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Abstract

With increasing environmental consciousness and the establishment of
environmental protection regulation, green product design not only plays a
crucial role in modern industry but also is becoming the main focus of the
future market. In this thesis, an innovative method is presented which uses
the properties of atomic theory to solve design modularization problems for
product design. With the developed method, products can be modularized
based upon given green.constraimts; 'e.g., material compatibility, part
recyclability, and part disassembxl;;c}ﬁt‘)_i.lilty. After green constraints are
incorporated into new modl.ll.es,. a new design' which improves upon the
original design will be produced; with reépect to environmental impacts.
The developed method can help product design engineers effectively create
green designs in the initial design stage, based on the product life-cycle
requirements. In this thesis, a method for evaluating product green
contributions is also developed to help product design engineers evaluate
each module. In addition, the final modules can also help design engineers

examine whether the original products need to be redesigned. A motor end

of the windshield wiper and a table lamp are used as case study examples

iii



to show the effectiveness of the developed atomic theory-based green

product design method.

Keywords: Green Product Design, Atomic Theory, Modular Design,

Product Life-cycle, Green Product Evaluation
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Chapter 1. Introduction

1.1 Background

With increasing environmental consciousness and the establishment of environmental
protection regulation, green product design not only plays a crucial role in modern industry
but also is becoming the main focus on the future market. Customer needs are no longer
satisfied only with the product functional and modeling design. Customers start to take into
account whether a product complies with environmental regulations. Furthermore, in many
countries, the promotion and implementation of environmental protection regulations make
product green design an inevitable practice in industry. In this thesis, the research goal is to
develop an efficient method to assist‘product deéign engineers to incorporate green design

constraints into product life-cyele;in‘the initial design<stage to make their products more

competitive in the global market. = ]
."E 1

1.2 Motivation and Purpose

Recently, research and methods related to green product design have advanced
dramatically. However, currently, most green design analysis takes place at the
remanufacturing stage. After a product is designed, manufacturing engineers conduct green
analysis and then make necessary modifications to the existing design. However,
conducting green analysis in the late stage of the design process often requires redesign of
the whole product. Thus, using the traditional green design methods, green design can be
difficult and ineffective due to conflicts with the original design constraints, e.g., structure,
materials, and functions. Therefore, it is necessary for product design engineers to consider
environmental impacts and green factors in the initial stage of the design life-cycle. Doing

so can help guarantee that the products will be conformed to environmental regulations and

1



also facilitate subsequent product maintenance, disassembly, and upgrade to improve
product recycling, reuse, and remanufacturing. Thus, the purpose of this research is to
develop a method which can help product design engineers incorporate environmental

regulations into product designs in the early design stage.

1.3 Method

During the product green design process, product modularization often needs to be
considered, to reduce product complexity and increase product disassembly efficiency.
Modular design can promote product standardization, reduce transportation, simplify
product upgrades, and save productiqn time and cost. As a result, modular design plays an
important role in green design and;makes products more competitive.

In this thesis, an innovative methodfié%réé.ented which uses the properties of atomic

[l & :
theory to solve modularization 1.3.rvo_ble:m:s 1n : grqén product design. With the developed
method, products can be modularized based up.on..; given green design constraints, e.g.,
material compatibility, part recyclability, and part disassemblability. The developed method
can help product design engineers effectively integrate green considerations into product
designs in the initial design stage, based on the product life-cycle requirements.

After green constraints are incorporated into new modules, a new design which
improves upon the original design will be produced, with respect to environmental impacts.
The developed method can help product design engineers effectively create green designs
in the initial design stage, based on the product life-cycle requirements. In this thesis, a
method for evaluating product green contributions is also developed to help product design

engineers evaluate each module. In addition, the final modules can also help design

engineers examine whether the original products need to be redesigned.
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1.4 Thesis Framework

In this thesis, we apply the properties of atoms to help product design engineers
conduct modular designs, based upon green design requirements, in the initial stage of the
product life-cycle design process. This thesis is organized as follows. Chapter 2 gives
literature reviews concerning green product design. Chapter 3 introduces atomic theory and
describes the method of applying atomic theory in modular design. Chapter 4 addresses the
method of integrating green constraints in product design and introduces a green
contribution value to evaluate modules. Chapter 5 presents two case studies, with
implementation results. Two case studies are used to discuss the advantages and

disadvantages of the developed methods. Finally,'-Chapter 6 offers conclusions.



Chapter 2. Literature Review
During green product design process, product modulization often needs to be
considered, to reduce product complexity and increase disassembly efficiency. Modular
design can promote product standardization ease of transportation, and save production
time and cost [2-6, 8-9, 11-12, 15]. As a result, modular design plays an important role in
green product design. Modular design can simplify product upgrades, as well as product
recycling and maintenance, and thereby help reduce product life-cycle cost, which helps

make products more competitive.

2.1 Modular Design

Kusiak and Huang [8, 9] used a functional.coneept, to develop modular products by
grouping or clustering sub-functions fb.a{'ﬁfe_'d“:.upon functional relationships to form

[l & :

“functional” modules. Furthermoré,v ‘Fhej_( Iintefﬁretfhree various types of modularity such as
part-swapping, parts-sharing, and" bus modularit.y,:;and use a graphical presentation to
present product modularity. If product complexity is higher, it will become too difficult and
complicated to use a functional concept to develop modular products. Modules generated
based on a functional concept might not be available. It is because the modules are too
early to be produced in the functional conceptual design stage, and it might conflict some
structure constraints in the later design process. Therefore, in this research, we proposed
that adding green design constraints after the structure modules are formed, and it is more
practical to do modular design after the functional conceptual stage.

Gu and other researchers [3-5] formed modules based upon characteristic similarities

between physical properties of parts, such as life span, material, maintenance level, disposal

method, etc. Newcomb et al. [11] measured module correspondence, from several life-cycle

4



viewpoints, and coupling between modules. Ulrich and Tung [15] have used a building
bock system which been applied to develop the new machine tools by separating machine’s
main functionalities based on its architectures to form modules. Gershenson et al [2]
proposed a modular design for mechanical pencil using the lifecycle concept.

The Design Structure Matrix (DSM) is a tool to perform both analysis and
management of complex systems. A DSM is a square matrix and it lists all constituent
subsystems and part relationship and dependency information. A directed graph is used to
show the part dependencies for simple products. Some module operators are used to
analyze and partition DSM for producing modules. Streward [12] used DSM to solve
mathematical problems. After that, many researchers combine DSM with some artificial
intelligent (AI) methods, such as cluster_idqntif@catio.n, fuzzy clustering analysis, or genetic
algorithms, to do modular designs. Usinfg‘. ]SSM and Al*can quickly get solutions but it
might generate unreasonable or irr.lpr.acti:c!al sgiutigﬁs and.'it 1s hard to add additional design
requirements. Here, we propose ‘a.green m_odu.laf.; design method which can not only

guarantee producing reasonable modules but can also add green design constraints to the

products.

2.2 Modular Design by Using Artificial Intelligence

Among the modular design research, Al methods are extensively used because they
can quickly find global-optimal or near-optimal solutions using random search techniques
with high degrees of freedom. Stone, Wood, and Crawford [13] developed a heuristic
algorithm which establishes a dominant flow among parts by analyzing branch flows for
forming modules. However, their approach requires creating large databases. Gu,

Hashemian and Sosale [4] used classical genetic algorithms to create modular designs.
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Using their method, initial values for the number of modules and content size need to be set
before the algorithms runs. Later, Gu and Sosale [5] used simulated annealing algorithms
with an interaction matrix of parts to form modular designs. They only focused on physical
relationships and design objective interactions among parts. Falkenauer [1] determined that
classical genetic algorithms have three major limitations: encoding wastes space due to data
redundancy, generating high quality offspring populations is not easy, and genetic operators
tend to affect the quality of the offspring population. Falkenaur also used group genetic
algorithms (GGAs) to deal with clustering problems and thereby to improve upon
performance achieved with classical genetic algorithms.

Other researchers used group g‘enetic algoﬁthms (GGAs) in green product design.
Falkenaur also used GGAs to deal; with clustering p?oblems and thereby to improve upon
performance achieved with classical ger;ef;tg?zl.ig.orithms. Kreng and Lee [7] used a case
study to illustrate the capability of QGAS.Efor'Eoduiar des.i'gn. They showed that, using their
method, different population sizes and genetic o.pe.f'ators could be modified to affect the
results. Meehan, Duffy and Whitfield [10] used GGAs to explore the capabilities of
modular design for promoting engineering “design for reuse” and developed a multi-view
modular design methodology to fulfill design objectives. Tseng, Chang and Li [14] also
used GGAs to form product modules. They used a cost index and a green pollution index to
evaluate clustering results.

However, most methods which use GGAs have the same problems. First, they are
easily trapped at local-optimal solutions. Second, when the complexity of a product
increases, computational time increases dramatically. To overcome the limitations of prior
methods, an innovative method was developed which uses atomic theory to solve the

modular product design problem. An atom contains a positively charged atomic nucleus

6



and negatively charged electrons. Because opposite electric charges attract each other and

the same electric charges repel each other, each individual atom achieves a final structure.




Chapter 3. Atomic Theory
3.1. Atomic Theory
Atomic theory was proposed by Dalton in 1803. Dalton established that “everything in
nature is composed of atoms”. In 1911, Rutherford found that an atomic nucleus carries a
positive electrical charge. Rutherford then established the fundamental properties of the

atomic theory, which include:

(1) An atom is composed of a positively charged atomic nucleus and negatively charged
electrons.

(2) Like positive or negative electric?ll charges répel each other, while opposite electrical
charges attract each other. ‘

(3) A Coulomb force between charges causes'thiem to either attract or repel each other.
| il
[ 1
| iz

3.2. Atomic Theory in Engineering Design _

Generally, we all know that “everything in nature is composed of atoms”. All kinds of
products should be able to be solved and applied to some engineering problems such as
grouping technology, imagine analysis and modularization problems by using the point of
view of the fundamental properties of the atomic theory. Hence, an innovative method
which uses the properties of atomic theory to solve a verity of engineering design problems

is presented.



In atomic theory, the magnitude of the electrostatic force between two electric charges
is calculated by Coulomb’s law, as shown in Equation 1.

Coulomb’s law:

F=k222 (1)

Q, : the electrical charge of the first object
O, : the electrical charge of the second object
1;, : the separation distance between the two objects

k : Coulomb constant

The Coulomb force is propor_tional 1(? tﬁ;p}oduct of Fhe magnitudes of the two charges
and inversely proportional to the square él)f the dis;ta_t_l.ce between the charges. Using atomic
theory in engineering design, we caﬁ calculate the Coulomb force of the positive and
negative to observe the correlation between two objects. And the magnitudes of the
Coulomb force is represented that the strength of the correlation between two objects.

As we using atomic theory to work in engineering design, the most important object is
the positively charged atomic nucleus and the less important objects around the atomic
nucleus are the negatively charged electrons. One atom contains positively and negatively
charged objects, and if the valence number between them is equal, the atom is called

electron neutral. In this thesis, atomic theory is applied to modular design for green product

design.



3.3 Atomic Theory in Green Product Modular Design

In this thesis, we applied the properties of the atomic theory in product modular
design. In our method, the modules in a product are modeled as atoms. The overall concept
and approach of the developed method is to create modules by finding nucleus parts and
calculate atomic forces that attract electrons to the nucleus parts, based on touching
relationships and distances. Parts which touch more neighboring parts have higher
complexities and are considered more important than parts with lower complexities.
Therefore, in the developed approach, parts with more neighboring parts are modeled as
positively charged atomic nuclei and their neighboring parts are modeled as negatively

charged electrons. For example, in Figure'1, there are two modules. Part P, is an atomic

nucleus, and parts i, P,, P,, and /F, areeleetrons around the atomic nucleus F;. As a

'} —
e

=
result, part P, is repelled out of atom, P, and becomes another atom by itself.

Figure 1. Atomic theory in modular design
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In our method, we express Coulomb’s law as Equation 2:

F, = _kik; 0.0, )

i
Q, : the electrical charge of part i

Q, : the electrical charge of part j

D, : distance between parts i and j

k,: a constant value for part i

k; : a constant value for part j

To be consistent with a force matrix which'isr.:':c_léf'ined later, a negative sign is added so that

it 0,xQ,>0, F,<0;andif Q;XQ, < 055F, 50,

ty

+x

Figure 2. A simple example

11



3.3.1 Touch Matrix
Touch matrix T represents the touching relationship which includes any physical

touch and connection relationship between each pair of parts.

T, =0: part i and part j do not touch each other
T, =1: part i and part j touch each other

T, = 0: the diagonal entries are zero

Thus, the touch matrix 7 for the productiin Figure 1 is:

ol ol1l0 o\
0 0=F"1| 040
"Wl <® 1}
T.z8 (| 1
GNP L
00 07 010
1 0170 0 0]

3.3.2 Total Touch Matrix and Valence Matrix

We define a Total Touch matrix TT, and TT, :iTij’ where n 1s the total number of

j=1
parts in the product. We use 77, to show the number of touched parts associated with part i.

Thus, the total touched matrix 77 of the product in Figure 2 is:

12



N = W R DN

Usually, if a part touches more parts, the part is relatively more important. Design
engineers can choose threshold to determine the importance of a part. If, 77, is greater
than the threshold, that means part i is relatively more important. If 77, is less than the
threshold, that means part i is relatively les_s im_portant. We define a Valence matrix, Q, to
show the valences of the parts, If. _TT,. IS greater th:aln the threshold, Q, =TT;; otherwise,
Q, =—1. For example, in Figuse 2, the-’ t@sihdld is 4, and, thus, part 3 is chosen as a

Wi A | :
positively charged atomic nucleus with a .Lraléiice of +4. The other parts are then considered

negatively charged electrons. Each electron is assigﬁed a valence of -1. Thus, the Valence

matrix Q for the product in Figure 2 is:

13



Product design engineers can establish the number of positively charged atomic nuclei
(modules) desired based on requirements for the modules. In addition, when the product
design engineers choice the positively charged nuclei, the total touch number must be
greater than two. It is because if the total touch number is too small, the modules will be
meaningless. If more modules are desired, more positively charged atomic nuclei can be

chosen, and, as a result, more modules will be formed.

3.3.3 Distance Matrix

A Distance matrix D represents the distance between each pair of parts.

D, =1: part i and part j touch,each _othsr —~

D, =2: parti and part j do not tou.cI? éﬁ?ﬁi)ther

D, =0 : the diagonal entries are zeto

Most parts are connected by fasteners, and fasteners greatly affect the efficiency of the
recycling process. If we totally separate a fastener from the first touched part, the other
connected part(s) will also be separated from the fastener. Thus, when creating the distance
matrix, we only consider touching relationships between fasteners and their first touched
parts. For example, in Figure 2, parts 1 and 2 are fasteners. Part 1 touches parts 3 and 6, and
part 2 touches parts 3 and 4. Part 3 is the first touched part for parts 1 and 2. Therefore, we
only consider the touching relationships between parts 1 and 3, and parts 2 and 3.

Therefore, the Distance matrix D of the product in Figure 2 is:

14



021222
201 222
1101 21

D=
22101 2
22210 2
221 22 0

If the distance D, between two charges is larger, the force between them is

correspondingly smaller.

3.3.4 Force Matrix

A Force matrix, F, is used to _reﬁresent the attractive or repulsive forces between parts.
For example, in Figure 2, only péﬂ 3 ca.l.t:l"r;:;s:a::._i?;).sitive charge of +4, while all other parts
carry a negative charge of -1. Next, k \;apue-g:;for.-. parts with negative charges are set to 1.

The force between parts 1 aﬁd_.§ can th'e;n.':‘. be  calculated using Equation 2:

k. k -
F,=—- D3Q;Q3 =— 1><1><(121)>< 4 4 Thus, the corresponding Force matrix, F, for
13

the product in Figure 2 is:

-025 -025 -0.25]
-025 -0.25 -025
4 -0.25 4

0 -025 4
4
0

-025 -025 4 0 -1 -025
-0.
4

-0.25 0

-025 -0.25 25 -1 0 -0.25
—025 -0.25 -025 -0.25 0

15



The k value in Equation 2 is generally set to be /. If some positive charged atomic
nuclei have the same valence number in the Valence matrix, Q, k values for the nuclei
which have the same valence are sequentially increased by 1 to better differentiate between
modules. For example, if for a given product, the parts associated with the five highest
numbers in the 77 matrix are chosen as positively charged atomic nuclei, and three of them
have the same valence charges, k values associated with the three parts are set to 1, 2, and
3, respectively. With the given method, parts which are chosen as the positively charged

atomic nuclei will not become negative charged electrons for other nuclei.

3.3.5 Maximum Force Matrix

The Maximum Force matrix;;MF, is-used to represent the maximum attractive force

between one part and others, i‘e.), MF|=max(F,). Fot example, the Maximum Force
1] "E 1 ¢

matrix, MF, for the product in Figure 2.is:

o
+4
+4
+4

MF =

+4

After the Maximum Force matrix is obtained, the product modules can be formed by
grouping parts with the same maximum attractive forces together. For example, the
resulting modules for the product in Figure 2 are [1, 2, 3, 4, 6] and [5]. The total force on

part 5 is a negative value, which means there is a net repulsive force between part 5 and

16



other parts. Thus, part 5 is naturally repelled from the first module to become a separate

module.

17



Chapter 4. Green Product Design

In the above sections, we can quickly get modules based on their physical touch
relationship, so we can make sure the reasonable structure of the modules. However,
product design engineers might need to consider adding other green design considerations
into their product modular design, based on their requirements such as material
compatibility, part recyclability, reusability, remanufacturing, etc. Here, we modify the
Distance matrix to add the green design constraints to our original structure-based modules.
By the same procedure we can obtain new modules which consider both the structure and

green design constraint.

4.1. Green Modular Design
Conducting green product design is actﬁfally a process of adding “green” constraints to
1B :
form green modules. Many constfgir}ts qéed ig be.éonsidefed in green product design, such
as recycling, reuse, remanufacturing, controll_ing.bdilutants, etc. As an example, with our

method, we can handle recycling constraints by defining a Recycle Constraint matrix R,

where

R, =1:1if both parts i and j are recyclable or both not recyclable.
R; =0: if one part is recyclable and the other is not recyclable.

R, =0: the diagonal entries are zero

18



In Figure 2, if we assume parts 1, 2, 3, and 6 are recyclable, and parts 4 and 5 are not

recyclable. The recycle constraint matrix R for the product in Figure 2 is given by:

- o O = = O
_o O = O =
- o O O = =
o = O O O O
S O = O O O
S O O = = o=

We can then integrate the Recycle-Constraint-matrix, R, with the Distance matrix, D,
to get an updated Distance matrix:
| =31
11 = —
| B DR, =LD; =1

D, =D, ®R,; where DixR;#1,D; =2
% .l):;izo

After we integrate the recycle constraint into the Distance matrix, we get an updated

Distance matrix:

Distance Matrix Recycle Constraint Matrix Distance Matrix

021222 011001 021222
201 222 101001 201 222
1101 21 1100 01 110221
22101 2 0000T10 22201 2
222102 000100 222102
221220 1 1100 0 221220




We can then replace the original Distance matrix and follow the same procedure to
find the new Force matrix and Maximum Force Matrix for the given product to form green
design modules. After considering the given green modular constraints, the new Force

matrix for the product in Figure 2 is:

0 -025 4 —-025 —025 —0.25]
-025 0 4 -025 -025 —0.25

| 4 4 0 -025 -025 4
F= -025 -025 1 0 -1 -025
~025 -025 -025 -1 0 -025
|-025 —0.25 _ gdem=025 025 0 |

The Maximum Force matrix, MF, 1S:

MF =

Therefore, the resulting new green design modules are [1, 2, 3, 6], [4], and [5]. The
total forces on parts 4 and 5 are negative values, -0.75 and -2. It shows that there are
repulsive forces between parts 4 and 5 and other parts. Thus, parts 4 and 5 are repelled out
of other modules to form two separate modules. The results are compatible with our
original constraint that parts 4 and 5 are not reusable, but parts 1, 2, 3 and 6 are reusable.

The non-reusable parts are effectively isolated from the reusable parts into separate

20



modules. The results show that our method can be used to effectively form new designed
modules by adding green design constraints. Product design engineers can use our method
to compare differences between their original designs and the new designed modules and

then perform necessary design modifications.

4.2. Flowchart

Figure 3 describes our overall green product design by atomic theory. In the whole
procedure, the product design engineers only need to create a touch matrix, and then the
result modules will be quickly obtained by following the flowchart. If the product design
engineers add other green design coqstraints, théy can update the distance matrix and then

get a green modules which are based on the original structure modules.
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Figure 3. Atomic theory-based green product modular design flowing flowchart
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4.3 Green Product Design and Evaluation

4.3.1 Green Product Design

With increasing environmental consciousness and the establishment of environmental
protection regulation, product green design is an inevitable trend in the future. However,
most green design analysis currently takes place at the remanufacturing stage. It is very
inefficient and costly and, in the worse case, the whole product might need to be
redesigned. Therefore, in this thesis, we proposed an innovative method using atomic
theory to help designers conduct green product modular design in the early design stage.

During the green design process, designers can add green design constraints, such as
material compatibility, part recyclgbility, reu'sability, remanufacturing, etc, into their
designs, based on the design requirements. After that, we can get new modules which
contain green design considerations. Ine th;e;'next section, we propose a new evaluation

& :

method, called “Green Contrib.b.tvti_on’?,.; to_éalcuiate the green value for each type of

modules. An example is given to demonstrate how the green product modules is selected

and evaluated.

4.3.2 Product Modules Selection and Evaluation

After we add the green design constraints, we will form some modules. In this section,
we propose using “Green Contribution” to be our evaluation index and represent the green
contribution of a product. Using atomic theory, we will firstly produce a set of modules
based only on the touch relationships, and they are named as “structure modules™ here. In
order to help design engineers form green modules, a green contribution value is used to

evaluate each set of modules.
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The Green Contribution contains Modular Index, Recycle Index and Reuse Index.

Designers can add more indices in the green contribution value.
Green Contribution = Modular Index + Recycle Index + Reuse Index 3)

Modular Index represents the degree of modulization of a product. It can be obtained

by equation 4.

Modular Index:

Number of Modules

Number of €omponents

Modular Index = I=

C))

The modular index is between 0 anld 1A product:with a higher modular index will
have a greater degree of modulafiiat_ibn. A prodilct having a higher modular index will

have more advantages, such as less handling cost, less manufacturing cost, higher

disassemblability, etc.

Recycle Index 1s an assessment index to represent the recyclability of a product. It can
be obtained by equation 5.

Recycle Index:

L[ NetWeight
Recycle Index= Z( : L par J (%)
i=1 NetwelghtModulei

NetWeight ,_ . : the net weight of the recyclable parts in the ith module

Part *

NetWeight : the net weight of the whole module of the ith module

Modulei *
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Product design engineers can use the recycle index to check whether a product
conforms to the environmental protection regulations in the initial stage of product
life-cycle design. Product design engineers usually use CAD systems to build a product
assembly chart or design chart, and it can automatically calculate the net weight of each
part. Hence, design engineers can quickly calculate the recycle index in the initial stage of

product life-cycle design.

Reuse Index is an assessment to represent the reusability of a product. It can be
obtained by equation 6.

Reuse Index:

(6)

; Lo NetWeight. "
Reuse Index:ZE d W6lg Part j

i=1 gﬁéWeith‘Modulei
| i

P | i | ¥
NetWeight,,, : the net weight ofithe reusable parts in the ith module

Part

NetWeight ,, ,...: the net weightof the'whole module of the ith module

Product design engineers can use the reuse index to check whether a product conforms
to the environmental protection regulations in the initial stage of product life-cycle design.
Product design engineers can quickly calculate the reuse index in the initial stage of
product life-cycle design.

We used an example to show the details of how to evaluate modules using the defined

indices. Assuming there is a product of 10 parts. At first, we have known parts 4 and 8
cannot be recycled, and part 7 can be both reused and recycled, other components can only

be recycled. The Wikipedia defines reuse and recycle as: “Reuse is to use an item more
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than once. This includes conventional reuse where the item is used again for the same
function, and new-life reuse where it is used for a new function. In contrast, recycling is the
breaking down of the used item into raw materials which are used to make new items.” We
used the developed atomic theory to conduct product modular design, and we can get the
structure modules. After that, we add the recycle and reuse constraints to form recycle
modules and reuse modules. We also define “Intersection Modules”, as shown in Equation
7, which are the intersection of the structure modules and all other green modules, e.g.,

recycle modules and reuse modules. Table 1 shows the different kinds of modules.

Intersection Modules= StructuréModules RecycleModules™ Reuse Modules (7

T

| z:;l
.'| |l
| 2 1l

Table 1. All type‘of modules.

Structure Modules [1,2,3,4], [5,6,7], [8], [9,10]

Recycle Modules [1,2,3], [5,6,7], [4], [8], [9,10]

Reuse Modules [1,2,3,4], [5,6], [7], [8], [9,10]

Intersection Modules | [1,2,3], [5,6], [8], [9,10], [4], [7]
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We now can calculate the design indices for each set of modules. For convenience, we

assume that the net weight of each part is 1 kg.

(1) Structure Modules: [1,2,3,4], [5,6,7], [8], [9,10]

Modular Index =1- % =0.6

Recycle Index = (% +1+0+1)=2.75

Reuse Index = (O+%+ 0+0)=0.33

Green Contribution =0.6+2.75+0:33 = 3.68

, N i

(2) Recycle Modules:[1,2,31, [5.6.7]/ (4481 [9.10]
R | _
7 5 | - |1
Modular Index '=1=-— =0.5 I\ /<
'10 | 'I ¥ .';..
Recycle Index = (14 140+0+1)=3
Reuse Index =(O+%+O+O+O)=O.33

Green Contribution = 0.5+3+0.33 =3.83
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(3) Reuse Modules: [1,2,3,4], [5,6], [71, [8], [9,10]

Modular Index =1- % =0.5

Recycle Index = (% +1+1+0+1)=3.75

Reuse Index =(0+0+1+0+0)=1

Green Contribution = 0.5+3.75+1 =5.25

(4) Intersection Modules: [1,2,3], [5,6], [8], [9,10], [4], [7]
6
Modular Index =1- B =04

Recycle Index =(1.+1+_Q_+1+(_)4;1)=4 \

Reuse Index ~ =*(0+0+0 -I:-B’-F-O +1)=1
| '.E-
[ |

Green Contribution _?.0-4:"‘|4+1- = 5.'4':

Product design engineers can choose modules for product redesign based on the green
contribution value. Here, since the intersection modules have the highest green
contribution, we choose it for our product redesign.

Before redesign, the Original Green Contribution (OGC) value is equal to the green
contribution value of the structure modules, and it is 3.68. After redesign, the New Green
Contribution (NGC) value is 5.4 for the intersection modules. Green Updating Rate, as
shown in Equation 8, can help product design engineers to examine the differences between

the original design and the new design.
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Green Updating Rate= NGC=06GC x100% ()
oGC

In the example product, OGC is 3.68 and NGC is 5.4, so the green updating rate is

—5'43_ 6?;68><100%=46.7%. Since the intersection modules contain the attributes of

recycle and reuse, after redesign, the recycle and reuse considerations are both in the new

product. Thus, product design engineers can use the developed atomic theory to conduct

green modules selections and evaluations.
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Chapter 5. Case Study
5.1 A motor end of the windshield wiper
In the following case study, we apply the developed method to a motor system
locating at the end of the windshield wiper [16]. There are twenty parts in the motor, as

shown in Figure 4.

17 (18,19,200

Figure 4. A motor end of the windshield wiper

30



5.1.1 Touch Matrix

With our method, product design engineers can decide the approximate number of
positively charged atomic nuclei (modules) they would like in their final design, based
upon product and module requirements. If they choose more positively charged atomic
nuclei, more modules are formed. For the given case study, we decided that any parts with
more than three touching relationships would be chosen to be positively charged atomic

nuclei.

5.1.2 Total Touch Matrix and Valence Matrix

The resulting Touch matrix 7:is §hown in Table 2. Total Touch matrix 7T and Valence
matrix Q are shown as follows. Here, we set ttle_ th;’esho_ld value as three. Thus, there are
four positively charged atomic nuclei WhICh:EBuCh more than three parts, which are parts 1,

1 .? 1
- | = - "
7,9 and 12. The rest of the parts werelassigned to be negatively charged electrons.
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Table 2. Touch matrix, for product in Figure 4

1] 2| 3| 4] 5] 6| 7| 8] 9/10|11)12|13|14|15]|16|1/7]18]|19]20

1] 0] Of O] 11 Of Of 0] Of Of O O Of O] O] Of Of 1] 1f 1| 1
2 0] O Of O O Of Of O 1] Of O O O 1] 0] Of Of 0] O O
3] 0 Of O O 1 1] 1) Of Of O] O] Of O] O] Of Of O] Of Of O
41 11 0] 0] Of 11 0] 11 Of O] Of Of O] O] Of Of O] O] Of O] O
50 0] 0 1f 1] O Of 1f 0] Of Of O O] O] Of O] Of Of 0] O O
6 O] O 1f O] O] Of Of O] O Of O O O] Of O] Of Of 0] O O
J 0] O 1f 1] 11 Of Of 1] O Of 1} O] O 1f O] Of Of 0] O O
g 0] O Of O O Of 1f O] 1] Of O O] O] Of 0] Of Of 0] O O
9] 0] 11 Of Of Of Of Of 1| Of 1f 1| 1|} Of O 1| 1| 1| 1| 1| 1

101 O O O Of Of O O O 1] Of O Of O O] O] O] O] O O] O

111 O O O Of Of O 11 O 1] Of O 11 O O] O] O] O] O O] O

121 0 O O Of Of O O O 1] Of 1} Of O O 1] 1] O] O O] O

131 O O O Of Of O O O O Of O O Of 1} O O O] O O O

141 O 11 O Of Of O 11 O O] Of O Of 11 O O] O] O] O O] O

151 01 O] O Of Of O O O 1] Of O 11 O O] O] O] O] O O] O

16| O O O Of Of O O O 1] Of O 11 O O] O] O] O] Of O] O

171 11 O] O Of Of O O O 1] Of O Of O O O] O] O] Of O] O

16| 11 O] O Of Of O O O 1] Of O Of O O O] O] O] Of O] O

191 11 O] O Of Of O O O 1] Of O Of O O] O] O] O] O O] O

20] 1] O] O0) O) O O] O] O] 1] O) Oy O O] O] O] Of O] O O} ©
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5.1.3 Distance Matrix

Most parts are connected by fasteners, and fasteners greatly affect the efficiency of the
recycling process. If we totally separate a fastener from the first touched part, the other
connected part(s) will also be separated from the fastener. Thus, when creating the distance
matrix, we only consider touching relationships between fasteners and their first touched
parts. For example, in Figure 4, parts 10, part 15, part 16, part 17, part 18, part 19 and part
20 are fasteners. Therefore, the Distance matrix D of the product in Figure 4 is shown in

Table 3.
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5.1.4 Force Matrix

From the Valence matrix Q, we know that parts 1, 7, 9 and 12 are positively charged

atomic nuclei and the rest of the parts are negatively charged electrons. The k value in
Equation 2 is generally set to be one. However, when some positively charged atomic
nuclei have the same valence value, in Valence matrix Q, the value of k is increased

sequentially for the given parts.

Table 3. Distance matrix for product in Figure 4

1] 2| 3| 4] 5] 6| 7| 8] 9/10|11)12|13|14|15]|16|1/7]18]|19]20

1 O 21 2) 1 2| 2] 2] 2| 2| 2] 2| 2| 2] 2| 2| 2| 1] 1f 1| 1
20 20 01 21 2] 21 2| 2| 2] 1| 2| 2] 2| 2| 1| 2] 2| 2| 2] 2| 2
31 21 21 O 21 1) I 1) 2| 2| 2] 2| 2| 2] 2| 2| 2| 2| 2| 2| 2
41 1 2] 21 Of 1) 2] 11 2 2] 2| 2| 2] 2| 2| 2| 2| 2| 2| 2] 2
S50 2] 20 1f 1) O 21 1f 2] 2| 2| 2] 2| 2| 2| 2| 2| 2| 2] 2| 2
6 2] 21 1 2] 21 Of 2 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2] 2| 2
J 2] 20 1f 1) 11 21 Of 1) 2| 2| 1] 2] 2| 1| 2] 2| 2| 2] 2| 2
8l 2] 2] 2 2] 21 2| 1 O 1| 2| 2] 2| 2| 2| 2| 2| 2| 2] 2| 2
9 2| 1| 2 2| 2| 2| 2| 1| O 1| 1| 1| 2| 2| 1| 1| 1| 1| 1| 1

101 21 21 21 21 2| 21 21 21 1] O 2| 2| 2| 2| 2| 2| 2| 2| 2| 2

110 21 21 21 21 21 21 1 21 1| 21 O 1| 2|1 2|1 2| 2| 2| 2| 2| 2

121 21 21 21 21 21 21 21 21 1| 21 11 O 21 2|1 1] 1] 2| 2| 2| 2

131 21 21 21 21 21 21 21 21 2|1 21 2|1 2| O 1] 2| 2| 2| 2| 2| 2

141 21 1 21 21 2| 21 1| 21 21 21 2|1 2| 1| O 2| 2| 2| 2| 2| 2

150 21 21 21 21 21 21 21 21 1| 21 21 1| 2|1 21 O 2| 2| 2| 2| 2

16| 21 21 21 21 2| 21 21 21 1| 21 2|1 1| 2| 2|1 21 O 2| 2| 2| 2

170 11 21 21 21 2 21 21 21 1| 21 2|1 2| 2| 2| 2| 2| O] 2| 2| 2

18] 11 21 21 21 2| 2| 21 21 1| 21 2| 2| 2| 2| 2| 2| 2| O 2| 2

191 11 21 21 21 2| 21 21 21 1| 2|1 2|1 2| 2| 2| 2| 2| 2| 2| O] 2

200 1) 2] 20 2] 2] 2] 2] 2] 1] 2] 2] 2] 2] 2] 2] 2| 2] 2] 2] O
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The Force matrix F can be easily calculated. For example, the force between parts

o __kk,0:0,
7 and 9 is Y79~ 2
D79

___1x1x(+6)x(+11):

72 -16.5 . Finally, the Force matrix

of this case study is shown in Table 4.

5.1.5 Maximum Force Matrix

From the Force matrix, the Maximum Force matrix, MF, can be obtained:

-+ 5]
K ©
/%6 \

MF
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From the Maximum Force matrix, we know that [MF;,, MF;s5, MF¢] = +4, [MF,,
MF,7, MF3, MF 9, MFy] = +5, [MF,, MFs, MFy, MF o, MF,;] = +11, [MF;, MF,, MFs;,
MF;, MF,4] = +6, [MF¢] = +1, and [MF3] = +1. Since parts which have more than three

touched parts are assigned positive valences, the minimum force should be:

— kikminQiQmin _ 1X1X(_1)X(+4) _
min - D P - 12 -

min

4

Here, the force values for MFgand MF5.are less than 4. Therefore, MF¢ and MF 3
can be regarded as two individua_l__ modl_ll_c;s. Thus, the resulting modules are

5 1
| mi—

[1,17,18,19,20], [2,8,9,10,11], [3,4,5,7,14];-’3?_1'5',15,16], [6],[13], as shown in Figure 5.

5.1.6 Green Product Design

In the above sections, we have obtained modules based on their physical touch
relationships, so the structure of the modules should be reasonable. Furthermore, if
product design engineers need to consider adding other green design considerations to
their product, by using the method in Chapter 4, they can add any green design
constraints based on their requirements.

In this case study, in Figure 4, we assumed part 14 can be reused. Parts 3 and 11

can not be recycled but others can be recycled. We added the green design constraints to
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our original structure-based modules. The updated Distance matrixes of the recyclable

constraints and the reusable constraints are shown in Table 5 and Table 6.

Table 5. The Distance matrix of the recyclable constraints for product in Figure 4

1] 2| 3| 4] 5] 6] 71 6| 9|10|11|12]|13|14|{15]|16]1/7|18]19]20

1 0 2] 21 1) 21 21 21 21 2| 2| 2| 2| 2| 2| 2] 2] 1] 1] 1] 1
20 20 01 20 21 2 2| 21 2| 1 2| 2| 2| 2| 1| 2| 2| 2| 2| 2| 2
31 2] 2] O 20 1) 1 21 21 2| 2| 2| 2| 2| 2| 2] 2] 2| 2| 2] 2
41 1) 21 2| O] 1| 2| I} 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
50 21 21 1) 1) O 2] 1) 2| 2] 2] 2| 2] 2| 2| 2| 2| 2| 2| 2| 2
6 21 21 1| 2] 21 O] 21 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
20 21 20 1 1 2] O 1f 2] 2] 1| 2| 2| 1f 2| 2| 2| 2| 2| 2
8l 21 21 21 2| 2] 2] 1] O 1] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
9 21 1 2| 2] 2 2| 21 1| O] 1] 2| 1} 2| 2 1| 1| 1| 1] 1| 1
101 21 21 2 21 2| 2| 2 2| 1} Of 2| 2| 2| 2| 2| 2| 2| 2| 2| 2

11 2} 21 2| 2| 2| 2| 1| 2| 2| 2| O 1| 2] 2| 2| 2| 2| 2| 2| 2
120 2} 21 2| 2| 2| 2| 2| 2| 1| 2| 1| Of 2| 2| 1| 1| 2| 2| 2| 2

131 21 21 2 21 2| 2| 2| 2| 2| 2| 2] 2] O] 1| 2| 2| 2| 2| 2| 2

14 2\ 1| 2| 2| 2| 2| 1| 2| 2| 2| 2| 2| 1| O 2| 2| 2| 2| 2| 2

151 21 21 2 2 2| 2| 2 2| 1} 2| 2] 1] 2] 2| O 2| 2| 2| 2| 2

16| 2| 21 2| 2| 2| 2| 2| 2| 1| 2| 2| 1| 2| 2| 2| O] 2| 2| 2| 2

170 1) 21 2| 2] 2| 2| 2| 2| 1| 2| 2| 2| 2| 2| 2| 2| O 2| 2| 2

181 1 21 2| 2 2| 2| 2| 2| 1} 2 2] 2] 2] 2| 2| 2| 2| O] 2| 2

1910 11 21 2 21 2| 2| 2| 2| 1| 2| 2| 2| 2| 2| 2| 2| 2| 2| O] 2
200 1) 2] 2] 21 21 2| 21 21 1| 2| 2| 2| 2| 2| 2] 2| 2| 2| 2] O
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Table 6. The Distance matrix of the reusable constraints for product in Figure 4

1] 2| 3| 4] 5] 6| 7] 8| 9(10|11|12|13]14|15[16]1/|18|19]20

11 OF 21 21 1y 2| 21 2| 2 2| 2| 2| 2| 2| 2| 2] 2| 1f 1] 1| 1
21 21 Of 20 21 2] 2] 2] 2] 1] 2] 2] 2] 2] 1| 2| 2| 2| 2| 2| 2
31 21 2] O 21 1 1] 1) 2 2] 2| 2| 2] 2| 2| 2] 2| 2| 2] 2| 2
41 1 21 21 Of 1] 21 1} 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
S 21 21 1) 1f Oof 2] 1) 2] 2] 2] 2] 2] 2] 2| 2| 2| 2| 2| 2| 2
o 21 21 1| 2] 21 Of 2] 2| 2 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
20 21 1) 1) I 2| O I 2 2] 1} 2 2| 2| 2| 2| 2| 2| 2| 2
8l 21 21 2| 2] 2 2| 1] O 1f 2] 2| 2| 2] 2| 2| 2| 2| 2| 2] 2
9 21 1| 2| 2| 2 2| 2| 1| Of 1) 1 1| 2| 2 1f 1} 1} 1f 1] 1

101 21 21 2 2 2| 2| 2| 2| If Of 2| 2| 2| 2| 2] 2| 2| 2| 2| 2

11y 2] 21 2| 2] 2| 2| 1] 21 1| 2] O 1| 2] 2| 2| 2] 2| 2| 2| 2

120 2| 21 2| 2| 2| 2| 2] 2| 1| 2| 1| O 2| 2| 1| 1| 2| 2| 2| 2

131 21 21 2 21 2| 2| 2| 2| 2| 2| 2| 2| Of 1| 2] 2| 2| 2| 2| 2

14 2| I 2| 2| 2| 2| 2] 2| 2| 2| 21 2| 1| O 2| 2| 2| 2| 2| 2

150 2| 21 2| 2| 2| 2| 2] 2| 1| 2| 21 1| 2| 2| Of 2| 2| 2| 2| 2

16| 2] 21 2| 2] 2| 2| 2] 2| 1| 2| 21 1| 2| 2| 2| O] 2| 2| 2| 2

170 1) 21 2| 2| 2| 2| 2] 2| 1| 2| 21 2| 2| 2| 2| 2| O 2| 2| 2

18] 1 21 2 2 2| 2| 2| 2| If 2| 2| 2| 2| 2| 2] 2| 2] O] 2] 2

191 1) 21 2| 2] 2| 2| 2] 2|1 1| 2] 21 2| 2] 2| 2| 2| 2| 2| O] 2

200 1) 2] 21 2| 2| 21 2| 2 1| 2| 2| 2] 2| 2| 2| 2| 2| 2| 2| O
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We used the atomic theory to perform product modular design and get the structure

modules. After we added the recycle (or reuse) green design constraints, we can get the

recycle (or reuse) modules. Finally, we can obtain the intersection modules. All types of

modules in this case study are shown in Table 7.

Table 7. All type of modules for product in Figure 4

Structure Modules

[1,17,18,19,20], [2,8,9,10,111,.[3,4.,5,7,14], [12,15,16], [6],[13]

Recycle Modules

[1,17,18,19,201,[2,8,9,10],[4.5,7:14],[12,15,16],[6],[13],[3],[11]

Reuse Modules

—

[1,17,18;19,20]{[%,@:0%121],[3,4,5,7], [12,15,16], [6],[13],[14]

Intersection

Modules

28| '11. '

[1,17,18,19,20],[2,8,9,101,[4,5,7],[12,15,16],[6],[13],[14],[3],[11]

We used the green contribution value to evaluate each module. The Green

Contribution contains Modular Index, Recycle Index and Reuse Index. If we need to

add other green design constraints, we can add other indices in the green contribution

value. From Table 7, we can calculate each type of modules. For convenience, we

assume that the net weight of each part is 1 kg.
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(1) Structure Modules: [1,17,18,19,20], [2,8,9,10,11], [3.,4,5,7,14], [12,15,16], [6],
[13]
6
Modular Index =1-—=0.7
20
4 4
Recycle Index :(1+§+§+1+1+l):5.6

Reuse Index :(O+O+%+O+O+O):O.2

Green Contribution = 0.7+5.6+0.2 = 6.5

(2) Recycle Modules: [1,17,18419,20], [2,8,9,10], [4,5,7,14], [12,15,16], [6], [13],

(31,4111
Modular Index =1= i:@f_’? - |
: ZOI _ {
Recycle Index = {1 414 L L 41+ 0+0) = 6
Reuse Index :(O+O+i+0+0+0+0+0)20.25
Green Contribution = 0.6+6+0.25 = 6.85
(3) Reuse Modules: [1,17,18,19,20], [2,8,9,10,11], [3.,4,5,7], [12,15,16], [6], [13],
[14]

7
Modular Index =1-—=0.65

20

4 3
Recycle Index = (1+§+Z+1+1+1+D =5.31
Reuse Index =0+0+0+0+0+0+D =1

Green Contribution = 0.65+5.31+1 = 6.96
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(4) Intersection Modules: [1,17,18,19,20], [2,8,9,10], [4,5,7,14], [12,15,16], [6],

[13], [14], [3], [11]

Modular Index =1- i =0.55
20

Recycle Index =({1+1+1+1+14+0+14+0+1)=7
Reuse Index =0+0+0+0+0+0+1+0+0)=1

Green Contribution = 0.55+7+1 = 8.55

Product design engineers canichoose modules based on the green contribution
value. The intersection modules, can be selected ‘to-be our final modules for green

e 'l

=t
product design from the green contribution yalues.

5.1.7 Merging

If a module has only one connection relationship with another module, the
disassembly time and disassembly difficulty is minimized, which is considered to be the
best case for modular design. Therefore, an atom meets the best condition if the total
sum of the positive charges and negative charges in the atom is one. We define this
condition as “full loading”. A total which is not one implies that the module has more

than one touching relationship with other adjacent modules, and the module is in a
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“non-full loading” condition. For example, part 1 is in full loading, and parts 6, 7, 9, 12,

and 13 are in non-full loading.

P12{+4)

Figure 5. Modules formed by the atomic theory method for the motor system

in Figure 4

For the non-full loading atoms, if two or more atoms can be combined into a full
loading atom by keeping the largest positively charged atomic nucleus and changing the

other merged atomic nuclei to negatively charged electrons, the number of modules in
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the product will be reduced and the connections between the modules will be simpler.
For example, in Figure 5, if the modules associated with parts 7, 9, 13 (or parts 7, 9, 6)
are combined, by keeping part 9 a positively charged nucleus and changing parts 9 and
13 (or 9 and 6) into a new negative electron, the three non-full loading atoms become

one full loading atom.

5.1.8 Result Discussion

From the results, parts 7 and 14 are in the_same module. Part 7 is a worm and part
14 is a worm gear. However, from the ?rigi_nal design, it’s apparent that, during the
assembly process, parts 7 and 1.4 are dgff."ll'%jl.‘[;to.assern_ble because part 14 needs to be
inserted through the holes in ‘parts 12 and 9 tlo be joined to part 7. Thus, designers
should strive to redesign the module to improve assemblability of the given product. For
example, parts 9 and 12 can be redesigned by removing material above the lower half of

the holes, so that the worm and worm gear could be assembled from the same direction,

e.g., lowered from above the holes.
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5.2 A Table Lamp

In the following case study, we apply the developed method to a table lamp design

which was used by Tseng, Chang, and Li [14] and compare our results with their

method. There are twenty-two parts in the table lamp, as show in Figure 6.

2 Cover2 1. Cower 1

21. Socrew 7 —

22 Screw & R,

8. Soft_pipe -'//

4. Steel ]

WALIT i

19. Screw 3 3. Light
20, Screw &

7. Plashe —

9 Power
/_/
14, A plug
10, Base
12. Fuse 1
m—
13, Fuse 2
B 11 transformer

S8l —

18, Screw 4 ! — 15, Screw |

17 Serew 3 — 16, Serew 2
Figure 6. A table lamp
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5.2.1 Touch Matrix

With our method, product design engineers can decide on the approximate number
of positively charged atomic nuclei (modules) they would like in their final design,
based upon product and module requirements. If they choose more positively charged
atomic nuclei, more modules are formed. Working as product design engineers, for the
given case study, we decided that any parts with more than three touching relationships

would be chosen to be positively charged atomic nuclei.

5.2.2 Total Touch Matrix and Valence Matrix
The resulting Touch matrix 7T is sh(ﬁamm Table 8. Total Touch matrix 77 and
1IN £
Valence matrix Q are shown as follows. Here, w;le: set‘the threshold value as three. Thus,
there are six positively charged atomie nuclei-which touch more than three parts, which

are parts 1, 2, 5, 6, 10, and 14. The rest of the parts were assigned to be negatively

charged electrons.
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Table 8. Touch matrix, for product in Figure 6

1 2| 3| 4] 5] 6] 7 8] 9/10{11]12]|13|14|15|16]|1/|18]|19[20]|21]|22

1] o] 1) O] 1 O 1} Of Of 0o O O Of Of ©f O] O Of O] Of Of O] O
21 11 O O of of Of O] 11 O O of Of Of Of O] Oof of Of Of O] 1] 1
3| O O O O Of 1f Of of 0o O O Of Of ©f O] O Of O] Of 1] O] O
4 1) 0] of o Of Of O Of Oof Of O O O 0] Of Of Of Of O] O] Of O
51 0 Of of of o 0f Of Of Of 1} O O Of Of 1| 1} 1] 1] O] O Of O
6 1| O] 1] Of Of Of O] O O O] Of Of Of Of O] Of of Of 1| 1] O] O
J1 0] Of Oof of o Of Of 1] ©Of 1] 0] O] Of O} Of Gf 0] O] 0] Of O] O
8| O 11 O] of of Of 11 O O 1] of Of Of Of O] O of Of Of O O] O
9] 0] 0 0] O] Of Of Of Oof 0o 11 O] O Of O] 0] O Of O] Of Of O] O

10 Of Of O O 1] Of 1| 11 1 O Of Of Of 1f O] O Of Of Of O O] O

11 O O O) 0 O] of Of Of Of O Of Of Of 1f O] O Of Of Of Of O] O

12 O O O 0 O] Oof Of Of Of O Of Of Of 1f O] O] Of Of Of Of O] O

13 O Of O 0 O] Of Of Of O O Of Of Of 1f O of of Of Of Of O O

141 O O O) 0 o] of Of Of O 1) 1| 1 1| Of O] O] Of Of Of O O] O

15 0] Of Of Of 1 O] 0] O] Of Of Of ©f O] O] O Of Of Of O] O] O] O

16| O O O) O 1] Of Of Of O O Oof Of Of Of O] Of Of Of Of Of O] O

17 O O O O 1] of Of Of Of O Of Of Of Of O O Oof Of Of Of O] O

18| O O O 0 1] of Of Of Of O Oof Of Of Of O] Of Of Of Of O O] O

191 O O O 0 O] 1f Of Of O O Oof Of Of Of O] O Oof Of Of Of O] O

200 O O O O O] 1f Of Of O O0) Of Of Of Of O] Of Of Of Of O O] O

211 O 11 0) 0] O] of Of Of Of O Oof Of Of Of O] O Of Of Of Of O] O

221 01 11 Of O Of O 0 O] Of Of Of Gf O] O O Of Of Of O] O] O] O
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5.2.3 Distance Matrix

The product includes eight fasteners (parts 15-22), and its Distance matrix, D, is

shown in Table 9.

5.2.4 Force Matrix

From the Valence matrix Q, we know that parts 1, 2, 5, 6, 10 and 14 are positively

charged atomic nuclei and the rest of the parts are negatively charged electrons. The k

value in Equation 2 is generally set to be one. However, when some positively charged
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atomic nuclei have the same valence value, in Valence matrix Q, the value of k is

increased sequentially for the given parts. Since parts 1 and 5 have the same valence

value of 5, k; is 1 and ks is 2. Similarly, parts 2, 6, and 14 have the same valence of 4.

Thus, k; is 1, ks is 2, and k;4 is 3. Finally, the Force matrix F can be easily calculated.

is

and

1

example, the force between parts

For

. Finally, the Force matrix of this case

=40

12

IX2X(+5) % (+4)

2
D16

kik 60,05

Fg

study is shown in Table 10.

Table 9. Distance matrix for product in Figure 6

1] 2] 3] 4] 5] 6] 7] 8] 9|10[11]|12[13[14[15]16]17]18[19]20]21]22

O 1 20 1 21 1| 21 2] 2] 2] 2 2| 2|1 2] 2| 2| 2| 2| 2| 2] 2] 2
20011 O 2] 2] 21 2| 21 1 2] 2] 2 2| 2| 2] 2| 2| 2| 2| 2| 2] 1] 1
3 21 21 O 2] 21 1| 21 2] 2] 2] 2 2| 2|1 2] 2| 2| 2| 2| 2| 1] 2| 2
A1 1) 2] 2| Of 21 21 2] 2] 2| 2| 2| 2] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2

51 21 2 2 2 Of 2] 2] 2| 2| 1| 2 2] 2| 2| 1| 1| 1| 1] 2| 2| 2| 2
6 11 21 1] 2] 2| Of 21 2] 2] 2] 2 2| 2| 2| 2| 2| 2| 2| 1| 1] 2| 2
Tl 21 2] 2] 2] 21 21 Of 1 2| 1] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
8l 21 1 2] 2] 2| 2| 1| O 2] 1] 2 2| 2| 2| 2| 2| 2| 2| 2| 2] 2] 2
9 2] 2] 2| 2| 2| 2| 2| 2] O 1| 2| 2| 2| 2] 2| 2| 2| 2| 2| 2| 2] 2

10 2| 2| 2) 2] 1) 2| 1| 1 1] O 2| 21 2| 1| 2| 2] 2] 2| 2| 2| 2| 2

11 2| 2| 2] 2] 2] 2| 2| 2| 2] 2] O] 2| 2| 1| 2| 2] 2| 2| 2| 2| 2| 2

12 21 2| 2] 2] 2] 2| 2| 2| 2] 2] 2| Of 2| 1| 2| 2] 2] 2| 2| 2| 2| 2

13 2| 2| 2] 2] 2] 2| 2| 2| 2] 2] 2| 2| Of 1| 2| 2] 2| 2| 2| 2| 2] 2

14 21 21 2) 2] 2] 2| 2| 21 2] 1] 1] 1 1| O 2| 2] 2] 2| 2| 2| 2| 2

IS5 2| 2| 2] 2] 1) 2| 2| 2| 2] 2] 2| 2| 2| 2| O] 2] 2] 2| 2| 2| 2| 2

16 21 2| 2| 2| 1) 2] 2] 2| 2| 2| 2| 2| 2| 2| 2| O 2| 2] 2| 2| 2] 2

170 2 2| 2] 2] 1] 2| 2| 2| 2] 2| 2| 2| 2| 2| 2| 2] O] 2| 2| 2| 2] 2

18] 21 21 2| 2| 1) 2] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| O] 2| 2| 2] 2

19 2| 2| 2) 2] 2] 1| 2| 2| 2] 2] 2| 2| 2| 2| 2| 2] 2] 2| Of 2| 2] 2

200 21 21 2 2| 2] 1) 2] 2| 2| 2| 2 2| 2| 2| 2| 2| 2| 2] 2| 0] 2] 2

21 21 1 2) 2] 2] 2] 2| 2| 2| 2] 2| 2| 2| 2| 2| 2] 2| 2| Z| 2| O] 2

221 21 1 2| 2| 2] 2] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2] 2| 2] 2] O
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5.2.5 Maximum Force Matrix

From the Force matrix, the Maximum Force matrix, MF, can be obtained:

+5
+4
+8
+5
+10
+8
+9
+9
+9
L
':+12-
FI2 -
12
H12
| |tof :
| +10

+10
+10
+8

=

+8
+4
+4

From the Maximum Force matrix, we know that [MF,, MF,] = +5, [MF,, MF,,,

MFy,] = +4, [MF;, MFs, MF 9, MFyo] = +8, [MF;, MFs, MFy, MF o] = +9, [MFs, MFs,

MF6, MF7, MF;3] = +10, and [MF;;, MF;,, MF;3. MF4] = +12. Thus, the resulting
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modules are [1,4], [2,21,22], [3,6,19,20], [7,8,9,10], [5,15,16,17,18], [11,12,13,14], as

shown in Figure 6.

5.2.6 Green product design

In this case study, if part 3 (light) needs to be recycled then its disassembly time

and disassembly difficulty need to be reduced. If we chose to integrate the desired green
constraints into the original product modules, the Distance matrix which integrates the

green constraints will be as shown in Table 11.

Table 11. The Distance matrix of the recyclable constraints for product in Figure 7

[ 2] 3] 4] 5] 6] 7] 8] 9J10[11|12|13[14]15[16[17]18]19]20]21]22

I O 1 2] 1] 2] 1] 2] 2] 2] 2] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
201 O 2] 2] 2] 2] 2] 1] 2] 2] 2] 2] 2| 2] 2] 2| 2| 2] 2] 2] 1] 1
3 2] 2] Of 2] 2] 2] 2] 2] 2] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 1] 2| 2
41 1| 2 2 O 2| 2 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2] 2] 2] 2

51 21 21 2| 21 0 21 21 21 21 1 2| 2| 2| 2| 1| 1| 1| 1| 2| 2| 2| 2
6 1] 2] 2] 2] 2] O] 2] 2] 2] 2] 2| 2| 2| 2| 2| 2| 2| 2] 1] 1] 2| 2
Tl 21 2 2 2| 21 21 Of 1| 2| 1| 2 2| 2| 2| 2| 2| 2| 2| 2] 2] 2] 2
8 2] 1] 2] 2] 2] 2] 1] O] 2] 1] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2
9 2] 2] 2] 2] 2] 2] 2] 2] O] 1] 2] 2| 2| 2| 2| 2| 2| 2| 2| 2| 2| 2

101 21 2| 2| 2| 1| 2) 1 1 1| O 2 2| 2| 1| 2| 2| 2| 2| 2| 2| 2| 2

11 21 2] 2| 2| 2|1 2) 21 21 21 21 O 2| 2| 1| 2| 2| 2| 2| 2| 2| 2| 2
12) 21 2| 2| 2|1 2|1 2] 21 21 21 21 21 O 2| 1| 2| 2| 2| 2| 2| 2| 2| 2
13) 21 2| 2| 2| 2|1 2) 21 21 21 21 2| 21 O 1| 2| 2| 2| 2| 2| 2| 2| 2
14 21 2| 2| 2| 2|1 2] 21 21 21 1| 1| 1| 1| O 2| 2| 2| 2| 2| 2| 2| 2
150 21 2] 2| 2|1 1| 2) 21 21 2 2|1 2| 2| 2| 2| O 2| 2| 2| 2| 2| 2| 2
16| 21 2| 2| 2|1 1| 2) 2 21 2 21 2| 2| 2| 2| 2| O 2| 2| 2| 2| 2| 2
170 21 2| 2| 2|1 1| 2) 2 21 2 2|1 2| 2| 2| 2| 2| 2| O 2| 2| 2| 2| 2
18] 21 2| 2| 2|1 1| 2) 21 21 2 2|1 2| 2| 2| 2| 2| 2| 2| O 2| 2| 2| 2
191 21 2| 2| 2| 2|1 1) 21 21 2 2|1 2| 2| 2| 2| 2| 2| 2| 2| O 2| 2| 2
200 21 2] 2] 2| 2] 1| 2| 2| 2] 2| 2| 2] 2] 2| 2] 2] 2| 2] 2] O] 2| 2
21 21 1 2] 2| 2] 2] 2] 2| 2] 2| 2| 2] 2] 2| 2] 2] 2| 2] 2] 2| O] 2
220 21 1 2] 2| 2] 2] 2| 2| 2] 2| 2| 2] 2] 2| 2] 2] 2| 2] 2] 2| 2] 0
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Following the same procedure, we can create green modules based on the Distance
matrix. The results are shown in Table 12. Product design engineers can then compare
differences between the original modules and the green modules for product redesign
and improvement. Since part 3 (light) needs to be recycled, product design engineers
can make the part an individual module in the green design, and [6, 19, 20] another
module. In addition, in module [6, 19, 20], the two screws (parts 19 and 20) could also
be eliminated to make part 3 (light) easier and quicker to replace. Module [1, 4] and [2,
21, 22] could also be redesigned and s.impl_i_fied to make part 3 easier to remove.
Similarly, module [5, 15, 16, 178 18]____ Q(:uldf be £ed¢signed to reduce the number of

5 1 1™
| — |

screws and thereby make the pfoduct qalsi"f“:-{a;dis;assemble.
i . !. '1 y

Table 12. The original structure modules and the recycle modules

Structure modules | [1,4], [2,21,22], [3,6,19,20], [7,8,9,10], [5,15,16,17,18],

[11,12,13,14]

Recycle modules [1,4], 1[2,21,22], 1[6,19,20], [7.,8,9,10], 1[5,15,16,17,18],

[11,12,13,14], [3]

We used the green contribution value to evaluate each one of modules. In the

second case, the Green Contribution contains Modular Index and Recycle Index. For

convenience, we assume the net weight of each part is 1 kg.
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(1) Structure Modules: [1,4], [2,21,22], [3,6,19,20], [7,8,9,10], [5,15,16,17,18],
[11,12,13,14]
6
Modular Index =1-—=0.73
22

Recycle Index =(0+ 0+%+ 0+0+0)=0.25

Green Contribution = 0.73+0.25 = 0.98

(2) Recycle Modules: [1,4], [2,21,22], [6,19,20], [7.8,9,10], [5,15,16,17,18],
[11,12,13,14],]3]
y
Modular Index =1 -+ Z'Z 0.682

Recycle Index = (0.+0 + (Ffbiu 0+041)=1

Green Contribution = 0,6824ly=1.682
The product design engineers can choose modules based on the green contribution

value. After adding the recyclable constraints, we can find that the green product design

is better than the non-green product design from the value of green contribution.
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5.2.7 Merging

If a module has only one connection relationship with another module, the
disassembly time and disassembly difficulty is minimized, which is considered to be the
best case for modular design. Therefore, an atom meets the best condition if the total
sum of the positive charges and negative charges in the atom is one. We define this
condition as “full loading”. A total which is not one implies that the module has more
than one touching relationship with other adjacent modules, and the module is in a
“non-full loading” condition. In this case study? par.ts 5, 6 and 14 are in full loading, and

parts 10, 2 and 1 are in non-full l_oa(iing.

F21 .

O P1(+5)
P2(+4)

20

P10(+9)

L
»O

Figure 7. Modules formed by the atomic theory method for the table lamp in Figure 6
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For the non-full loading atoms, if two atoms can be combined into a full loading
atom by changing one of the atomic nuclei to a negatively charged electron, the number
of modules in the product will be reduced and the connections between the modules will
be simpler. For example, in Figure 9, if the two modules associated with part 1 and part
2 are combined, by keeping part 1 a positively charged nucleus and changing part 2 into
a new negative electron, the two non-full loading atoms become one full loading atom.

After merging, the resulting modules for the table lamp case study design are
shown in Table 13. For the given case study, sc_)l_ution 2 is the same as the solution found

using the method developed by Tseng, Chang and Li{14]. In their approach, they used

-y

GGAs to find modules for the table lamr”":— \

5\l | 1y

Figure 8. Merging two non-full loading atoms into a single full loading atom
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Table 13. Module results for the table lamp case study

Resulting Modules Module | Green
Solutions

(Structure Modules) Number | Contribution

[1,4], [2,21,22], [3,6,19,20], [7,8,9,10],
Solution 1 6 0.73
[5,15,16,17,18], [11,12,13,14]

Solution 2 [1,2,4,21,22], [3,6,19,20], [7,8,9,10],
5 0.77
(after merging) | [5,15,16,17,18], [11,12,13,14]
Solution 3 [1,2,4,7,8,9,10,21,22], ; [3,§,19;20] ,
. U 4 0.81

(after merging) | [5,15,16,17,18], [11%1‘2&13’1;4'1.

k1

5.2.8 Result Discussion ~ fl | = |}

In the case study, we apply tl;e'(-ieve_lopgd method'to a table lamp design which was
used by Tseng, Chang, and Li [14]. We not only have the same results of modules but
also get more types of modules by merging. In addition, we can add design constraints
in our product. If design engineers need to do green product design, they just need to
add green considerations into their design constraints.

This case study shows that the developed method is a practical and efficient
approach for developing green product designs. With our proposed atomic theory-based
green product design method, problems with prior methods obtaining unrealistic

solutions can be avoided. Because all type of modules come from the original modules
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which based on their touch relationships, it can make sure the structure in the product is

reasonable and practical. Our innovation method can also help design engineers

examine the original design for further redesign.
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Chapter 6. Conclusions

This thesis presents an innovative method for green product design by atomic
theory. The developed method can provide product design engineers more control and
finer sensitivity with respect to green design constraints in the initial stage of product
life-cycle design. Study results show that the developed method is a practical and
efficient approach for developing green product modular design. With our proposed
atomic theory-based product modular design method, problems with prior methods
obtaining unrealistic solutions can be avoided. .The proposed method can also be easily
applied to different kinds of products.__Pfodu_ct. design engineers only need to build a
touch matrix and define green.constrqir;t%:.lsro@ct d_esign engineers can establish a
desired number of modules by sel"e'cti.n'g the minimum number of positive charges which
will form atomic nuclei. Different module solutions can be developed and considered by
merging non-full loading modules. The developed method can not only produce product
modules but also provide design engineers a flexible way to add green design
constraints. Different types of modules can be produced, based on the different green
constraints. Product design engineers can compare and choose which module type is
more suitable for the product requirements through module selections and evaluations.

In addition, green product design in the initial product life-cycle stage can control the

recycle rate or reuse rate of the product meet the environmental regulations. Since most
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contemporary CAD systems can quickly calculate the net weight of parts, it can help

product design engineers calculate the design indices and predict whether the products

conform the environmental regulations or not. Therefore, the developed method can

make products more competitive and sustainable in the global market.
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