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I. INTRODUCTION

In manufacturing, assembly is a significant cost item and is often the most
labor intensive. Thus the field of automatic assembly to reduce these substantial
assembly cost is one of the largest robot application areas and potentially highly
attractive area.There have been several efforts to further reduce the assembly cost and
time by designing products in such a way that they can be assembled more easily and
by developing systems and machines which make it possible to implement efficient
assembly processes. One such effort concentrates on the assembly/disassembly
sequence generation; as this domain is essential to the successful implementation of
automatic assembly. As the process of assembly/disassembly is reversible, efforts are
geared towards disassembly sequence generation. De Mello and Sanderson have
introduced AND/OR graph to represent all the possible assembly sequences of a given
product. The graph is generated by trying all the possible ways of decomposing all
possible subassemblies in a product [3]. Wolter has used Assembly Constraint Graph
to generate AND/OR graph [9]. De Fazio and Whitney have introduced a method for
generating all possible assembly sequences by obtaining the precedence constraint
among liaisons through a question and answer procedure [1]. Several other
researchers have described other methods for the representation and generation of
disassembly sequences [4, 5, 7, and 10]. For the complex assemblies, however,
most of them seem to be very difficult to implement for practical applications.

In this paper, a new approach and its implementation for the generation of
disassembly plans which include disassembly directions as well as disassembly
sequences are introduced through freedom and interference spaces for the cases of: 1)
Full Disassembly / Assembly, 2) Part Replacement by Individual Disassembly, and 3)
Part Replacement by Group Disassembly.
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II. APPROACH: FREEDOM AND INTERFERENCE
1. Freedom and Interference Space

Disassembling a particular part from an assembly depends on the degree of
freedom (FD) of the part and the degree of interference (ITF) which is acting on that
part from other parts. In our study, we will assume that our disassembly system has
motions of a single translation (a single step) [7]. For the simplicity of explanation we
will consider 4-directional disassembly along the X and Z axes (LURD' in Figure 1 ;
L : Left, U : Up, R : Right, and D : Down) in 2-D plane. The directions are subject to
available disassembly directions of a system. That is, the number of directions and
approach angles are decided by the disassembly situation. Two more directions,
backward and forward, could be added in case of 3-D space. If an assembly is on a
table then a direction into the table will not be considered. According to the concept of
'Design for Assembly', a system with minimum assembly directions through a single
translation is recommended [2]. Therefore, our assumptions are believed not to limit
the applications of this study from the practical point of view. Figure 1 shows an
example assembly and some relationships of FD and ITF on part y. Subsequently the
notations are described.

T

axis Z+

Figure 1. An Example Assembly

a part (or a group of parts) which has ITF on j

a subject part (or a group of parts) which we are interested
in its degree of FD

A(i,j) = FD of j without ITF of i

A(,j) = FD of j with all ITF's of the other parts

B(i,j) = FD of j only with ITF of i

C(G,j) = ITFon j from1i
D(,j) = ITF on j only from i (pure ITF on j from 1)
ABS = absolute FD (ITF) = 'LURD'

z = a group of all parts in an assembly except x and y
(z=121,22, ...,zn).

Part x and y in the Figure 1 correspond to i and j in the notation respectively.
Generally, a situation can be represented by the FD and ITF space as shown in Figure
2. From the figure, we can derive the relationships between parts. That is,

BG,j) U CG,)) = ABS

Ady)) = B(z.)
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Figure 2. FD and ITF Space

From these we can see that if we are able to identify FD (or ITF) of one part
in an assembly against another part, then we can derive A, C (or B), and D. In other
words, if we know B, then A, C, and D can be calculated from it directly.

2. Matrices and Sweeping Table

Considering A(i,j) and C(i,j), we can understand them as AND/OR conditions
for disassembly. The disassembly of any one of i's of A(i,j)'s prior to the
disassembly of j guarantees the disassembly of j. Therefore, A(i,}) indicates 'OR’
condition for the disassembly of j. Meanwhile, C(i,j) denotes the directions of ITF of
i that should be removed so that j can be disassembled. Therefore, C(i,j) indicates the
'AND' condition for the disassembly of j.

In order to generate disassembly sequences, it is necessary to know the
AND/OR relationships between parts. Therefore, A and C values will be derived
through B values. We can build up B values for every part of an assembly by using a
matrix form. This matrix can be easily achieved because it represents parts
relationships of one to one part, not one to many parts. Therefore, we do not need to
consider the relationships of a given part(j) with all the other parts. B and C matrices
for the example assembly in Figure 1 are given in Figures 3.a and b. Dot ('*") is used
to represent 'Nil'.

N x|y z N x|y | oz ] x|y z
X RD| 1D X LU | UR L z XZ .
y | LU LD y | RD UR U . x | xy
z | UR| UR | z | ID}| LD R y . Xy

a. B Matrix b. C Matrix D | yz| z .

c. Sweeping Table
Figure 3. B, C matrices and Sweeping Table

From the C matrix we can see that the part y can be disassembled in the
direction of 'L' if the disassemblies of parts x and z are completed. Such facts are
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summarized for each part and for every disassemblable direction and they are used to
construct the 'Sweeping Table' as shown in Figure 3.c.

Parts within a cell of the table have the 'AND' relationship (C values) with
each other. However, the relationship between cells for a given subject part is 'OR’
(A values). This table will be used to generate disassembly sequences.

III. DISASSEMBLY SEQUENCE GENERATION

Once a sweeping table is obtained from the C matrix, sequences for 1) full
disassembly (F.D.A), 2) part replacement by individual disassembly (I.D.A) and 3)
part replacement by group disassembly (G.D.A) can be generated. :

1. Full Disassembly (F.D.A)

F.D.A implies disassemblies of all parts in an assembly one by one. This is
known as an 'Onion Peeling' [10]. It is implemented by the following algorithm.

algorithm F.D.A
do-until all parts are disassembled
- disassemble all parts with * ¢ * in the sweeping table
in available directions.
( if such a part does not exist, no sequence for F.D.A exists )
- arrange a new sweeping table by deleting disassembled parts.
end-do
end-algorithm

2. Part Replacement by I.D.A

In this section and the following section, a disassembly sequence generation
for the replacement of a particular part is discussed. It generates disassembling
sequences and disassemblable directions in order to disassemble a particular part from
an assembly. It could be utilized for the replacement of an out-of-order or worn-out
part in repair and maintenance. As there is no need to disassemble an assembly
completely in this case, it generates sequences which gains access to the objective part
directly. A temporary assumption is that only LD.A which means disassembling one
part at a time is available. The algorithm for part replacement by I.D.A is as follows:

algorithm part replacement by .LD.A
- if the objective part is disassemblable then stop
- delete redundant cells in the sweeping table
(for two cells i and j in a column, if cell i is a subset of cell j then
cell j is redundant)
- let the objective part be a node of level 0 in a disassembly tree

do-until 1) a path which connects the objective part and a
disassemblable part (parts) comes out, or
2) no more branching is available

- branch nodes of the current level to make the next level
* stop branching a node
1) if it is a disassemblable part, or :
2) if it appears elsewhere in an upper level as an indirect
ancestor node
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* stop branching and cut the path which is related to the node
that appears elsewhere in an upper level as a direct
ancestor node

end-do
end-algorithm

3. Group Disassembly (G.D.A)

A G.D.A means a disassembly of several parts at the same time in the same
direction. G.D.A increases efficiency of disassembly because it can reduce the
number of disassembly steps and the number of parts disassembled compared with
L.D.A.

3.1. Carpenter's Approach for G.D.A

In order to reduce the number of disassembly steps and the number of parts
disassembled in a part replacement, we propose a new concept called "carpenter's
approach". The situation for the explanation of this concept is as follows: "A
carpenter wants to cut a rectangular block out of a log (Figure 4). However, he/she
finds that both ends of the log are damaged (shaded parts) and can not be used.” In
this situation, the carpenter will cut out the damaged part as much as possible with the
least number of cuts. Due to this, the carpenter will take a cut at x rather than at y or at
z to eliminate the damaged part 'c'.

Rectangular
Block

Figure 4. The Concept of Carpenter's Approach

The same concept will be applied to the disassembly problem. An assembly is
divided into two groups: 1) the maximum group which does not include the objective
part, and 2) the minimum group which includes the objective part. Subsequently, the
minimum group is divided into two groups again. This grouping procedure continues
until the objective part is disassemblable or no more grouping is available (algorithm:
part replacement by G.D.A). The grouping structure is as shown in Figure 5.
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Assembly

Maximum Minimum
Group-1 Group-1
Maximum Minimum
Group-2 Group-2

Figure 5. The Grouping Structure
The algorithm for part replacement by G.D.A is as follows:

algorithm part replacement by G.D.A
do-until 1) the objective part is disassemblable( * ¢ "), or
2) no more grouping is available
- step 1
* neglect all cells in the column of the objective part
* neglect all cells which include the objective part
- step 2
* for each row of direction, neglect all cells which
include any part neglected in that row
- step 3
* for every direction, make a candidate group which
consists of all parts not neglected
* the maximum group is a group which has maximum
number of parts (most out of candidate groups)
* the minimum group is a group which consists of all
parts which do not belong to the maximum group
* the direction of the minimum group is opposite to the
direction of the maximum group
- step 4
* Jet the minimum group be the assembly
end-do
end-algorithm

An example assembly is given in Figure 6. We want to disassemble the
objective part 'e' in order to replace it with a new part. The G.D.A concept will be
applied for this assembly.

Figure 6. An Example Assembly for G.D.A



The grouping and disassembling procedure through the algorithm is summarized in
Figure 7.

Assemdly | abcdefgh

MuGl [ adfn | | beeg |g§SER)

Dir. = (L)

Figure 7. A Sequence for Part 'e’ by G.D.A

Objective Part
Dir. = (D}

We can disassemble the objective part 'e' through 3 steps; disassembling 4 parts
(b,c.e, and g). If we follow the I.D.A procedure discussed before, one of the best
sequences will be ( g ->b ->a->c¢ ->e). That is, we have to disassemble at least 5
parts through 5 steps. Therefore, part replacement by G.D.A provides efficiency in
terms of the number of disassembly steps and the number of parts disassembled.

In terms of the number of units of parts handled, however, 7 units (i.e, bceg
+ ce + e) are handled in the sequence by G.D.A. Compared with the number of units
by I.D.A, G.D.A requires more handlings by 2 units. We will try to solve the
handling problem again through the carpenter's approach.

3.2. Reducing the Number of Handlings

If the damaged part 'c' is bigger (or heavier) than the part'a + b’ (i.e,ifc > a
+ b) in the log cutting problem, the carpenter will take a cut to discard the part 'c' and
then he/she will transport only the part 'a + b' to another workplace rather than taking
away the part 'c' because of ease of handling. However, as the part 'a’ is also
damaged, he/she will take a cut to discard the part 'a’ and transport only the part b’
to the workplace. This will reduce the material handling effort. This concept is applied
to the disassembly problems to reduce the number of units of handling. If (Max Gi+1)
has any common disassembly direction with (Min Gi), then the grouping structure
can be modified as in Figure 8.

Max Gi+t

Wax Gi + Min Gi+1

Min Gi+1

Figure 8. The Modified Grouping Structure

In our example, the objective part ‘e’ is disassembled through 3 steps and 5 units of
handling according to this concept.
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IV. IMPLEMENTATION AND AN ILLUSTRATIVE EXAMPLE

The approach proposed in this paper has been implemented in LISP on a
MAC IIcx PC system. The system has been tested for various assemblies ranging
from simple ones to more complex ones in terms of the number of parts and of the
relationships of the parts. Figure 9 shows one of the assemblies. It is a toner cartridge
in a laser printer which consists of several dozens of parts. In this study, it is
disassembled to have 31 parts as shown in the figure. Some assumptions are
followed as it was not designed with the concept of 'Design for Assembly’. One of
the assumptions is such that the screws sl and s2 are not considered because they
require one additional assembly/disassembly direction for screwing them (part 20
could be fixed without them through the design change). Input data for this assembly
can be easily prepared even though it is a fairly complex assembly in terms of
assembly/disassembly sequence generation because it requires considerations of the
relationship between only two parts at a time. A part of the data (B Matrix) is shown
in Figure 10. Based on this data the system generates C matrix and Sweeping Table,
and gives options of sequence generations; 1) F.D.A, 2) LD.A, 3) G.D.A, and 4) M-
G.D.A (Modified Group Disassembly). The output of the example assembly 1is
partially shown in Figure 11. It shows disassembly sequences and disassemblable
directions. The order of disassemblies of parts in a particular step in the case of
F.D.A can be exchanged. For every step, disassembly can be implemented in two
ways. At step 2 in F.D.A, for example, part 6 can be disassembled by; 1)
disassembling part 6 from the subassembly (part7, . . . , part 31) in the direction
of D, or 2) disassembling the subassembly (part 7, . . . , part 31) from part 6 in the
direction of U. The selection depends on the situation, where we need the concept of
"Design for Assembly'.

In F.D.A of our example, parts of the module-1 are disassembled one by one
first (step 1 and 2), five screws, a cap, and a grip ring are disassembled (step 3), and
then parts of module-2, and module-3 are disassembled (through step 4 to 12). This
assembly is disassemblable thoroughly by means of one by one disassembly as
shown in E.D.A. If this is infeasible, then the F.D.A process would stop. Therefore,
this system could be utilized for the sensitivity analysis in order to identify which
parts should be re-designed for assembly or disassembly automation. For a new
design after some modification, preparing the input data for the analysis is very
simple. If part i is re-designed, for example, the changes in the input data happen only
in the column and row of the part i in the B matrix.

The objective part in G.D.A is a magnetic bar numbered as part 17. It is to be
replaced with a new one. Through step 1 and 2, the module-1 except part 6 is
disassembled. At step 3 module-3 is disassembled by module instead of by part. The
effect
of G.D.A compared to LD.A is mainly reflected in this step. Now module-2 is placed
on the part 6. Module-2 is taken in the direction of U at step 4. At step 5 the system
knows that disassembling parts (7 9 10 16 17) in the direction of L is better than
disassembling parts (8 12 13 14 15 17 18 19) in the direction of R. Step 6 says that
the objective part 17 can be taken from the group (7 9 10 16 17) directly. Therefore
six steps are required for the
part 17 by G.D.A. Meanwhile, more number of steps will be required if I.D.A is
used. Grouping is important because not only it minimizes the required number of
steps but also it minimizes the number of changeovers of the assembly or disassembly
directions because parts in a group can be disassembled in the same direction. Step 6
is not necessary as part 17 is taken out during the grouping of parts (791016 17).
This is explained by M-G.D.A which reduces the number of parts handling to 21
units.
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Module-3

Module-3

Figure 9. Toner Cartridge with 31 parts

; "Toner Cartridge”

(seiq B (
( )YLUR)LURD)YLURD)(LURD) ( R)(URD)(URD)(URD)( URD)
(URD)(URD)(URD)(URD)(URD) (URD)(URD)(URD)(URD)(URD)
(LURD)( URD)(LURD)(LURD)(LURD) (LURD)(LURD)(LURD)(LURD)(LURD)( URD)

(L RD)( )(LURD)(URD)(LURD)( R)LURD)(LURD)( URD)(LURD)

(LURD)( URD)(LURD)(LURD)(LURD) (LURD)(LURD)(LURD)(LURD)(@L URD)
(LURD)(LURD)(LURD)(LURD)(LURD) (LURD)(LURD)(LURD)(LURD)(LURD)( R)

Figure 10. Input Data for Toner Cartridge
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Main Menu

F.D.A - Full Disassembly

I.D.A - Individual Disassembly

G.D.A - Group Disassembly

M-G.D.A - Modified Group Disassembly
Help

Stop

?\U\h(ﬂl@lﬂ

=> Select please 1

3¢ 3 3k 3 3 i ok 3 3k 3 e e e 2k 3 3 e 2 3k e e e 3 e e 3k 3k Sk ok e sk 3k e e ke ke 3k ok 3 3k 3k 3k 2k e sk Sk e e e e ok e ke ok sk ek ok

* Full Disassembly *
2k 3k 3he e sk 3 3k sk 3k 3 ke 3 3 e A 3 3 sk ok 3k e ok 3k e sk s 3 ok sk ok ok sk 3k ok ok K sk sk S sk ok sk sk sk ok 9k 2k e 3k 3 e 3¢ ok ek sk sk
* Step 1. Disassemble (1LY 2QL)(B L) R)(SR))
* Step 2. Disassemble ((6 D))

* Step 3. Disassemble ((7L) 8R) (21 R) (23 L) (24 L) (25R) (29 R))

* Step 4. Disassemble ((26 L) (28 R))

* Step 5. Disassemble ((27 R))

* Step 6. Disassemble ((30 U))

* Step 7. Disassemble ((31 U))

* Step 8. Disassemble ((9 L) (12 R) (20 D))

* Step 9. Disassemble ((10 L) (13 R))

* Step 10. Disassemble ((11 L) (14 R) (16 L) (22 L))
* Step 11. Disassemble ((15 R) (17 L))

* Step 12. Disassemble ((18 L) (19 R))

Finished F.DA

s e

=> Input your OBJECTIVE part number 17

e 3k ok 3 2k 2k 3 ok S e ok 2 Sk 3k 3¢ 3k e ke 3k Sk Sk ok 3k sk sk dk 3k 3k 3k 3k 3k ok 3k Sk 3k 3k 3k 3 3k 2k 3k 3k ok ok ok 3k ok sk sk sk sk ok ok ek ok ok

* Part Replacement by G.D.A *

5 3k 3k 3k 3 36 ke 3 3k Sk 3k 3k 3k 9k 3k 3k ok 3k 3k ok 3k ok e ok 3k ok ok 3 2k Sk ok ok k 3k 3k 3k ok 2k 3k 3k 2k ok ok ok 3k ok 3k ke ok 3k 3k ok sk ok Kok k %k

* Step 1. Disassemble into Two Groups

Group 1 => (1 23) in the direction of L
Group2 => (4567891011121314151617 18 192021 22
2324 2526 27 28 29 30 31) in the direction of R

* Step 2. Disassemble into Two Groups

Group 1 => (4 5) in the direction of R
Group2 => (67891011121314151617 181920212223
24 2526 27 28 29 30 31) in the direction of L

* Step 3. Disassemble into Two Groups

Group 1 => (23 24 252627 28 29 30 31) in the direction of U
Group2 => (67891011121314151617 18 1920 21 22) in
the direction of D

* Step 4. Disassemble into Two Groups

Group 1 => (6 20) in the direction of D
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Group2 => (7891011121314 1516 17 18 19 21 22) in the
direction of U

* Step 5. Disassemble into Two Groups

Group 1 => (8 11 1213 14 15 18 19 21 22) in the direction of R
Group 2 => (791016 17) in the direction of L

* Step 6. Disassemble into Two Groups

Group 1 => (79 10 16) in the direction of L
Group 2 => (17) in the direction of R

Finished G.D.A

Figure 11. Generated Sequences for Toner Cartridge

V. CONCLUSIONS

The generation of assembly or disassembly sequence is a complex
process, because the number of alternatives grows exponentially as the number of
parts increases. The reverse of the disassembly sequence is a valid assembly
sequence under the assumption that no external or internal forces affect the parts.
In this paper, a new approach and its implementation were described for the
generation of disassembly sequences through "Freedom and Interference Spaces”
for the cases of 1) F.D.A, 2) .LD.A, and 3) G.D.A. This new approach seems to
be practically applicable in terms of the volume of input data, the easiness of
getting the input data, and the straightforwardness of the algorithms. It requires
n(n-1)/2 input data for an assembly with n parts. The proposed approach can
handle sensitivity analysis of a given assembly.
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