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Modular design is a popular topic in industry today, though there is no
systematic method in place that guarantees a modular design. This work
presents a theory of modular design which represents a new tack on design
methods. While it uses functional decomposition to describe the problem, it
shifts the search for solutions to a modular level rather than looking for a
solution to every individual sub-function. To accomplish this theoretical shift, a
functional base set is developed to make function structure generation repeatable
and to provide a consistent level of decomposition. The functional base set
consists of a standard set of functions and flows, clearly categorized and defined.
Three heuristic methods are introduced to define modules from such a function
structure. The heuristics are verified through a set of hand held, mechanical and

electromechanical consumer devices. A quantitative framework is developed to
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assess the customer need importance of identified modules and to provide a tool
for grouping similar devices into device families.

Utilizing these components, an overall theory of modular design is stated.
It is comprised of two parts: a modular design methodology and a development
team formation methodology. Three case studies are presented which show the
theory’s application to original and reverse engineering design problems as well
as the team formation problem. One case study, in particular, shows the utility
of the modular design methodology to devices of larger scale than the

verification set.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

As children, especially those of us who grew up to be engineers, we often
played with toys that allowed us to build physical incarnations of our wild
imaginations. A popular toy of this type was the Tinkertoy™ collection. Think
back to the sticks of varying lengths, the wheels and connectors and the plastic
sliders, shown in Figs. 1.1 - 1.2. With these limited types of building blocks, we
built thousands (or more) of creations. All the while we were identifying the type
of building block necessary to serve the immediate functions of connecting two
sticks, forming a right angle or rotating a wheel while working toward the overall
goal of creating a car, building a sky scraper or setting up a windmill. An
example of a windmill constructed from these basic sets is shown in Fig. 1.3.
This very same process is indicative of a modular design, where we build up
devices from a set of distinct components or modules. But how do we define the
modules in a world unbounded by Tinkertoy™ shapes? This dissertation

establishes a method that will do that very thing.
1.1.1 Theoretical Motivations

Modular devices may be defined as machines, assemblies or components
that accomplish an overall function through combination of distinct building

blocks or modules (Pahl and Beitz, 1988). Modules are defined as physical



structures that have a one-to-one correspondence with functional structures
(Ulrich and Tung, 1991). However, modularity in mechanical design is often an
afterthought. Once a device is designed and developed, components of the
device are observed to have other potential uses. This can lead to faster
development and reduced costs in future device designs, but if modularity is
identified and exploited in the initial conceptual or reverse engineering! effort,
the immediate device design reaps benefits in reduced development time and
costs (Congress, 1992). Increased batch sizes of building blocks lead to lower
costs (Pahl and Beitz, 1988). Also, modules which are easily identified with a
particular function are more easily combined, offering a reduction in development

time.

Figure 1.1  Connecting sticks of various sizes (left) and connection spools
(right) are modules found in Tinkertoy™ sets.

1 Reverse engineering initiates the redesign process, wherein a device is predicted,
observed, disassembled, analyzed, tested, “experienced,” and documented in terms of its
functionality, form, physical principles, manufacturability and assemblability (Otto
and Wood, 1996).



Figure 1.2  Wheels, spinning spools and bearings (clockwise from lower left
corner) are additional modules in Tinkertoy™ sets.

Figure 1.3 A windmill constructed of the basic modules found in the
Tinkertoy™ set.

Combining components has been addressed in recent work addressing

automated design techniques (Bradley and Agogino, 1994; Ward, 1989; Ward



and Seering, 1993; Schmidt and Cagan, 1997a & b; Vadde et al., 1992). Ward
developed a mechanical design compiler that transformed a high level design
description into a more concrete lower level. The name ‘compiler’ is accurate
because the program parses a device language into a computable form. Others
have automated the catalog design problem, which is the process of selecting a
fully specified element to perform some function in a larger design or assembly
(Bradley and Agogino, 1994). Once the element or component needed is
specified, a catalog design program evaluates the components in its database
and presents a set that meets the specifications. In essence, these components
are modules, or building blocks. In either case, the output of a design compiler or
a catalog design program is a element or set of elements (or components) that
satisfy some function. If a methodology exists which identifies modules early in
the conceptual or reverse engineering design effort, then design compilers can be
used earlier in the process. This is the direction of the work by Schmidt and
Cagan (1995), who use a vocabulary of grammars to map an overall device
function to actual components. Extending this further, once modules and their
interface parameters are identified, then compilers could present a list of
candidates to fulfill the module’s function.

Another driving factor behind modular design theories is device design for
the life cycle. This increases the ease with which components can be replaced
after a certain amount of wear and also promotes recycling of spent components.
For recycling, the grouping of components with similar recycling requirements
makes the device easier and, thus, cheaper to recycle. Modules are formed based

on material, service requirements and post-life intent (Newcomb et al., 1996;
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Rosen, 1996; Marks et al., 1993). Research activities with auto makers explore
this type of modular device development, spurred by recent device take-back
legislation passed in Europe (Newcomb et al., 1996).

Modular design also realizes savings in manufacturing time. For modular
devices, as the design of each module is finalized, it can be handed off for
manufacture. Tooling and manufacture of module A can begin while the design
of module B proceeds. This iterative overlapping (Krishnan et al., 1995) realizes
lead time reduction in device introduction, a definite advantage in today’s
competitive markets. Krishnan et al. (1996) also develop a model of product
development costs for devices based on common platforms. The common
platform families are, in essence, modular devices. Gupta and Krishnan (1997)
establish the optimal component and vendor selection problem as an integer
program and present a mathematically based heuristic method that identifies
near optimal solutions. Their work deals with combining existing components in
well defined fields as opposed to determining what defines a module.

Returning again to the Tinkertoy™ analogy, recall how easy it was to
make changes to our creation on the fly. For each type of Tinkertoy™, we knew
its function and what interface it required to connect with other Tinkertoys™.
These two pieces of information, function and interface requirements, defined the
Tinkertoy™ module. For example, Fig. 1.4 shows a Tinkertoy™ connector with
two sticks. Here, the module’s function is its name - connector. The interface
requirements are shown in Fig. 1.5. The connector connects two or more sticks
together and requires a physical interface of holes to accomplish this function.

With the module defined in this manner, it is possible to reconfigure the original
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creation to serve a new function. This is another benefit of modular design, ease
of reconfiguration. In fact, Schmidt and Cagan (1997) use a method of grammar-
based design that searches all the possible configurations of a set of components

for the optimal design.

Figure 1.4  Connector module demonstrating its function of connecting two sticks
together.

Figure 1.5 Interface requirements of the connector module dictate that holes exist
to connect sticks together.

A systematic approach to development team formation can be based on

modules or chunks of a device. Pimmler and Eppinger (1994) propose a design

structure matrix technique for clustering functional elements into chunks or

modules and basing development teams on those chunks. Complex design



problems are typically broken into major systems and then further decomposed
into a number of sub-systems. These divisions are largely based on existing
industry structures or envisioned device architecture. If development teams are,
instead, based on modules of device, then each team’s responsibility and
necessary interactions with other teams is clearly defined.

Though not strictly intended as a modular design tool, Ulrich and Seering
(1989) describe a schematic synthesis problem and solution technique that
generates designs by combining elements from a defined set. The technique uses
a schematic description of a device to generate creative, feasible solutions to a
limited set of mechanical design problems. The schematic description utilizes
bond graph elements, such as idealized inertances, capacitances, resistances,
transformers and gyrators, to describe separate components of a device within
the dynamic systems domain. The schematic description is a more concrete
representation of a device than a functional description. This work shows that
bond graph methods can be implemented in the conceptual design process and
motivates this work to include effort and flow descriptions into the modular

design process.
1.1.2 Industrial Motivations

Theory is all well and good, but is there a real need for modular design
methods in industry? The answer is a resounding yes! Industry is interested in
modular devices for all the reasons mentioned in the theoretical section. The use
of modular attachment methods and standardized components by Xerox has

made their copiers easier to disassemble, modify and reassemble, resulting in



savings of $200 million per year (Congress, 1992). Fiber optic cable splicer units
by 3M also incorporate modules to provide sealing around the cables for a
variety of enclosures as well as decouple the seals from the structural supports
which hold the cables together (Jackson, 1997). Arrow Automotive Industries, a
company that specializes in recycling (or remanufacturing) automotive modules
such as starters, clutches and carburetors, has annual sales of approximately
$100 million (Congress, 1992).

While there is industrial interest in creating modular devices, there is no
systematic modular design methodology in place. Modular design has been a
recognizable goal of industry for some time. A prime example is fixturing
modules for use with machining operations which date back to the 1960s and
1970s. Conversely, systematic function based design methodologies are seeing
increased use in industry (Jackson, 1997). Developed in Germany in the 1970s,
function based design methodologies have seen adoption in Japan and the
United States (Pahl and Beitz, 1988; Shimomura et al., 1996). Combining the
two, function based design and modular design, is a definite industrial need, as
evidenced by initial works of industrial design experts in the area of modular

design (Cutherell, 1996; Jackson, 1997).
1.2 HYPOTHESIS AND OBJECTIVES

I have now motivated my interest in modular design. Its potential
benefits, applications and current problems were listed in brief. Now, a formal

statement of the work that follows in this dissertation is presented. First, my



hypothesis concerning modular design is posed. The hypothesis is followed by a

list of practical objectives of the work.
1.2.1 Hypothesis

Following a methodical, mechanical design approach, it is possible to
identify modular components at the functional level of a conceptual or reverse
engineering design. Direct benefits from identifying modules include greater use
of common components in similar devices, a more logical method of organizing
design teams and a reduction in development and manufacturing lead time of a

device.
1.2.2 Objectives

Obijectives of this dissertation:

1. Develop a formal method of identifying modules in a device based on
existing design methodologies and show its incorporation into an overall
design methodology.

2. Through quantitative means, show when modular design offers a benefit
to the designer.

3. Provide physical verification of modules which exist in current devices
and show how the module identification method predicts them.

4. Through case studies, demonstrate the application of the method to
conceptual and reverse engineering design problems.

5. Predict, in one commercially available device, where a modular design

will benefit the device.



1.3 SCOPE

This work is an attempt to establish a set of steps that will identify
opportunities for the use of modules based on a function structure of the device.
A function structure is simply a graphical method of breaking an overall problem
into smaller sub-problems called sub-functions (Pahl and Beitz, 1988; Ullman,
1997; Ulrich and Eppinger, 1995). This includes conceptual designs of new
devices, as well as reverse engineering of existing devices. It provides the
designer with insight into what functions can be grouped as modules and how
those modules may be solved by existing components or new technologies.
Before, this insight was only gained through generations of device improvements.
In reverse engineering design, the method’s power is evident in the identification
of opportunities for module sharing across different types of devices as well as
ways to combine existing individual components into new modules.
Furthermore, a quantitative framework is presented that arranges devices into
families based on their functional similarity. This is especially useful for
companies looking to expand their device offerings while capitalizing on their
existing expertise.

As a measure of when modular design is appropriate, a quantitative
framework based on customer needs is used. This framework determines the
customer ranked importance of modules based on the customer need ranking of
individual sub-functions that form a module. The basic idea is that if two or
more sub-functions with high customer need ranking directly interact with each

other, then combining the sub-functions into a module will meet the customer
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needs directly. This is verified through a study of consumer devices. The
customer need identified modules are compared with the predicted modules of
the method and then with any actual modules which exist in the device.

This work initially focuses on consumer devices, mainly of the household
use variety. Reverse engineering techniques (Otto and Wood, 1996) are used to
verify the modular design method with actual devices. Later, the method is
shown to be applicable to original design as well.

An overall methodology for modular design ties all the pieces together. It
gives a set of steps from customer needs to module identification to form layout.
Case studies are used to show the application of the methodology. A reverse
engineering, a one-off conceptual design of a new device and a development team
formation example are presented.

It is also worthwhile to consider modular design’s applicability outside
the field of mechanical engineering. The functional approach to solving design
problems is easily applicable to other domains, including management, marketing
and construction. Consider a marketing strategy for a new device launch. This
strategy may include running some “teaser” ads as the device nears its official
availability date. Knowing the device’s target consumer population,
advertisements are placed in the appropriate newspapers, television stations
and radio. Additionally, device demonstrations might be planned in areas with
a large concentration of potential consumers. The device launch strategy could
be viewed as a modular system, with its modules being the demographic

research, advertising placement and device demos.
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1.4 WHERE MODULE IDENTIFICATION FITS IN

To date, few attempts at forming a systematic method for modular
design exist. It turns out, though, that module identification is easily integrated
into function-based methodologies. Examples include the conceptual design
methodologies of Pahl and Beitz and Ulrich and Eppinger and the reverse
engineering methodology of Otto and Wood (Pahl and Beitz, 1988; Ulrich and
Eppinger, 1995; Otto and Wood, 1996).

Modularity identification fits nicely within the functional decomposition
portions of the above methodologies. Functional decomposition is simply the
process of decomposing the overall device function into smaller, easier to handle
problems. An iterative process, functional decomposition yields many sub-
functions that each have a simple, realizable function. Ullman (1997) notes that
the ability to decompose a problem is a characteristic of creative design. Once
decomposed, each sub-function can be solved by a wide range of principles,
known as solution principles. The many possible combinations of solution
principles, known as concept variants, ensure a creative design. The module
identification method will point out which of the sub-functions, and their
associated solution principles, may be treated as a module.

Another approach by Ulrich and Eppinger (1995) and Cutherell (1997)
addresses modularity from a device architecture standpoint. Neither provide a
means of deciding when a modular architecture is better than an integral one.

However, some of the pros and cons are listed in Table 1.1.
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Additionally, both Cutherell and Ulrich and Eppinger present a four step
process for defining a device architecture. My work provides a method to
achieve their steps 2 and 4, clustering elements and defining interactions.
Clustering elements is the process of determining which sub-functions can be
grouped together as a module. | will present a heuristic and quantitative
framework to do this. Defining interactions requires identification of the module

boundaries, which the heuristic approach provides.

Table 1.1  Comparison of modular and integral architectures (adapted from
Cutherell, 1996).

Pros Cons
Improves device May make devices look too
reconfigurability similar
Increases the device variety Makes imitation of device
and speed of introduction for easier by competitors
new devices
Modular architectures | Improves maintainability and | Reduces device performance

serviceability of device
Decouples development tasks Modular design may be more

(and manufacturing, to some expensive than integral
extent) design

Harder for competitors to copy | Hinders change of design in
design production

Tighter coupling of team with Reduces the variety of devices
less interface problems that can be produced

Integral architectures Increases system performance

Possible reduction in system

cost

1.5 HOW TO USE THIS DOCUMENT

Throughout this document, each chapter will begin with an overview
containing a road map for the chapter and a list of new information within the
chapter. A quick re