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ABSTRACT 
Product designers seek to create products that are not only 

robust for the current marketplace but also can be redesigned 
quickly and inexpensively for future changes that may be 
unanticipated. The capability of a design to be quickly and 
economically redesigned into a subsequent product offering is 
defined as its flexibility for future evolution.  Tools are needed 
for innovating and evaluating products that are flexible for 
future evolution.  

In this paper, a comprehensive set of design guidelines is 
created for product flexibility by merging the results of two 
research studies—a directed patent study of notably flexible 
products and an empirical product study of consumer products 
analyzed with a product flexibility metric. Via comparison of 
the results of these two studies, the product flexibility 
guidelines derived from each study are merged, cross-
validated, and revised for clarity. They are organized in 
categories that describe how and under what circumstances 
they increase flexibility for future evolution. Examples are 
included to illustrate each guideline. The guidelines are also 
applied to an example application--the design of a new guitar 
string changer. 

 
1. INTRODUCTION 

Product flexibility for future evolution is the capability for 
a product to be quickly and inexpensively redesigned to meet 
changing requirements.  These changing requirements include 
shifting customer needs, advancing technology, and expanding 
markets.  Since these changes are difficult to predict, product 
designs tend to evolve over time.  In this context, product 
redesign is particularly challenging because it often takes 
place after a design has been finalized or launched and 
manufacturing tools and processes have been established.   
Such redesign activities are referred to as future evolution.  To 
support this evolutionary process, design guidelines are 
needed for quickly and economically innovating or evaluating 

designs that are flexible enough to accommodate unanticipated 
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 to evolve 

over time, but the focus of this research is on electro- and 
thermo-mechanical consumer products of moderate 
complexity.  For example, the Black and Decker Lids-Off 
product has proven to be relatively flexible for future 
evolution. The original Lids-Off product, as illustrated in 
Figure 1, is an innovative product that loosens the lids of jars. 
To increase its functionality and compensate for its relatively 
large footprint on the countertop, the manufacturer 
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subsequently added a can opener and bottle opener and 
released an evolved version of the product called the Lids-Off 
Open-It-All Center, illustrated in Figure 1. Both products were 
reverse engineered, and the bills of materials for the two 
product were compared.   As reported in Table 1, 
approximately 75% of the parts in the original Lids Off are 
reused precisely in the new Open-It-All Center, and the reused 
parts account for approximately 50% of the parts in the new 
product. The extent of component reuse is visible in the side-
by-side exploded views of the products in figure 2. By reusing 
parts from the original product, the manufacturer could not 
only reduce redesign time and resources but also reuse 
manufacturing processes and tooling. In this case, both 
products are offered simultaneously; so, the manufacture also 
realizes economies of scale by using common parts while 
offering distinct product choices to their customers. Although 
the change modes may not have been predictable a priori, the 
manufacturer saved significant resources by launching a 
parent product that was flexible for future evolution. 

 
Table 1: Comparison of parts between products 

Parts In Original 
Lids Off 

Parts In New 
Lids Off Open-It-All 

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 when they 

encounter it, but it is much more difficult to design this 
flexibility into a product when change modes are not fully 
anticipated. To address this challenge, a comprehensive set of 
design guidelines is presented in this paper to help designers 
develop products with embedded flexibility for future 
evolution. After a discussion of related work in Section 2, the 
research approach is described in Section 3, followed by a 
description of the merged design guidelines for product 
flexibility in Section 4. In Section 5, the guidelines are used in 
the design of an innovative guitar string changing product. 

 
2. RELATED WORK 

Metrics can be used to recognize and evaluate flexibility, 
but governing principles and proven, teachable guidelines are 
needed for designing flexibility into the architecture of a 
product to support future product evolution. A number of 
research projects have been initiated recently to investigate the 
design of families of products or mass customized products 
that share a common product platform or underlying 
components, technology, or features. Along these lines, 
several product platform-based design strategies have been 
suggested, including standardization ([3-6]), robustness ([7]), 
scalability ([8-12]), and modularity ([13-17]), along with some 
qualitative guides and frameworks for product family design 
(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 the results of an 
ongoing research effort ([23-28]) that focuses specifically on 
the goal of improving flexibility for future evolution. While 
many of these guidelines may overlap with other 
manifestations of flexibility, such as product platforms or 
mass customization, they have been developed and verified 
specifically for the case of future evolution. Whereas much of 
the previous research on product platforms and mass 
customization has focused on accommodating a set of 
predetermined product offerings, the principles and guidelines 
presented here are focused on the design of products that are 
adaptable for future changes, even if the precise form of those 
changes is not known a priori.  Each flexibility principle is 
also accompanied by a set of guidelines that provide detailed, 
actionable insights for designing flexibility into a product.   

There are many published lists of guidelines for 
improving products for various design goals (such as lower 
manufacturing cost, quicker assembly, and superior technical 
solutions) and at various levels of detail (from selecting 
component specifications to making system-level design 
decisions). Some of the best known lists of design guidelines 
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are the Design for Assembly (DFA) and Design for 
Manufacturing (DFM) guidelines, which are used to reduce 
production cost and increase reliability and quality. Lists that 
have been adapted from multiple sources have been published 
by Pahl and Beitz, and Otto and Wood in well-known 
engineering design textbooks. [29,30] These guidelines are 
intended for application during design embodiment, and 
consequently are not applicable during concept generation and 
are not used to help innovate. 

Otto and Wood [30] also published a list of design 
guidelines for the environment, which aim to reduce the 
negative environmental impact of a product, and Pahl and 
Beitz [29] published a list of design guidelines for aesthetics. 
These guidelines are almost all applied during design 
embodiment, and therefore are not tools for innovation. They 
are similar in many ways to DFA and DFM, because they are 
closely tied to disassembly and material choice.  

A new area of guideline or principle development is 
transformational design.  Transformers, in the extreme sense 
of transformer toys, open new avenues for product 
development and innovations.  Singh, et al. [31] present a set 
of empirically derived transformer principles and supporting 
facilitators.  They demonstrate these principles in the design of 
Micro-Aerial Vehicles (MAVs) [32].  

The Theory of Inventive Problem Solving (TIPS), 
developed by Altshuller, includes a set of 40 design principles 
for solving engineering conflicts between desired product 
characteristics. These principles are used during concept 
generation to drive innovation. This creates new possibilities 
for the designer rather than inhibiting design alternatives, as 
the above lists of guidelines do. These principles do not 
provide the user with a means of evaluating design 
alternatives; they instead lead designers toward innovating 
potential design alternatives.  

Each of the above lists of guidelines, with the exception 
of TIPS, is intended for a particular goal, including reduced 
manufacturing costs, faster production, improved customer 
satisfaction, and lower negative impact on the environment. 
While these goals are desirable, they are not necessarily 
aligned with product flexibility. Although some overlap is 
expected, the guidelines presented in this paper have been 
developed specifically for improving product flexibility for 
future evolution.  

 
3. RESEARCH METHODOLOGY 

The set of product flexibility guidelines presented in this 
paper was developed by merging the results of two different 
research studies: a directed patent study of notably flexible 
products and an empirical product study of consumer products 
analyzed with a product flexibility metric. Each of these 
studies was based on an inductive research approach.  Rather 
than beginning with hypothesized guidelines, the study began 
by gathering empirical data and then using it to derive insights 
leading to hypothesized guidelines. To avoid possible bias 
between the research studies, each study was conducted 
independently without reference to the results of the other.  

The benefits of utilizing different methodologies to 
develop the guidelines include more comprehensive results 
and greater cross-validation. More comprehensive results were 

achieved because the two methodologies focused on different 
aspects of design and therefore each produced some unique 
guidelines. The use of two different methodologies provided 
validation for guidelines produced with both methods. When 
results from the two studies differed, insights could be made to 
help revise and improve the guidelines when they were 
merged.  

Figure 3 is a summary of the methodologies used to 
develop the guidelines. Section 3.1 includes an explanation of 
the methodology for the directed patent search and Section 3.2 
includes an explanation of the methodology for the empirical 
study. Section 3.3 includes an explanation of how the results 
were merged. 

 
3.1. Directed patent study methodology 

In the directed patent study, a filtered set of patents for 
devices were analyzed for characteristics related to flexibility, 
and the resulting insights were used to derive design 
guidelines. A more detailed description of this methodology is 
presented by Qureshi. [28] Qureshi’s work is an expansion 
and continuation of patent studies performed by Pinyopusarerk 
[24], Schaefer [25], Muñoz [23], and Kuchinski [26] and 
utilizes the following methodology to derive guidelines for 
product flexibility. 

The first step in the directed patent study was to filter the 
millions of available patents to a manageable number for 
study. The US Patent and Trademark Office (USPTO) 
publishes millions of patents. Detailed information about the 
inner workings and design rationale for a wide variety of 
devices make the USPTO an excellent source for deriving 
insights into product flexibility. In order to maximize the 
research effort, the filtering process selected patents with a 
high likelihood of exhibiting characteristics related to 
flexibility. Three methods of filtering were used: keyword 
searches for patents referring to the term flexibility, searches 
for patents that have evolved using assignee names and chains 
of references, and keyword searches for words related to 
hypothesized design guidelines. Ninety patents, primarily in 
the mechanical domain, were filtered from the USPTO 
database for analysis.  A unique feature of these patents was 
that they often detailed the evolutionary history of the product.   

Next, each of the selected patents was examined for 
information that could lead to insights into design 
characteristics influencing flexibility. To facilitate a thorough 
study of all of the patents, a data sheet of questions was 
prepared to guide the examination of a patent. Based on the 
Socratic Method, these questions aided the researcher in 
extracting pertinent information. Altshuller’s Laws of 
Development of Systems were used in the creation of the data 
sheet. Additionally, a Design Structure Matrix (DSM) was 
used to analyze the interactions between each of the 
components in the product. 

The information acquired from the data sheet and DSMs 
led to insights into design characteristics associated with 
flexibility for future evolution. These insights were collected 
and organized into design guidelines. 
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Figure 3. Research method flow 

 
 
3.2. Empirical product study methodology 

In the empirical product study, Change Modes and Effects 
Analysis (CMEA) [33,34] was applied to a group of products, 
and the results were used to derive insights into the design 
characteristics affecting the flexibility of the products. A more 
detailed description of this methodology is presented in [27]. 
CMEA is a tool for measuring a product’s flexibility for 
potential future changes and thereby diminishing the cost of 
redesign and shortening time-to-market. It has recently been 

enhanced for increased repeatability and level of detail [35]. 
These enhancements make it suitable for deriving actionable 
insights into a product’s flexibility for future evolution and for 
comparing the flexibility of different products. Accordingly, it 
can be used to help identify principles of design that 
inherently aid or hinder flexibility in a product.  

The goal of CMEA is to aid designers in minimizing the 
costs associated with redesigning and manufacturing a product 
when it evolves. CMEA therefore focuses on the aspects of a 
design that increase the cost and delay of changing production 

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

Use insights from the patent study to derive actionable 
design guidelines 

Examine the selected patents to obtain flexibility-
related information 

Compare device 
with prior art 

Identify language in patent 
documents describing devices’ 
flexibility 

Analyze drawings for 
physical arrangements 
influencing flexibility 

Identify multiple 
preferred embodiments 
and their effect on the 
device’s flexibility 

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

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

Generate potential product domains for 
study 

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

Reverse engineer for product familiarity 

Create 
functional 
models 

Collect 
customer 
requirement 
data 

Subtract 
and operate 
procedure 

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 

Test guidelines on real and hypothetical examples and 
refine them 

Directed-empirical patent study Empirical product study with CMEA 

Compare sets of guidelines and merge them 
into a refined, unified set in a common 
semantic structure 
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processes to accommodate an altered form of a product. These 
aspects are tied closely to how much of the original product 
must be manufactured differently and how prepared the 
manufacturer is to make changes to its manufacturing chain. 
Through the process of CMEA, a product’s flexibility rating is 
linked directly to specific design characteristics that contribute 
to the cost of redesigning it for potential future changes. 

The first step in the empirical study was to study electro-
mechanical consumer products of light-to-moderate 
complexity. The electro-mechanical domain was selected 
because it includes the types of products mechanical design 
engineers typically encounter. Consumer products were used 
because they were easily obtainable with amply available 
public information. Light-to-moderate complexity products 
were used because they could be more thoroughly studied 
within the research study’s time frame. The eleven products of 
the study were selected and analyzed sequentially, so the 
results of the analysis could be used to revise the selection 
criteria to ensure that a wide range of potential data was 
acquired.  

Each product was reverse engineered for familiarity 
before application of CMEA. This process included gathering 
customer needs, functionally modeling each product, and 
disassembly of each product. Concept generation sessions 
were conducted with mechanical engineering graduate 
students to predict potential change modes for the product in 
future design iterations.   

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

 
3.3. Merging the results 

The two sets of design guidelines were compared. Some 
of the guidelines had the same connotation, but were stated in 
different words. These matching guidelines were rephrased for 
maximum clarity. Some of the guidelines were similar but did 
not have exactly the same connotation. For example, in some 
cases the guidelines did not specify the circumstances under 
which they apply, so they were rephrased for increased clarity. 
In other cases, minor differences necessitated reevaluation and 
revision of guidelines. Some guidelines were unique to their 
respective research studies, did not contradict any other 
guidelines, and remained unchanged.  
 
4. MERGED LIST OF DESIGN GUIDELINES 

The merged set of design guidelines for flexibility for 
future evolution is summarized in Figure 6. The guidelines are 
organized into five different approaches for improving 
flexibility. Each approach is supported by a list of specific, 
related guidelines. This organizational structure clarifies the 
purpose of each guideline and its potential effect on flexibility. 
The symbols indicate the original source of the principle. The 
remainder of this section includes detailed descriptions of the 
guidelines with examples.  

 
4.1. Modularity Approach 

The following set of guidelines is intended to increase 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 reduces 
the likelihood of changes to certain functions propagating to 
parts performing other functions. If the product evolves into 
multiple concurrent products, some modules may be used as 
common modules among multiple products, reducing total 
manufacturing cost of the new product family. Ideally, each 
set of closely related functions should be contained within a 
distinct module. An example of this guideline is the adjustable 
office chair in Figure 4. The armrests, seatback, cushions, base 
and casters are all separate modules.  Changes can be made to 
any of these modules without requiring the rest of the design 
to change. 

 

Figure 4. Adjustable Office Chair [36] 
 
Guideline 2 – Confining functions to single modules 

Functions should not span across modules, because they 
can become bridges for change propagation. When a function 
is accomplished by two modules working together, a change 
to either module is likely to affect both modules, resulting in 
greater cost. The Back to Basics Coffee Solution Coffeemaker 
in Figure 5 does not follow this guideline. This coffeemaker 
has a lever in the frame unit that pushes open a spout in the 
removable carafe. Therefore, the function of opening the spout 
is performed by two modules, and both modules must be 
changed to alter this function. The flexible alternative would 
be to locate the lever on the carafe itself, so only the carafe 
module would be involved in opening the spout. 

 

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

Removable 
carafe with 
spout 

Lever in 
main 
body 
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Modularity Approach 
 
Increase the degree of modularity of a device by… 

1 Using separate modules to carry out functions that are not closely related. *† 
2 Confining functions to single modules† 
3 Confining functions to as few unique components as possible. † 
4 Dividing modules into multiple smaller, identical modules. *† 
5 Collecting parts which are not anticipated to change in time into separate modules. * 
6 Collecting parts which perform functions associated with the same energy domain into separate 

modules. * 
 
Parts Reduction Approach 
 
Reduce the number of parts requiring manufacturing changes by… 

7 Sharing functions in a module or part if the functions are closely related. † 
8 Using duplicate parts as much as possible without raising part count. † 

 
Spatial Approach 
 
Facilitate the addition of new functionality and rearrangement or scaling of parts by… 

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

10 Providing free interfaces and expansive, unobstructed surfaces for new interfaces. *† 
11 Extending the available area on the transmission components of the device. * 
12 Locating those parts which are anticipated to change near the exterior of the device. *† 
13 Reducing nesting of parts and modules. † 

 
Interface Decoupling Approach 
 
Reduce the communications between modules, and enable the device to function normally regardless of the 
orientation, location and arrangement of its individual modules, by… 

14 Standardizing or reducing the number of different connectors used between modules. * 
15 Reducing the number of fasteners used, or eliminating them entirely. * 
16 Reducing the number of contact points between modules. * 
17  Simplifying the geometry of modular interfaces. * 
18 Routing flows of energy, information and materials so that they are able to bypass each module 

at need. * 
19 Creating detachable modules. *† 
20 Using a framework for mounting multiple modules. † 
21 Using compliant materials. *† 
22 Simplifying the geometry of each component. * 

 
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 storage or importation. † 
 

* Discovered through the directed patent study 
† Discovered through the empirical product study 

 

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 components, 
then a change to that function affects all of those components, 
resulting in increased cost. The sliding visor design in Figure 7 
includes two mirrored cables which provide resistance to the 
motion of the visor and limit its degrees of freedom. This 
design’s flexibility was improved by removing one of the 
cables and parametrically changing the other to maintain the 
resistance force. This was achievable because the cables work 
together to accomplish the same two functions (providing 
resistance and limiting degrees of freedom). In the improved 
design, there are fewer components to be redesigned and 
retooled if the product functionality changes in the future.  

 

 

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 functional inputs and 
outputs. There is also greater freedom of motion and space 
between the components. The Lexmark T64x Sheet Tray in 
Figure 8 can be duplicated and stacked for increased paper 
input for the printer above. Improved versions of the tray 
could be designed in the future and interfaced with the current 
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 protects them 
from changes to other parts. Parts that are not anticipated to 
change may be standardized components or technologies that 
have stagnated in terms of development. The separate 
components of a typical desktop computer have been evolving 
at different rates for many years. The standard ATX computer 
tower case has allowed manufacturers to offer their customers 
the most current combination of components without costly 
redesign or significant changes to manufacturing processes. 
As the manufacturer offers new models of computers, the case 
with power supply can be reused for products with newer 
processor technology.  

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

Technologies associated with different energy domains 
are likely to change in different ways. Therefore, they should 
be decoupled to prevent potentially independent changes from 
affecting each other. Inside a desktop computer, the processor, 
heat sink, and fan are three separable modules in the electrical, 
thermal, and mechanical energy domains, respectively. The 
processor is likely to change rapidly compared to the other 
modules, and as a separate module, can change without 
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 in a group 
of closely related functions is likely to affect all functions in 
that group, thereby affecting all product components that 
perform those functions. Sharing closely related functions in a 
single part reduces the number of parts that must be changed if 
any of those functions is changed. In the Black and Decker 
Blower/Vac Mulch (Figure 9), the functions of storing the 
mulch and exporting the air that pulls the mulch are closely 
related, and the mulch bag shares these functions. (The bag is 
porous and air passes out through it.) These functions can be 
redesigned together with only one part change. 
 

 

Figure 9. Black and Decker Blower/Vac BV4000  
 
 

Power unit 

Bag 

Visor  

Fixed pulley  

Track  

Cable  Spring  

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

Identical parts can be redesigned together so they can 
continue to be mass produced as a single part. The Black and 
Decker HedgeHog XR Pivoting Head Hedge Trimmer, 
pictured in Figure 10, has two blades which slide against each 
other to create shearing action. These are duplicate 
components and can be redesigned and remanufactured as one. 

 

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

 
4.3. Spatial Approach 

The following guidelines are intended to facilitate the 
addition of new functionality and rearrangement or scaling 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, or location 
forces other parts to change to accommodate it, then those 
parts are dependent on it. Fewer of these dependencies results 
in fewer components affected unnecessarily by product 
changes. Figure 11 depicts a novel hacksaw design. An 
inventor saw the hollow space in the structural member of a 
hacksaw as a space where blades could be stored. Since the 
hollow space already exists, the design could be improved to 
store blades by simply adding a cap to cover the opening.  

 

 

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 added to the product 
without changing current components, which is less costly. 
Expansive, unobstructed surfaces for new interfaces allow 
new features to be added to the product with minimal risk of 
forcing accommodating changes to multiple parts. The wide, 
flat area near the handle on the Black and Decker Grass Hog 
String Trimmer in Figure 12 can be used for a new interface 

for new functionality. The pole is also a free interface to 
which a new snap-on part can be attached. 
 

 

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 additional 
future components to receive power from the engine or prime 
mover, with minimal effect on it. The Black and Decker 
LidsOff Jar Opener transmission shown in Figure 13 is 
contained within the large chamber at the top of the product. 
The transmission can be expanded to operate new functions, 
such as a can-opener, without requiring the top chamber’s 
footprint to change, which would cause the change to 
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 neighboring 
parts if they are at the product exterior, so those that are 
anticipated to change should be placed at the exterior. The 
Applied Materials Centura Wafer Machine in Figure 14 
contains a central robotic arm that is unlikely to need updating 
as quickly as the testing chambers, because its movement is 
controllable. The exterior testing chambers can be 
reconfigured without changing the robotic arm. 

Opportunity for 
new interface 

Free interface 
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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 accommodate the 
new size. If the nesting is tight (i.e., if the inner part is more 
snugly fit into the outer “nest” part), then the risk is greater. 
Figure 15 shows two different coffee makers. The Bunn 
product’s carafe sits on the plate with open space surrounding 
it. The Mr. Coffee product has a nested carafe, tightly 
confined on three surfaces by the main unit. It is easier to 
make changes to either the carafe or the main unit in the 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 the device to 
function normally regardless of the orientation, location 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 compatibility 
issues in future design iterations. The common battery 
interface of the Black and Decker VersaPak Tools shown in 
Figure 16 allows evolution of the product line without 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 number of 
parts and assembly steps affected by an interface change. A 
dual CD jewel case is an evolution of the standard single CD 
jewel case. Since the standard single jewel case does not use 
fasteners (its parts are held together with compliant 
interfaces), fasteners do not have to be redesigned or changed 
to create the evolved dual CD jewel case. Compliant interfaces 
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 modules 
reduces the size and number of interfaces, thereby reducing 
the likelihood of modifications forcing changes to neighboring 
parts. The DeLonghi Espresso/ Cappuccino Maker in Figure 
17 contains a geometrically complex heating reservoir that is 
mounted to the casing with four screws at four coplanar 
points. It would therefore be easy to redesign the shape and 
size of the heating reservoir while maintaining the original 
interface with the casing. An alternative and less flexible 
design might have involved securing the reservoir at both the 
top and bottom. This would have resulted in contact points at 
both locations, requiring a change to the casing height if the 
reservoir height were changed. 

 

Figure 17. DeLonghi Espresso/ Cappuccino Maker 

Robotic arm 
at center 

Casing 

Water 
reservoir 
module 

Interface 
location  
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Guideline 17 – Simplifying the geometry of modular 
interfaces 

Simple interfaces reduce the likelihood of incompatibility 
with future interfaces. The toner cartridge in Figure 18 has 
electrical contacts on the cartridge that are flat, rectangular 
surfaces, which allow for several possible means of interfacing 
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 bypass 
modules, those modules can be removed or changed without 
causing a new flow requirement. The Electronic Circuit with 
Bypass in Figure 19 has two electric connectors that can 
interface with an intermediate circuit or directly with one 
another. 

 

 

Figure 19. Electronic Circuit with Bypass [45] 
 

Guideline 19 - Creating detachable modules 
Detachable modules are easier to replace or redesign 

independently, reducing the likelihood of changes propagating 
from them. They also provide greater options to the designer 
for the location of new functional features that do not require a 
permanent interface with the rest of the product. Finally, they 
leave a potential free interface in the product, so that 
functionality of the product may be expanded with new 
modules to fit the interface, requiring little or no 
accommodating change in the main unit. The Next Generation 
George Foreman Grill in Figure 20 has plates that the 
customer can detach and replace. This allows the plates to be 
redesigned individually, removed, or replaced as part of the 
product. For example, the product could offer a waffle plate 
instead of the current drain plate. 

 

 

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 between 
modules and therefore prevents individual changes from 
affecting one another. Additionally, new features can be added 
to the frame without affecting any other modules. Figure 21 
shows the inside of the Black and Decker Blower/Vac. The 
three modules outlined in the picture are each mounted 
individually into the frame and are connected to each other 
only by cables. The framework can absorb changes to any 
single module without forcing accommodating changes in the 
other modules. 

 

Figure 21. Black and Decker Blower/ Vac 
 

Guideline 21 - Using compliant materials 
Parts made of compliant materials can be deformed so 

that they can accommodate design changes to other modules 
without being redesigned or remanufactured themselves. 
Figure 22 shows the inside of a Black and Decker Cordless 
Detail Shrubber. The indicated batteries are mounted in place 
with compliant foam wrapping, which allows for a range of 
battery scaling that would not require accommodating changes 
in the casing. 

Electrical 
contacts 

Power  
module  

Plug  
module  

Switch mechanism  
module  
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Figure 22. Black and Decker Cordless Detail 
Shrubber 

 
Guideline 22 - Simplifying the geometry of each 
component 

Simple geometry can be redesigned quickly, because it is 
easier to ensure compatibility with adjacent components. A 
wood body pepper mill has a round shape, manufactured on a 
lathe. Changes to the product’s profile will not require 
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 operating 
range is wider, so the parts affecting those parameters are less 
likely to require change. There is usually at least one tunable 
lens in a laser printer that allows the beam to be focused by the 
manufacturer prior to completing assembly. If the focus range 
is great enough, minor changes to the laser position may 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 energy storage 
can be redesigned to utilize the excess energy for new 
functions at less expense. For example, a battery-operated 
product may be packaged with a battery with energy in excess 
of the requirements for adequate operation (with the benefit of 
longer battery life). Additional features in subsequent designs 
may be able to utilize the same battery. 
 
 5. APPLICATION OF THE GUIDELINES TO AN 
INNOVATIVE DESIGN 

To illustrate and further validate the guidelines, a design 
project was undertaken, in which the guidelines for flexibility 
were considered during each phase of the design. The purpose 
of the design project was to design a tool for reducing the 
difficulty of changing guitar strings. A tool for changing guitar 
strings is a representative mechanical or electro-mechanical 
consumer product in the intended domain of application for 
the guidelines. This design project provides a data point for 
validation of some of the guidelines and illustrates how they 
can be applied in a practical situation to create an innovative 
product. The design process was implemented in four phases, 
as described in the remainder of this section.  

 
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 Medium 
Operates tuning mechanism screws Medium 
Prevents string from whipping user Medium 
Prevents string tips from cutting user Medium 
Removes old string from the top safely Medium 
Helps thread correct string length through 

winding posts 
Low 

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 Wood [30] was 
used to formulate the problem, identify customer needs with 
importance levels, and establish a list of functions for the 
product to perform. These steps included the creation of a 
project mission statement, surveys (derived from a template 
developed by Green and coauthors [47]) of guitar players (the 
intended customers), and the creation of black box models, 
function structures, and activity diagrams. As summarized in 
an abridged list in Table 2, the survey responses identified a 
wide range of tasks that customers would like the product to 
perform. The wide range of desired functions presents many 
possibilities for realizing the product and may lead to a variety 
of future changes in the product. If the first iteration of the 
product does not accomplish all of these tasks, there is an 
opportunity for the product to evolve to include more of them. 
Therefore, flexibility for future evolution is an especially 
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 a morphological 
matrix, TIPS analysis, and team brain-writing—three well-
known tools for concept generation. The purpose of the 
morphological matrix was to suggest solutions in several 
energy domains for each of the functions identified in the 
function structure. Altshuller’s Theory of Inventive Problem 
Solving (TIPS) was used to suggest solution principles for 
potential conflicts in the system [30].  In the team brain-
writing session, participants sketched solution concepts, added 
to each others’ ideas, and used the guidelines for flexibility to 
help generate ideas. 

The coupling of flexibility guidelines with these 
techniques aided in creating and enhancing solutions that 
contributed to the overall flexibility of the final product. For 
example, to meet the customer need of ‘pulls out bridge pins,’ 
the function structure identified that there are two separate but 
closely related functions that need to be performed: ‘import 
pin’ and ‘pull pin.’ Guideline 3 states that functions should be 

Foam-
wrapped 
batteries  
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confined to as few components as possible. This guideline led 
to a concept in which a slotted tool is used to pry the pin out. 
Such a tool could be embodied in a single part, so it could be 
easily redesigned for potential future needs, such as 
accommodating larger or smaller bridge pins for new guitars. 
In some string changing products, a bridge pin puller is 
incorporated into the two halves of a pair of string clippers, a 
design that violates Guideline 3. Guideline 7, which states that 
closely related functions should be shared, should not be 
applied here, because clipping strings and pulling pins are not 
closely related functions. This less flexible design would 
require multiple parts to be redesigned for future changes to 
the size of bridge pins.  

It was found that some of the guidelines for flexibility 
echoed principles suggested by the TIPS analysis. Altshuller’s 
principle of removal closely matches Guideline 19, “Creating 
detachable modules,” so solutions based on this principle 
generally satisfy Guideline 19. Also, Altshuller’s principle of 
dynamism matches Guidelines 3 and 21, which are, 
respectively, to confine functions to as few unique 
components as possible and to use compliant materials. This 
insight led to concepts involving tools that fold for storage. 

 
5.3. Product embodiment and prototype 

From all of the generated concepts, a single complete-
product concept was filtered out and selected for embodiment 
as an example of a product design that is flexible for future 
evolution. The selected product concept (Figure 23) has the 
primary purpose of winding or unwinding strings quickly with 
one hand, with the secondary functions of popping out bridge 
pins and operating the tuning mechanism screws. The winding 
is performed by the user with a syringe-like plunger. Bridge 
pins are pried with a notched tab, and the tuning mechanism 
screws are operated with a screwdriver head. At this 
embodiment stage of the design process, opportunities for 
applying the guidelines for flexibility existed in the 
arrangement of the plunger mechanism components, the 
arrangement of the three potential functional modules, and 
their interfaces with the rest of the product. The use of the 
product is illustrated in Figures 24-26.  Figure 27 shows an 
exploded view of the final embodiment with the components 
and features labeled. 

 

 

 

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 

 

 

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 
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5.4. Critique of final product prototype 

This product concept is novel because it includes a new 
means of winding and unwinding guitar strings that is faster 
and requires less dexterity than the common crank winders 
available on the market. The increased speed and reduced 
dexterity requirements reduce the problem of bridge pins 
popping out during winding, because the user can more easily 
hold the bridge pins down while winding. 

To critique this product’s flexibility, a list of change 
modes was compiled by focusing on changes that could 
require future evolution of the product. These change modes 
were developed from the customer needs for the product.  The 
change modes are listed in Table 3, along with specific 
flexibility guidelines that should aid in implementing them. 
Also, the effect of applying each guideline in this product is 
described.  

 
6. CONCLUSIONS AND FUTURE WORK 

In this paper, a comprehensive set of guidelines is 
presented for designing products that are flexible for future 
evolution. The guidelines are developed through two different 
empirical research studies with different methodologies. As 
they were merged, many of the guidelines were cross-
validated and refined, which has increased their usefulness and 
reliability. The guidelines can be used by designers during the 
design process to develop innovative, flexible design 
solutions, or to evaluate and compare the flexibility of 
products.  They are specifically intended to reduce the time 
and expense of evolving current products into subsequent 
product offerings in response to changing requirements.   

 
 

 

Figure 27. CAD isometric exploded view of the strin g 
changing product 

 

 
Table 3. Effect of applying guidelines for flexibil ity for future evolution in the design project 

Change modes Applied guidelines for flexibility for future 
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 multiple 
modules 

For each of these change modes, only one component is 
affected: one of the casing halves changes geometrically. 
There is ample space for new interfaces on the exterior of 
the product (Guideline 10), so new parts can be attached 
to the exterior without forcing rearrangement or redesign 
of interior components or functional features. The casing 
framework (Guideline 20) allows the new feature to be 
incorporated without affecting the functions of other 
features. 

- Extend the bridge 
pin puller from the 
casing body 
- Add rocking 
leverage to the bridge 
pin puller 

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 multiple 
modules 

The bridge pin puller’s geometry can be changed without 
affecting the geometry of any component other than the 
casing it is molded into. This is because the casing 
functionally isolates it from other functional components 
(Guideline 20), and it has ample room around it for shape 
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 multiple 
modules 

As few gears as possible were used for the transmission 
(Guideline 3), which reduced the potential number of 
gears to redesign to change the torque. There is space 
around the interior transmission components (Guideline 
9) and they are not nested within the casing Guideline 
13), which provides room for the transmission to change 
shape without affecting the casing. The framework for 
mounting the casing (Guideline 20) allows some 
elements of the transmission to change geometry without 
forcing accommodating changes to adjacent components. 

Hexagonal 
interfaces for 
screwdriver bits 

Compound 
spur gear 

Top frame 
half 

Bottom 
frame half 

Compound  
spur-bevel gear 

Tuning key 
interface 
with shaft 
and bevel 
gear 

Plungers 
with racks 

Bridge -Pin 
Notch 
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Change modes Applied guidelines for flexibility for future 
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 multiple 
modules 

The extra room around the interior components and on 
the exterior surface (Guideline 9) allow for the new 
components to be incorporated without changing the 
transmission components. The casing framework 
(Guideline 20) allows the new feature to be incorporated 
without affecting the functions of other features. 

- Add rubber coating 
to edges 

20. Using a framework for mounting multiple 
modules 

The casing framework (Guideline 20) forms an exterior 
shell which reduces the number of exposed components 
that might require exterior changes. 

- Change casing 
material 

20. Using a framework for mounting multiple 
modules 

The casing framework (Guideline 20) allows the overall 
product durability to be largely controlled by changing 
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 of 
different connectors used between modules. 
19. Creating detachable modules 
20. Using a framework for mounting multiple 
modules 
 

The expansive area on the exterior (Guideline 10) allows 
room for the new interface without affecting components 
other than the casing. The screwdriver bit is a 
standardized, detachable module (Guidelines 14 & 19) 
which allows it to adapt to the new interface without 
alteration. The casing framework (Guideline 20) allows 
the new feature to be incorporated without affecting the 
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 the exterior 
for the feature to be enlarged independently, if necessary 
(Guideline 10).  

 
 

While the merged set of guidelines currently covers a 
wide range of situations, it is not exhaustive. Although each of 
the research studies approached an asymptote for the number 
of identified guidelines, approximately a third of the 
guidelines produced by each study are unique to that study. 
This statistic suggests that further guidelines may be 
developed through a new research approach or by expanding 
the previous approaches to new domains. The unique 
guidelines would also benefit from the validation of being 
discovered through different means. 

The guidelines are known to improve flexibility for future 
evolution because of the methods used to find them. It would 
be beneficial to designers to know if and how these guidelines 
affect other forms of flexibility. For example, product family 
design may be closely linked to these guidelines, because of 
its similarities to flexibility for future evolution.  In both cases, 
cost savings are realized by using as many common parts, 
assemblies, and manufacturing processes as possible among 
similar products.  Also, it would be helpful to investigate the 
applicability of these guidelines to additional product 
domains, beyond the moderately complex, mechanical and 
electromechanical consumer products considered in this 
research.  For example, more complex products and 
alternative energy domains (e.g., thermal, electrical) would be 
interesting to investigate.   

Also, it would be helpful to conduct a detailed 
comparison of the flexibility guidelines with other types of 
guidelines and principles, such as Design for Assembly or 
Design for Manufacturing guidelines or TIPS principles. For 
example, Guideline 13 (Reducing nesting of parts and 
modules) and Guideline 15 (Reducing the number of fasteners 

used, or eliminating them entirely) both overlap with 
guidelines for Design for Assembly, and several overlaps with 
TIPS principles were cited in Section 5. The different sets of 
guidelines should be compared to understand when they are 
complementary, when they conflict, and how potential 
conflicts can be circumvented or reconciled. 

Finally, the guidelines for flexibility for future evolution 
have been integrated into the design process in a relatively ad 
hoc manner.  To maximize their impact, they should be 
integrated within each stage of the design process. In the 
future, a customized design process could be developed that 
highlights the guidelines. It may also be useful to create a 
specific method for evaluating designs based on the guidelines 
presented here. 
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