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Abstract While much has changed in product modu-
larity research in the 18years since the independence
axiom, some basic questions remain unanswered. Per-
haps the most fundamental of those questions is whether
increasing modularity actually saves money. The goal of
the research behind this paper was to clearly define the
fundamental relationship between product modularity
and product cost. Our previous work in modular product
design provided a complete package of a product modu-
larity measure and a modular design method. The “best”
measure was created and verified after correcting com-
mon performance problems among the seven measures,
finally subtracting the averaged relationships external
to modules from the averaged relationship within mod-
ules. After comparing and finding better design elements
among four representative modular design methods, the
“best” method was developed that includes product
decomposition, multi-component reconfiguration and
elimination, and an extended limiting factor identifica-
tion. The “best” method/measure package quickly yields
redesign products with higher modularity. To seek out
relationships between product life-cycle modularity and
product life-cycle cost, modular product design exper-
iments were implemented for four off-the-shelf prod-
ucts using the new measure/method package applied to
increase both functional and retirement modularity. The
modularity data recorded for each redesign included
retirement modularity, manufacturing modularity and
assembly modularity. Each redesign’s life-cycle cost was
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also obtained based on several classical cost models. The
cost datarecorded for each redesign included retirement
cost, manufacturing cost, and assembly cost. The best
relationships came from the retirement viewpoint. How-
ever, there is not a significant relationship between any
life-cycle modularity and any life-cycle cost unless there
are significantly large modularity changes. Life-cycle
modularity-cost relationships are more likely to exist in
data pools generated from that life-cycle redesign view-
point. The beginning of modular redesign, where greater
modularity improvements are seen, is more effective at
reducing costs. Cost savings depend the appropriateness
of the modularity matrix’s product architecture repre-
sentation from a cost savings viewpoint.

Keywords Product modularity - Life-cycle
modularity - Life-cycle cost

Introduction

Research in product modularity is not new. The defini-
tion and benefits or more modular products have been
discussed for over 20 years. In particular, the cost sav-
ings benefits of product modularity have always been
professed, especially within the engineering design com-
munity. However, only a few attempts have been made
to actually prove a broad relationship between modu-
larity and cost and these attempts have not been very
definitive.

Modularity and its benefits

Modularity is the separation of a system into indepen-
dent parts or modules that can be treated as logical
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units (Siddique et al. 1998). Modular product design
entails creating and selecting modules, and designing
module interfaces so that more modular product archi-
tectures can be achieved with fewer or weaker interac-
tions among modules. Ulrich and Tung (1991) discuss the
benefits of modular design, including component econo-
mies of scale, ease of product updating, increased prod-
uct variety, decreased order lead-time, ease of design
and testing, and ease of service. As firms strive to ratio-
nalize their product lines and to provide an increasing
diversity of products at a lower cost, the concept of mod-
ularity has gained attention. Despite the work by many
researchers in modular product design, the true bene-
fits of product modularity remain unproven and there is
still no systematic method to achieve product modular-
ity (Gershenson et al. 2003, 2004).

The relationship between modularity and costs

The functional and development benefits of modular
products seem to be considerable. The benefits of modu-
lar design include, “streamlined suppliers, reduced
inventory, fewer works in progress, faster process
time ...reduced drawings, etc.” (Ishii et al. 1994), as
well as component economies of scale, ease of product
update, increased product variety from a smaller set of
components, decreased order lead-time, and ease of ser-
vice (Ulrich 1995). Other works (Chang and Ward 1995;
Chen et al. 1994; Coulter et al. 1998; He and Kusiak 1996;
Ishii 1995; Kirk 1996; Marshall et al. 1998; Pimmler and
Eppinger 1994; Shah 1996; Sosa et al. 2000; Stone et al.
1999; Ulrich 1995; and others) have also concentrated
on the role of modularity in the design process. (New-
comb et al. 1996) propose the hypothesis that modular
architecture will lead to decreased life-cycle costs even
if the modules are not made with other life-cycle char-
acteristics specifically in mind. This is probably true in
general, but targeted design will increase these benefits
and add structure to the process.

One of the more prominent life-cycle benefits and
their corresponding design objectives as discussed by
(Sosale et al. 1997) is that modular design allows the
grouping of components into easily detachable mod-
ules and components with different materials into differ-
ent modules. Grouping allows ease of reuse, recycling,
and disposal. Reducing separation cost for recycling and
remanufacturing necessitates that subassemblies
“should be designed with modularity in mind” to put
parts that are repaired often within a module so they
can be accessed easily (Graedel and Allenby 1995).

Nearly all works in the area of modular design have
either implied or stated that more modular products
have lower life-cycle costs. Gurumurthy (1998) states
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that, including modular design tradeoffs “early in the
design process” will decrease life-cycle costs. Hillstrom
(1994) said that economies of scale and increased vari-
ety within product families cost savings are possible
with modular design when product variety is required.
Hopwood (1995) considered that labor cost would be
reduced due to product modularity in the field of elec-
tronics manufacturing. Several have been specificin stat-
ing that retirement (or recycling) costs will be reduced
in modular products (Coulter et al. 1998; Dimarco et
al. 1994; Ishii et al. 1994; Newcomb et al. 1996; Sosale
et al. 1997; and others). These statements make sense
for the reasons stated in the previous benefits. How-
ever, nowhere in the literature is it shown where people
have begun to prove these statements. It was the goal of
this work to begin that process.

Our previous attempts at quantifying the
modularity-cost relationship

Gershenson and Allamneni (2000) studied a flashlight
to gain insight on the relation ship between increased
modularity and decreased cost. They redesigned a flash-
light 14 times to increase its retirement modularity. The
retirement cost of this product was evaluated in each
stage of the redesign. Using regression analysis, it was
shown that modularity and retirement cost share an
inverse relationship, indicating that more modular prod-
ucts have lower retirement costs than their less modu-
lar counterparts. Gershenson and Allamneni’s work on
this was just an initial step to explore the relationship
between modularity and life-cycle cost. All of the life-
cycle costs of the flashlight corresponding to the original
design and each redesign should have been investigated,
so that the relationship between a single life-cycle mod-
ularity and life-cycle costs could be studied completely.
The relationship between modularity and life-cycle cost
of a single product is far from convincing.

Zhang et al. (2001) again sought the relationship
between modularity and cost, this time for twelve prod-
ucts. The total life-cycle cost and individual life-cycle
costs were determined for successive redesigns of each
product. An analysis of the total life-cycle modular-
ity and the total life-cycle costs indicates that there is
no relationship between them. Among the individual
life-cycle modularities and costs, only the relationship
between assembly modularity and assembly cost was
proven to exist marginally. Further statistical analysis
indicated that the popular belief that more modular
products have lower costs is not necessarily true. The
relationships between the normalized life-cycle costs
and life-cycle relative modularities of the products were
proven not to exist. The assumption that there are
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relationships between life-cycle costs and life-cycle rel-
ative modularities was also rejected. For analyzing the
relationship between modularity and cost, a more thor-
ough examination of the modular design procedure was
needed.

Motivation

It has often been said that increased modularity leads
to decreased life-cycle costs. Newcomb et al. (1996)
even propose the hypothesis that modular architecture
will lead to decreased life-cycle costs even if the mod-
ules are not made with other life-cycle characteristics
specifically in mind. However, this desirable relation-
ship - decreased costs associated with the increased mod-
ularity - has never been proven. No research has been
done that proves there exists a relationship between
modularity and cost. However, many projects have been
based on this unproven assumption.

The measure and method used in this research

In modular product design, modularity measures play
a vital role in guiding the design process and yield-
ing more modular products. Modular product design
methods enable the redesign of complex products to
improve the overall modularity. Many modularity mea-
sures and design methods exist in the literature. They
differ considerably in application. In previous research
(Guo and Gershenson 2003, 2005a, b), the “best” mea-
sure was found among existing measures (Allen and
Carlson-Skalak 1998; Coulter et al. 1998; Gershenson
et al. 1999; Huang and Kusiak 1998; Rosen et al. 1998;
Sosa et al. 2000; Stone et al. 1998) based on consistency
analysis and sensitivity analysis and correcting problems
that emerged by subtracting the averaged relationships
external to modules (Eq. 1).
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Where: ng: index of the first component in the kth mod-
ule. my : index of the last component in the kth module.

M : total number of modules in the product. N : total
number of components in the product. R;; : the value
of ith row and jth column element in the modularity
matrix.

A modular design method (Guo and Gershenson
2004, 2005a, b) with the “best” performance was also
created (Table 1) based on the comparison of a set of
representative methods (Coulter et al. 1998; Sosale et al.
1997, Stone et al. 2000; Zhang and Gershenson 2003).
For the same initial design and the same measure of
modularity, the method that generates more modular
products, more efficiently is considered the best one
among the methods. The modular design method was
based on the work of Coulter et al. and Zhang and Ger-
shenson. The complete measure and method package
was applied to analyze the relationship between modu-
larity and cost by redesigning four products and gener-
ating modularity and cost data pools.

Modularity and cost data generation and analysis

Four products were redesigned to increase retirement,
manufacturing, and assembly modularity and generate
three redesign data pools for each of the four products
(a Kodak single-use camera, a Conair supermax hair-
dryer, an Adhesive Tech mini glue gun, and a Regent
halogen clamp lamp). Modularity and the cost of each
redesign from each viewpoint were calculated to gen-
erate a modularity data pool and a cost data pool. It
was our hypothesis that redesign results using the pack-
age of the selected modularity measure and method are
good approximation of real redesigns, and that analyz-
ing relationship between the generated modularity data
pool and the cost data pool reflects the real relationship
between modularity and cost.

Generation of the modularity data pool

Each of the four products was redesigned from retire-
ment, manufacturing, and assembly viewpoints (intents)
to generate three sets of redesign data pools for each of
the four products. For each redesign data pool, modular-
ity was calculated from each of the three viewpoints. A
total of 36 modularity data pools were generated includ-
ing three retirement modularity, three manufacturing
modularity, and three assembly modularity data pools
for each of the four products (Tables 2-5).

Generation of the cost data pool

The individual life-cycle costs (manufacturing cost,
assembly cost, and retirement cost) were determined by

@ Springer



146 J Intell Manuf (2007) 18:143-157

Table 1 Implementation and application of the new method

Product used: Four products: a Kodak single-use camera, a Conair supermax hair dryer, an Adhesive Tech mini glue gun, and a
Regent halogen clamp lamp

my my my ng=1 N
M d: Modularity — 2 D A A R 1
easure used: Modularity = M(lzl (me—m+ 1) 1;1 (mk—nk+1)(N—mk+nk—1)) M

Purpose: Product modularity improvement from two or more life-cycle viewpoints, can be applied to improve product modularity
from only one life-cycle viewpoint if limiting factor identification is performed on the same matrix as is the clustering algorithm.
Search method: Clustering algorithm based on Kusiak and Chow (1987), a search for three types of possible redesigns (module
elimination, component elimination, and module reconfiguration), and limiting factor identification

Redesign steps: (described based on application to two life-cycle viewpoints - physical modularity matrix; and another life-cycle
modularity matrixy)

1. Cluster the physical matrix; and reconfigure the other life-cycle modularity matrix, to align with the component clusters in the
matrixq

2. Check the feasibility of each cluster reconfiguration and construct the new matrix; and matrix; based only on feasible reconfig-
urations

3. Find all possible module eliminations with improved modularity: if the elimination of one module improves total modularity,
accept this elimination as one redesign candidate

4. Find all possible component eliminations with improved modularity: if the elimination of one component improves total modu-
larity, accept this elimination as one redesign candidate

5. Find all possible reconfigurations of one or more components with improved modularity: if one or more components from an
unchecked module is moved into another module or to a new module with improved modularity, accept this reconfiguration as
one redesign candidate

6. Check the feasibility of each redesign candidate in descending order of modularity until one feasible redesign candidate is found
7. Implement the redesign and store the redesigned matrices, go to step 3 and iterate until no further redesigns can be achieved
8. Compare the values in the latest updated matrices (matrix; and matrix;) to get all off-block elements that have a high interaction

value in matrix, but not in matrix;: X’ i;o’”)

9. Change any attribute of component i to make it independent or dissimilar to component j with respect to the considered life-cycle
viewpoint for all off-block limiting factors, and calculate modularity improvement of each change

10. Check the feasibility of each change in descending order of modularity improvement, redesign based on only feasible changes
until no further redesigns can be achieved or the total number of redesign iteration is reached

11. Compare the values in the two updated matrices to get all in-block elements that have a low interaction value in matrix; but not
in matrix;: X l.(.l )

12. Change any attribute of component i to make it more dependent on or similar to component j with respect to the considered
life-cycle viewpoint for all in-block limiting factors, and calculate modularity improvement of each change

13. Check the feasibility of each change, redesign based on only feasible changes until no further redesigns can be achieved or the
total number of redesign iteration is reached

14. Store the final product architecture and the corresponding modularity

Table 2 Life-cycle

.\ Camera Retirement Manufacturing Assembly
modularities of the camera . . :
. modularity modularity modularity
redesigns

Redesign from retirement 0 —0.5661 —0.3446 —1.6186

1 —0.5540 0.4391 —0.2882

2 0.7123 0.5398 —0.2413

3 0.9908 0.5976 —0.1515

4 1.4545 0.5076 —0.1599

5 2.4494 0.1823 —0.2867

Redesign from manufacturing 0 —0.5661 —0.3446 —1.6186

1 —0.5540 0.4391 —0.2882

2 —0.0280 0.6279 —0.2377

3 0.0064 0.7764 —0.0431

4 —0.0345 0.8680 —0.0482

5 —0.0224 1.0061 —0.0300

Redesign from assembly 0 —0.5661 —0.3446 —1.6186

1 —0.5540 0.4391 —0.2882

2 —0.0352 0.5109 —0.0812

3 0.0296 0.6080 0.0280

4 —0.0316 0.4780 0.1442

5 —0.0016 0.2736 0.2268

6 0.0019 0.2790 0.2278

@ Springer



J Intell Manuf (2007) 18:143-157 147

Table 3 Life-cycle

. Mini glue gun Retirement Manufacturing  Assembly
modularities of the camera . . ;
. modularity modularity modularity
redesigns
Redesign from retirement 0 1.1929 0.8001 0.1743
1 1.3998 0.8648 0.1232
2 1.4325 0.7731 0.1346
3 1.4601 0.6982 0.2017
4 1.6226 0.6923 0.2632
5 1.8441 0.5937 0.0776
6 1.8481 0.7528 0.0810
Redesign from manufacturing 0 1.1929 0.8001 0.1743
1 1.2336 0.9007 0.1896
2 1.0775 0.9643 0.0842
3 0.9247 0.9962 0.0868
4 0.7459 1.0803 0.0350
5 0.6985 1.1080 0.0569
6 0.7560 1.1489 0.1520
7 0.7216 1.1966 —0.0064
Redesign from assembly 0 1.1929 0.8001 0.1743
1 1.0259 0.7267 0.3173
2 1.1524 0.7606 0.4129
3 1.1741 0.8350 0.4292
4 0.9946 0.7314 0.4317
5 0.9667 0.7745 0.4736
6 0.9292 0.7834 0.4813
7 0.9040 0.7946 0.4836
8 0.8970 0.8086 0.4873
Table 4 .Lllfe—cycle . Hair dryer Retirement =~ Manufacturing ~ Assembly
modularities of the hair dryer . . :
. modularity modularity modularity
redesigns
Redesign from retirement 0 —-0.2725 —0.0821 —1.1900
1 0.4049 0.1990 —0.6470
2 0.8733 0.3379 —0.3797
3 1.1836 0.4016 —0.0196
4 1.3365 0.4683 —0.0153
5 1.4940 0.4328 —0.0124
6 1.6870 0.4583 0.0567
7 1.9315 0.2534 0.1786
8 2.0061 0.2489 0.1562
9 2.0236 0.3001 0.1688
10 2.0302 0.2975 0.1570
Redesign from manufacturing 0 —0.2725 —0.0821 —1.1900
1 0.4049 0.1990 —0.6470
2 0.3007 0.4262 —0.5994
3 0.5911 0.5771 —0.2812
4 0.4625 0.7226 —0.4757
5 0.4583 0.8751 —0.4789
6 0.1765 1.0057 —0.6339
7 0.2027 1.1875 0.4688
Redesign from assembly 0 —0.2725 —0.0821 —1.1900
1 0.4049 0.1990 —0.6470
2 —0.2306 0.4168 0.2136
3 0.6344 0.3660 0.1140
4 0.6410 0.2488 0.1754
5 0.4098 0.2882 0.2002
6 0.5006 0.3127 0.3129
7 0.6358 0.3213 0.3322
8 0.6635 0.2957 0.3425
9 0.5249 0.2122 0.3911
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Table 5 Life-cycle
modularities of the lamp
redesigns

Lamp Retirement Manufacturing Assembly
cost cost cost
Redesign from retirement 0 0.3830 0.9690 7.3420
1 0.3200 0.9430 7.3420
2 0.3240 0.9430 7.3420
3 0.3240 0.9430 7.3420
4 0.2750 0.9430 7.3420
5 0.2750 0.9430 7.3420
6 0.2600 0.9250 6.9590
7 0.2610 0.9060 6.9320
Redesign from manufacturing 0 0.3830 0.9690 7.3420
1 0.3200 0.9430 7.3420
2 0.3200 0.9430 7.3420
3 0.3200 0.8810 7.2920
4 0.3200 0.8810 7.2920
5 0.3200 0.8810 7.2920
Redesign from assembly 0 0.3830 0.9690 7.3420
1 0.3200 0.9430 7.3420
2 0.3200 0.9290 7.3430
3 0.3200 0.9290 7.3430
4 0.3200 0.9290 7.3430
5 0.3200 0.9250 7.3430
6 0.3200 0.9250 7.3430
7 0.3200 0.9150 7.3430
8 0.3200 0.9140 7.3430
9 0.3110 0.8990 7.2320
10 0.3100 0.8820 7.2030
11 0.3100 0.8510 7.1780
12 0.3090 0.8410 7.1230
13 0.2600 0.7630 7.0480

the product’s material, volume, manufacturing process,
geometry, etc. The design of a product and its compo-
nents determines those parameters and therefore deter-
mines a product’s individual life-cycle costs. Zhang et
al. (2001) applied cost equations to calculate a camera’s
life-cycle costs. These equations were from Boothroyd et
al. (1994) (manufacturing cost and assembly cost), Chen
et al. (1993) (recycling and remanufacturing costs), and
Klausner et al. (1998) (reuse and disposal cost). In this
research, we used the same cost models to calculate the
cost of each redesign from each of three viewpoints —
retirement, manufacturing, and assembly (Tables 6-9).

Construction of relationship graphs

For each of the four products, the relationship between
modularity and cost was defined using regression analy-
sis for three types of relationships (three subplots in each
of Figs. 1-4 for each product) — the relationship between
retirement modularity and retirement cost, the rela-
tionship between manufacturing modularity and man-
ufacturing cost, and the relationship between assembly
modularity and assembly cost. For each type of relation-
ship, there are three types of redesign data pools from
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three design viewpoints that yield three types of mod-
ularity and cost data pools (included in each subplot)
to analyze. Graphs for each of the four products are
shown with the relationship ratio b and its significance
p in Tables 10-13. (Note: p values less than 0.05 are
bolded, indicating a modularity-cost relationship exists
with a significance greater than 95%. The correspond-
ing b values are also bolded to show specific relationship
ratios).

Data analysis

Using regression analysis to evaluate whether the rela-
tionship between a particular life-cycle modularity (X
modularity) and its cost (X cost) exists, the p value was
calculated for each relationship based on the data pool
from each design viewpoint. If the p value is less than
0.03, the relationship between X modularity and X cost
exists with a 95% significance. Based upon the relation-
ship graphs and the b and p values, the relationships with
a greater than 95% significance are shown with their
corresponding sign indicting whether the relationship is
negative or positive in Table 14.

Table 14 shows that the relationship between retire-
ment modularity and cost exists for six out of 12 data
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3:::;2 r:éiiigzle costs of Camera Retirement Manufacturing Assembly
cost cost cost
Redesign from retirement 0 —3.2248 0.1237 6.9367
1 —3.1383 0.1237 6.7957
2 —3.4087 0.1319 6.9335
3 —3.4089 0.1319 6.9367
4 —3.4089 0.1319 6.9367
5 —3.4089 0.1319 6.9367
Redesign from manufacturing 0 —3.2248 0.1237 6.9367
1 —3.1384 0.1237 6.7982
2 —3.1384 0.1237 6.7982
3 —3.1384 0.1237 6.7982
4 —3.1384 0.1237 6.7982
5 —3.0456 0.1056 6.7305
Redesign from assembly 0 —3.2248 0.1237 6.9367
1 —3.3237 0.1237 6.9335
2 —3.3238 0.1223 6.9337
3 —3.3238 0.1223 6.9337
4 —3.2602 0.1165 6.5933
5 —3.2602 0.1165 6.5933
6 —2.7015 0.1128 6.5934
Tgb!e 7 Life cycle costs of Mini glue gun Retirement Manufacturing Assembly
mini glue gun redesigns cost cost cost
Redesign from retirement 0 0.1070 3.3800 0.7020
1 0.1070 3.3800 0.6800
2 0.1070 3.2330 0.6620
3 0.0910 3.2310 0.6620
4 0.0910 3.2310 0.6620
5 0.0910 3.2310 0.6620
6 0.0910 3.2240 0.6580
Redesign from manufacturing 0 0.1070 3.3800 0.7020
1 0.1020 3.2170 0.6380
2 0.0080 3.0010 0.6260
3 0.0880 3.0010 0.6260
4 0.0880 3.0010 0.6260
5 0.0880 3.0020 0.5830
6 0.0880 3.0020 0.5890
7 0.0880 3.0020 0.5830
Redesign from assembly 0 0.1070 3.3800 0.7020
1 0.0880 3.3770 0.6780
2 0.0880 3.3770 0.6780
3 0.0880 3.2150 0.6600
4 0.0880 3.2150 0.6520
5 0.0880 3.2080 0.6480
6 0.0880 3.1480 0.6280
7 0.0880 3.0880 0.6090
8 0.0880 3.0870 0.5760

pools; four from the retirement design data pool, one
from the lamp manufacturing design data pool, and the
other one from hairdryer assembly design data pool. The
relationship between manufacturing modularity and cost
exists for only three out of 12 data pools. All pools
come from the manufacturing design viewpoint except
the hairdryer for which no manufacturing modularity-
cost relationship exists. The relationship between assem-
bly modularity and cost exists for four out of 12 data

pools, including three from the assembly design data
pool (all except the camera) and one from hairdryer
retirement.

It is also noticeable from the graphs that relationship
data pools based upon their own redesign viewpoints
are more spread out than the data pools from the other
viewpoints. For the relationship data pools from their
own redesign viewpoints, the relationship curves gener-
ally are negative in the very beginning and then plateau,
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Table 8 Life -cycle costs of
hairdryer redesigns

Table 9 Life -cycles cost of
lamp redesigns

Hair dryer Retirement Manufacturing Assembly
cost cost cost
Redesign from retirement 0 0.2380 6.9640 0.6270
1 0.2310 6.9650 0.5740
2 0.2260 6.9650 0.5620
3 0.2260 6.9650 0.5590
4 0.2260 6.9350 0.5590
5 0.2260 6.9650 0.5590
6 0.1990 6.9650 0.5220
7 0.1990 6.9650 0.5220
8 0.1910 6.7230 0.5050
9 0.1910 6.7130 0.4970
10 0.1910 6.6790 0.4910
Redesign from manufacturing 0 0.2380 6.9640 0.6270
1 0.2310 6.9650 0.5740
2 0.2140 6.9640 0.5150
3 0.2140 6.9640 0.5290
4 0.2590 6.9640 0.5290
5 0.2590 6.9640 0.5290
6 0.2360 6.9640 0.5040
7 0.2360 6.9650 0.5040
Redesign from assembly 0 0.2380 6.9640 0.6270
1 0.2310 6.9650 0.5740
2 0.2440 6.9650 0.5740
3 0.2190 7.0390 0.5830
4 0.2190 7.0390 0.5830
5 0.2190 7.0390 0.5670
6 0.2190 7.0390 0.5670
7 0.2190 7.1950 0.5540
8 0.2060 7.1020 0.5460
9 0.2060 7.1020 0.5460
Lamp Retirement Manufacturing ~ Assembly
modularity modularity modularity
Redesign from retirement 0 —0.0094 0.2063 —0.5816
1 0.3984 0.3575 0.1119
2 0.7561 0.3751 0.1723
3 0.9196 0.4124 0.1450
4 0.9798 0.5001 0.1441
5 1.0433 0.4351 0.1639
6 1.0457 0.4642 0.1556
7 1.0511 0.5095 0.1775
Redesign from manufacturing 0 —0.0094 0.2063 —0.5816
1 0.3901 0.3577 0.1191
2 0.3668 0.5480 0.1568
3 0.3492 0.7681 0.1434
4 0.4263 0.8970 0.2070
5 0.4846 1.0038 0.2060
Redesign from assembly 0 —0.0094 0.2063 —0.5816
1 0.3901 0.3577 0.1191
2 0.4889 0.4337 0.2819
3 0.3019 0.5153 0.3779
4 0.3964 0.6649 0.4080
5 0.2985 0.5576 0.5042
6 0.3802 0.6010 0.5595
7 0.2356 0.6206 0.6363
8 0.2106 0.6014 0.6529
9 0.2305 0.6278 0.6640
10 0.1989 0.0179 0.6737
11 0.2739 0.6219 0.6835
12 0.2633 0.6439 0.6907
13 0.3016 0.6402 0.7092
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Fig. 2 Modularity and cost relationship graphs from three view-
points for the hair dryer

after which modularity improves further with few cost
reductions.

These results indicates that the X-X relationship is
different for each of retirement, manufacturing, and
assembly modularity-cost relationships, and that the
data pools generated from X design viewpoints have
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points for the lamp

a greater probability of yielding a negative relation-
ship between X cost and X modularity with a 95%
significance. In addition, while the data and analysis is
not shown here due to space limitations there were no
significant relationships between functional modularity
and any of the life-cycle costs.
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Table 10 b and p values for
relationships based on the
camera redesigns

Table 11 b and p values for
relationships based on the
hair dryer’s redesigns

Table 12 b and p values for
relationships based on the
mini glue gun’s redesigns

Table 13 b and p values for
relationships based on the
lamp’s redesigns

@ Springer

Viewpoint
R M A Total
b value
Retirement-Retirement —0.0866 0.1231 0.1893 —0.0964
Manufacturing—-Manufacturing —0.0259 —0.1350 —0.0422 —0.0887
Assembly—Assembly 0.0148 —0.0067 —0.0376 —0.0212
p value
Retirement-Retirement 0.0363 0.2012 0.6221 0.0516
Manufacturing-Manufacturing 0.7573 0.0029 0.8755 0.2745
Assembly—Assembly 0.1442 0.5970 0.0623 0.1023
Viewpoint
R M A Total
b value
Retirement-Retirement —0.0215 —0.0014 —0.0295 —0.0186
Manufacturing-Manufacturing 0.0400 0.0007 0.1655 0.0003
Assembly—Assembly —0.0822 —0.0627 —0.0372 —0.0389
p value
Retirement-Retirement 0.0006 0.9582 0.0018 0.0000
Manufacturing—-Manufacturing 0.8739 0.1932 0.3873 0.9967
Assembly—Assembly 0.0003 0.0537 0.0033 0.0040
Viewpoint
R M A Total
b value
Retirement-Retirement —0.0275 —0.0100 0.0285 0.0101
Manufacturing-Manufacturing 0.6051 —0.8898 —0.7091 —0.7180
Assembly—-Assembly 0.0284 0.3254 —0.2749 —0.0137
p value
Retirement-Retirement 0.0391 0.8657 0.1309 0.4156
Manufacturing—-Manufacturing 0.0665 0.0118 0.2931 0.0000
Assembly—Assembly 0.7997 0.1351 0.0078 0.7744
Viewpoint
R M A Total
b value
Retirement-Retirement —0.1042 —0.1437 —0.1013 —0.0759
Manufacturing-Manufacturing —0.0388 —0.0794 —0.3373 —0.1572
Assembly-Assembly —0.0484 —0.0917 —0.0949 —0.0802
p value
Retirement-Retirement 0.0022 0.0022 0.0808 0.0000
Manufacturing-Manufacturing 0.3199 0.0124 0.1146 0.0408
Assembly—Assembly 0.0577 0.1206 0.0160 0.0001
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Table 14 Summary of

Relationship

Design Viewpoint

R M A

relationships with a greater Products
than 95% significance
Camera
Hair dryer

Mini glue gun

Lamp

RrEPrER
>z >z

Z
gw

YEEY
>z7 >

Why a X-X relationship is more likely to exist in data
pools from the X redesign viewpoint

For the 36 data pools, with 12 for each design view-
point, ten significant relationships came from their own
redesign viewpoint and only three significant relation-
ships came from other viewpoints. Obviously, the data
pool within a design viewpoint is different from that of
other viewpoints.

Redesign from the X viewpoint results in much more
X modularity improvement in each redesign and there-
fore spreads out the modularity space. The correspond-
ing cost changes more too. However, redesigns from one
X viewpoint (e.g., the retirement modularity improve-
ments based on redesigns intent on increasing assem-
bly modularity) yield more condensed data points with
lesser modularity improvements in the Y and Z view-
points. Larger modularity improvements usually lead
to more dramatic cost changes and these cost changes
include more cost changes that can be calculated from
changes in the modularity matrix (e.g., simplification
of the interface to reduce assembly cost, reconfigura-
tion of components into the same retirement process to
avoid unnecessary disassembly cost, elimination of com-
ponents to reduce manufacturing cost, etc.) in addition
to cost changes that can not be reflected in the modu-
larity matrix (e.g., component size and shape change).
For small modularity improvements, these non-reflected
cost changes become dominant and the relationships
become unclear.

Why the retirement relationship exists in more data
pools than the manufacturing or assembly relationships

Out of the 13 existing relationships with a greater than
95% significance from the 36 data pools, six of 12 cases

came from retirement relationships, compared to only
three from manufacturing and four from assembly rela-
tionships. There must be something significant about the
retirement relationships.

Modularity matrices, the representation from which
the design method proceeds, that are based on the retire-
ment process are more appropriate representations of
product architecture from a cost savings viewpoint than
those from manufacturing or assembly. No matrices are
ideal representations of a product architecture from
a cost saving point of view. Modularity matrices are
obtained by evaluating the relationships between the
component and each life-cycle process (function, man-
ufacturing, assembly, retirement, etc.) and then calcu-
lating the relationships between components for any
specific process under consideration Gershenson et al.
(1999). The life-cycle processes used to achieve these
matrices define the character of the product architec-
ture as it is captured and analyzed. The specificity of the
processes is another factor that impacts the accuracy of
product architecture representation using any modular-
ity matrix.

The manufacturing matrix captures the similarity and
dependence between components with respect to their
manufacturing processes. Specifically, the similarities are
the similarity of the manufacturing processes by which
the components are manufactured and the dependen-
cies are the dependence of two components’ designs on
a common manufacturing process. However, cost sav-
ings in the manufacturing process are heavily dependent
upon the impact of redesign on tooling costs, tooling
changes, material cost, etc. Therefore, we miss most ele-
ments of cost savings by using the current manufacturing
modularity matrix representation. Note that the matrix
used is based on the best in class of the other represen-
tations in the literature, and there currently is no known
representation that can tackle the needs of costing and
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the needs of modularity. The information used to modu-
larize the product architecture with respect to the manu-
facturing processes and which components have similar
processes is very difficult to fine tune enough to impact
manufacturing costs. Even refining the process list to
include more processes will not help clarify the relation-
ships unless the variables of modularity are redefined to
represent architecture from manufacturing cost saving
viewpoint.

The assembly matrix, based on the Boothroyd et al.
(1994) manual assembly codes, is also too rough to accu-
rately describe assembly cost savings. If two components’
assembly codes are within the same assembly category,
they will have highest relationship even if their assem-
bly codes are far off. Refining the assembly modular-
ity quantification is not difficult, but this will still not
improve its relationship with assembly cost. The assem-
bly matrix is not constructed to reflect all relevant assem-
bly costs. The similarity or dependency relationship
between two components’ assembly codes does not
differentiate the ease of assembly nor the most cost
effective assembly order. The goal of modular design
from the assembly viewpoint is not only to simplify
the structure of the assembly fishbone (to change the
order of assembly), but also to redesign the assembly
steps by simplifying the assembly interfaces. This is quite
different from functional modular design, where sav-
ing design cost due to function itself is not an issue for
modular product design. Therefore, when interface rela-
tionships between functions are extracted using similar-
ity and dependency as in modular design, it is not the
same as when interface relationships between assembly
steps are extracted. Assembly code information should
be included directly in the modularity matrix. That is, if
one component is assembled onto another component
with relatively low assembly costs, then the relationship
is low, otherwise there is a high relationship. Then modu-
larization will group components with difficult assembly
steps together as modules and leave simple assembly
interfaces between modules.

The retirement matrix represents architecture more
appropriately from a cost saving viewpoint. The modu-
larity matrix is constructed so that each element repre-
sents the similarity or dependency of retirement process
between components. Components with different or
independent retirement processes are grouped into
different modules. Components with highly similar or
dependent retirement process are grouped together in
one module to be recycled, reused, or disposed without
further disassembly, which therefore reduces retirement
costs.

@ Springer

Why negative relationships are more obvious in the
very beginning of modular design

The initial product architecture has more opportunity
for modularity improvements and cost savings that can
be driven by architecture change. The modular design
method enables these relatively larger improvements at
the beginning of the redesign process. Smaller, more
detailed cost savings are made at the component level,
which is not well reflected in modular product design.
After several iterations of the redesign method, the
architecture reconfigurations and component reconfigu-
rations/eliminations with sizeable modularity improve-
ments have been implemented. The remaining redesigns
with big modularity improvements are at the module
interfaces. These interface redesigns do not affect the
product architecture. While these module interface
changes yield noticeable modularity improvements,
their implementation is not reflected in any of the cost
equations because their impact on cost is minimal. The
redesign graphs show horizontal lines for these cases.

Why different products’ redesigns yield different
relationship significances

Four out of nine design data pools from the lamp and
four out of nine design data pools from the hair dryer
have relationship significances above 95%. The camera
and mini glue gun have two and three data pools respec-
tively with above a 95% significance. Different products’
redesigns yield different relationship significances due
to differences in product architecture.

The lamp has many interface-based components that
act only as connectors. Most redesign changes are imple-
mented on these components. These low function con-
nectors also make design changes easier to implement
since on must only satisfy the interface requirements.
In other products, function satisfaction plays a major
role in the feasibility of redesign changes, making it
harder to achieve major modular changes. In addition,
the more interface-dependent components there are, the
more easily retirement and assembly costs are reduced.
The availability of elimination possibilities in the lamp
redesigns played a significant role in building an X-X
relationship in the manufacturing viewpoint.

Since the hairdryer has primarily electrical interfaces,
it is more difficult to redesign its components and to
improve the interfaces. There are therefore more hori-
zontal data points in the hairdryer redesign graphs and
a complete lack of any manufacturing cost change in the
hairdryer redesigns from the manufacturing viewpoint.
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On the other hand, the hairdryer has some components
whose functions can be integrated into larger compo-
nents, resulting in cost savings from reduced assembly
and disassembly steps.

The camera and mini glue gun do not have many
mechanical interfaces, and most components are
involved in one, long dynamic function. If one compo-
nent needs to be changed, then the whole mechanism
needs to be redesigned. However, alternatives for all of
these functions can not be found easily. Therefore, most
redesign changes and modularity improvements result
from the reconfiguration of components in which less
real interface redesign or component change is needed,
but there are not significant cost changes.

Cost models’ affect on defining the relationship
between modularity and cost

The cost models include both reflected costs and the
non-reflected costs from the modularity matrices. Some
reflected costs are not included in most cost models,
such as design costs, updating or risk costs (for any pro-
cess), etc. Modular design has an important impact on
these costs by simplifying module and component inter-
faces. The corresponding cost savings come from fewer
design team interactions, fewer equipment changeovers
for manufacturing or assembly, reduced training for new
assembly or design work, improved component perfor-
mance, consistency in durability testing, etc. It is nec-
essary to construct cost models that include these cost
elements. This will better expose the significance of the
modularity-cost relationships.

Conclusions

Our modularity-cost relationship analyses show that 13
out of 36 redesign data pools have a significant nega-
tive relationship between a life-cycle modularity and a
life-cycle cost. After analyzing the relationships within
retirement, manufacturing, and assembly, the best rela-
tionship significance came from the retirement relation-
ship analysis (six out of 12), which is still not enough
to show a statistically significant relationship. The man-
ufacturing and assembly relationship analyses yielded
no statistically significant relationships. Therefore, our
conclusion is that there really is not a significant rela-
tionship between modularity and cost unless there are
significantly large modularity changes or unless there
are some changes in how modularity and cost are repre-
sented in modularity matrices. Note that our work vali-
dates the existing measure and method and their ability

to increase and quantify modularity, the issue is with the
matrix representation to which they are applied.

Our analysis indicates that some relationships should
be expected, but that the data generated in this research
is still not good enough to show it clearly. There are
three major road blocks to defining these relationships;
all are relationship or cost modeling issues.

(1) X-X relationships are more likely to exist in data
pools generated from an X redesign viewpoint than
that from a Y or Z redesign viewpoint, since
redesign within an X viewpoint yields greater X
modularity improvements. In addition, the begin-
ning of modular redesign, where greater modu-
larity improvements are seen, is more effective
at reducing costs than the latter stages of modu-
lar redesign where less modularity improvement
is seen. This upfront reduction indicates that there
is arelationship between cost reduction and modu-
larity when bigger modularity improvements occur.

(2) Although costs remain unchanged at a plateau
when modularity continues to improve, this cost
plateau can show cost reductions if design cost,
product updating and risk cost, etc. are considered,
and if the design space is broadened to allow more
architecture-level solutions.

(3) Modularity matrices from the retirement process
are more appropriate representations of product
architecture from a cost savings perspective, and
demonstrate a more significant relationship bet-
ween modularity and cost during redesign. There-
fore,a good modularity matrix representation from
each viewpoint is a key to achieving cost reductions
by modularity improvement.

It is our conclusion that when modularity improvement
is just beginning, there is a higher probability of achiev-
ing cost reductions than that when modularity improve-
ment has progressed. This is not to say that greater
modularity changes lead to greater cost changes, but
that, with lesser modularity changes, not relationship
exists and costs can move up or down. How likely the
cost savings are to occur depends on how appropriate
a representation of the product architecture the modu-
larity matrix is from a cost savings viewpoint, how much
design flexibility there is in technology, knowledge, and
requirements to realize modular improvements with-
out limitations, and how comprehensive the cost mod-
eling is at calculating all real cost changes. Current cost
models and modularity matrices need to be improved
to reflect real cost savings and clearly show the rela-
tionship between modularity and cost. Key questions in
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making these changes include: do the current process
list and modularity variables include enough informa-
tion so that the constructed modularity matrix is still
cost driven; and which modularity variables appropri-
ately represent product architecture from a cost savings
perspective. The next step is a better understanding of
product architecture itself and a comprehensive explo-
ration of what specific costs are reflectable and driven by
modular product design.
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