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Modeling Automatic Assembly and Disassembly
Operations for Virtual Manufacturing

Swee M. Mok Member, IEEEChi-haur Wu, and D. T. Led-ellow, IEEE

Abstract—A system for evaluating products in their design and to redesign them as needed so as to minimize total product
phase has been developed for virtual manufacturing. It is in- cost. Finally, the actual manufacturing and de-manufacturing

tegrated into a CAD/CAM environment to calculate cost for — 5ya executed using automated machines modeled by a virtual
assembling and disassembling parts. In our earlier work, a generic bl d di blv (VIRAD t

assembly and disassembly model was developed to represen@ssem y and disassembly ( ) sys er_n. .
operations required for product manufacturing and de-manufac- The system aspect of a VIRAD model is the focus of this

turing. To be useful, the model requires a method for translating paper. We will present our work in defining rules for generating
high-level instructions from product designers into low-level as- and representing assembly and disassembly operations and

sembly and disasse_mbly @nstructions. This paper presents a set Ofcomponents so that a CAD system can be easily linked to a
rules for accomplishing this task. The developed rules are used for . .
virtual manufacturing system.

manipulating strings representing parts and handlers in binary
assembly and disassembly operations. A telephone assembly and
disassembly simulation is used to illustrate the developed system. Il. SYSTEM DESIGN

Index Terms—Assembly, CAD/CAM, design, disassembly, mod-  Accurate modeling and simulation of product assembly and
eling, virtual manufacturing. disassembly operations are key features of the proposed VIRAD
system. The foundation of VIRAD is a newly developed hier-
archical model named the generic assembly and disassembly
(GENAD) workcell. It models assembly and disassembly op-
erations carried out inside a workcell using a developed struc-
PRODUQTS that are difficult to assemble will raise_njantured assembly coding system (SACS) [5], [6], which is briefly

ufacturing cost. Moreover, products that are difficulfjescribed in Appendix A. SACS uses numerical codes to rep-
to disassemble will also increase cost in the near future @gent a set of well-defined assembly and disassembly proce-
manufacturers are asked to recycle their products by a mefges. By associating each SACS code with its operation cost, a
environmentally conscious society [1], [2]. To overcome thigroguct’s total manufacturing cost can be estimated. Based on
potential problem, new products must be designed for eagycg codes, a GENAD workcell uses a binassembly and
assembly and disassembly, especially when automationgigassembly treto represent all assembly and disassembly op-
desired. In our previous work 3], [4], we proposed a solution th@tations and costs. The data generated from a CAD software
?ntegrated a virtual assembly and disassembly (leAD) modg! ysed to generate the product's binary part-merging tree. Key
into a CAD/CAM system. It models the production system ggtormation required will be the principal axis and mating-in-
a hierarchical workcell so that product designers can easiiface’s geometry of all parts. The former is needed for as-
evaluate products for manufacturing and de-manufacturingsmply task planning while the latter is used for assigning var-
The system is unique in such a way that it uses a develongls SACS codes for part-mating operations. A GENAD work-
part-mating coding system, named structured assembly codig is designed to model a workcell environment including its
system (SACS) [5], foranalysis. The SACS codes can be direcffyrts, tools, fixtures, and manipulators. All objects in the work-
implemented in a force compliant robotic workcell for autoge|| are grouped intpartsandhandlers Parts are consumable
mated assembly operations. As shownin Fig. 1, products are fifgins for making products. Handlers are tools in the workcell
designed using a CAD system. In the design process, softwg§emanipulating the parts in order to assemble or disassemble
tools are used to calculate total assembly and disassembly CQ¥roduct. In order to assemble and disassemble parts with han-
This feedback enables a designer to identify problematic pagigrs in the workcell, various operations defined by our SACS

codes are used.
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1. Design: 2. Virtual Prototyping:

Virtual Prototyping System for Product

Assembly/Disassembly:

1. Analyze merging tree structure to
generate binary merging tree

2. Generate tooling requirements

3. Assign mating instructions

4. Estimate assembly/tooling cost

Computer Aided
Design/Manufacturing
(CAD/CAM) System

Product |, _
Designer

A

A
Expert System/Optimizer:
1. Use standard tools

A 4

Product »| 2. Use standard mating interface
Design 3. Optimize merging sequence
Database 4. Suggest design changes

Factory workcell
capability and cost

1. Drawings of product parts
2. New tools requirements

3. Workeell instructions database
1
3. Manufacturing and :
Demanufacturing: Production
nstructions
and. workeell 1. Factory workcells in use
operation database | 2 Standard tools in use
T 3. Workcell operation model and cost
Manufacturing: Demanufacturing:
1. Fabricate parts for product 1. Fabricate tools
2. Fabricate tools 2. Force compliant workcells
3. Force compliant workcells 3. Disassemble product
4. Assemble and test product 4. Recycle material

Fig. 1. Framework of proposed virtual assembly and disassembly for product design.

feeders, as shown in step 2 of Fig. 2. Re-using of handlersthe disassembly tree. Then, the operators OP1 and OP2 in
such as manipulators and part grippers in a workcell can thEigy. 2 are changed fromt’to* — and ‘—"to “ +’, respectively.
be applied to minimize cost. During the third step, assembhhirdly, each SACS operator (in the assembly tree) associated
instructions for assembling the product will be generatedlith its parent node is now associated with its child node, as
from all part-to-part, handler-to-part, and handler-to-handlehown in part 1 of Fig. 3.
operations, as illustrated in step 3 of Fig. 2. Handler-to-handlerA GENAD workcell uses a small set of SACS-based opera-
operations are indirect operations associated with the assenthips to join primitive parts into larger and more complex parts
of a work piece, such as a robot attaching to a part grippguring assembly, or vice-versa during disassembly. These are
or a feeder being replenished with new parts. Together, theke lowest level instructions generated in this process. The rules
generated instructions form the product’s assembly tree. for handling such operations will be described in the following
addition, each subpart's tree created from a disassembBction.
operation is an independent binary tree representing operations
that can be carried out in a parallel process. In Figs. 2 and 3,
these relationships are represented using dotted lines. . A SSEMBLY AND DISASSEMBLY OPERATIONS

From the assembly tree shown in Fig. 2, we can easily gen-
erate a disassembly tree shown in Fig. 3. We first rearrange th&Ve shall adopt the following convention to describe assembly
binary assembly tree from Fig. 2 in a top-to-bottom directiorand disassembly operations and use strings to represent parts,
For example, the assembly tree’s root node becomes a leaf noglulting from these operations.
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1. High-level assembly tree for 2. The needed assembly and disassembly handlers

parts A, B, and Subpart are assigned for each part. They include:
(i.e. P,, Pyand Py ppart) feeder, gripper and robot (e.g. H, H;,, Hy))-
is from CAD system.

Py I:> H, Hga Hg,

PAPB o PSUBPART

— Py I:> Hg Hgp Hg,

P, P — PsuBPART

Psuppart l::> Hg Hgs Hgs

3. An assembly tree for part A and part B is created using the assigned parts and
handlers, and their SACS operations. Subpart with only one part is a primitive part.
Assembly tree operators are set to: OP1=‘+" and OP2="-",

Hy, PP Assembled ASS@";‘;‘ ke i) .
—— Moving Pa
OP2(3010) J= H;p ATB Part —— Stationary Part
+ Assemble
- Disassemble
H Part Handler
. P Part
4 HRI A i X
rrow Direction
OP2(3010 Hga
HRXHGX
HRIHGA
|HR2HGBPBPAHGAHR1 ] OP1(3010 Hex
, OP1(3010 Hg HgaPa Hex
g Hg,HgpPp OP2(3010 H,
g
: OP2(3010 Hg Hg,HgaP H,
&=
2 Hg,HsPeHp OP1(3010 H,P,
5] I
2 OP1(3010 HgPy | Hg, H, | OPI1(3010
< T T
|HR2HGB| (Copi3010) J (COPI(3010) J=H,,| (Ha
OP1(3010) m=H:s| | Hy
HRZ P B l:)A

Fig. 2. Three steps to generate a GENAD tree from CAD data for assemblingfartd B.

Let: denote an alphabet set anpldenote a binary operation, (S, o §1) = S1S%. (We assume a stationary composite product
whereope{+, —, 0o} (Symbole: “element of”). LetE* denote represented ibold.) The former assembly notation is known as
a set of all composite sequences of elements.ilssociated an infix expression, whereas the latter is known as a postfix ex-
with each operato#-, —, there is a SACS code, and an assocpression. For exampleABDC = CD{+(SACScode)}AB”"
ated cost. Moreover, each SACS code involveta#ionarypart means that partABDC is the resulting part of assembly
(represented ibold) and amovingpart. operation CD{+(SACScode)}AB in infix notation, or

A primitive part is denoted byeX and a composite part re- (CD)(AB){+(SACScode)} in postfix notation.
sulting from a sequence of binary operations is represented byfo disassemble a part Ibgmovinga component from a com-

a stringSeX*, where@e%* is a null object. We define string posite part, there are two possible operatidds;-} and{ R—}
concatenation operationon stringsS; and S, asS; o So= for left and right part removal operations, respectivelySif
ayaz ...apbiba .. by, if S1=ajaz...ar, andSa=b1by ... b,,, is removed from the left 08, S%, we write S;S5{L—1}5; or
where{a;,t =1,2,...,k}eX, and{b;,j = 1,2,...,m}eZ. If (S1S%)S1{L—} and the resulting two parts atg andS,. If
S=ajas...a, then(S)" is defined as5” = agar—1 ...a1. We Sy is removed from the right 8, S%, we writeS; S5{R—1}5
further definec o @ = @ o e = ¢ for any primitivees . or (S15%)5>{ R—} and the resulting parts are alSe and.Ss.

To assemble two parf$; andS, by mergingS; with Sz we  In our figures,{ L—} is treated as the default disassembly oper-

write So{+}57 or S2S1{+} and represent the resulting part agtion and it is represented usitig }.
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1. Disassembly tree is created by arranging the assembly tree in reverse.
In other words, top and bottom of the assembly and disassembly are reversed.

Original assembly tree Disassembly tree
Hg, |HR2HGBPBPAHGAHR1 |
HGB Hg Hga
Hg,H,
(HooFloy| [FuboaPPs]
PP, P,P,
Hg,HgpPsP
| r2tlGels AI lszHGBI
-(3010 Hy H
CEaIo0— iy oy o o
,HmHGBPBPAHGAHR1| ‘ Hg,

2. A disassembly tree created using the assembly tree from Figure 2.
Disassembly tree operators are set to: OP1=‘-" and OP2="+’

Disassembled Parts
Hy, Py - M P,
Hgp Hp J Hg,
1
Hg,Hgg [OP1(|3010) [OP1(|3010) Hga H,

}

OPI(3010 | HyPg Hg Hga OP1(3010

Hg,HgpPsHp H,P,
Hg, HgaPsHy
Hg,HgpPs Hy

=]
8
2 OP1(3010) Hg HgaPs
=1
H {
=3
2z Hg,HgePePaHoaHg Key: )
£ Refer to Key in
2 H..H .
g RITIGA Figure 2.
A [OP2TOH H,
H Note:
Hy,Hos See Part 1 above for
Hgp explanation on how
P.P this disassembly tree
H A'B .
R2 is constructed.
Fig. 3. GENAD binary tree generated for disassembling parend B.
For example, CD = ABDC{—(SACScode)}AB" We can also express the above sequence of operations using a

means that partAB is removed from ABDC and postfix expression, which describes only the operations without
the remaining part is represented b¢D, whereas explicitly giving the string representations of intermediate com-
“AB = ABDC{R — (SACScode)}CD” will also result ponents. ThatigF'A)B{+}{CDE)C{—}{+}. See[7]forde-

in two composite parts represented AB andCD. tails of how to evaluate a postfix expression.

When multiple parts are involved in a sequence of as- Inthis example, if par€ was removed first, the resulting part
sembly and disassembly operations, we may expresscdnsists of two composite parts representedsdy and 1A,
using an infix expression, following the conventional evaland a primitive part represented B We then assemble part
uation order of an arithmetic expression involving additio®s with partFA to getBAF. If now we choosdD as the sta-
and subtraction operators and parentheses. For instarmmary part, then by defauli A F" becomes the moving object.
FA{+}B{+}(CDE{-}C) is evaluated as follows. ConsequentlyB AF" will be placed to the left-hand side &D
to get a final product oBAFDE—the reversed representation
of EDFAB. Although these two alphabetical strings look dif-
FA{+}B{+},(CDE{_}C), ferent, they still represent the same part in a physical world. As

= B(FA)"{+}(C(ED)"{-}0) long as the mating interface betweBal /” and ED occurs be-

= (BAF){+}(ED) = (ED)(BAF)" = EDFAB tween parts” andD, they are the same.
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In the following we use” and H to denote a part and han-  yiin pcBoard  Speaker oo Front Housing Pu3_Sw Ptt3 Pad
dler, respectively, and use subscripts to represent parts’ and ha p— .
dler's names. For example, robot one and a part gripper for ¢
part named4 are represented bl g; andH¢ 4. They are fur-
ther illustrated in Fig. 2, whereby an objeEi P4 is assem-
bled from two primitive parts”?4 and Pg via an insertion op-
eration. They are assembled using two robots, each equippe
with a gripper. Robot number or{é{z;) starts by attaching a
gripper for partA (Hg,.) creatingHgy Hg.4. The process is
modeled ad a {+(3010)} Hr;. SACS code 3010 is a posi-
tion-controlled assembly operation with a cost c3010 to operate Parts:
defined in Fig.8. RoboH ; is modeled by SACS code 3600, a #) Front_Housing Antenna
. : . B) LED_Lens
six degrees of freedom (DOF) manipulattis 4 is modeled by ¢ py_sw
SACS code 3110, a one-axis gripper without force compliance D) Ptt_Pad Rear
and is stationary during the assembly operation. All the other as 11;33 pP::33_fS>::j Housing
sembly steps in the same figure are self-explanatory following G) Keypad Vibra_Motor :
the aforementioned notation. H) Speaker

For the process of disassembling prodigtPp into part’y }) I;Iexpa%_;CD_Board Battery_Cover
and partPz, we examine the disassembly tree in part 2 of Fig. 3. K)) R;“r—}lcou‘;?;‘; .
The two robots with grippers used in the assembly process ar 1y vibraMotor
again used to manipulate the parts. At the third level from the M) Antenna
bottom of the disassembly tree in Fig. 3, they both grip onto N Battery Cover

. . . . 0O)Screw
P4 Pg. Following that, a disassembly operation between the in- p) g 1\
terface of Py and Pg takes place. Robot number one with a Q) Screw
gripper proceeds to placB, into a recycling binH 4, before R) Screw
disassembling itself front/ 4 P4, representing the part and re-_ , _ _ _
. . T . . Fig. 4. Telephone with 18 parts used in the simulation.
cycling bin. Similarly, robot two with a gripper proceeds to re-
lease parf’g into a recycling binH 5. Finally, their grippers are
returned to their holders at the top most level of the tree, cosuch as cycle time. At times, it may even make sense to use
pleting the disassembly sequence. a higher-cost handler to reduce its operation cost. In the long
run, an optimized solution may include a set of standardized
GENAD workcells. Then, most parts will be handled by the
standard workcells while some custom handlers are used for the

From the generated assembly and disassembly tree, the teganaining (small) set of unique parts.
assembly and disassembly cost can be formulated as follows:
total cost= operation cost handler cost.

The operation cost is equal to the sum of all costs associated
with SACS operations. Handler cost is the total cost of all han- Simulations were carried out on a telephone handset. The
dlers required for performing the assembly or disassembly oppreduct consists of 18 primitive parts, as shown in Fig. 4. Parts
ations. For a product that is fully reversible in terms of assembiynd handlers required for assembly and disassembly operations
and disassembly operations, the total cost is obtained by addivere modeled using the described GENAD workcell method-
all operations as we traverse the assembly and disassembly tlegy. Each operation for merging and separating parts was as-
from its leaves to the root. Similarly, total disassembly cost 8gned a SACS code, as shown in Figs. 5 —7.
obtained by traversing the same tree from the root to its leafTo simplify our simulation explanation, the following abbre-
nodes. However, if a product that cannot be disassembled\bgtions were used. First, each part is given an alphabetic name:
simply applying the assembly operations in reverse or by usidgthrough R. As before, parts and handlers are denote@as
the same set of handlers, a different disassembly tree shouldhbd H, respectively. Secondly, the operators named OP1 and
generated. OP2 are setto{"and “—", orto “—" and “+”, for assembling

In practice, cost increases with the increased capability @f disassembling the product, respectively. Finally, lines con-
tools; thus, tool selection can significantly influence the finalecting parts and handlers in the assembly tree are coded using
assembly and disassembly cost. In a prototyping environmetuip types of line, thicker-line and thin-line, representing the sta-
handlers’ costs will dominate the total cost. Conversely, opet#enary part and moving part, respectively, during assembly or
tion cost dominates in production since it will increase linearlgisassembly operation.
with the number of products made, while handlers’ costs areAs part of our simulation, we used the designer’s telephone
effectively lowered as they get amortized over a larger numbassembly tree to generate a detailed assembly and disassembly
of product units. Maximizing handler reuse is always benefiree by following the GENAD workcell guidelines. Two key
cial, especially in low-volume production. In high-volume proparts named4 and K are important as they hold all the
duction, design should also focus on minimizing operation cagmaining parts in place. Part accepts parts3 through.J,

Keypad_LCD_Board

Screws (4x)

IV. ASSEMBLY AND DISASSEMBLY COST

V. SIMULATION RESULTS
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Additional operations continue
to form Hg \H; P sPpPPrPePsPcPuP PPy P Pk

H before continuing in Figure 6

R2

OP2(3010)= Hg Hg HgaPaPpPcPePEPp Key:

Hg,Hep {@ P, Part (named A)

IHRZHGBPBPEPFPCPDPAHGAHRI I H Handler fo%‘ Part-A

A (Robot, Gripper, Pallet)
' 7 An abbreviated
'H..H E representation of a
R0 subpart with handlers

SACS: Stationary Part
SACS: Moving Part
{oP1(1012 bl Robot with a Gripper and

I Hp, Hp,HscPc Part. OP2 and OP1 are

respectively assembly and
equivalent

. OP2(3010) M Hge H..H-.P,P.P, disassembly operators
(abbreviated) *- RLGhAaDC OP1(3000)f  ysing SACS codes

representation is:
_________ Hy,Hge *OPZ 3010 For Assembly: OP1=+’, OP2=*-
! ; For Disassembly: OP1=*-’, OP2=*‘+’

|HR2HGEFPEPFPCPDPAHGAHR] |

* An

__________ l HyoHocPcPpP aHgaHr1 I
A
Feo | BraHocPe | |ufouP o 5
*—-] H 3. Pit_Switch g
—— @ B Hy,HopPoP AHgaHe '§
HRZHGD é’
=
o
g
Hg; Hg,HopPp ﬁ
HyaHoeePsP; | OP2G010H Hor Hp H,
OP2(3010)_F HysHoe [HegHopPoH | | e HoaPaH |
HAPA
HRZHGEFPE PFHGFHR3
I | Hy,Hoa
*OP.I — . HrstorPe | OP1(3010)MH,
T 5. Ptt3_Pad L
P HroHoerPs | Hyy Po| |Hg
4. Ptt3_Switch 2. Ptt_Pad 1. Front_Housing

Fig. 5. Assembly and disassembly tree generated for the telephone simulation.

while part K accepts parté. through R. Four screws named grasped by g1 H¢; 4, the two objects will merge to become a
O, P,Q, and R hold the two key partsd and K together single object labeled r; H;.4 P4 H 4. Before the robot can re-
after assembly. move P, from feederH 4, a disassembly operatidr-(3010)}

We will now trace their operations as described in the gerseparated,, from Hgri Hz4P4. The handler HA is now an
erated assembly and disassembly tree, as shown in Figs. ®fipty feeder.
The assembly process starts with (Front Housing) andPp, A second robot Hgs performs similar operations on
(Ptt.Pad), in Fig. 5. They are initially loaded into their respecH¢p, Hp, andPp to form Hgra H p Pp. It then moves to at-
tive feeders nameH r 4 andH . Once loaded using operatortach itself toH g1 He; 4 Pa, forming Hgo Hop Po PaHg s HR: -
{+(3010)}, the resulting “feederd with part A” and “feeder RobotH g, Hsp proceeds to releaskp that is now attached
D with part D" are denoted H4 P,” and “Hp Pp,” respec- to HgriHgaPsPp. If robot HgriHs4 also releases Part
tively. Part grippers fot?4 and P, (abbreviated agi;4 and P4 at this point, we would have an assembled part called
Hgp) are similarly attached to robots one and two (abbreviatde), P4. However, in Fig. 5, the assembly operation con-
asHpg; and Hg) to form Hgi Hg 4 and HroHe p, as illus-  tinues by attachingd g1 Hg aPaPp t0 HraHgeo P to form
trated in the lower part of Fig. 5. To assemble pattand D, Hg:HgcFPcPpPaHgaHpgi. (Notice that roboH g, is being
Hgi Hg4 moves to the location off 4 P4. When partP4 is re-used for partP: after assembling®,.) When Hgs Hi o
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continue in Figure 7

| Hg HoaPAPpPcPrPePpPcPyP P PPy Py I

Key: CooTTTT
Refer to Key in Figure 5 E HRZHGK: OP2(3010)

l HyoHgi PPy PyPyPiPyPGPpPEPeP PrP s Hea e, |

Rear_Housing (with OP1(1213)
Multiple Parts)

_______________ HeHuPcPPw | | HyHo\P.PrPCPPePPGPPP, |
g HesHewm E Hg,Hg
T [HuHa PPt [HrHgP PR PP PP o |
| HyHop Py ¢ OP1(0024) H,,H,,P, OP1(0023)
Rl oo O
E Hy;Hey E Hy,He; ;—M

| HasHo P PcHoHi | , HrHrPPuPoPsPePePcPpPsHg He |
§ HysHe Py, }_m ' Hy,HeiPy i

T i Metor HRZHGKPK 9. Keypad_LCD_Board [ He,HgaPaPoPcPiPPoPcPy |

11. Rear_Housing : Hy,Hgy : OP2(3010)
I HpoHePuPPPePrPcPpPaHgaHy, |
 HeHoyPy | OP1(2100)

8. Speaker | Hg HgaP APpPcPePePePg |

- HoHg,

| HRZHGGPGPBPEPFPCPDPAHGAHRl |

 HeoHooPo

7 Keypad Hy HgaPAPpPcPrPEPE

continue from
Figure 5

Fig. 6. Generated telephone assembly and disassembly tree continued from Fig. 5.

releasesP, the three parts®s Pp P are now attached to one at a time, as shown in the middle of Fig. 7. As a result,

robot one, represented g, Ho 4 P4 PpPo. The remaining the tree has four assembly and disassembly operations using

operations are executed in a similar manner. To reduce cluttettie same handler. Finally, a BatteBover(Py) is assembled

the figures, some detailed operations were not shown explicitly. the telephone. The completed telephone is represented by

For example, the LED.ens (HRQHGBPB, inside a dotted PNPRPQPPP()PKPLPA4PJP[PHPGPBPEPFPcPDPA.

box) near the top of Fig. 5 has a set of associated part fetchindg-or disassembling the telephone, the disassembly tree can be

operations that are not shown. interpreted in a similar fashion. However, the operation starts
In Fig. 6, four more parts are assembled into the front housifrpm a fully assembled product, at the top of the assembly

toform Py Pp Po Pr Pr Pg P Py PPy, grasped b g  He 4. tree. In addition, the operators OP1 and OP2 are now set to

In addition, the antenna and VibMotor are assembled into“—" and “+,” respectively. Initially, an assembly operation

the back housing to fornPy PPy, grasped byHgr:Hgi. createsHgriHga (robot number one and its gripper). Then,

The back housing operations could have been executed in maisecond set of handlefégz, H;ny attaches to the telephone

allel to the front housing to reduce cycle time if more harbody (P4 Pp ... PoPr) and the battery covefPy). A dis-

dlers were used. Subsequently, to hold the front and back hoassembly operatiof —(0023)} then separate®’y from the

ings together, a custom handler namEd, pgr drives four main telephone bodyP4Pp ... Py Pr). Following that, Py

screws £o, Pp, Pg, andPr) into the assembled parts. The hanis placed ontad , which is now more appropriately referred

dler can load four screws simultaneously but it dispenses théonas a recycling bin foPy.
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Key: Assembled Telephone
Refer to Key in Figure 5 -

P.PP P;P,P P P,PPP.P.PPPPPP,

OP2(3010)

T
=

jus
o)
»

Note: | ‘:---mmeeeee-
CooTTTTTTTT 3 | Hg HgaP APpPcPEPEPRPGPLP P P\P) PP oPpPPRPy |
retrieves 4 Hp,Hen

OP2(3010
screwsatone | T | HyHonPuPrPoPPoP P PyP P PyPPeP PP PoP HoaHe, |
OP1(0023)

HSOPQR

J

time but it can : :
'Hy Heo Py
R277GN" N ; 18. Battery_Cover

only drive in I
one screw at a (mmmmmmmenees - | Hy HgaP pPpPcPePePEP PP P PyP P PoPpPoPr |
time. OP2(3010

-------------- rHRZHSOPQRPRPQPPPOPKPLPMPJPIPHPGPBPEPFPCPDPAHGAHRl |
/ Hg,HsoporPr OP1(0024
| HRIHGAPAPDPCPFPEPBPGPHPIPJPMPLPKPOPPPQ ,
OP2(3010
l HRZHSOPQRPRPQPPPOPKPLPMPJPIPHPGPBPEPFPCPDPAHGAHRl |
OP1(0024
I HRlHGAPAPDPCPFPEPBPGPHPIPJPMPLPKPOPP ,

{ Hy,HsoporPrPo OP2(3010

i

—
8
jea
8
3

A

i

]

HRZHSOPQRP R

i

HRZHSOPQRPRPQ

d

| HRZHSOPORPRPQPPPOPKPLPMPJPIPHPGPBPEPFPCPDPAHGAHRl |
Hg,HyoporPrPoPp OP1(0024

| HRlHGAPAPDPCPFPEPBPGPHPIPJPMPLPKPO |
Hy,HsoporPrPoPp OP2(3010

i

|

| HyoHsoporPrPoPpPoPkPLPMPIPIPHP GPEPEPEPPOP AHGAHR) |
HpoHsopgrPrPoPrPo OP1(0024

\ Hy HaP \PpPcPePPpP PP PPy P, Py
HRZHSOPQR PoPpP QP R

OP1(3000) HSOPQR continue from

]

Figure 6

HR2 14 - 17. Screws (4x)

Fig. 7. Final part of telephone assembly and disassembly tree ends from Fig. 6.

In this simulation, all parts were considered fully recyclablsembling parts and was used 42 times for disassembling parts. In
and they could be disassembled using the same assembly fzalulition, the cost for the required handlers willHg + Hp +
dlers. However, most real products have parts that are not #¢-+ Hpr+ Hg+ Hg+ Ho+Hy+H;+H;+Hy +Hp +
signed for disassembly. In such cases, the assembly and diség—+Hsopor+Hn+Hos+Hap+Hoc+Hapr+Har+
Sembly trees will be different. Hop+Hoge+Hogg+Hor+Hgyj+Hay +Hor + Ho +

In the assembly and disassembly trees, each SACS codélisy + Hgr1 + Hro + Hgrz. When OP1 and OP2 are reversed,
associated with two operation costs related to assembly and digeh assembly operation becomes a disassembly operation and
assembly, respectively, shown in Fig. 8 By summing up thesie-versa. In the simulation, every handler was assumed to be
individual costs for all SACS operations in a assembly treeapable of performing both assembly and disassembly opera-
a total cost for product assembly and disassembly can be tains; thus, the cost of disassembling this telephone can be eval-
tained. Based on the SACS table defined in Fig. 8, the estimateated by(47*d3010) + (2*d2100) + (3*d1012) + (4*d0023) +
maximum assembly operation cost for assembling the simulai@dd1213) + (5*d0024) + (2*d3000) + (42*¢3010). In this
telephone is equal t47*¢3010) + (2*¢2100) + (3*¢1012) + case, SACS operation 3010 was used to disassemble parts 47
(4*c0023)+(2*¢1213) +(5%c0024)+(2*3000)+-(42*d3010). times and to assemble parts 42 times. In most practical situa-
In this example, SACS operation 3010 was used 47 times for éisns, the product assembly and disassembly operations are not
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Cost
Level 0 |Level 1|Level 2| Level 3| Part Mating Type Code |AssemblyDisAssem.

0 (Hole) OR P Z against-fit (null) 0023 | c0023 | d0023

P w screw-fit (null) 0024 | c0024 | d0024

IR P Z fit (Rz) 0123 | c0123 | d0123

\ Y side-fit (Ry) 0112 | cO112 | doO112

2R \4 Y e-fit (RxRz) 0212 | c0212 | do0212

P Z e-side-fit (RxRy) 0223 | ¢0223 | d0223

3R v 4 sph-fit (RxRyRz) 0313 | c0313 | d0313

1 (Groove) | OR v Y semi-against-fit (Ty) 1012 | clol2 | d1012

IR \% Z semi-fit (TyRz) 1113 | cl113 | d1113

p Y semi-side-fit (TyRy) 1122 | cl122 | d1122

. H X side-semi-fit (TyRx) 1131 | c1131 | d1131

2R \ Z e-semi-fit (TyRxRz) 1213 | ¢1213 | d1213

o) Y e-semi-side-fit (TyRxRy) 1222 | c1222 | d1222

H X e-side-semi-fit (TyRyRz) 1231 | cl1231 | di231

3R \% Z sph-semi-fit (TyRxRyRz) 1313 | c1313 | d1313

2 (Plane) 1R N N against (TxTyRz) 2100 | <2100 | d2100

2R N N e-against (TxTyRyRz) 2200 | c2200 | d2200

3R N N sph-against (TxTyRzRyRx)| 2300 | ¢2300 | d2300

3 (Handler) | OR C N stationary-compliant (null) [ 3000 | c3000 | d3000

P N stationary-position (null) 3010 | ¢3010 | d3010

IR C N laxis-compliant (null) 3100 | c3100 | d3100

P N laxis-position (null) 3110 | ¢3110 | d3110

6R C N 6axis-compliant (null) 3600 | c3600 | d3600

P N 6axis-position (null) 3610 | c3610 | d3610

XR C N Xaxis-compliant (null) 3X00 | ¢3X00 | d3X00

P N Xaxis-position (null) 3X10 | ¢3X10 | d3X10

Custom (New custom SACS codes can be added later to handle new operations)
Key: Type 0,1,2,3: V=Vertical P=Parallel H=Horizontal N=Don’t Care
Type 3: Level 1: Degree-Of-Freedom Level 2: C=Compliant P=Position

X=0,1,2,3,...,n degree of freedom
Fig. 8. Assigned SACS codes from the developed structured assembly coding system.

so easily interchangeable. Moreover, handlers are usually deTo illustrate the developed system, a telephone assembly and
signed to only perform either assembly or disassembly opethsassembly simulation was carried out. The results showed that
tions. As a result, their assembly and disassembly operation castual assembly and disassembly operations could be modeled
equation will not be the same. successfully. High-level product assembly instruction is first ob-
tained from a CAD system. A binary assembly and disassembly
tree is then generated. Each part is assigned with a set of han-
VI. CONCLUSION dlers for assembly and disassembly operations. In our model,
we use string notation to manipulate parts and handlers for as-
A system for assisting product designers to recognize asémbly and disassembly. Furthermore, based on cost assigned
correct potential manufacturing problems in their product t® each SACS operation, the total cost for assembling or disas-
presented in this paper. The proposed virtual assembly and dismbling a product can be obtained by summing up the costs
assembly (VIRAD) system can be integrated into a CAD/CANequired for all SACS operations and handlers.
environment. It is set up for encouraging product design In our future work, an algorithm for generating optimized
intervention during the design process so as to prevent ba@ENAD assembly and disassembly trees will be developed.
designed parts from ever reaching production. The developgedaddition, automatic task planning for assembling and dis-
system uses a model of generic assembly and disassengdgembling parts based on SACS-defined operations will also
(GENAD) workcell, which in turn uses a developed structurelge studied. In addition, a muscle-like compliant-control [8], [9]
assembly coding system (SACS) to describe assembly amidl be implemented on a robot to execute these low-level SACS
disassembly operations. operations.
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APPENDIX [7] A. V. Aho, R. Sethi, and J. D. UllmanCompilers, Principles, Tech-
. . niques, and Tools Reading, MA: Addison-Wesley, 1986.
The previously developed structured assembly coding[s] c. H. wu, “Compliance control of a robot manipulator based on joint

system (SACS) [5], [6] can encode all mating-operations for  torque servo,Int. J. Robot. Resvol. 4-3, pp. 55-71, 1985. _
assembling two primitive parts in a three-dimensional (3-D) % & F K. S ung anc. ) Charg, Anayssand mplementaton
task space. It uses a force compliant system to define assembly contr. Syst. Tecnglvol. 5, pp. 586-597, Nov. 1997.

operations [8] between atationary part and amoving part.

The geometric constraints between two mating parts, a moving

part and a stationary part, are used to determine the assen
or disassembly process. The basic SACS coding system u
four levels (the first four columns in Fig. 8) to code 24 types ¢
part-mating (the fifth column in Fig. 8) operations defined fo
primitive parts. The corresponding SACS codes for these
types are listed in the sixth column of Fig. 8. SACS is a genel
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coding system based on the geometrical constraints betw: S ':I]e is g Ser:iLorHSté_iff_ Er&g&leter e}t MO;gg);a Lﬁbsy

. P - Cchaumburg, IL. He Joine otorola in , where
two parts. A dgtalled description of how to define SACS code. he worked on two-way radio manufaciuring. Some
can be found in [5]. of his recent work includes the development of a production process for at-

For the purpose of developing a model of GENAD workcetkching fine-pitch flip chips onto organic substrates, high throughput surface

. . B . nt technology equipment, and wireless biomedical sensors. His current re-
in this paper, a new set of class-3 objects called handlers, SLggﬁch interests include CAD/CAM, assembly and disassembly of electronics

as fixtures, robots, end-effectors, pallets, feeders are also gleducts using intelligent force-compliant robots, and embedded devices for
fined by the SACS code. For example, the two handlers wighAntrol and communication.

SACS codes of 3000 and 3010 are grippers with and without

force compliance control, respectively. A Level-0 code of 3 (the

first left digit of the SACS code) is always assigned to handler
Level-1, the second digit of the code, describes the numt
of degrees-of-freedom (DOF) the handler possesses. A hant
with 6R (a Level-1 code of 6) is a robot with six DOF, while &
1R (a Level-1 code of 1) device can be a part conveyor. Level
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