pp. 85-91.
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‘Hair dryer’ — Bak D., 2003, “Rapid prototyping or rapid
production? 3D printing processes move industry towards
the latter”, Journal of Assembly Automation, 23(4), Emerald
Group Publishing Limited, pp. 340-345.

‘Alpha-baby stroller’ — Erving S., Prichard M., Tyll P., and
Vasko M., 2005, “Kangaroo Karriage: Baby stroller”, Project
of Analytical Product Design Course (APD-2005-01),
University of Michigan, Ann Arbor, USA.

‘Beta-baby stroller’ - Erving S., Prichard M., Tyll P., and
Vasko M., 2005, “Kangaroo Karriage: Baby stroller”, Project
of Analytical Product Design Course (APD-2005-01),
University of Michigan, Ann Arbor, USA.

‘Composite bicycle crank’ — Quaresimin M., Meneghetti G.,

and Verarado F., 2001, “Design and optimization of an RTM

composite bicycle crank”, Journal of reinforced plastics and
composites 20(129), SAGE publications, pp. 129-146.

‘Prototype Hair straightener’ — Read M. B., 2004,
“Designing a better hair straightener”, Project Report, MIT.

‘LEGO — Handheld Drill’ = Campbell M. I., 2002, “Teaching
machine design through product emulation”, Proceedings
of American society of engineering education annual
conference & exposition.
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‘Ground Surface Simulator’ — Sugihara T., Noma H., and

Miyasato T., 1999, “Design and development of a ground

surface simulator”, International conference of artificial
reality and telexistence, 9, pp. 131-136.

‘Prototype washing machine’ — Sergio A., Duarte J., Relvas
C., Moreira R., Freire R., Ferreira J. L., and Simoes J. A,,
2003, “The design of a washing machine prototype”,
Journal of Materials and design 24, Elsevier Science Ltd., pp.
331-338.

‘Bennet Mechanism’ — Laliberte T., Gosselin C. M., and Cote
G., 2001, “Practical Prototyping: A rapid prototyping
framework for fast and cost-effective design of robotic
mechanism prototypes”, IEEE Robotics & Automation
magazine, pp. 43-52.

‘Agile Eye Mechanism’ — Laliberte T., Gosselin C. M., and
Cote G., 2001, “Practical Prototyping: A rapid prototyping
framework for fast and cost-effective design of robotic
mechanism prototypes”, IEEE Robotics & Automation
magazine, pp. 43-52.

‘Gough-Stewart platform’ — Laliberte T., Gosselin C. M., and
Cote G., 2001, “Practical Prototyping: A rapid prototyping
framework for fast and cost-effective design of robotic
mechanism prototypes”, IEEE Robotics & Automation
magazine, pp. 43-52.
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‘Six DOF Mechanism’ — Laliberte T., Gosselin C. M., and
Cote G., 2001, “Practical Prototyping: A rapid prototyping
framework for fast and cost-effective design of robotic
mechanism prototypes”, IEEE Robotics & Automation
magazine, pp. 43-52.

B1

‘Three DOF spherical haptic device’ — Laliberte T., Gosselin
C. M., and Cote G., 2001, “Practical Prototyping: A rapid
prototyping framework for fast and cost-effective design of
robotic mechanism prototypes”, IEEE Robotics &
Automation magazine, pp. 43-52.

Cc1

‘Geneva Mechanism’ — Laliberte T., Gosselin C. M., and
Cote G., 2001, “Practical Prototyping: A rapid prototyping
framework for fast and cost-effective design of robotic
mechanism prototypes”, IEEE Robotics & Automation
magazine, pp. 43-52.

D1

‘Robotic hand’ — Laliberte T., Gosselin C. M., and Cote G.,
2001, “Practical Prototyping: A rapid prototyping
framework for fast and cost-effective design of robotic
mechanism prototypes”, IEEE Robotics & Automation
magazine, pp. 43-52.

El

‘Oil jet’ — Raja V., Zhang S., Garside J., Ryall C., and
Wimpenny D., 2006, “Rapid and cost-effective
manufacturing of high-integrity aerospace components”,
International journal of advanced manufacturing
technology 27, pp. 757-773.

F1

‘Pipe Elbow’ — Raja V., Zhang S., Garside J., Ryall C., and
Wimpenny D., 2006, “Rapid and cost-effective
manufacturing of high-integrity aerospace components”,
International journal of advanced manufacturing
technology 27, pp. 757-773.
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G1

‘AHPV’ — McBrien M., Armar Nii., and Alfaris A., 2007,
“Assisted human powered vehicle”, Student design project
- MIT.
http://ocw.mit.edu/OcwWeb/Aeronautics-and-
Astronautics/16-810January--IAP--2007/Projects/index.htm

H1

‘inTouch’ - Brave S., and Dahley A., 1997, “inTouch: A
medium for haptic interpersonal communication”,
Conference on human factors in computing systems, pp.
363-364.

‘RobotPHONE’ — Sekiguchi D., Inami M., and Tachi S., 2001,
“RobotPHONE: RUI for interpersonal communication”,
Conference on human factors in computing systems, pp.
277-278.

= 1
224 sk’ >
o snake-like robots
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g
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CHAPTER 7

DESCRIPTION LOGIC IMPLEMENTATION OF PROTOTYPE DATABASE

7.1. Introduction to Protégé

Protégé is an open-source software based on Web Ontology Language (OWL) to construct
knowledge based application using ontologies. = These ontologies range from taxonomies and
classifications, database schemas to fully axiomatized theories [ProtegeWebsite]. Protégé-OWL based
ontology is a description of the concepts and relationships in an application domain, providing a common
vocabulary for that domain as well as computerized specification of the terms used in the vocabulary
[Antoniou05]. Protégé-OWL ontology contains three major components known as individuals, properties,
and classes. These three components can be seen in the Protégé user interface tabs shown in Figure 7.1.
The individuals represent the objects in the domain; the properties define the binary relations between these

individuals, and the classes are interpreted as sets that contain individuals.

Ontalogy1222701972031.owl (htt p:/fvww.semanticweb.orglantologies/200B/8/Ontology1 222701972031 .awl) - [E:\ASH\RESEARCH-PROTOTYPEWP rotege\PrototypeOntology200B0929.awl]

Flle Edt Ontoogies Reasoner Tools Refaclor Tabs  View ‘Window  Help

‘-c:!w_) @ Ortalogy1 222701972031 Owl (1. ifererer SEmanticweb, or glomokgles 2008 S/0ntology | 22270197 2031 o -~ &

| Active Ortciogy | Entibes Object Properties | Data Properies | Indviduals | & | DL Cuery |

T S]]

Class court 116
Cibpect property cournt 4
Data property count o
T b
"D3/29/2008" DL expressivity ALCID
"v. 1.0 TS Ao
crestor SubClass axioms court 432
“Astwin Michaglraj™ Equivalent classes sxioms count 15
Disjoirt classes axioms count T
O 1 .. SClcourt 0
Classes bject Individuals oo e -
Properties
Sub object property scioms count
Equivalent otyect properties aaoms court |

Inverse cbject properties sxioms court
Disioint okiect properties mdoms court
Functional object property axioms count
Inverse funclionsl cbiect property axioms court
Transtive object property meoms court
Symmetric cbject propery sxicens count
Ati-symmetric object property axdoms court
Reflecive cject property sxioms count

Ganaral adoms | ROFAML Randenng | OWLZML Rendsring | OWL Functional Syntax Rendenng |

Iiretecive object property axioms count

sscocoownNOocoONOO

ibject property domain axioms count
Oibpect propenty range sxioms count

Figure 7.1: Protégé-OWL User Interface
In order to illustrate the components of Protégé-OWL ontology, consider the following example of

two design prototypes. If these two prototypes are classified using the proposed taxonomy in Protégé-
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OWL, then Factors and Characteristics represent the Classes, and each prototype is considered to be

Individuals. The third component, Properties would relate each prototype to Factors and Characteristics.

Figure 7.2: Conceptual Mouse Prototype Figure 7.3: Human Powered Vehicle
[Mengoni07] Prototype [McBrien07]

For instance, the conceptual mouse prototype shown in Figure 7.2, would have an object property
of ‘hasFactor some Tactile’, which implies that the prototype mouse has a Tactile communication mode as
one of its Factors. Here the term hasFactor is an object property which builds relationship between the

individual prototype and its class — Factor.

Superclasses

@ NamedPrototype =

@ hascharacteristic some Foam
@ hasCharacteristic some Milling
@ hasCharacteristic some Variant
@ hasFactor some Conceptual

@ hasFactor some Form
@ hasFactor some LowCost
@ hasFactor some Visual
@ hasCharacteristic only (Foam 1
or Milling
oF Yariant)
@ hasFactor only (Conceptual
or Form
or LowCost
or Yisual) =1

Figure 7.4: Definition of Prototype A in Protégé
Similarly relationship between the characteristics and prototype can be built using
hasCharacteristic object property. Figure 7.4 shows Prototype A which is defined using both
hasCharacteristic and hasFactor object properties. Definition of a class (in our case prototype) in

Protégé is achieved using restrictions. There are multiple OWL restrictions available in Protégé and for
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simplicity of the model only two types of restrictions are used in this prototype ontology, Existential
restriction (some), and Universal restriction (only).

Existential restrictions describe classes of individuals that participate in at least one (denoted by
some in Protégé) relationship along a specified property to individuals that are members of a specified class
[MatthewO8]. In Figure 7.4, the class of individuals that has at least one hasCharacteristic relationship to
member of Material class (denoted by Foam) is an example for existential restriction. In other words, it is
necessary for any individual to have at least one hasCharacteristic relationship to be in the same class as
Prototype A.

Universal restrictions describe classes of individuals that for a given property only have
relationships along this property to individuals that are members of a specified class [Matthew(08]. In
Figure 7.4, the classes of individuals that only have hasFactor relationship to members of Communication,
Evaluation purpose, Cost, and Design stage denoted by visual, form, low cost, and conceptual respectively
is an example for universal restriction. This means that individuals belonging to this class can have

relationship with only Communication, Evaluation purpose, Cost, and Design stage classes.

A Ontologyl 222701972031 .owl (hitp: /iwww.semanticweb. orglontologies/2008/B/Ontalogy1 222701 972031.owl) - [E:\ASHVRESEARCH-PROTOTYPEW rotege\PrototypeOntology20080929.0w1]  [= |51
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“PrototypeP ™
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PrototypeS

¥ PrototypeT

BT ST = L

Figure 7.5: Named Prototype Class
Using these two types of restrictions and object properties, 35 prototypes from the database is

defined in Protégé-OWL ontology under the class ‘Named Prototype’ as shown in Figure 7.5.
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This type of manual construction of class hierarchies is known as ‘Asserted Hierarchy’. The next
section introduces the automated reasoning capability of Protégé using a Reasoner and explains in detail
about the Inferred Hierarchy and its application in prototype taxonomy validation.

There are two main applications for Protégé in the current research. The first application is to
validate the proposed taxonomy/database using the consistency evaluation techniques and the second
application is to implement a description logic based prototype database, which can automatically classify
prototypes based on their factors and characteristics using a description logic reasoner (will be discussed in
next section). The second application provides an opportunity to verify whether the proposed taxonomy
can clearly distinguish between the prototypes in the database. In addition, Protégé also provides an easier

access to data entry of prototypes and verification of the database.

7.2. Consistency Evaluation of Prototype Database

Protégé uses Description Logic (DL) to build ontology models. Description Logics are based on
First order logic, which is a formal deductive system used for automated reasoning of the ontology model
[Baader03]. This automated reasoning capability of Protégé allows it to automatically compute class
hierarchies in a classification and check for inconsistencies in ontology. These class hierarchies generated
using a Reasoner is known as ‘Inferred Hierarchy’. For example, consider Figure 7.5 and Figure 7.6, the
first figure shows the Asserted model for the Prototype C and the second figure shows the Inferred model
by the Reasoner. The Reasoner based on the definition of classes, inferred that Prototype C belongs to the
Embodiment prototype type class i.e. when Prototype C is asserted by the user to belong to Named
Prototype class, the Reasoner deducted that it is also part of Embodiment prototype class. This reasoning

capability allows Protégé to build class hierarchies automatically.
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Figure 7.6: Inferred Hierarchy for Prototype C

The other key feature of Protégé is its ability to merge taxonomies and the prototype database into
knowledge based application which can be used to check for inconsistencies within the proposed
taxonomy. Based on the definition of a class, the in-built reasoner can check whether or not if it is possible
for a class to have instances/individuals. Classes that cannot have any instances are deemed to be
inconsistent. To ensure better understanding, consider the following example, a prototype known as
InconsistentPrototypeA is defined to be both conceptual and embodiment prototype as shown in Figure 7.7.
It is clearly evident that a prototype cannot be both conceptual and embodiment design stage prototype at
the same time. Therefore, when the reasoner classifies the ontology, it deducts this inconsistency and

highlights it in red under the class — Nothing as shown in Figure 7.8.
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Figure 7.7: Inconsistent Prototype Definition
The reasoner identified this inconsistency mainly due to the definition of conceptual and
embodiment prototype classes. While defining the conceptual prototype class, it is defined as disjoint from
embodiment prototype class, meaning any individual belonging to conceptual prototype class cannot
belong to embodiment prototype class. This is shown in Figure 7.9. Therefore while populating the
automated class hierarchy the reasoner identifies that InconsistentPrototypeA cannot be part of both

conceptual and embodiment prototype class and displays the inconsistent class in red.
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The above mentioned definition techniques are used to define 35 prototypes from the database in
Protégé. The prototypes are grouped under a class known as Named Prototype, while the components of
proposed taxonomy such as Factors and Characteristics of prototypes are grouped under the class Factor
and Characteristic.  Moreover, definitions for equivalent classes such as Conceptual Prototype,

Embodiment Prototype, LowCost Prototype, HighCost Prototype, and Visual Prototype are constructed to
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group prototypes based on attributes such as design stage, cost, and mode of communication respectively.
Figure 7.10 & Figure 7.11 shows the asserted model using a visualization tool OWL-Viz and Protégé user

interface.
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Protégé uses the reasoner to automatically generate the class hierarchy of the ontology and checks
for inconsistencies within the ontology. When the proposed taxonomy and the prototype database is

classified using the reasoner, Protégé automatically generates the class hierarchy for the 35 prototypes from
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the database and checks if all the definitions entered for prototypes are valid. The results from the inferred
hierarchy indicate that all prototype definitions are valid and there are no inconsistencies within the
database. Figure 7.12 shows a portion of the inferred class hierarchy for the prototype database. It can be
observed that the prototypes defined under Named Prototype class are automatically classified under
conceptual and embodiment prototype class by the reasoner. In other words, a clear distinction between
different prototypes is achieved using Protégé. Furthermore, absence of any individuals under the Nothing

class suggest that the ontology or the proposed taxonomy is consistent.
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Figure 7.12: Inferred Class Hierarchy

57



7.3. Demonstration of Utility using Protégé

In order to demonstrate Protégé’s ability to delineate prototypes and concur on the manual
classification described in Section 5.2, the non-pneumatic wheel prototypes are defined using Protégé. The
class description of helical coil non-pneumatic wheel denoted as NPWPrototypel and the plastic non-
pneumatic wheel denoted as NPWPrototype2 are shown in Figure 7.13 and Figure 7.14 respectively. The

characteristics and factors of these prototypes are obtained from Table 5.1 and Table 5.2.
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Figure 7.13: Helical coil NPW - Definition Figure 7.14: Plastic NPW - Definition

Once the two prototypes are defined using protégé, they are classified using the automated
reasoner to generate the class hierarchy. The automated class hierarchy differentiates the two prototypes
based on the definitions. For instance, Figure 7.15 and Figure 7.16 shows the NPWPrototypel sorted under
the class Embodiment Prototype, while the NPWPrototype2 sorted under the class Conceptual Prototype.
Similarly a clear distinction between the two prototypes is observed in other equivalent classes such as
Cost, Evaluation purpose etc.

It is important to note that since both prototypes had visual mode of communication, they are
classified under the Visual Prototype class. This is due to the fact Helical coil NPW prototype was built to
test the functionality of a concept, but the failure is observed only through visual inspection after testing.
Whereas, the Plastic NPW Prototype is primarily built to convey the design intent hence its’ mode of

communication falls under visual category as well.
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This demonstration of utility of prototype taxonomy to distinguish prototypes using Protégé
consolidates the previous findings and demonstrates its flexibility to classify prototypes of varying fidelity.
However, there are few limitations to the current version of the taxonomy implemented in Protégé, such as
absence of quantifiable information such as Size taxon which includes number of constraint questions that
can be answered, number of criteria question that can be answered, number of parts in the prototype,
number of disciplines, and scale of the prototype relative to the final product. Introducing these taxons
would require introducing additional data types in the Protégé ontology; hence these modifications are

suggested for future work.
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CHAPTER 8§

CONCLUSIONS

8.1. Contributions

This thesis proposes a new taxonomy for physical prototypes, and validates the proposed
taxonomy by five different approaches. The validation approaches include, (i) checking the orthogonality
of the proposed taxonomy, (ii) benchmarking the taxonomy against existing classifications, (iii)
demonstrating the utility of proposed taxonomy to classify prototypes, (iv) development of a physical
prototype database consisting of 35 prototypes, and (v) description logic implementation of the proposed
taxonomy to verify its ability to distinguish prototypes.

The orthogonality check indicates that the proposed taxonomy is generally orthogonal, though
there are certain interdependencies between taxons. It is observed that these interdependencies are due to
the inherent nature of physical prototypes, i.e. the factors taken into account during construction of
prototypes prescribe its characteristics.

The benchmarking of proposed taxonomy against existing classifications by Otto and Wood,
Ullman, and Ulrich and Eppinger, reveal that these classifications are not capable of distinguishing physical
prototypes clearly and consistently without any overlap between the taxa. In addition, the benchmarking
shows that the proposed taxonomy is better structured to distinguish prototypes than the other
classifications.

In order to demonstrate the proposed taxonomy’s ability to distinguish prototypes, two different
physical prototypes from student design projects are classified. The classification of these prototypes
showed that the proposed taxonomy can distinguish prototypes clearly and consistently.

This thesis provides a database of 35 physical prototypes structured based on the proposed
taxonomy. The development of the database helped identify the limitations of the proposed taxonomy
during data collection. The level of abstraction of the prototypes in the proposed taxonomy made it
difficult to populate the database in its true and original form. Therefore the level of abstraction of the

proposed taxonomy is reduced in order to populate the database.
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Furthermore, in order to identify the physical prototypes populated in the database are distinct and
consistent, a description logic based software known as Protégé is used. The automated reasoner of
Protégé distinguished prototypes based on the factors and characteristics of prototypes and grouped them
under separate classes. In addition, the reasoner showed that the definition of prototypes is consistent
suggesting that the proposed taxonomy is capable of distinguishing prototypes based the factors and

characteristics.

8.2. Future Work

The work presented in this thesis can inspire various applications, and tools that can aid designers
during prototyping. For example, a prototyping tool that can help designers identifying the prototype
suitable for a particular design scenario can be developed with an extended version of physical prototype
database. Furthermore, the prototype database can be published online to enable designers or prototype
developers to input factors and characteristics of prototypes they build.

As mentioned in Section 7.3, the current version of prototype taxonomy implemented in Protégé
has a few limitations. It is important to address these limitations to have a Protégé based taxonomy of

physical prototypes that is capable of defining any type of physical prototype consistently.

61



APPENDICES

62



Appendix — A: Prototype Database
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Appendix — B: Definitions for Taxa

Factors of physical prototype: It is defined as the factors taken into account when planning to build a
prototype. Ex. Evaluation purpose, Cost, Design stage etc.
a. Communication: Communication taxon defines the communication factors such as intent
and mode considered when fabricating a physical prototype.
i. Communication intent: Communication intent of a prototype can be defined as
how a designer plans on using a prototype to convey desired information.

1. Declarative: The ability of the prototype to inform or record information is
considered to be Declarative communication intent.

2. Interrogative: The ability of the prototype to inquire or query for
information is known as Interrogative communication intent.

3. Imperative: The prototype’s ability to induce action or attention of the
prototype developer is considered to be Imperative communication intent.

ii. Communication mode:

1. Visual: If the main mode of communication of the prototype is Visual, then
it is considered to be a visual communication mode prototype.

2. Tactile: If the communication between the prototype and developer
depends mainly on the tactile or haptic feedback, then these types of
prototypes are assumed to be tactile communication prototype.

3. Auditory: If auditory feedback is the main mode of communication
between the prototype and the developer, then it is considered to be an
auditory communication prototype.

4. Mixed: Prototypes whose main goal is to communicate to the user through
two or more of the above mentioned communication modes are considered
to be mixed communication prototypes.

b. Evaluation purpose: Prototype designs are evaluated to determine if they meet form,

function, and fit requirements.
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i. Single design: Single design represents a single prototype developed to evaluate any
of the following taxa.

1. Form: A prototype developed to test/evaluate the aesthetic appeal is
considered to have an evaluation purpose of form.

2. Function: If the primary goal of a prototype is to demonstrate the
functionality of a concept, its evaluation purpose can be assumed to be
function.

3. Fit: A prototype developed to verify the fits and tolerances of a design is
considered to have an evaluation purpose of fit.

ii. Multiple designs: A set of prototype developed to identify or choose an optimal
solution are known as multiple designs.

1. Form: A set of prototypes developed to test/evaluate the aesthetic appeal
are considered to have an evaluation purpose of form.

2. Function: If the primary goal of a set of prototype is to demonstrate the
functionality of a concept, its evaluation purpose can be assumed to be
function.

3. Fit: A prototype developed to verify the fits and tolerances of a design is
considered to have an evaluation purpose of fit.

Cost: The cost taxon is defined as the cost accrued in terms of time taken and availability of
resources during the construction of a prototype.

i. Time: Time represents the period which involves the procurement time of raw
materials for prototype construction and the actual fabrication time during the
development process.

1. Fabrication Time: It represents the contribution of fabrication process in
terms of time to the overall cost of the prototype development process.

2. Procurement Time: It is defined as the cost accrued due to the time spent

procuring the raw materials necessary for prototype.
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ii. Availability: It is defined as the availability of resources needed for the prototype
fabrication.

1. Internal Resources: Costs associated with availability of resources such as
raw materials, manufacturing, and labor within an organization are
categorized under internal resources.

2. External Resources: Costs accrued due to the utilization of external
resources such as materials, manufacturing processes and labor are
categorized under external resources category.

d. Design stage: Prototypes constructed during different phases of design process are
categorized using following taxa.

i. Conceptual: Prototypes developed during conceptual phase of design process, to
evaluate the technical feasibility of a concept or evaluate the aesthetic appeal are
considered to be conceptual prototypes.

ii. Embodiment: Prototypes which incorporates the technical features of the concept
generated and represent the physical embodiment of the concept are considered to be
embodiment prototypes.

iii. Detailed: Prototypes which demonstrate the final functionality and appearance of

the concept are considered to be detailed prototypes.
iv. Production: Prototypes developed prior to production to evaluate the assembly

or manufacturing sequences are considered to be production prototypes.
Characteristics of physical prototype: The characteristics of a physical prototype represent the
physical attributes of a prototype such as material, novelty etc.
a. Size: Size taxon can be represented as any quantifiable information that can be obtained after
the construction of prototype.

i. Number of parts: It represents overall part count of the prototype.

ii. Number of disciplines: The number of engineering disciplines involved during the
construction of a prototype such as electrical, mechanical is categorized under

number of disciplines taxon.
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iii. Number of constraint question one can answer: This taxon addresses the number
of constraint questions that can be answered after the construction of a prototype.

iv. Number of criteria questions one can answer: This includes the number of
questions relating to design criteria which can be answered by the developer after the
construction of prototype.

v. Scale relative to the final: This taxon is used to quantify the geometric scale of the
prototype with respect to the final prototype.

Type: The type taxon classifies prototypes based on the novelty or creativeness of the
solution.

i. Novel: A prototype which is an out-of-the box solution is considered to be novel
prototype.

ii. Variant: A prototype which is an iteration of a previously conceived concept is
considered to be a variant prototype.

Material: Material taxon is classified into intrinsic properties and form of the raw materials
used in construction of prototype.

i. Intrinsic properties: Intrinsic properties include the physical properties such as
modulus of elasticity, density etc. of materials used in the construction of prototype.

ii. Form: The form represents the processed form at which the raw materials are made
available for prototype construction, i.e. sheet metal or iron ingot.

Fabrication: The fabrication taxon includes the fabrication process and the assembly or
joining method of the prototype components.

i. Process: The process taxon includes the fabrication processes involved during the
prototype fabrication. Examples for prototype fabrication may include rapid
prototyping process such as Selective Laser Sintering, Fused Deposition Method etc.

ii. Joining method: The joining method taxon may include the assembly processes, or

bonding processes involved during the construction of prototype.
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