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ABSTRACT

Product designers seek to create products thatodrenly
robust for the current marketplace but also camelolesigned
quickly and inexpensively for future changes thaynbe
unanticipated. The capability of a design to beckjyi and
economically redesigned into a subsequent prodieting is
defined as its flexibility for future evolution. obls are needed
for innovating and evaluating products that areifiee for
future evolution.

In this paper, a comprehensive set of design guiekelis
created for product flexibility by merging the résuof two
research studies—a directed patent study of notidkjble
products and an empirical product study of consypneducts
analyzed with a product flexibility metric. Via c@arison of
the results of these two studies, the product iéty
guidelines derived from each study are merged, seros
validated, and revised for clarity. They are orgadi in
categories that describe how and under what cirtames
they increase flexibility for future evolution. Bxples are
included to illustrate each guideline. The guidedirare also
applied to an example application--the design obw guitar
string changer.

1. INTRODUCTION
Product flexibility for future evolution is the calpility for

a product to be quickly and inexpensively rededigieemeet
changing requirements. These changing requireniecitsde
shifting customer needs, advancing technology,expénding
markets. Since these changes are difficult toiptedroduct
designs tend to evolve over time. In this contgxtduct
redesign is particularly challenging because itmwftakes
place after a design has been finalized or launched
manufacturing tools and processes have been edtadli
Such redesign activities are referred to as futwution. To
support this evolutionary process, design guidslirere
needed for quickly and economically innovating ealaating
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designs that are flexible enough to accommodatetigigated
future changes.

Figure 1. The original Lids Off (left) and the new  Lids
Off Open-It-All Center (right) [1-2]

Many types of products and systems are known tévevo
over time, but the focus of this research is orctede and
thermo-mechanical consumer products of moderate
complexity. For example, the Black and Decker t@f§
product has proven to be relatively flexible fortute
evolution. The original Lids-Off product, as illasted in
Figure 1, is an innovative product that loosenslithe of jars.

To increase its functionality and compensate fordatively
large footprint on the countertop, the manufacturer



subsequently added a can opener and bottle opemkr a
released an evolved version of the product cahedLids-Off
Open-It-All Center, illustrated in Figure 1. Bothoplucts were
reverse engineered, and the bills of materials tf@r two
product were compared. As reported in Table 1,
approximately 75% of the parts in the original LiQ$f are
reused precisely in the new Open-It-All Center, telreused
parts account for approximately 50% of the partshim new
product. The extent of component reuse is visibléhe side-
by-side exploded views of the products in figurdg.reusing
parts from the original product, the manufactureuld not
only reduce redesign time and resources but alsmsere
manufacturing processes and tooling. In this cdseth
products are offered simultaneously; so, the manufa also
realizes economies of scale by using common pahgew
offering distinct product choices to their customehlthough
the change modes may not have been predictabler ghe
manufacturer saved significant resources by laumgcha
parent product that was flexible for future evasuti

Table 1: Comparison of parts between products

Parts In Original Parts In New
i J Lids Off Open-It-All
Lids Off
Center
3 Parts Not Reused
14 Similar Parts ® | 14 Similar Parts

53 Reused Parts ® 53 Reused Parts
43 New Parts
70 Total Parts 110 Total Parts

Typically, designers can recognize flexibility whémey
encounter it, but it is much more difficult to dgsi this
flexibility into a product when change modes ar¢ fdly
anticipated. To address this challenge, a compsheset of
design guidelines is presented in this paper tp bekigners
develop products with embedded flexibility for fregu
evolution. After a discussion of related work incéen 2, the
research approach is described in Section 3, fekblwy a
description of the merged design guidelines for dpo
flexibility in Section 4. In Section 5, the guidedis are used in
the design of an innovative guitar string changingduct.

2. RELATED WORK

Metrics can be used to recognize and evaluatebiléyi
but governing principles and proven, teachable gjirids are
needed for designing flexibility into the architae of a
product to support future product evolution. A nantof
research projects have been initiated recentlptestigate the
design of families of products or mass customizeadpcts
that share a common product platform or underlying
components, technology, or features. Along thesesli
several product platform-based design strategies Heen
suggested, including standardization ([3-6]), rabess ([7]),
scalability ([8-12]), and modularity ([13-17]), alg with some
qualitative guides and frameworks for product fgndkesign
(e.g., [18-22]).

Figure 2. Exploded views of original Lids Off (left )
and new Lids Off Open-It-All Center (right)

The guidelines presented in this paper are thdtsesiuan
ongoing research effort ([23-28]) that focuses Hpatly on
the goal of improving flexibility for future evolign. While
many of these guidelines may overlap with other
manifestations of flexibility, such as product fdams or
mass customization, they have been developed anifiegde
specifically for the case of future evolution. Weas much of
the previous research on product platforms and mass
customization has focused on accommodating a set of
predetermined product offerings, the principles guilelines
presented here are focused on the design of pmduat are
adaptable for future changesyen if the precise form of those
changes is not known a prioriEach flexibility principle is
also accompanied by a set of guidelines that peodietailed,
actionable insights for designing flexibility inéoproduct.

There are many published lists of guidelines for
improving products for various design goals (sushlawver
manufacturing cost, quicker assembly, and supéeichnical
solutions) and at various levels of detail (fromlestng
component specifications to making system-level iges
decisions). Some of the best known lists of degjgitelines



are the Design for Assembly (DFA) and Design for
Manufacturing (DFM) guidelines, which are used émuce
production cost and increase reliability and quyalitists that
have been adapted from multiple sources have belglisped

by Pahl and Beitz, and Otto and Wood in well-known
engineering design textbooks. [29,30] These guidsliare
intended for application during design embodimeahd
consequently are not applicable during concept rgdioa and
are not used to help innovate.

Otto and Wood [30] also published a list of design
guidelines for the environment, which aim to redube
negative environmental impact of a product, and! Ratd
Beitz [29] published a list of design guidelines &esthetics.
These guidelines are almost all applied during giesi
embodiment, and therefore are not tools for innowatThey
are similar in many ways to DFA and DFM, becaussy thre
closely tied to disassembly and material choice.

A new area of guideline or principle development is
transformational design. Transformers, in the esrie sense
of transformer toys, open new avenues for product
development and innovations. Singh, et al. [3Hspnt a set
of empirically derived transformer principles angbporting
facilitators. They demonstrate these principleghandesign of
Micro-Aerial Vehicles (MAVs) [32].

The Theory of Inventive Problem Solving (TIPS),
developed by Altshuller, includes a set of 40 degignciples
for solving engineering conflicts between desireshdpct
characteristics. These principles are used duringcept
generation to drive innovation. This creates newsfislities
for the designer rather than inhibiting design rali¢ives, as
the above lists of guidelines do. These principties not
provide the user with a means of evaluating design
alternatives; they instead lead designers towarmwating
potential design alternatives.

Each of the above lists of guidelines, with theeptmon
of TIPS, is intended for a particular goal, inchglireduced
manufacturing costs, faster production, improvedtamer
satisfaction, and lower negative impact on the mmment.
While these goals are desirable, they are not sadés
aligned with product flexibility. Although some al&p is
expected, the guidelines presented in this papee leen
developed specifically for improving product fleity for
future evolution.

3. RESEARCH METHODOLOGY

The set of product flexibility guidelines preseniadhis
paper was developed by merging the results of tifferdnt
research studies: a directed patent study of npthbxkible
products and an empirical product study of consypneducts
analyzed with a product flexibility metric. Each dfiese
studies was based on an inductive research apprdaather
than beginning with hypothesized guidelines, thelgtbegan
by gathering empirical data and then using it tovéeinsights
leading to hypothesized guidelines. To avoid pdsshias
between the research studies, each study was dexduc
independently without reference to the resultdefdther.

The benefits of utilizing different methodologies t
develop the guidelines include more comprehenseailts
and greater cross-validation. More comprehensiseltewere

achieved because the two methodologies focusedfi@nedt
aspects of design and therefore each produced soigee
guidelines. The use of two different methodologiesvided
validation for guidelines produced with both methohen
results from the two studies differed, insightslddae made to
help revise and improve the guidelines when theyewe
merged.

Figure 3 is a summary of the methodologies used to
develop the guidelines. Section 3.1 includes arnaegion of
the methodology for the directed patent searchSewaion 3.2
includes an explanation of the methodology for ¢hapirical
study. Section 3.3 includes an explanation of hbevresults
were merged.

3.1. Directed patent study methodology

In the directed patent study, a filtered set ofeptd for
devices were analyzed for characteristics relateftekibility,
and the resulting insights were used to derive giesi
guidelines. A more detailed description of this neetology is
presented by Qureshi. [28] Qureshi’'s work is anaggon
and continuation of patent studies performed byépnsarerk
[24], Schaefer [25], Mufioz [23], and Kuchinski [2@hd
utilizes the following methodology to derive guithels for
product flexibility.

The first step in the directed patent study waSlter the
millions of available patents to a manageable nunfbe
study. The US Patent and Trademark Office (USPTO)
publishes millions of patents. Detailed informatiabout the
inner workings and design rationale for a wide etyriof
devices make the USPTO an excellent source fowidgri
insights into product flexibility. In order to mawize the
research effort, the filtering process selectecemat with a
high likelihood of exhibiting characteristics readdt to
flexibility. Three methods of filtering were usedeyword
searches for patents referring to the tdlemibility, searches
for patents that have evolved using assignee namgghains
of references, and keyword searches for words eld0
hypothesized design guidelines. Ninety patentsnauily in
the mechanical domain, were filtered from the USPTO
database for analysis. A unique feature of thegens was
that they often detailed the evolutionary histofyhe product.

Next, each of the selected patents was examined for
information that could lead to insights into design
characteristics influencing flexibility. To faciite a thorough
study of all of the patents, a data sheet of qomestiwas
prepared to guide the examination of a patent. @asethe
Socratic Method, these questions aided the researth
extracting pertinent information. Altshuller's Lawsf
Development of Systems were used in the creaticgheoflata
sheet. Additionally, a Design Structure Matrix (DpMas
used to analyze the interactions between each ef th
components in the product.

The information acquired from the data sheet an1BS
led to insights into design characteristics assediawith
flexibility for future evolution. These insights wee collected
and organized into design guidelines.



Directed-empirical patent study

Apply filters to the entire patent database of the
USPTO to select patents likely to exhibit high desi
flexibility

Examine the selected patents to obtain flexibility-
related information

Compare device |ldentify language in patent
with prior art documents describing device
flexibility

n

Analyze drawings for | |ldentify multiple
physical arrangement$ |preferred embodiment
influencing flexibility and their effect on the
device’s flexibility

[

Use assignee, inventor, and prior art informatm
find ancestor and descendent versions of evolving
designs for comparison

>

Study detailed description for information abou
reasons for embodiment decisions and design
characteristics possibly influencing flexibility

Use insights from the patent study to derive actia
design guidelines

Test guidelines on real and hypothetical examphes p
refine then

Empirical product study with CMEA

Generate potential product domains for
study

Narrow to subset of products based on
criteria for development of guidelines

Reverse engineer for product familiarity

Create Collect Subtract

functional | [customer and operate

models requirement| |procedure
data

Apply CMEA to the products and identify
design characteristics influencing CMEA
flexibility ratings

Use insights from CMEA study to derive
actionable design guidelines

Test guidelines on real and hypothetical
examples and refine them

Compare sets of guidelines and merge thgm
into a refined, unified set in a common
semantic structure

Figure 3. Research method flow

3.2. Empirical product study methodology

In the empirical product study, Change Modes arfddi$
Analysis (CMEA) [33,34] was applied to a group ebgucts,
and the results were used to derive insights ihto design
characteristics affecting the flexibility of theqgolucts. A more
detailed description of this methodology is presdnn [27].
CMEA is a tool for measuring a product’s flexibjlitfor
potential future changes and thereby diminishirg ¢bst of
redesign and shortening time-to-market. It has nibgebeen
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enhanced for increased repeatability and levelat&iti[35].

These enhancements make it suitable for derivinigraable

insights into a product’s flexibility for future elution and for
comparing the flexibility of different products. éardingly, it

can be used to help identify principles of desidratt
inherently aid or hinder flexibility in a product.

The goal of CMEA is to aid designers in minimizitige
costs associated with redesigning and manufactaripgpduct
when it evolves. CMEA therefore focuses on the etspef a
design that increase the cost and delay of chargioduction



processes to accommodate an altered form of a grotinese
aspects are tied closely to how much of the origimaduct
must be manufactured differently and how preparbd t
manufacturer is to make changes to its manufaguchmain.
Through the process of CMEA, a product’s flexililiating is
linked directly to specific design characteristieat contribute
to the cost of redesigning it for potential futatenges.

The first step in the empirical study was to stethctro-
mechanical consumer products of light-to-moderate
complexity. The electro-mechanical domain was getéc
because it includes the types of products mechladesign
engineers typically encounter. Consumer productse wsed
because they were easily obtainable with amply |alvisi
public information. Light-to-moderate complexity galucts
were used because they could be more thoroughbjiestu
within the research study’s time frame. The elepmducts of
the study were selected and analyzed sequentisdiythe
results of the analysis could be used to revisestiection
criteria to ensure that a wide range of potentialadwas
acquired.

Each product was reverse engineered for familiarity
before application of CMEA. This process includedhgring
customer needs, functionally modeling each prodactd
disassembly of each product. Concept generatiosicses
were conducted with mechanical engineering graduate
students to predict potential change modes fomptioeluct in
future design iterations.

Finally, CMEA was applied to the products, and the
flexibility rating results were studied for insighinto design
factors influencing flexibility. After insights wer made,
design guidelines were hypothesized and then teatsd
revised with hypothetical applications.

3.3. Merging the results
The two sets of design guidelines were comparecheSo

of the guidelines had the same connotation, buéestated in
different words. These matching guidelines werdraged for
maximum clarity. Some of the guidelines were simidat did
not have exactly the same connotation. For exaniplspme
cases the guidelines did not specify the circuntgtarunder
which they apply, so they were rephrased for insedaclarity.
In other cases, minor differences necessitatechheation and
revision of guidelines. Some guidelines were unitueheir
respective research studies, did not contradict ather
guidelines, and remained unchanged.

4. MERGED LIST OF DESIGN GUIDELINES

The merged set of design guidelines for flexibilftyr
future evolution is summarized in Figure 6. Thedglines are
organized into five different approaches for impnav
flexibility. Each approach is supported by a litspecific,
related guidelines. This organizational structulaifies the
purpose of each guideline and its potential effectlexibility.
The symbols indicate the original source of thegple. The
remainder of this section includes detailed desorig of the
guidelines with examples.

4.1. Modularity Approach
The following set of guidelines is intended to ie&se the
degree of modularity of a device by...

Guideline 1 - Using separate modules to carry out
functions that are not closely related

Using different modules for different functions uegs
the likelihood of changes to certain functions aggating to
parts performing other functions. If the producblees into
multiple concurrent products, some modules may $e 1as
common modules among multiple products, reducingl to
manufacturing cost of the new product family. Idgakach
set of closely related functions should be conthinéhin a
distinct module. An example of this guideline is tidjustable
office chair in Figure 4. The armrests, seatbaakhons, base
and casters are all separate modules. Changdsecaade to
any of these modules without requiring the resthef design
to change.

Figure 4. Adjustable Office Chair [36]

Guideline 2 — Confining functions to single modules

Functions should not span across modules, becaege t
can become bridges for change propagation. Whemetién
is accomplished by two modules working togethechange
to either module is likely to affect both modulessulting in
greater cost. The Back to Basics Coffee Solutioffe@maker
in Figure 5 does not follow this guideline. Thisffeemaker
has a lever in the frame unit that pushes openoatsp the
removable carafe. Therefore, the function of opgite spout
is performed by two modules, and both modules nhest
changed to alter this function. The flexible altgive would
be to locate the lever on the carafe itself, soy ahé carafe
module would be involved in opening the spout.

Removable
carafe with
spout

Lever in
main
body

Figure 5. Back to Basics Coffee Solution
Coffeemaker [37]



Modularity Approach

Increase the degree of modularity of a device by...

Using separate modules to carry out functionsahamnot closely related.

Confining functions to single modules

Confining functions to as few unique componentpassible’

Dividing modules into multiple smaller, identicabdules.”

Collecting parts which are not anticipated to af&im time into separate modules.

CoIIecting parts which perform functions assodatgth the same energy domain into separa
modules.

o wWNBE

Parts Reduction Approach

Reduce the number of parts requiring manufactuhanges by...
7  Sharing functions in a module or part if the fuois are closely related.
8 Using duplicate parts as much as possible withaiging part count.

Spatial Approach

Facilitate the addition of new functionality andmangement or scaling of parts by...
9 Creating room on the exterior surfaces of the @gvéround interior modules, and around thg
parts which are designed to interface with humans.
10 Providing free interfaces and expansive, unob&tlsurfaces for new interfacé’s.
11 Extending the available area on the transmissisnponents of the device.
12 Locating those parts which are anticipated to gearear the exterior of the device.
13 Reducing nesting of parts and modules.

Interface Decoupling Approach

Reduce the communications between modules, andeetibdevice to function normally regardless @f th
orientation, location and arrangement of its indiidl modules, by...

14 Standardizing or reducing the number of differeaminectors used between modules.

15 Reducing the number of fasteners used, or eliinigahem entirely.

16 Reducing the number of contact points between tesdu

17 Simplifying the geometry of modular interfaces.

18 Routing flows of energy, information and materisdsthat they are able to bypass each mod

at need.

19 Creating detachable modulés.

20 Using a framework for mounting multiple modulés.

21 Using compliant materials.

22 Simplifying the geometry of each componeént.

Adjustability Approach

Enable the device to respond to minor changes by...
23 Controlling the tuning of design parameters.
24 Providing the capability for excess energy storagienportation.

" Discovered through the directed patent study
" Discovered through the empirical product study

i

Figure 6. Merged set of guidelines for product flex ibility for future evolution
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Guideline 3 - Confining functions to as few unique
components as possible

If a single function is performed by multiple conmamts,
then a change to that function affects all of tho@emponents,
resulting in increased cost. The sliding visor gesn Figure 7
includes two mirrored cables which provide resistato the
motion of the visor and limit its degrees of freedoThis
design’s flexibility was improved by removing oné the
cables and parametrically changing the other tontami the
resistance force. This was achievable becauseathiesswork
together to accomplish the same two functions (giog
resistance and limiting degrees of freedom). Inithproved
design, there are fewer components to be redesigmed
retooled if the product functionality changes ia fature.

Visor \ e— ?
Fixed pulley Cable #&

Figure 7. Cadillac DeVille sliding visor design

Guideline 4 - Dividing modules into multiple smaller,
identical modules.

Dividing modules into multiple identical modules

facilitates reconfiguration and scaling of funceémputs and
outputs. There is also greater freedom of motiod space

between the components. The Lexmark T64x Sheet ifray

Figure 8 can be duplicated and stacked for incrbgmper
input for the printer above. Improved versions bé ttray
could be designed in the future and interfaced tighcurrent
product.

Figure 8. Lexmark T64x Sheet Tray [38,39]

Guideline 5 - Collecting parts which are not anticipated
to change in time into separate modules

Separating unchanging parts into modules protdamt
from changes to other parts. Parts that are natipated to
change may be standardized components or techesldigat
have stagnated in terms of development. The separat
components of a typical desktop computer have begelving
at different rates for many years. The standard ABKputer
tower case has allowed manufacturers to offer ttgstomers
the most current combination of components withcastly
redesign or significant changes to manufacturingcesses.
As the manufacturer offers new models of computbescase
with power supply can be reused for products widwer
processor technology.

Guideline 6 - Collecting parts which perform functions
associated with the same energy domain into separate
modules

Technologies associated with different energy domai
are likely to change in different ways. Therefdtey should
be decoupled to prevent potentially independenngésa from
affecting each other. Inside a desktop computerptiocessor,
heat sink, and fan are three separable modulémigléctrical,
thermal, and mechanical energy domains, respegtivigie
processor is likely to change rapidly comparedhe other
modules, and as a separate module, can change utvitho
necessarily affecting the others.

4.2 Parts Reduction Approach
The following guidelines are intended to reduce the
number of parts requiring manufacturing changes by...

Guideline 7 - Sharing functions in a module or part if the
functions are closely related

Any product change that affects one function inraup
of closely related functions is likely to affect &linctions in
that group, thereby affecting all product compogetitat
perform those functions. Sharing closely relatattfions in a
single part reduces the number of parts that meishianged if
any of those functions is changed. In the Black Bedker
Blower/Vac Mulch (Figure 9), the functions of stugi the
mulch and exporting the air that pulls the mulch alosely
related, and the mulch bag shares these funct{dhs. bag is
porous and air passes out through it.) These fumgtcan be
redesigned together with only one part change.

Figure 9. Black and Decker Blower/Vac BV4000



Guideline 8 - Using duplicate parts as much as possible
without raising part count.

Identical parts can be redesigned together so taay
continue to be mass produced as a single partBldek and
Decker HedgeHog XR Pivoting Head Hedge Trimmer,
pictured in Figure 10, has two blades which sligaiast each
other to create shearing action. These are duplicat
components and can be redesigned and remanufacisite.

Figure 10: The Black and Decker HedgeHog XR
Pivoting Head Hedge Trimmer

4.3. Spatial Approach

The following guidelines are intended to facilitatee
addition of new functionality and rearrangemenscaling of
parts by...

Guideline 9 - Creating room on the exterior surfaces of
the device, around interior modules, and around those
parts which are designed to interface with humans

If a change to a part's geometry, orientation, amation
forces other parts to change to accommodate if) these
parts are dependent on it. Fewer of these deperderasults
in fewer components affected unnecessarily by prbdu
changes. Figure 11 depicts a novel hacksaw degign.
inventor saw the hollow space in the structural tmenof a
hacksaw as a space where blades could be stomak fie
hollow space already exists, the design could h@dred to
store blades by simply adding a cap to cover tteninyg.

Figure 11. “Hacksaw having improved blade
storage” (US Patent) [40]

Guideline 10 - Providing free interfaces and expansive,
unobstructed surfaces for new interfaces

Free interfaces allow new features to be addetdgtoduct
without changing current components, which is lesstly.
Expansive, unobstructed surfaces for new interfaaiésy
new features to be added to the product with mihish of
forcing accommodating changes to multiple partse Wide,
flat area near the handle on the Black and DeckassGHog
String Trimmer in Figure 12 can be used for a neterface
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for new functionality. The pole is also a free nfaee to
which a new snap-on part can be attached.

Opportunity for
new interface

Free interface —_——

Figure 12. Black and Decker Grass Hog String
Trimmer

Guideline 11 - Extending the available area on the
transmission components of the device

Extending available transmission area allows aoiaiti
future components to receive power from the enginprime
mover, with minimal effect on it. The Black and Bec
LidsOff Jar Opener transmission shown in Figure i3
contained within the large chamber at the top ef phoduct.
The transmission can be expanded to operate negtidas,
such as a can-opener, without requiring the topmttes's
footprint to change, which would cause the change t
propagate to other parts.

Figure 13. Black and Decker LidsOff Jar Opener

Guideline 12 - Locating those parts which are anticipated
to change near the exterior of the device

Parts that change are less likely to affect neighigo
parts if they are at the product exterior, so thdss are
anticipated to change should be placed at the iextefhe
Applied Materials Centura Wafer Machine in Figurd 1
contains a central robotic arm that is unlikelyna®d updating
as quickly as the testing chambers, because itement is
controllable. The exterior testing chambers can be
reconfigured without changing the robotic arm.



Robotic arm
at center

e

Figure 14. Applied Materials Centura Wafer Machine
[41]

Guideline 13 - Reducing nesting of parts and modules.

When components are nested within one another,
expansion of the inner components may require each
successive outer layer to be expanded to accommdtat
new size. If the nesting is tight (i.e., if the @émrpart is more
snugly fit into the outer “nest” part), then thskiis greater.
Figure 15 shows two different coffee makers. TheniBu
product’s carafe sits on the plate with open spareounding
it. The Mr. Coffee product has a nested carafehtliig
confined on three surfaces by the main unit. Ieasier to
make changes to either the carafe or the mainirutiite Bunn
product which does not have a nested carafe.

Figure 15. Bunn and Mr. Coffee Machines [42,43]
4.4, Interface Decoupling Approach
The following guidelines are intended to reduce the
communications between modules, and enable theceldui
function normally regardless of the orientationgdtion and
arrangement of its individual modules, by...

Guideline 14 - Standardizing or reducing the number of
different connectors used between modules

Using common fasteners reduces potential compigyibil
issues in future design iterations. The common ebatt
interface of the Black and Decker VersaPak Tootswshin
Figure 16 allows evolution of the product line with change
to the common battery module or the battery charger

Figure 16. Black and Decker VersaPak Tools [44]

Guideline 15 - Reducing the number of fasteners used,
or eliminating them entirely

Reducing or eliminating fasteners reduces the nuroabe
parts and assembly steps affected by an interfhaage. A
dual CD jewel case is an evolution of the standandle CD
jewel case. Since the standard single jewel cass dot use
fasteners (its parts are held together with complia
interfaces), fasteners do not have to be redesignetianged
to create the evolved dual CD jewel case. Compligetfaces
such as this are one method of reducing fasteners.

Guideline 16 — Reducing the number of contact points
between modules

Reducing the number of contact points between nesdul
reduces the size and number of interfaces, therettycing
the likelihood of modifications forcing changesrteighboring
parts. The DeLonghi Espresso/ Cappuccino MakerigurE
17 contains a geometrically complex heating resetbat is
mounted to the casing with four screws at four apat
points. It would therefore be easy to redesignshape and
size of the heating reservoir while maintaining thginal
interface with the casing. An alternative and Idiexible
design might have involved securing the reservbliah the
top and bottom. This would have resulted in conpaints at
both locations, requiring a change to the casirightéef the
reservoir height were changed.

Water
reservoir
module

Casing

Figure 17. DeLonghi Espresso/ Cappuccino Maker



Guideline 17 — Simplifying the geometry of modular
interfaces

Simple interfaces reduce the likelihood of inconftpkity
with future interfaces. The toner cartridge in Feyi8 has
electrical contacts on the cartridge that are ftattangular
surfaces, which allow for several possible mearisteffacing
with the printer.

Figure 18. Toner cartridge

Guideline 18 - Routing flows of energy, information and
materials so that they are able to bypass each module at
need

If energy, information, and material flows can bgpa
modules, those modules can be removed or changbdwyi
causing a new flow requirement. The Electronic @irevith
Bypass in Figure 19 has two electric connectors tam
interface with an intermediate circuit or directiyith one
another.

Figure 19. Electronic Circuit with Bypass [45]

Guideline 19 - Creating detachable modules

Detachable modules are easier to replace or redesig
independently, reducing the likelihood of changesppgating
from them. They also provide greater options todbksigner
for the location of new functional features thatrad require a
permanent interface with the rest of the produitally, they
leave a potential free interface in the product, tbat
functionality of the product may be expanded witewn
modules to fit the interface, requiring little oron
accommodating change in the main unit. The NexteGaion
George Foreman Grill in Figure 20 has plates thHa t
customer can detach and replace. This allows theplto be
redesigned individually, removed, or replaced ag pathe
product. For example, the product could offer aflegblate
instead of the current drain plate.
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Figure 20. The Next Generation George Foreman
Grill [46]

Guideline 20 - Using a framework for mounting multiple
modules

A framework reduces the number of interfaces betwee
modules and therefore prevents individual changesn f
affecting one another. Additionally, new featuras be added
to the frame without affecting any other moduleguFe 21
shows the inside of the Black and Decker Blower/VEce
three modules outlined in the picture are each realin
individually into the frame and are connected teheather
only by cables. The framework can absorb changeanto
single module without forcing accommodating chanigethe
other modules.

Plug
module

Figure 21. Black and Decker Blower/ Vac

Guideline 21 - Using compliant materials

Parts made of compliant materials can be defornzed s
that they can accommodate design changes to otbdules
without being redesigned or remanufactured theneselv
Figure 22 shows the inside of a Black and Deckerdléss
Detail Shrubber. The indicated batteries are malimeplace
with compliant foam wrapping, which allows for ange of
battery scaling that would not require accommodgtinanges
in the casing.



Foam-
wrapped
batteries

Figure 22. Black and Decker Cordless Detail
Shrubber

Guideline 22 - Simplifying the geometry of each
component

Simple geometry can be redesigned quickly, becéltise
easier to ensure compatibility with adjacent congms. A
wood body pepper mill has a round shape, manufedtan a
lathe. Changes to the product's profile will notquee
changes to the manufacturing process.

4.5. Adjustability Approach
The following guidelines are intended to enable the
device to respond to minor changes by...

Guideline 23 - Controlling the tuning of design
parameters.

If parameters can be tuned in the product, the atiper
range is wider, so the parts affecting those parammare less
likely to require change. There is usually at lezs® tunable
lens in a laser printer that allows the beam téobased by the
manufacturer prior to completing assembly. If tbeus range
is great enough, minor changes to the laser pasitiay be
possible without redesign of the optics system.

Guideline 24 - Providing the capability for excess energy
storage or importation

A product with the capability for excess energyrage
can be redesigned to utlize the excess energy nfow
functions at less expense. For example, a batieeyated
product may be packaged with a battery with enémggxcess
of the requirements for adequate operation (withizénefit of
longer battery life). Additional features in subseqt designs
may be able to utilize the same battery.

5. APPLICATION OF THE GUIDELINES TO AN
INNOVATIVE DESIGN

To illustrate and further validate the guidelinasjesign
project was undertaken, in which the guidelinesfliexibility
were considered during each phase of the designpuitpose
of the design project was to design a tool for oéuly the
difficulty of changing guitar strings. A tool fohanging guitar
strings is a representative mechanical or electohanical
consumer product in the intended domain of apptoafor
the guidelines. This design project provides a getiat for
validation of some of the guidelines and illustsatew they
can be applied in a practical situation to creaténmovative
product. The design process was implemented in fjbases,
as described in the remainder of this section.
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Table 2. Abridged list of customer needs for the
guitar string-changing tool

Need Importance
Cuts strings High
Winds and unwinds strings High
Pulls out bridge pins High
Helps pull string tight Medium
Holds string taut around winding posts Mediunj
Operates tuning mechanism screws Medium
Prevents string from whipping user Medium
Prevents string tips from cutting user Mediunj
Removes old string from the top safely Mediun
Helps thread correct string length through Low

winding posts

Helps thread strings through ball secure Low
Holds bridge pins in during winding Low
Prepares waste string for disposal Low
Tunes guitar Low

5.1. Identification of product requirements

The design process described by Otto and Woodvj2a8]
used to formulate the problem, identify customeedsewith
importance levels, and establish a list of fundidor the
product to perform. These steps included the weatif a
project mission statement, surveys (derived froiteraplate
developed by Green and coauthors [47]) of guitaygys (the
intended customers), and the creation of black bmdels,
function structures, and activity diagrams. As suarined in
an abridged list in Table 2, the survey respondestified a
wide range of tasks that customers would like thedpct to
perform. The wide range of desired functions presemany
possibilities for realizing the product and maydda a variety
of future changes in the product. If the first dtikon of the
product does not accomplish all of these tasksietli® an
opportunity for the product to evolve to include mof them.
Therefore, flexibility for future evolution is ansgecially
important consideration for this product.

5.2. Concept generation

In the concept generation phase, the guidelines for
flexibility were used to supplement the use of aphological
matrix, TIPS analysis, and team brain-writing—thnsell-
known tools for concept generation. The purposetha
morphological matrix was to suggest solutions ivesal
energy domains for each of the functions identifindthe
function structure. Altshuller’'s Theory of InvergivProblem
Solving (TIPS) was used to suggest solution priesigfor
potential conflicts in the system [30]. In the redrain-
writing session, participants sketched solutioncepts, added
to each others’ ideas, and used the guidelinefidwibility to
help generate ideas.

The coupling of flexibility guidelines with these
techniques aided in creating and enhancing solsititrat
contributed to the overall flexibility of the fingroduct. For
example, to meet the customer need of ‘pulls oidlgler pins,’
the function structure identified that there are separate but
closely related functions that need to be perforniesport
pin’ and ‘pull pin.” Guideline 3 states that furatis should be



confined to as few components as possible. Thidejinie led

to a concept in which a slotted tool is used to they pin out.

Such a tool could be embodied in a single parft sould be

easily redesigned for potential future needs, suah
accommodating larger or smaller bridge pins for rputars.

In some string changing products, a bridge pin gouik

incorporated into the two halves of a pair of grilippers, a
design that violates Guideline 3. Guideline 7, wahstates that
closely related functions should be shared, showdd be

applied here, because clipping strings and pultimg are not
closely related functions. This less flexible desigiould

require multiple parts to be redesigned for futdhanges to
the size of bridge pins.

It was found that some of the guidelines for fléliip
echoed principles suggested by the TIPS analysishller’s
principle of removal closely matches Guideline 1Creating
detachable modules,” so solutions based on thiscipie
generally satisfy Guideline 19. Also, Altshullepsinciple of
dynamism matches Guidelines 3 and 21, which are,
respectively, to confine functions to as few unique
components as possible and to use compliant mistefihis
insight led to concepts involving tools that fotit Btorage.

Figure 23. Photograph of the proof-of-concept
prototype for the string changing product

Figure 24. Use of the proof-of-concept prototype to
wind guitar strings
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5.3. Product embodiment and prototype

From all of the generated concepts, a single caeple
product concept was filtered out and selected fobadiment
as an example of a product design that is flexibtefuture
evolution. The selected product concept (Figure [28) the
primary purpose of winding or unwinding strings ey with
one hand, with the secondary functions of poppiaghsidge
pins and operating the tuning mechanism screwsviiheging
is performed by the user with a syringe-like plundgridge
pins are pried with a notched tab, and the tunimghanism
screws are operated with a screwdriver head. As thi
embodiment stage of the design process, opporsniibr
applying the guidelines for flexibility existed irthe
arrangement of the plunger mechanism componenss, th
arrangement of the three potential functional mesluland
their interfaces with the rest of the product. Tuse of the
product is illustrated in Figures 24-26. Figure bws an
exploded view of the final embodiment with the caments
and features labeled.

Figure 25. Use of the proof-of-concept prototype to
remove bridge pins

Figure 26. Use of the proof-of-concept prototype to
operate screws



5.4. Critique of final product prototype

This product concept is novel because it includeew
means of winding and unwinding guitar strings tisafaster
and requires less dexterity than the common craimiders
available on the market. The increased speed addcee
dexterity requirements reduce the problem of brigiges
popping out during winding, because the user careraasily
hold the bridge pins down while winding.

To critique this product’'s flexibility, a list of hmange
modes was compiled by focusing on changes thatdcoul
require future evolution of the product. These deamodes
were developed from the customer needs for theyatodThe
change modes are listed in Table 3, along with ifipec
flexibility guidelines that should aid in implemérg them.
Also, the effect of applying each guideline in tpi®duct is

described.

6. CONCLUSIONS AND FUTURE WORK

In this paper, a

presented for designing products that are flexiblefuture
evolution. The guidelines are developed through different
empirical research studies with different methodae. As
they were merged, many of the guidelines were eross
validated and refined, which has increased theifulisess and
reliability. The guidelines can be used by desigrrring the
design process to develop

comprehensive set of guidelines is

Top frame
Tuning key half
interface
with shaft
and bevel
gear
\ Compound

spur gear

Compound ———
spur-bevel gear

Plungers
with racks

/

Hexagonal
interfaces for
screwdriver bits

Bottom
frame half

Bridge -Pin
/ Notch

innovative, flexible giesi Fi

solutions, or to evaluate and compare the flexibilof

products.

They are specifically intended to redtiee time

and expense of evolving current products into sylset
product offerings in response to changing requirgse

Table 3. Effect of applying guidelines for flexibil

gure 27. CAD isometric exploded view of the strin
changing product

ity for future evolution in the design project

g

Change modes

Applied guidelines for flexibility forfuture
evolution

Effect of applying guidelines

- Incorporate clippers
into casing

- Incorporate pliers
into casing

- Add funnel to
casing

- Include a snap-on
device for holding
strings taut

10. Providing free interfaces and expansive
unobstructed surfaces for new interfaces

20. Using a framework for mounting multipl¢
modules

affected: one of the casing halves changes gearabyri
> There is ample space for new interfaces on theiexief
the product (Guideline 10), so new parts can lzchéd
to the exterior without forcing rearrangement atasign
of interior components or functional features. thsing
framework (Guideline 20) allows the new featuréé¢o
incorporated without affecting the functions ofath
features.

For each of these change modes, only one comp@ner

- Extend the bridge
pin puller from the
casing body

- Add rocking

pin puller

leverage to the bridge

9. Creating room on the exterior surfaces of
the device, around interior modules, and
around those parts which are designed to
interface with humans

20. Using a framework for mounting multipl¢
modules

The bridge pin puller's geometry can be changetiout
affecting the geometry of any component other than
casing it is molded into. This is because the gasin
functionally isolates it from other functional cooments
> (Guideline 20), and it has ample room around itstoape
change (Guideline 9).

- Change torque and
lessen plunger
distance

3. Confining functions to as few unique
components as possible

9. Creating room on the exterior surfaces of
the device, around interior modules, and
around those parts which are designed to
interface with humans

13. Reducing nesting of parts and modules
20. Using a framework for mounting multiplé
modules

As few gears as possible were used for the tralssmnis
(Guideline 3), which reduced the potential numifer o
gears to redesign to change the torque. Thereatesp
around the interior transmission components (Guridel
9) and they are not nested within the casing Gindel
13), which provides room for the transmission tarae
shape without affecting the casing. The framework f
2 mounting the casing (Guideline 20) allows some
elements of the transmission to change geomethowit

forcing accommodating changes to adjacent compeng
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Change modes

Applied guidelines for flexibility forfuture
evolution

Effect of applying guidelines

- Incorporate tuner
into casing

9. Creating room on the exterior surfaces of
the device, around interior modules, and
around those parts which are designed to
interface with humans

20. Using a framework for mounting multiplg
modules

The extra room around the interior components and o
the exterior surface (Guideline 9) allow for thewne
components to be incorporated without changing the
transmission components. The casing framework

> (Guideline 20) allows the new feature to be incoaped
without affecting the functions of other features.

- Add rubber coating
to edges

20. Using a framework for mounting multiplg
modules

> The casing framework (Guideline 20) forms an egteri

that might require exterior changes.

- Change casing
material

20. Using a framework for mounting multiplg
modules

> The casing framework (Guideline 20) allows the aller
product durability to be largely controlled by chary
only the casing components.

- Create new
interface for
screwdriver bit to
allow sideways
storage

- Use different type
of screwdriver bits

10. Providing free interfaces and expansive
unobstructed surfaces for new interfaces

14. Standardizing or reducing the number o
different connectors used between modules
19. Creating detachable modules
20. Using a framework for mounting multiplg
modules

The expansive area on the exterior (Guideline l6yva
room for the new interface without affecting compots
f other than the casing. The screwdriver bit is a

. standardized, detachable module (Guidelines 14)& 19
which allows it to adapt to the new interface witho

> alteration. The casing framework (Guideline 20pa8
the new feature to be incorporated without affertime
functions of other features.

- Accommodate new
sizes or shapes of
bridge pins

3. Confining functions to as few unique
components as possible

10. Providing free interfaces and expansive
unobstructed surfaces for new interfaces

Redesigning the bridge pin notch would only require
changing a feature on one part, the bottom frame,
(Guideline 3) and there is expansive area on theriex
for the feature to be enlarged independently, dleissary

(Guideline 10).

While the merged set of guidelines currently covars
wide range of situations, it is not exhaustive haligh each of
the research studies approached an asymptotedarumber
of identified guidelines,
guidelines produced by each study are unique tb shaly.
This statistic suggests that further guidelines mig

approximately a third dhe

developed through a new research approach or bgnetiqpg

the previous approaches to new domains. The unique
guidelines would also benefit from the validatioh keing
discovered through different means.

The guidelines are known to improve flexibility fluture
evolution because of the methods used to find themould
be beneficial to designers to know if and how thgsielelines
affect other forms of flexibility. For example, phact family

design may be closely linked to these guidelinesabse of

its similarities to flexibility for future evolutio. In both cases,

cost savings are realized by using as many comnaots,p

assemblies, and manufacturing processes as possiiiag
similar products. Also, it would be helpful to &stigate the
applicability of these guidelines to additional guot
domains, beyond the moderately complex, mecharacal
electromechanical consumer products considered his t
example,
alternative energy domains (e.g., thermal, elesfriwould be

research. For

more complex products and
sp

interesting to investigate.

Also,

it would be helpful

to conduct a detailed

comparison of the flexibility guidelines with othéypes of
guidelines and principles, such as Design for Adgnor
Design for Manufacturing guidelines or TIPS prirlegp For
example, Guideline 13 (Reducing nesting of partgd an
modules) and Guideline 15 (Reducing the numbeastehers
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National
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used, or eliminating them entirely) both overlap thwi
guidelines for Design for Assembly, and severalriags with
TIPS principles were cited in Section 5. The difarsets of
guidelines should be compared to understand whey dne
complementary, when they conflict,
conflicts can be circumvented or reconciled.

Finally, the guidelines for flexibility for futurevolution

have been integrated into the design process éatively ad
hoc manner.
integrated within each stage of the design procksshe
future, a customized design process could be dpedldhat
highlights the guidelines. It may also be usefulcteate a
specific method for evaluating designs based orythgelines
presented here.

To maximize their impact, they shobkl
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