Int. J. Engng Ed. Vol. 26, No. 1, pp. 68-86, 2010
Printed in Great Britain.

0949-149X/91 $3.00+0.00
© 2010 TEMPUS Publications.

Component-Function Templates To Aid
Engineering Design Education™®

D. ABBOTT AND K. GRANTHAM LOUGH

Department of Interdisciplinary Engineering, Missouri University of Science and Technology, Rolla, MO

65401, USA. E-mail: kag@mst.edu

A new design instrument, component functional templates, has been developed to assist design
engineering education. The templates attempt to link the functional basis and component taxonomy
into one coherent visual form that can be used by novice designers as a functional modeling training
tool. This paper presents the approach, derivation, and valid examples of template groupings that
result from the analysis. Principal components analysis is used to extract historical data from
consumer products whose information has been stored in an online repository. An application of the
templates is presented where they prove to be sufficient to begin the modeling process that
accurately describes the subsystem’s functions.
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1. INTRODUCTION

THE OBJECTIVE of this project is to develop an
educational tool to assist engineering students
learning how to create functional models for
their design projects. This paper is the collective
result of research that has been devoted to estab-
lishing a diagrammatic link, such as the spring
template shown in Fig. 1, between functional
descriptions and the physical components that
embody them, which can be applied to any general
design problem in many different fields. Func-
tional modeling skills are important in that well-
developed models help to describe systems at a
conceptual point in the lifecycle of a product when
every detail has not yet been determined, to
provide some kind of framework. This practice is
performed at many different levels including indus-
trial applications.

The group Team X, at NASA Jet Propulsion
Laboratory (JPL), designs and analyzes space
missions within a short time frame to meet space
program mission development and structure plan-
ning needs [1, 2]. The interdisciplinary team of
subsystem experts translates customer needs into
complete mission designs in a matter of days. In
previous work aimed at improving and incorpor-
ating current methods used in designing these
missions, a distinctive functional approach to
describing systems or sub-systems was created [3].
A limited set of templates were defined to describe
the functional background of typical mission sub-
systems such as electrical power, sensors, commun-
ications, debris control, structure, thermal control,
nuclear power, solar power, propulsion, and
science instruments. The function template of a
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solar power subsystem developed for Team X is
shown in Fig. 2 as a characteristic example of the
basic foundation on which such systems are built.
As an aid to Team X, these templates may “help
initiate the process of functional modeling,” [3] but
they are presented as highly specialized models of
extremely unique systems, and therefore are little
to no use for designers outside of Team X.

Additionally, it was demonstrated in the class
work of university level students that there was a
clear misapprehension in the functional modeling
process when assignment models were submitted
that represented physical components instead of
the functions that they provided [4]. A survey
aimed at determining a solution to this problem
was implemented where it was collectively agreed
that a tool linking physical components to func-
tions that could be used as a starting point to
building functional models would be quite useful.
The component functional templates aim to ad-
dress the common needs of students and working
engineers concurrently by prefabricating, to an
extent, a visual form of the function-component
link that is easily modifiable if it is not in the
needed structure already. Information that the
user needs to know is limited to the component
taxonomy term of the physical component that
they are trying to model.

The strategy for developing the component
functional templates includes gathering historical
information from a repository, using principal
components analysis to identify design relation-
ships, and then putting that information in a
visual, easy-to-use form. The teaching of new
technology is not limited to the integration of
novel hardware and software into the engineering
curriculum. It is also important to teach the next
generation of engineers decision-making skills that
build upon the current level of expertise in the
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Fig. 2. Solar power function template from Team X.

workforce. Therefore, it is imperative that new
technology also be used to prepare the engineers
of tomorrow and help teach how to analyze and
understand engineering systems by conveying the
knowledge associated with years of corporate
experience during their undergraduate studies.
The results of recent undergraduate functional
modeling design applications as well as student
surveys enforce the need for an engineering educa-
tional tool for the functional modeling method
such as the component functional templates [4].
The teaching strategy proposed to utilize this
experience via historical function-component rela-
tionships is a hybrid problem-based and just-in-
time inductive teaching method. Built on several
engineering design tools currently used in other
related research, a database of component func-
tional templates has been developed and is
presented here along with the generative approach.
To establish credibility of the concept, a case study
is performed on a subsystem of a bicycle.

2. BACKGROUND

The design tools and methods used throughout
the creation of the component templates in order
to sort through large amounts of data and make
statistical correlations between design mechanisms

are described and discussed in this section.
Common engineering design methods like the
functional basis and component taxonomy were
used as a foundational layout to build the
templates. Subsystem functional templates have
been observed in similar work, along with specific
applications of principal component analysis in the
engineering design field.

Inductive teaching methods, those that start
with specifics and infer rules and principles, will
be used as the premise to develop component
functional templates that build up students ability
to think in terms of product functionality rather
than component solutions during the conceptual
design process. The primary type of inductive
teaching that should be used with the component
function templates is problem-based learning—
using complex, authentic (real-world), open-
ended problems to provide context in the form of
product design problems

3. DESIGN TOOLS AND METHODS

The conceptual design stage is a crucial step in
the lifecycle of any product due to the importance
of the influential decisions that are made during
this process. Determining and defining as many
variants of products at the conceptual stage
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Fig. 3. Schematic representation of functional modeling process

provides a beneficial frame of reference when
selecting the best possible solution for any given
problem. However, without a scientific approach
to the design method, there is an increased possi-
bility that the best solution might not be selected as
the final design or that it might not even be found
at all.

The functional approach to design is a generally
descriptive and structured methodology where
Stone and Wood identify the function structure,
consisting of both functions and flows [5]. Think-
ing in terms of the functions that are performed by
a product gives the designer an advantage of not
being limited to how that function should be
encapsulated physically. Alternatively, designing
from actual components or subsystems during
conception will drastically hinder other creative
possibilities. A fundamental understanding of the
most basic concepts of any design can be gained
through an application of the functional modeling
method [6], which could help explain why many
modern texts, some used in college level courses,
present the functional approach to the art of
design [7, 8, 9]. Just like any other scientific
process, there is a step-by-step procedure, which
can be seen in Fig. 3 that is commonly followed to
create a properly formatted functional model. Fig.
3 is a graphical representation of the necessary
steps in the functional modeling process. The four
triangles on the left represent the main action that
occurs in each step while the other shapes show
what conversion is taking place in that specific
step.

The first step in constructing a functional model
is to create the system’s black box model, which is
translated from the customer needs. Inside the
black box is the main function of the system as a
whole and entering and exiting the black box are
the material, energy, and signal flows. Then, every
unique flow is observed from the entrance into the
system, defining any relevant functions that might
be encountered while interacting with the system,
and eventually to where they depart from the
system. Once the separate chains have been gener-
ated, they are morphed together, adding or remov-
ing functions as necessary, to develop the overall
functional model of the system. The final step
consists of a simple check to make sure that all
of the needs set forth by the customers in the first
step are catered to. An example of a functional
model for the controls of a combine is shown in
Fig. 4. The section lines with letter designations
connect to other parts of the system functional
model.

The learning outcomes, touching on multiple
categories of Bloom’s taxonomy [10], of a func-
tional modeling lesson include the following:

1) identify the main function of the system in a
black-box model;

2) identify flows (material, energy, signal) entering
and exiting the system;

3) create subfunction chains that follow the flow
as they enter until they exit;

4) evaluate junction points for flow chains that
allow interaction of multiple chains;
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5) design function-chain interfaces that preserve
conservation of mass and energy;

6) create a connected subfunctional model com-
bined with the black-box model for complete
system functional model.

The experience of the authors and other product
design faculty at Missouri University of Science &
Technology suggest that learning outcomes 1) and
2) are achieved by most students while learning
outcome 3) has less mastery than 1) and 2), and
outcomes 4)-6) are very difficult for novice engi-
neers to perform.

Creativity between user descriptions of how
different objects function (outcomes 3-6) would
pose a problem for the functional modeling
method were it not for the structured language
that is used when building the models. This
language is known as the functional basis [11]
comprised of function and flow definitions for all
electro-mechanical products. As the proper func-
tion and flow terms are used, it allows the designer
to avoid describing actual physical components
and therefore makes it possible for other creative
solutions to find their way into the design. The use
of the functional basis, while a useful and neces-
sary addition to functional modeling, has not been
able to single-handedly improve the mastery of
learning (outcomes 3-6).

Even though the functional basis helps to bring
some consistency between the modeling
approaches of different users so that results can
be repeated, another tool is used as a cornerstone
in the development of the templates. The compo-
nent taxonomy [12] is similar to the functional
basis in that it is a collection of definitions useful
for modeling and analysis purposes, but instead of
defining numerous function structures, the taxon-
omy defines common electro-mechanical compo-
nents, many of which can be found in everyday
consumer products such as toys and robots to
tools and cleaning machines. Also, unlike the
functional basis, the component taxonomy is an
ever-expanding database of new components and
definitions, while the basis is a static set.

With the combination of these tools it would be
possible to subjectively determine the functions for
the templates, but for the purposes of this research
it is desired to relate this information to historic
design data which can be found in easily accessible
database repository systems [13]. This information
is extracted from the user interactive products
mentioned previously, which have been decon-
structed and reverse engineered by trained techni-
cians. Ultimately, the gathering of all of these
design-engineering technologies culminates in the
development of the component functional
templates. Built on the historical information in
the repository, the templates link the functional
basis and component taxonomy ontologies in a
visual form that can then collectively be used to
build any general electro-mechanical system’s
functional model. Ideally, the templates would be

used as an introductory tool for novice functional
modelers that are having difficulty grasping the
fundamental concepts that are needed to func-
tional model properly.

4. FUNCTIONAL MODELING TOOLS

Pahl and Beitz’s original development of func-
tion structures [14] has instigated an expansive
growth of many conceptual design related areas
including function-based risk and failure analysis
[15, 16], 3D concept generating aids [17], as well as
tools and methods to aid in properly describing the
functional elements that are apparent in any given
system. Some methods attempt to use modern
computer aided techniques that allow complete
and accurate functional representations of physical
systems. The graph grammar technique [18] is an
example of such a tool that is designed to quickly
generate functional models based on the limited
number of function combinations that can occur
and manipulating them via rules that have been
determined through research. By analyzing thirty
different products, a set of sixty-nine grammar
rules have been established that are then imple-
mented in a node-based computer program.

Though the graph grammars help in speedily
building function models through a computer
program, they, like other methods, are still reliant
on specific knowledge of the concept of functions.
This leads to difficulties for people who are not
familiar with these concepts such as students
learning design methods in the classroom as well
as experienced designers who have learned to think
in terms of physical components and are trying to
incorporate new methods into their design process.
Also, the merger of the component taxonomy and
the functional basis provides a reference for those
designers to use the knowledge they already have
to build on new information.

The work related to component functional
templates is not the first research that has
prescribed templates as a tool for functional
model development, as was shown in the Team X
space mission templates [3]. However, since the
Team X templates have been developed for such
exclusive applications, a more generalized tech-
nique, like the component functional templates,
is needed for use in other non-related products and
designs.

4.1 PCA-based application

The design information used in this project is
evaluated through a statistical analysis method
called principal components analysis, which is
currently implemented in a diverse range of profes-
sional fields such as ecology among many others
[19-25] as a means to analyze large amounts of
iterative data. PCA is a form of data compression
in that it takes a large amount of correlated
information and analyzes it to find the most
statistically represented information and brings
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that information to the attention of the analyst.
The steps that are required to perform a PCA on
the components in the taxonomy are as follows (as
applied in [26]):

1) Calculate the mean vector of the Component-
Function Matrix (CFM) with m observations/
artifacts on n variables/functions:

f:CFM,v
2) CFM == (1)

3) Adjust the mean of the CFM to zero by
subtracting the mean vector from each of the
observations:

4) CFDA; = CFM; — CFM fori=1ton (2)

5) Calculate the variance/covariance matrix of the
mean-adjusted CFM:

6) ZCFM = W 3)

7) Find eigenvectors (principal components) and
eigenvalues (percentage of variance in original
data) of the covariance matrix from character-
istic equation:

8) | —M| =0 4)

The CFM is a simple regurgitation of the compo-
nent and function historical data that has already
been stored in the repository and is output in the
form of a matrix that can be manipulated. The first
step is computed for each column or function,
which is simply the mean of each variable across
all of the artifacts in the CFM. Step two decreases
each element in an artifact by the corresponding
element in the mean vector and repeated for every
artifact. A matrix multiplication of the zero mean
adjusted CFM with its transpose and dividing by
the rank of the CFM yields the covariance matrix.
The characteristic equation in the last step can be
put into matrix form by:

> xV=VxD (5)

CFM

where V is an eigenvector matrix and D is a
diagonal eigenvalue matrix.

An application of PCA as used here is very
similar to the approach presented in [26] where
the steps are used to identify high risk areas based
on function-failure matrices provided by the
analyst. Data extraction techniques such as this
are similar to the concepts of data mining [27-29]
that can use probability theory for numerical
prediction and association rules, or clustering of
data. Also, methods learning chunks of data from
design experiences and applying them to novel
problems as prescribed in a new mechanism for
A-Design [30] might prove a viable alternate
method except that the components have already
been defined and extra iterative steps are applied
that aren’t necessary here. Instead, PCA was
employed because of its simplicity and ease of
implementation using the first eigenvector or func-

tion vector as output. The component functional
template application presented in this paper uses
PCA to identify the functions that will be included
in the templates, originating from the CFM. The
key for the use of PCA is to statistically represent
design knowledge correlating function and compo-
nents. A simple summation is not sufficient enough
to analyze the mass data, which also contains
variants in the input and methods of deriving the
information. The principal components and eigen-
vectors describe the statistical correlation between
a set of functions to a particular component. The
order is significant because the first principal
component (PC1) the first eigenvector (linked to
the highest magnitude eigenvalue), correlates to
the strongest relationship.

5. TEMPLATE GENERATION
DEVELOPMENT

This section is dedicated to presenting the
template generation development process in
detail. Since there are a large number of compo-
nents in the component taxonomy, it was neces-
sary to develop a recurring process to generate the
component functional templates consistently every
time an analysis was conducted. The process
consists of gathering the necessary information
from a design repository, performing a principal
components analysis on that information, inter-
preting the results from the PCA, and then creating
the component functional templates.

5.1 Incorporating repository information

The component templates are derived from an
historical perspective founded on the data stored in
a separate design repository. As a retrievable
design information storage system, the UMR
Design Engineering Lab’s Design Repository
[31] was founded as a free Internet-accessible
(function2.basiceng.umr.edu) knowledgebase that
houses not only functional information but also
many other types of design information including
geometric and material properties, failure and
manufacturing information, etc. of over 170
consumer products. Armed with the component
taxonomy terms and a basic understanding of how
the UMR specific repository search tools work, the
CFMs are generated for analysis. The CFM is a
listing of all the artifacts found in the repository
with the subsequent functions that have been
solved by that component in the past, which are
now associated in the form of a simple matrix.

For the repository, used as it is presented here,
the PCA method inherently struggles with compo-
nents whose artifact populations are low. When
this happens, some functions are difficult to deter-
mine if they should be included in the templates or
not or the values returned by the PCA do not
represent the original data well enough to continue
on with the generation process. However, as more
products are reverse engineered and the artifact
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Table 1. General CFM example

Artifact 1
Artifact 2
Artifact 3
Artifact 4
Artifact 5
Artifact 6
Artifact 7
Artifact §
Artifact 9
Artifact 10

DDDDDHDDDDFUH&IDHI

DHDDDDDDDDFUHU:IDHE

ololo|ola|~|o|ala|o|Funchon 4

HDDDDDDHDDFUHU:IDHS

DDDDI—‘DDHDDFUHEIIDHE'

~|olo|olo|o|a|a|o || Funchon 7

DDDDI—‘DDDDDFUHEIIDHB

HDDHDDDDDDFUHU:IDHQ

DDDDHDDHDHFUH&IDHID

information is entered into the repository, the
components will begin to converge on a well-
defined steady-state function set.

The CFMs produced by the repository genera-
tor are binary matrices of component artifacts and
functional representations. Each row in the CFM
is an observation of the component from the
search and each column is a different function
that has been found in at least one of the artifacts.
The binary values of 0 and 1 indicate either a lack
or occurrence of a particular function, respectfully.

Table 1 is a general example of a CFM that is
generated by the repository tool. Observe that a
search of the stored design information revealed
the third artifact found in the repository contained
instances of the third, fifth, sixth, and tenth func-
tions while the others were not present in that
specific artifact. Likewise, the fifth artifact only
had two functions, one and four, associated with
it. Once this CFM has been generated, the PCA
discussed above ensues. When performing the
PCA, the component has already been defined by
searching the repository for a specific artifact. It
then identifies the functions that should be
included in that particular component function
template. This process is repeated for each indivi-
dual component found in the taxonomy.

5.2 Results interpretation
Procedures for interpreting the results of a PCA

are as varied as the fields in which PCA is used. In
his book, J.E. Jackson [32] reviews and compares
several methods of stopping rules for PCA includ-
ing proportion of trace explained, individual resi-
dual variances, scree test, broken stick, average
root, and Velicer’s method. Similarly, D.A. Jack-
son [33] compares such stopping methods as
Kaiser-Guttman, bootstrapped Kaiser-Guttman,
scree plot (same as scree test), broken stick,
proportion of total variance, test of sphericity,
Bartlett’s test of the equality of A;, Lawley’s test
of \,, and bootstrap eigenvalue-eigenvector. It was
found that while the scree plot method (not includ-
ing the first point past the cut-off) did not perform
best compared to the rest, but it also did not
perform the worst. Actually, it fell within the
group of methods with average performance. It
did, however, consistently overestimate the
number of interpretable components, which
could be considered a moderate approach in an
application of the scree plot such as used in this
analysis when determining the function cut-off
point as it is used here, instead of the principal
component cut-off point as it is used in [33].

All component CFMs were analyzed under the
PCA method returning n x n matrices whose first
eigenvector corresponds to the eigenvalue with the
greatest magnitude and therefore the function
vector of highest statistical correlation.

The component templates are analyzed based on
their artifact population size shown in Table 2. As
shown in the table, category one is comprised of
only 3.26% of the components that had informa-
tion included in the repository. The other categor-
ies included substantially more components but
lacked in template robustness.

5.3 Template generation

The functions that are selected for the templates
through the PCA method are not organized in any
manner when coming directly out of the analysis.
Since each component is unique, requiring unique
formulation of each template, several general rules
that can apply to all or most of the templates are
discussed here. Some organization of the functions
and flows in the template are critical but also
intuitive such as an input function coming before
an exporting function along the same flow chain.

Table 2. Template categorical breakdown summary

Number of Percentage of total | Percentage of components per
Repository Artifact Population | componentsin components per category with repository
category category information
Category 1 pop 10° 3 1.75% 3.26%
Category 2 10°>pop 10 27 15.79% 29.35%
Category 3 10'>pop 10" 62 36.26% 67.39%
Category 4 pop=0 79 46.20% 85.87%
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The function and flow order is founded on the
function structure and component itself, which to
an extent can be derived from the component
taxonomy definitions.

Suppose, for instance that the PCA for a parti-
cular component returned change mechanical
energy and transfer mechanical energy as the
functions to be included in the template. The
flows are inferred from the PCA results, and in
this case the only flow would be the mechanical
energy flow. Organizing the functions in the proper
order is up to the attributes of the component so
that if, along the same flow, the transfer function
occurred first, the output of that function would be
the input to the following function. Extending the
second step in the original functional modeling
method [6] from Fig. 3 to apply to the templates,
the individual flows are examined as they pervade
through the component. This basic routine of
connecting functions and flows was adopted for
all of the components and was applied as reason-
ably consistently as possible.

6. EXAMPLE RESULTS AND DISCUSSION

The entirety of the following few sections is an
in-depth discussion on the different types of results
that were obtained from each analysis. Section 6.1
reviews the first category and how the results are
analyzed and templates generated. Section 6.2
covers lower populated templates and provides
sample results along with how they were inter-
preted. Section 6.3 is a short overview of the
components that were not sufficiently populated
to create templates from historical data. The
approach detailed in Section 4.1 was followed to
generate the PCAs for the components in the
design repository. The results from the analysis
were first divided into categories based on the
dimensions and population of the original CFMs.
While the repository contains a vast amount of
information on many consumer products covering
many different design application areas, it still
lacks specific information regarding many indivi-
dual components in the taxonomy. In fact, of the
172 components that are listed in the component
taxonomy, only thirty can be expressed by the
templates formulated from the PCA approach
due to the populations of their correlating
CFMs, and some of those must be manually
manipulated. The other 142 component taxonomy
terms are either insufficiently populated so that
they cannot accurately undergo analysis by this
statistical tool or they are not populated at all.
From a statistical standpoint, the more informa-
tion to gather results from the better, due to a
larger sample size. But since this data is already
supplied and taken directly from a compiled and
limited source, we use all of the information that
we can by basing the cutoff strictly on orders of
magnitude (e.g. 10", 10%, 10%, etc) of the artifact
populations relative to how much information is

already in the database. This gives a lower limit of
ten artifacts and any components with less than
these ten artifacts are insufficiently populated. It is
assumed that as the population of the repository
database grows consistently over time, the number
of artifacts and functions for all components will
also grow, eliminating the need for such categor-
izations in the future.

6.1 Populated and well-defined templates

The first category of component templates has
been sufficiently populated in the design repository
so that the results of the PCA allow for a direct
comparison between the first principal component
and the functions that represent the corresponding
components without major manipulation or addi-
tional subjective interpretation of the information.
Only containing a list of three components, this is
the smallest group of the four that were observed.
The first category components include the electric
wire, the gear and the housing. Each of the compo-
nents in this category had populations with magni-
tudes on the order of 10%. Ideally, with higher
populations that are consistent with a complete
repository database, many more components will
fall in categories with several orders of magnitude
greater than this. But, even with these lower
populations, the three components returned favor-
able results that did not need to be modified after
the analysis in order to create the templates. As
was reported in [34], the PCA results only identify
functions and do not directly identify flows or
temporal order of those functions, but once the
functions have been determined, the flows can be
inferred from the function structure. The housing
component functional template is used here as an
illustrative example, and Table 3 presents part of
the housing CFM which displays artifact informa-
tion found in the design repository.

A search of the repository yields a total of 118
artifacts meeting the description of the housing
component, presented in the CFM rows. Each of
these artifacts has specific functions associated
with it, portrayed in the CFM columns. The
functions that are present in the artifacts are
designated by unity while functions that are not,
are designated with a zero. For example, the gun
housing 2 in ball shooter artifact displayed the five
functions convert human energy to mechanical
energy, export human material, guide human
material, import human energy, and import
human material. All other functions not present
in that particular artifact have zero values. After
the repository tool generates the CFM, the mean
vector CFM is calculated and the transpose is
found in Table 4. The transpose is purely for
presentation since CFM is actually a lengthy row
vector. Subtracting this mean vector from the
CFM adjusts the mean of the CFM to zero
yielding the data-adjusted-CFM or CFDA in
Table 5. Following the next step, a variance/covar-
iance matrix, Ycgwm, 1s found via a cross product
and dividing by the total number of observation
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Table 3. Partial housing component CFM

76

Fig. 5. Example scree plot of first principal component—category 1.
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Table 4. Partial housing component mean vector transpose

.0085

0.0254

.0085

85

39

85

0.0085

0.0424

0.0085

0.0678

0.0593

0.3136

0.0254

0.0169

0.0085

0.0593

0.0085

0.0424

0.0593

0.3051

0.0085

0.0169

0.0932

0.0085

0.0169

0.0169

0.0254

0.0085

0.1102

less one. Part of the resulting housing component
Ycrm is listed in Table 6. Table 7 and Fig. 5, which
show the first principal component and it’s corres-
ponding scree plot.

With a population of 118 artifacts, this was the
lowest in the first group, and the first eigenvector
identifies the representative functions as import
human material, guide human material, and export
human material, highlighted in the first principal
component. Likewise, the scree plot also clearly
identifies the inclusion of the first three functions
in the housing template. Comparing these results
to a simple summation of the different possible
functions through the artifacts verifies that these
three functions occur with the highest frequency,
which is what was expected. It should be noted
here that many of the other functions given in the
artifacts are viable solutions to specific design
problems, but historically they are not compara-
tively prevalent enough in the database for the

. Partial CFDA for housing component

0.0085
-0.0002
-0.0001
-0.0001
-0.0003
-0.0001
-0.0001
-0.0004
-0.0001
-0.0006
-0.0005
-0.0027
-0.0002
-0.0001
-0.0001
-0.0005
-0.0001
-0.0004
-0.0005
-0.0026
-0.0001
-0.0001
-0.0008
-0.0001

0.0084
-0.0001

0.0083
-0.0002
-0.0001

-0.0002

0.0250
-0.0002
-0.0002
-0.0009
-0.0002
-0.0002
-0.0011
-0.0002
-0.0017
-0.0015
-0.0080

0.0079
-0.0004
-0.0002
-0.0015
-0.0002
-0.0011
-0.0015
-0.0078
-0.0002
-0.0004
-0.0024
-0.0002
-0.0004
-0.0004
-0.0007
-0.0007
-0.0002

.00B5| _-0.0254] -0.0085] -0.0085] -0.0339] -0.0085] -0.0085] _ 0.9576] -0.0085] -0. -0.3136
.0085| -0.0254| -0.0085| -0.0085| -0.0339| -0.0085| -0.0085| -0.04 -0.0085| -0. -0.3136
.0085| -0.0254| -0.0085| -0.0085| -0.0339| -0.0085| -0.0085| -0.04 -0.0085| 0. -0.3136
; -0.0254 X 0. -0.0339| -0.0085] -0.0085| -0.0424| -0.0085| -0. -0.3136
i -0. -0.0339] -0.0085| -0.0085| -0.0424] -0. . -0.3136
0. -0.0339| - .oossI ~0.0085| -0.04 0. . -0.3136
-0. 0.0339] -0.0085| -0.0085| -0.0424 -0. . 6864
0. -0.0339] _-0.0085] -0.0085] -0.0424] -0. . : 6864
-0. -0.0339| -0.0085] -0.0085] -0.0424| -0.0085| -0.0678| -0.0593| 0.6864
-0. -0.0339| -0.0085] -0.0085| -0.0424] -0.0085| -0.0678| -0.0593| 0.6864
-0, ~0.0339] _-0.0085] -0.0085| -0.0424] -0.0085] -0.0678] -0.0593] 0.6864
-0. -0.0339| -0.0085] -0.0085] -0.0424| -0.0085| -0.0678| -0.0593 6864
-0. -0.0339] -0.0085| -0.0085| -0.0424] -0.0085] 0.9322| -0.0593] 0.6864
-0. ~0.0339] _-0.0085] -0.0085| -0.0424| -0.0085| 0.9322| -0.0593 6864
0. -0.0339] -0.0085| -0.0085| -0.0424] -0.0085| -0.0678| -0.0593| 0.6864
- -0.0339] -0.0085] -0.0085] -0.0424| -0.0085] -0.0678] -0.0593| 0.6864
-0.0339| -0.0085| -0.0085] -0.0424] -0.
-0.0339| -0.0085] -0.0085] -0.0424| -0.
0.9661| -0.0085| -0.0085| -0.0424] -0.
0.9661| -0.0085| -0.0085| -0.0424| -0.
-0.0339| -0.0085| -0.0085| -0.0424] 0.
-0.0339| -0.0085| -0.0085| -0.0424] -0.
-0.0339| -0.0085| -0.0085| -0.0424] 0.
-0.0339| -0.0085| -0.0085| -0.0424] -0.
-0.0339| -0.0085| -0.0085| -0.0424] 0.
-0.0339| -0.0085| -0.0085| -0.0424] -0.
-0.0339| -0.0085| -0.0085| -0.0424| -0.
-0.0339| -0.0085] -0.0085] -0.0424| -0.
-0.0339] -0.0085| -0.0085| -0.0424] -0.

Table 6. Partial covariance matrix for housing component

-0.0001
-0.0002
0.0085
-0.0001
0.0083
0.0085
-0.0001
-0.0004
-0.0001
-0.0006
-0.0005
-0.0027
-0.0002
-0.0001
-0.0001
-0.0005
-0.0001
-0.0004
-0.0005
-0.0026
-0.0001
-0.0001
-0.0008
-0.0001
-0.0001
-0.0001
-0.0002
-0.0002
-0.0001

-0.0001
-0.0002
-0.0001

0.0085
-0.0003
-0.0001
-0.0001
-0.0004
-0.0001
-0.0006
-0.0005

0.0059
-0.0002
-0.0001
-0.0001
-0.0005
-0.0001
-0.0004
-0.0005

0.0059
-0.0001
-0.0001
-0.0008
-0.0001
-0.0001
-0.0001
-0.0002
-0.0002
-0.0001

-0.0003
-0.0009
0.0083
-0.0003
0.0330
0.0083
-0.0003
-0.0014
-0.0003
-0.0023
-0.0020
0.0149
-0.0009
-0.0006
-0.0003
-0.0020
-0.0003
-0.0014
-0.0020
0.0152
-0.0003
-0.0006
-0.0032
-0.0003
-0.0006
-0.0006
-0.0009
-0.0009
0.0083

-0.0001
-0.0002
0.0085
-0.0001
0.0083
0.0085
-0.0001
-0.0004
-0.0001
-0.0006
-0.0005
-0.0027
-0.0002
-0.0001
-0.0001
-0.0005
-0.0001
-0.0004
-0.0005
-0.0026
-0.0001
-0.0001
-0.0008
-0.0001
-0.0001
-0.0001
-0.0002
-0.0002
-0.0001

-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0002 -0.0011 -0.0002 -0.0017 -0.0015 -0.0080
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 0.0059
-0.0003 -0.0014 -0.0003 -0.0023 -0.0020 0.0149
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
0.0085 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0004 0.0409 -0.0004 -0.0029 -0.0025 -0.0134
-0.0001 -0.0004 0.0085 -0.0006 -0.0005 -0.0027
-0.0006 -0.0029 -0.0006 0.0637 -0.0041 0.0213
-0.0005 -0.0025 -0.0005 -0.0041 0.0563 -0.0188
-0.0027 -0.0134 -0.0027 0.0213 -0.0188 0.2171
-0.0002 -0.0011 -0.0002 -0.0017 -0.0015 -0.0080
-0.0001 -0.0007 -0.0001 -0.0012 -0.0010 -0.0054
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0005 -0.0025 -0.0005 -0.0041 -0.0035 -0.0188
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0004 -0.0018 -0.0004 0.0227 -0.0025 0.0037
-0.0005 -0.0025 -0.0005 -0.0041 0.0563 -0.0188
-0.0026 -0.0130 -0.0026 0.0219 -0.0183 0.2027
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0001 -0.0007 -0.0001 -0.0012 -0.0010 -0.0054
-0.0008 -0.0040 -0.0008 -0.0064 -0.0056 -0.0124
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 -0.0027
-0.0001 -0.0007 -0.0001 -0.0012 -0.0010 -0.0054
-0.0001 0.0078 -0.0001 -0.0012 -0.0010 -0.0054
-0.0002 -0.0011 0.0083 -0.0017 -0.0015 -0.0080
-0.0002 -0.0011 -0.0002 0.0154 -0.0015 0.0005
-0.0001 -0.0004 -0.0001 -0.0006 -0.0005 0.0059
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Table 7. Partial PCI1 for housing component

PC1 Functions Summation
0.0073 actuate electrical 1
0.0242 change mechanical 3
0.0067 convert electrical to control 1
-0.0156 convert human energy to control 1
-0.0417 convert human energy to mechanical 4
0.0067 convert mechanical to electrical 1
0.0068 couple solid 1
0.0209 distribute mechanical 5
0.0072 distribute electromagnetic 1
-0.0663 export gas 8
0.0611 export human energy 7
-0.5641 export human material 37
0.0220 export mechanical 3
0.0147 export mixture 2
0.0073 export mixture to solid 1
0.0686 export solid 7
0.0068 quide electrical 1
-0.0151 guide gas 5
0.0611 guide human energy 7
-0.5557 guide human material 36
0.0075 guide liquid 1
0.0138 guide mechanical 2
0.0513 guide solid 11
0.0071 guide mixture 1
0.0142 limport control 2
0.0168 import electrical 2
0.0216 import electromagnetic 3
-0.0042 import gas 3
-0.0165 import human energy to chemical 1
0.0269 import human energy 13
-0.5672 limport human material 42

housing, and hence, they are not included in the
template. This issue is not of concern because the
templates can be modified as necessary to fit the
needs of the moment when building any unique
system’s functional model.

A quick glance at the prescribed function struc-
tures from PC1 hints at the essential flows that are
required for the housing template. The function-
flow structure can easily be broken down to find
the human material flow that is evident in all three
of these functions. Determining the proper order is
based on an engineering analysis of the particular
component and the flows that have been identified.
In this case, the three functions happen to fall in
the exact opposite order in which they are organ-
ized in the template. This is not always the case and
should not be assumed to be the correct config-
uration for other templates. From the definitions
of the functional basis terms and the limitations of

Human I
Material

Import
Human
Material

Human
Material

the prescribed functions, the temporal order for
this template is quite easy to establish. By an
elementary deduction, it can be assumed that the
input function occurs before the export function
and also that any other functions related to that
flow must also occur before it exits the system
boundary, but only after it has been imported into
the system. The function order has been combined
with the proper flow to form the component
functional template for the housing component
shown in Fig. 6.

It is easy to see that the majority of products
with housings found in the repository would fit
the description of “handheld consumer products”
based on the PCA results and the consequential
template. For such products, the template in Fig.
8 is an adequate match for some or all of the
main functions of the component. Doing a walk-
through based on the general descriptive image of

B e
I Human
Export Material
Human 1*

Material

Fig. 6. Housing component functional template.
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Fig. 7. Gear component functional template.
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Fig. 8. Wire component functional template.

a drill housing shown in the template, as the
human material (most likely a hand) comes into
contact with the component it must be imported
into the system boundary for which the first
function accounts. As a byproduct of the handle
design of this component, the second function
accounts for guiding the hand into the correct
position and placement to operate the drill. At
this point, the user operates the tool under
specification of the design. Following the same
logic as the input of the human material flow,
since the hand will, at some point, release the
housing, it also exports the hand. This is
accounted for by the last function in the
template. Generally speaking, the housing
template is an acceptable representation of the
main functional requirements of housing compo-
nents. Using an exact replication of this process,
the other templates in the first group are gener-
ated and can be seen in Fig. 7 for the gear and
Fig. 8 for the electric wire. The templates in these
figures will be used by designers who are limiting
their creativity by thinking of components in the
design process. The templates allow them to
translate their premature component solutions
into functional form to promote creativity
during the design concept generation.

6.2 Partially subjective templates

The difference between the first and second
groupings of templates is found in the size of the
populations of their CFMs. All of the templates in
the first group were easily discernable based on
their scree plots, but many of the components in
the second group were not so obvious while

templates from other groups suffered from dimen-
sion issues. The second category is a combination
of some well-defined templates and some ill-
defined templates. There is a general trend of
higher populations producing more accurate
results while lower populations produce results
that do not necessarily represent the design infor-
mation correctly. This trend is quite prevalent in
the second group simply because the lower limit
cut-off point is set to populations with magnitudes
between 107 and 10'. For a number of the lower
populated components, templates can still be
generated based on the PCA but the process
must also include some subjective analysis in
determining the included functions. The same can
be said of some templates in the third grouping but
they are not included in the second group because
of their population magnitudes.

The belt is a good example of a low population
component in the second group. With only ten
artifacts in the repository to extract information
from and a crippling maximum number of only
four functions, the belt’s CFM is shown in Table 8
and the resulting first principal component values
in Table 9.

A general description of a belt may not be as
accurate as components in the first group and
more difficult to distinguish due to the lack of
the traditional “elbow” in the Scree plot as shown
in Fig. 9. Without the elbow, it can be noted that
the highest function will be included but the cutoff
for the remaining functions is not easily defined.
Furthermore, due to the lower artifact population
for this template, a comparison to the function
summations across the artifacts shows that the
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Table 8. Belt component CFM

printer belt in all-in-one printer
scanner belt in all-in-one printer
drive belt in brother sewing machine
left right belt in cassette plaver
open close belt in cassette player
belt in datsun truck

belt in digger dog

belt in eyeglass cleaner

drive belt in irobot roomba

belt 1 in versapak sander

o|o|ala|r| ol |a|a|change mechanical
o|o|ala|o|alalo x| =] convert mechanical

o|laolalo|o|o|o|o || o|guide mechanical

bl ke ol k| k |k |o| oltransfer mechanical

other three functions are improperly represented in
the PCA and scree plot.

Accepting the first function as applicable, a
hybrid subjective approach must now be applied
to this template. From a subjective engineering
judgment based on experience and a comparison
with the function summations, it is decided that the
other functions are not nearly as representative of
the belt component as the transfer mechanical

energy function and therefore are disregarded for
the purposes of historical representations. The
resulting template is shown in Fig. 10.

Other low population components must
undergo the same analysis because of unique
formulations of the CFM. This includes when all
of the functions in a CFM have only one instance
of each function in the entire CFM. A PCA on a
CFM such as this returns higher values for some
functions and lower values for others, which does
not correctly represent the original data. Addition-
ally, it should be stated that a PCA would only be
performed on CFMs where there are a large
number of artifacts and functions to sort through
so that components such as this traditionally
wouldn’t even be evaluated using this method.
Also, some PCAs are skewed when used in appli-
cations such as this, where every artifact in the
group contains the same function. Such an occur-
rence yields a value of zero in the PCA because
when the mean of that function column is calcu-
lated, it is returned as the same value. The mean
vector is then subtracted from each artifact vector
in the original CFM and the function whose mean
was equal to every value in the vector retains an
empty set when the covariance matrix is computed.

Table 9. First principal component for belt

PC1 Defining functions from PC1| Summation
0.2472 change mechanical 3
-0.6202 convert mechanical 2
-0,3574 guide mechanical 1
0.6531 transfer mechanical 7
0.7
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Fig. 9. Example scree plot of first principal component—category 2.
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Fig. 11. Bicycle drive train components.

This, in turn gives way to a corresponding eigen-
vector with a zero for that function. When situa-
tions like this occur, manual manipulations of the
template must take place. For the purposes of this
paper, in such cases, summations of the individual
functions are substituted in place of the PCA. The
twenty-seven templates falling in this category are
presented in the Appendix, ordered according to
the rank of the CFM population. Components
whose design information was scantly present or
completely absent from the repository belong to
the following categories.

6.3 Limited design information

The third group is comprised of components
that had severely limited artifacts (e.g. less than
ten), and while templates can be created for these
components, they would be based on almost pure
subjective decisions and are considered out of the
scope of this paper. For some of these components,
there was only a single artifact. A template built on
a single artifact would inherently suffer from biases
and application specific favoring from the original
modeler lending even more reason that they are
avoided here.

Similarly, a large list of components is found in
the fourth category belonging to components that
had no information stored about them in the
design repository. Even if it were desired to
create templates for these components, again it
would be based strictly on a single instance or
artifact of the component instead of a collection of
previous applications of the components, and
hence are out of the scope of this paper as well.

7. APPLICATION CASE STUDY AND
DISCUSSION

To test the usefulness of the templates as they
have been developed thus far, a case study is
performed on a subsystem of a common children’s

bicycle. Knowing that the system being considered
is a bicycle transmission, and the templates are
already created, the user must first identify the
components to find their component functional
templates. Since the system has not yet been
incorporated into an easy-to-use software program
this will consist of searching through a hard copy
collection of the templates and retrieving the ones
desired. The chosen subsystem is the drive train
where human energy enters the system from the
user pedaling the bike to the physical translational
motion of the bike and the rider. The individual
components seen in Fig. 11 must be established
and listed so that they can be combined to form the
subsystem  functional model. Component
templates that are not included in the first two
categories are generated similar to the hybrid
subjective approach that was discussed for the
belt component.

Using the definitions of the taxonomy terms and
already knowing that the gear, wheel, and bearings
are in the proper terminology, it is found that the
pedal is a hinge, the chain is a belt, the axle is a
shaft, the crank arm is a link, and the framework is
a support. The correlating templates are then
gathered and morphed together at the necessary
analogous points to form the function chains,
much like the pedal and crank arm function
morph shown in Fig. 12. At this point it is
important to note that the initial templates may
change at the will of the user to accomplish the
needs of the task at hand. This is meant to account
for functions that have not been included in the
original template that are necessary and may be
added for a unique need, or functions that have
been included and are not necessary may be
removed.

Beginning with the human energy entering the
system at the pedal, the flow can easily be followed
through the different components of the bicycle as
it encounters each one. After the pedal converts the
human energy to mechanical energy, that energy is
then transferred and guided to the front bearing,
axle and gear using the crank arm or linkage. Then
the gear changes the rotational energy to transla-
tional energy along the chain or belt. The chain
then allows the energy at the front of the system to
be transferred to the rear gear and other compo-
nents. The wheel imports the ground as a solid and
guides that solid along the length of the tire. This is
where the conversion of rotational energy in the
rear wheel is converted to the ultimate transla-
tional energy of the bicycle and its rider with
respect to the ground.

In this case study, the templates proved to be a
good starting point for building a detailed func-
tional model of a simple bicycle’s drive train. While
some manual manipulation, as described in the
morph example above, was still needed, the overall
process was intuitive and straightforward which
materialized into the detailed functional model
shown in Fig. 13. The dashed lines are the
bounds of the different templates as they merge
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Fig. 13. Bicycle drive train functional model.>

together at their shared functions. Though the
bicycle transmission functional model example
may seem trivial, functional embodiments of
these basic physical components will be similar to
those of larger more complicated systems, thus
providing valuable insight to the method and
how it can be applied to many different areas of
design.

For example, the function template of a spring
that is used in the construction of a toy car to
provide needed suspension will follow much the
same format and structure as the function template
of a spring used in the suspension of highly
sensitive electronics components on a remotely
controlled robot used in exploratory space
missions. The sub-system that is used here to
illustrate the use of the templates is irrelevant
because the approach to build the functional
model will be the same. This single example does
not limit the scope of useful design applications

but rather provides some insight on the usefulness
of the templates in formulating functional models.

8. CONCLUSIONS AND FUTURE WORK

This paper has described the development of
component functional templates as a functional
modeling aid. As representations of the functions
that are found within individual physical compo-
nents based on historical data, the component
functional templates establish a new approach to
aid the functional modeling process of those new
to the concept. Effectively, this approach allows
for a conceptual designer to make the connection
between difficult-to-grasp abstract ideas and well-
understood concrete objects. Though this seems
contrary to the abstract nature of functional
modeling and its purpose in the conceptual
design process, the resulting model can be used in
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their abstract form to generate numerous compo-
nent solutions for a design problem. Given the
surveyed results of novice functional modelers
(both at UMR and NASA) this type of seemingly
simple aid is needed.

It must be emphasized that without a high
quality abstract functional model, like the ones
even novices can generate using the templates
presented, high quality concrete design solutions
will not be feasible. By using this tool as an initial
guide to build system models, designers who are
new to the functional modeling design method can
begin to think functionally instead of the thinking
of the physical components that make up the
system and eventually wean themselves from
using the templates at all. The templates will be
akin to training wheels for a bicycle. As the
designers are first learning how to use the
method, they can rely more on the templates and
be less concerned about the rest of the details.
Eventually, when applied practice has provided
significant functional modeling experience, use of
the templates can be tapered off or stopped

A necessary next step in this research effort will
be to perform a summative assessment to validate
that the tool improves student mastery of learning
outcomes 3-6. This will include an evaluation of
student performance on the instructional objec-
tives by comparing pre and post-tests on experi-
mental module sets.

As a follow up to the template development, all
of the templates should be reevaluated after vast
amounts of design information have been added to
the repository because as the population of the
design repository grows, the less populated cat-
egories that were not analyzed in this project can
have historically based templates associated with
them as well. Combinations of multiple principal
components will be analyzed and reported on.
Also, a computer program will be implemented
so that digital forms of the templates can be
manipulated in real time via a graphical user inter-
face. This will promote active learning activities in
the classroom as well as professional software for
the industrial user.
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