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Abstract 

This paper proposes a mathematical approach to the 
aiialysis of disassemblability of a product for generating 
stable robotic assembly sequences. The disassemblability 
of a part, which represents a cost for disassembling the 
part from a base assembly, is derived in terms of both 
separability of a part from a base assembly and motion 
instability of the base assembly. Then, stable robotic 
assembly sequences are found in a list of parts, each of 
which is sequentially chosen to have a locally maximum 
disassemblability. To show the effectiveness of the 
proposed method, case studies are presented for 
industrial products. The results are compared with those 
of the previous researches. The comparison shows that 
the proposed method can effectively generate stable 
robotic assembly sequences and provide essential 
informations on fixture design. 

1. Introduction 

In designing robotic assembly system, the generation 
of assembly sequence is a fundamental task because the 
sequence crucially affects the system layout and 
eficiency. Usually, generation of robotic assembly 
sequence involves two major issues: (1) identlfication of 
precedence relations among parts and (2) determination 
of an assembly sequence. The assembly sequence must 
satisfy tlie precedence relations while minimizing 
assembly cost. Generally, the assembly cost is closely 
related with assembly motion instability associated with 
the sequence since fixtures are needed to secure a base 
assembly from the instability. 

For identifylng precedence relations, several methods 
depending on query-and-answers about the precedence 
relations have been reported[ 1-31. However, these 
methods cause some errors involved with the answers to 
repetitive questions. On the other hand, geometric 
reasoning methods using CAD (computer aided design) 
[4], vector representation [ 5 ]  and CSG (constructive 
solid geometry) data [6] have been presented. These 
methods infer precedence constraints from geometrical 
relations among parts. However, these methods cannot 
be applied to complex products due to computational 

burden. As promising alternatives, knowledge-based 
methods have been also reported[7-9]. These nietliods 
are especially convenient in that they require no 
complicated inferring processes. However, they can 
accommodate only shaft-like axial or unidirectional 
parts. 

To overcome the above problems, Cho and Shiii[lO] 
has presented a new graphical method utilizing part 
contact level graphs. This method directly infers 
assembly precedence constraints from liaisons data. 
Utilizing the precedence constraints, feasible sequences 
are successively generated. However, this method can be 
applied only to products having orthogonally-posed 
assembly directions. 

The above sequence-generation methods find a list of 
parts in an assembly order. As alternatives to the 
assembly methods, disassembly methods such as 
decomposition approach[ 1 11 and prererred 
subassemblies extraction[ 121 have been reported. These 
methods, however, did not consider assembly directions, 
which is a basis for selecting assembly robots and 
designing assembly system. 

Most researches in assembly sequence generation did 
not consider both the assembly directions and the 
assembly motion stability. For such a purpose, an 
approach has been proposed based upon evaluating 
separable directions of parts [13]. This method can infer 
precedence relations, and then generate stable assembly 
sequences. On the other hand, backward assembly 
planning method has presented the assembly evaluation 
criteria using stability, directionality and manipulability 
1141. However, a gravity effect was not included in 
evaluating assembly motion instability. Usually, 
downward assembly motion is preferable in robotic 
assembly. Thus, it is required to consider such a gravity 
effect in robotic assembly. 

To cope with the above requirement, this paper 
proposes a mathematical approach to the analysis of 
disassemblability of a product for generating stable 
robotic assembly sequences. The disassemblability of a 
part, which represents a cost for disassembling tlie part 
from a base assembly, is derived in terms of both 
separability of a part from a base assembly and motion 
instability of the base assembly. Then, stable sequences 
are found in a list of parts such that each part is 
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sequentially chosen so as to have a locally maximum 
disasseinblability. 

The next section evaluates assembly motion 
instability including the effect of gravity. Next, to show 
the effectiveness of the proposed method, case studies 
are presented for industrial products. The performance 
are then analyzed by comparing the results to those of 
previous worlts. Finally, conclusions are drawn based 
upon the results. 

2. Derivation of a Disassemblability in 
Consideration of a Gravity Effect 

This section derives the disassemblability in terms of 
Separability and assembly motion instability. The 
separability of a part is a measure to what extent the part 
can be easily separated from a base assembly, while the 
instability of a base assembly means a degree to what 
extent the parts belonging to a base assembly are fixed. 

2.1 Separability 
The separability of a part from a base assembly is 

derived from separable directions. The separable 
directions, collision-free directions to which a part can 
be safely separated, are found from a vector analysis on 
the connective relationship between the part and the 
base assembly. 

2.1.1 The separable directions 
Let us consider multiple-plane contact-type 

connections shown in Figure 1. In the figure, a part pk 
has two contact planes with a part pJ . The two contact 
planes can be decomposed into two subplanes q1 and 
p:. Then, separable directions of the pk from each 
subplane is to be found. 

Figure 1. An example of decomposition of multiple 
contact connections 

Figure 2 shows an example in which a part pk has a 
single contact to the ith subplane cJ. If there exist no 
obstacles, the part pk can be separated from its initial 
position to any direction above the surface of the p:. In 
this case, the following condition holds; 

where c;k , called the contact direction, represents a 
surface normal vector to the surface of the cl, while 
___ 
SuJk represents the ith separable direction of the pk,  as 
can be seen in the figure. 

A 

__ 
Figure 2. Separable directions SU;, for a contact 

direction < 
2.1.2 Derivation of the range of separable directions 

Once the separable directions of a part px  from each 
subpart <' are found, the range of separable directions 
(RSD) can be determined by 

where q is the number of separable directions. Figure 3 
shows the derivation of the RSD for the example in 
Figure 1. 

Figure 3. Illustration of deriving the range of separable 
directions (RSD) 

2.1.3 Determination of separability 
Separability of a part is a measure to what extent the 

part can be easily separated from a base assembly. To 
obtain such separability, a 3D vector space is introduced 
with a unit sphere, where all the vectors are originated 
from the center and pointed towards the surface of the 
sphere. Here, parts blocking or interference is not 
considered in this study. To accommodate such 
blocking, a study should be undertaken to infer the 
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blocking by considering additional constraint about 
rotational motion. The spherical coordinates are shown 
in Figure 2(b).  As can be seen in the figure, the 
integration for all separable directions represents the 
area of the surface on the unit sphere. 

.c Definition 1 > Separability 
The separability of a part pk is defined as the ratio of the 
surface area A, (pk)  for the RSD to that of the unit 
sphere 

where the max(A, ) means the surface area of the unit 

sphere, i.e., 4 n, and 0 I R, ( pk ) I 1. 
For peg-in-hole assembly, the surface area 

representing its separable range is evaluated as zero, 
since the separable motion is directed only along its 
connective direction. In this case, such area is assigned a 
small number for computational convenience [ 131. 

2.2 Assembly motion instability 
Another important factor to be considered in 

assembly sequence planning is the instability of a base- 
assembly motion during disassembly. This is because, 
when disassembling a part, the base assembly needs to 
be fixed without being taken apart. Here, the assembly 
motion instability means a degree to what extent parts 
belonging to a base assembly are fixed. In evaluating 
such instability, the effects of connecting and grasping 
status with fixture, and gravity can be included. 
However, this study stresses the gravity effect to 
establish the basic concept of instability when inferring 
stable robotic assembly sequence. 

To evaluate the assembly motion instability, the 
instability of its individual part should be firstly 
examined. Usually, downward assembly motion is 
preferable in robotic assembly. In a sense of 
disassembly, a part motion becomes unstable as the 19 in 
Figure 2(b) approaches to - T/ 2 .  To consider the effect 
of gravity on part motion instability, an exponential 
function of 8 is adopted. 

< Definition 2 > Part motion instability 
The motion instability ~ ~ ~ ( p ~ )  of a part pk is 
determined by 

.m. .a 

where I I s ( P k )  denotes the surface area for the RSD 
including the effect of gravity, and 

= 2 m hyp[cos m 121, 

and a is a positive constant. 

< Definition 3 > Base assembly 
Let BA, represents the base assembly consisting of c 
parts at the ( n  - e + 1) th disassembly step. Then, a set o i  
base assemblies for all steps can be expressed by 

BA={BA,,BA,-, ,...) BA,} 

where n means the number of parts of a product. 

< Definition 4 > Instability of base assembly motion 
The degree of motion instability of the eth base 
assembly BA, can be determined by summing the 
instabilities of the parts P,'S belonging to the BA,. The 
motion instability E, of the [th base-assembly is defined 
as 

where R, ( p, ) is the motion instability of a part p, 

2.3 Disassemblability 
As a disassembly cost, the disassemblability wd (p ,  ) 

of a part pk is defined in terms of separability cost 
Csp ( pk ) and stability cost C,, ( pk ) . This is expressed by 

where p (0 I p i  1) is a weighting factor determined by 
assembly equipments such as manipulators, assembly 
tool, jig and fixture and feeding system, 
O I C ~ ~ ( P ~ ) S ~ ,  and OSC~,(P~)I~.  The y1 is 
assigned as follows: 

0 : ifC,(P,)=O 

1 : otherwise. Y l  = {  

The separability cost and the stability cost are defined in 
the below. 

< Definition 5 > Separability cost 
The separability cost C,, ( pk j of a part pk is defined by 
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where 

C, 

0 : if a partP, has more than two fit type 
connections whose directions are different 
from each other 

1 : otherwise. 

fit fit e fit fit fit fit 
1.0 0.2 0.1 0.05 0.02 0.01 

and R, ( pk ) is the separability of a part pk in (3). The 
C,, represents an interconnection cost required when a 
part pk is disassembled from a base assembly [13], and 
the exponent m is the number of pegs in the case of a 
multi-peg fit. Table 1 shows the interconnection costs 
for various fits. 

Table 1. Interconnection costs 

Type I no I taper I clearanc I screw I pressure I rivet 

< Definition 6 > Stability cost 
The stability cost Csi ( pk ) of a part pk is determined 
from the following two steps: 

Step 1 : When a part pk is separated from the eth base 
assembly, a change in the degree of assembly- 
motion instability occurs. The change d~ is 
expressed by 

I-I I 

Step 2 : The stability cost is defined as 

In the above T, a performance of jig and 
fixture[l2], is a parameter of the sigmoid 
function. 

3. Assembly Planning and Case Studies 

3.1 Generation of assembly sequences 
Figure 4 shows the proposed algorithm for generating 

a disassembly sequence. As can be seen in the figure, the 
separability cost cSp of each part is firstly evaluated 
from (8). Then, a set of candidate parts to be separated 
are selected so as to satisfy the separable condition: 

C, ( pk ) + 0 .  Next, the disassemblability W, of each part 
is evaluated from (7). Based upon this evaluation, the 
part having the largest disassemblability is disassembled 
from a base assembly. By repeating the procedure until 
no part remains, a disassembly sequence is found. 

/Product  Assembly (BAn) n 
7- 

Select a set of  candidate parts 
r i s e d  on the :andition Csp  * O  1 
L 

I 

I Eveluste the disassembiability. W 1  I 
for eacn candidate part 

- 

Select  8 part having the large31 
dmassemblability in the candtdste 

n Extract ?he preferred part 

Yes 0 
NO I 

(,utput o f  disassembly partial order) 

Figure 4. The flow chart for generating a disassembly 
sequence 

3.2 Case studies 
To show the effectiveness of the proposed scheme, case 
studies are presented for two industrial products. Then, 
the results are compared with those of previously 
presented methods. 

0 
- -1 

”1 I 

Y7f-’ 
X 

z 
assembly direction 

I Bobbin Coil 5 Yoke 

3 N/O Termmel 
4 N/C Terminal 
5 Moving S n t c h  

2 Core 7 HOUSlDg 
8 Cover P!ate 
3 Plus Pm 
10 k n u r  Pin 

Figure 5 .  An exploded view of an electrical relay [lo] 
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3.2.1 Electrical relay 
A knowledge-based method was presented by Cho 

and Shin[lO]. The method generates all feasible 
sequences, specifymg the orthogonally-posed assembly 
directions and the mating method for assembling each 
part. Figure 5 shows an electrical relay, which consists 
of 10 parts. By utilizing the knowledge-based method, 
1,008 feasible sequences were obtained, and then 32 
stable sequences were chosen. Among them, twelve 
sequences shown in Figure 6 are considered to be 
optimal because they have the smallest number of turns 
of the base assembly. Although this method can 
generales all stable sequences, it still has a drawback of 
too much inferring process. 

Figure 7 shows a disassembly sequence generated for 
the electrical relay by using the proposed method. As 
can be seen in the figure, the disassembly sequence is 
generated as P8 -+ P7 -+ (P9, P10) -+ P4 --+ P5 + P3 
-+ P2 -+ P1 -+ P6. It is noted that parts P9 and P10 
have the same disassemblability, which results from the 
same separability and stability costs. Thus, two assembly 
sequences were generated as stable sequences. The two 
sequences are shown to belong to the optimal sequences 
in Figure 6. This is because of the fact that the desirable 
requirements presented by Cho and Shin correspond to 
the stability cost in (10). Moreover, the proposed method 
can generate more desirable sequences than that of Cho 
and Shin since the proposed method considers 
separability that implies a facility of disassembly 
operation, 

Remark AI31 : Accumulated base assembly instability 
MI31 : Maximum base assembly instability 
NT : Number of turns of base assembly 

Figure 6 .  Twelve optimal sequences for the relay[lO] 

3.2.2 Table vice 
Another method using a decomposition approach was 

proposed by Lee[ 121. This method recursively extracts 

preferred subassemblies by verifying the assembly costs 
or disassemblabilities. 

0 20272 

0 38978 
0 18417 

0 A part to  be disassembled wlth 
mammal disassembisbllity 

0 Canidate parts to  be disassembled 

- Candidate disassembly Operation 

Figure 7. Hierarchical &sassembly diagram for the 
electrical relay[ 101 

Figure 8 shows a table vise that consists of 16 parts 
p e n  by Lee[l2], in which an assembly plan for the 
table device was presented as a hierarchical partial order 
graph. Such plan, however, did not consider a gravity 
effect and assembly directions, and thus unstable 
subassembly may occur. For example, if two parts P6 
and P7 that form a subassembly are loosely fitted, the 
subassembly becomes unstable. 

Figure 9 shows a disassembly sequence obtained from 
the proposed method for the product. From the diagram, 
stable sequences can be found as its reverse order : P12 
-+ P3 - P11 -+ P13 -+ P4 -+ P5 -+ P1 - (P15, P16) 
+ P2 --+ 0 7 ,  P9) -+ (P6, P8) + P14 -+ P10. 

P-2 

P 

Figure 8. An exploded view of a table vise[ 121 
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Figure 9. Hierarchical disassembly diagram for the 
product in Figure 8 

In the proposed method, the adjustment of various 
parameters in the equations (4), (7) and (10) may result 
in a different disassembly plan. These parameters can be 
empirically or experimentally determined in 
consideration of the assembly system and equipments, 
and environments such as line balancing and cycle time. 

4. Conclusion 

This paper focuses on the issues pertaining to 
generating robotic assembly sequences based on the 
analysis of disassemblability in terms of separability and 
assembly motion instability. Then, the disassemblability 
is utilized to generate stable robotic assembly sequences. 
The results of case studies show that the proposed 
method is systematic, simple and reliable since it can 
generates stable sequences in which a local optimal 
concept is embedded through the disassemblability. 
Furthermore, since the effect of gravity are included in 
evaluating assembly motion instability, useful 
informations on fixture design can also be provided. 
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