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Modeling and Supervisory Control of a Disassembly
Automation Workcell Based on Blocking Topology

Kok-Meng Lee Member, IEEEand Michael Martin Bailey-Van Kuren

Abstract—An important aspect in recycling and reuse for en- The significance of design for disassembly in a product de-
vironmentally conscious manufacturing is disassembly. Although sign process was investigated by Scheughgl.[5]. Although
disassembly systems contain the same basic elements as assemb&isassemmy systems contain the same basic elements as as-

systems, the disassembly problem differs significantly from the ) . L
a)s/sembly problem due toytl’?e fact that the ingoming d?/sassembly sembly systems, the disassembly problem differs significantly

product is not controlled. In addition, complete dismantling of = from the assembly problem in three aspects. First, the condition

products is not necessarily required for disassembly, whereas of incoming disassembly product is not controlled. Secondly,

assembly builds a product completely. _ the extent of the disassembly for a particular product may vary
This paper describes a model for automated disassembly that \yith material needs, creating different goals for the cell for the

accounts for workcell interaction and used product constraints. duct. Third. th lete di " foroducts i t
The model provides an essential means to determine, in real-time, same product. Third, the complete dismantling or products 1s no

the next component for disassembly using the knowledge of the Necessarily required for disassembly, whereas assembly builds
product design and sensor feedback minimizing the steps to remove a product completely. Assembly sequencing techniques such as
goal components. Sets of components for removal were resolved bythose applied by Defazio and Whitney [6] or Homem de Mello

minimizing setup time for disassembling the component. Giventhe 5,4 sanderson [7] are limited in their application to disassembly
model, a controller for product disassembly is defined that can ac- "
by the three conditions stated above.

count for missing and known replacement components. The con-
troller can recover from unknown replacement components and  Weigl [8] performed some experimental disassembly of video

jammed components when alternate removal sequences exist tocamera recorders. Their strategy focused on the removal of fas-
meet the cell goal. teners and jammed components and did not adjust for missing

Two case study examples are presented and eXperimema”ycom onents. Dariet al.[9] presented a theoretical framework
simulated. Simulation results based on real product, vision sensor p : ! [®lp : W

measure, and process input are presented and discussed. It is exfor disassembly that emphasizes sensor information processing
pected that the concepts demonstrated through these case studiesand fusion. Spath [10] outlined an information system for dis-

can provide useful insights into other mechanical assemblies. assembly. Schmult [11] created a complete system for disas-
Index Terms—Assembly system, disassembly, product sembly of block structures, which simplifies the domain of pos-
mode3ling, supervisory control, workcell programming. sible motions to disconnect parts. Little work, however, has been

done on modeling and control of an automated disassembly
system which takes into account the product configuration vari-
ations or uncertainties, particularly in the context of real-time
A N INCREASING awareness of the effects of technologsypervisory control. For this reason, we develop a method to
ical advances on the environment has spurred research iffgde| and control an automated disassembly workcell, which
“environmentally conscious” or “green” engineering [1]. Undeprovides an essential basis for evaluating the performance of
the pressure of European governments, European car manugiierent disassembly strategies.
turers have invested large efforts in studying the recyclability of |, - proader context, the automated disassembly problem is

their product [2]. A trend can be seen toward increased prodyGlaie o work in intelligent systems. Albus [12] investigated
take-back and subsequent automation, with the emphasis Ongu- (e |ationship between sensor perception and intelligent
tomated disassembly and separation for product recycling 8Qghiq| The general framework does not take advantage of
reuse [3]. Animportant aspect of recycling, reuse, and dispogalyssemply “specific constraints. Disassembly constraints
of consumer products is the disassembly of the product andéﬁplify the error recovery. Related work in manufacturing was

compongnts 4], Whi(.:h is essential for acquisition. of des!rap rformed by Salebt al. [13]. However, the control is limited
or undesirable material from a product or segregation of dissity- \inor disturbances and designed for repetitive operation,

ilar materials. and both of these constraints contrast disassembly.

This paper offers the following contributions.
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2) A sensor-based supervisory control algorithm has beseambly. For disassembly, the components attached to the used
developed. The controller utilizes sensor feedback twoduct are not always known. To allow for sensor feedback,
detect differences from the expected design and preensor identification of components on the used product define
vides an effective means to recover from unknown reetA. Sensor identification of missing or removed components
placement and jammed components when alternate define setD. The current used product stat&’) is thus a dis-
moval systems exist to meet the goal. Since the disrete point set represented by
assembly plan does not require a complete recalcula-
tion when an error condition is encountered, the sensor- uw={{A},{D}} 2
based controlled system reduces processing time while
accounting for variations in a product configuration. Let C denote the set of all componerisfor the used product.

3) The modeling and supervisory control algorithms havehen, A and D are subsets of’ containing the attached and
been tested in two case studies using real products atetached component sets, respectively, and are in the form
automated workcell parameters. An analysis of the r¢ei, c2,- -+, ¢i,- -+, ¢ ). The UDP model uses the knowledge
sults provides insights into the system behaviors asd members ofD to identify the set of possible components
limitations. The studies included the determination dbr removal,Cr whereCr C C. However, component iden-

a sensing strategy for the used product and measurfifigation is limited to the components that are located with

the performance of the error handling routine througsurfaces on the external surface of the assembly. The existence

simulated disassembly of the personal computer (PG) components that are completely shielded by the external

The remainder of this article is organized as follows. Se€omponents is unverifiable. At best, there is a set of identifiable

tions Il and 11l describe the modeling of the used disassemipmponentsiy, such thatd; € A. The initial identifiable
product states and automated workcell model based on the cedte of the used productis= {(Ar, @)}.
cept of blocking topology. Section IV outlines the sensor mea- For large products, the size of the used product state space is
sure for detecting jammed and missing components. Sectiod™ch greater than the size©f The state space explosion is in-
presents the methods of recovering from errors due to unkno@figased when considering disassembly, due to the possibility of
replacement and/or jammed components. Section VI discus&dlacement parts. Therefore, we develop a disassembly method

the results of two case study examples. Conclusions are gifBat requires the knowledge of partially identified used product
in Section VII. states. The method aims at achieving a disassembly goal, which

is represented by a set of used product states with none of the
Il. USED DISASSEMBLY PRODUCT MODEL goal components attached. The goal is achieved if any of the
) _ ] used product states that are disassembly goal states are realized.
The used disassembly produ¢UDP) is defined as any |, aqdition, the method's ability to operate with partial informa-
product containing components connected by reversible Mgy, can handle unknown used product states. An unknown used
chanical connections. A mechanical connection is rever3|blep1,f0duct state results when the automated workcell cannot iden-

the component can be removed by reversing the motion thatﬁ\@,—a component of the used product due to component damage
sembled it. Thus, reversible connections do not include We"éﬁ"configuration changes during product use.

rivets, or snap-fits. However, the UDP may contain missing,

replacement, additional, or jammed components. As with mogt Component Blocking Topological Space

assemblies, the order of component removal is essential since ] ] ]

some components block the removal of others. For clarity in the | "€ disassembly process is a progression through the com-

subsequent discussions, we define the following terminologiB@nent states. Only some states are reachable from the present

to describe the product and its components at a point in timeSOmPonent state(¢). For each component, a neighborhood

ComponentA components a single part or a subassembI)Pf po;sible components for.removal can be dgfined using a
that can be physically disconnected from the product.ddme- P10cking topology and a metric can then be applied to the com-
ponent statés the particular component that is selected for prd20nent state space to measure the distance to goal components.
cessing at a point in time. Aomponent state spaéethe setof A topological approach provides the ability to handle un-
all possible component states or all possible components fof2PWn states and uses local information, within a neighborhood,
product. instead of the global information the complete configuration of

Product:A product states the state of the product in terms oftn€ Product. Let; = ¢, denote that, precedes:. In other
assembled and disassembled components at a particular poiM{@ds;c2 can be removed from the assembly once component
time. Theproduct spacés the set of all possible product statesC IS disassembled. Then, we define fhie neighborhood in the

The UDP model provides a mathematical representatiGRMPONent state spacé, as follows:
which determines the next component to be disassembled,
c(£ + 1), as a functionh( ) of the current used product state
u(¢) at thefth time instant. In other words

c; ENpifep,= ori=k

where the subscript of refers theith or kth component. The
o+ 1) = h(u()) (1) hull component in the component space, when no components
are detached from the used product;js
where the state () is defined by the sets of components or Lemma: The component state space with neighborhoods or
subassemblies that are attached or detached from the basesets-of components defined by a component and all components
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blocked from disassembly by the component is a Hausdorftopd- is referred here as the goal-blocking vector which can be
logical space. calculated as follows:

1) For eache in C, there exists a neighborhoatl;, that
containscy,.

Proof : k = k. Therefore, by the definition of a neighbor-where
hood in the component state spacge N, for all ¢;.

2) The intersection of two neighborhoods &f contains a
neighborhood of;.

Proof: Letcy, € Ny andcy € N3 or two neighborhoods
Ci,goal = {

vt = Bt (5)

UO = (cl,goal T cn,goal)T (Sa)

0, if ¢; is a goal component
1, if ¢; is not a goal component

that contairc,. Furthermoregs € No by definition. Since; € (5b)
N and2 # 1, thene; = ¢ by definition. For alle; € N3 not
includingcy, c; = ¢;. If ¢; = ¢2 andc; = ¢;, thene; = ¢;. and[B] is the component-blocking matrix defined as

Thus,¢; = ¢;, Ye; € No, thereforeN, C Ny. Sincec, does

notprecede; , thenc; € Ny ande; ¢ No. Thus,N, C Np.Ina bfl bl_" 1 if - blocksi
similar mannerjNy C N3. Ny © (N1 N N3). Thus,(N. N N3) Bl=1]: - |, b= {0’ otherwise.
containVy, a neighborhood of,. b o ban

3) If ¢; is a point in Ny, there exists aiV; such thatV; C (6)

Ni.
Proof: Asshowninpart?2),if # k&, N; C N,. Otherwise,

With the definition of the goal-blocked vector, the component
search function can be defined as

4) If ¢; does not equaty,, there existV; and Ny, such that c({+1)=c, suchthat v{=_min [q]. (7)

N; - N, =0. Ve, €EN(oy

Proof: First, V; - N, is defined as the dot product operatofn other words, the componea is returned that has a lowest
for two neighborhoods. For point set¥; - N, = 1if N; = number of disconnections to leave the goal components un-

Ny, and 0 otherwise. It; = ¢, thene; € N, ande; € N;; blocked. Ifthere is a unique component with the minimum value
N; - Nj, = 0. Likewise, if ¢, = ¢; thene, € N; ande, € N,;  0f ¢, then no other searching is required and the returned com-
N; - N, = 0. If neither component precedes the other, thepPnent is the next component for removal.
N; N N, = JandN; - N = 0.

Therefore, the component space under the blocking topology [ll. A UTOMATED WORKCELL MODEL
is Hausdorf and a metric can be applied [14], [15]. Once a com-Theaytomated workcetionsists of all manipulators, sensors,
ponent is identified on the product assembly, the product stafggjing, and fixtures required for the disassembly process and a
is in the neighborhoodV,.. The neighborhood identifies com-controller for these resources. The workcell model determines
pongnts that can next be removed due tq Fhe direct pre_cede&qgnges in the UDP staté! + 1) as a functiony( ) of a given
relationship. Thus, the product can transition to any neighbqsmponent removal task subjected to constraints imposed by
hoodN; wherec,, = ¢;. By maintaining a history oD, the set the resource blocking which prevents activating a particular re-
of possible components for remoa, is equal to the union of goyrce due to other resources being active. By defining the inter-

the neighborhoods of detached components adjbin relationship among the resources, the workcell model prevents
_ blocked resources from activating and processes unblocked re-
B. Component Search Function source tasks. This flexible framework (with no blocking) models

The component search function utilizes a Componeml]'tip'e manipulators operating concurrently if the workecell
b|0cking t0p0|ogy to designate the next Component to bgi”zes an avoidance routine. OtherWise, mUl“ple manipulators
disassembled by minimizing the number of disconnections @erate sequentially (with blocking) if avoidance routines are
reach the goal component in the neighborhddg,. Consider not in place. The workcell model function intrinsically accounts

a vector defined as for various resource types and tasks. Mathematically, the work-
cell model is given by
4 — (7 ... 7 ... )T
vl =(vf - 0 - v}) ®3) u(l +1) = gu(£), weey, c(£)) 8)

wherev{ is the number of goal components blocked byithe wherew.) is the unique workcell state required to remove
component afteg disconnections, and the vector becomes irretcomponent:(¢).
evant when the sup norm of the vector equals zero. Thus
A. Description of Workcell State
[v?] = max{|v|,|vd],- -, vl _,],|vZ]} =0 4) In disassembly, the key dynamic resources are the tools and
sensors and their motions result from their rigid attachment to
corresponds to a vector where no goal components are blockednipulators or robots. These motions defined with respect to
The minimum value of satisfying (4) is the minimum number a prespecified workcell reference frame provide the basis for a
of disconnections to remove all goal components. The vectasource’s description.
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The automated workcell state is determined by two vectorste obtained from the dot product of the workcell state motion
product space vector and the column vector from the resource-blocking ma-
trix. Anonzero dot product indicates that tfte resource should
w=(z,9) (9) not be activated since one or more resources may interface or

- - - block thejth resource. Thus, we have
where z is the resource position vector and the resource

motion vector. All resources are considered as rigid bodies in oy, @51, D(rp)e(ry), mjp1, 0 2m
three-dimensional space represented by a dual vector notation, P17 Pi—1, P P+l Pm ’
This approach has been presented by Saraetel. [16] and wit+1) = if o - col;[R] =0

Paden [17]. For theth resource position w(l), if 7. col;[R] # 0.

Py 14
z; = (0;, P1) (10a) (14)

— T — T . The disconnection motion triggers a change in the used
wheret; = (6, 9_2.93) andp; :‘(Pl pz2 p3)” are the O~ product state only if the workcell state matches the required
entation and position vectors of thth resource, respectively. o ricell state for the component that is specified for discon-
Similarly, the resource motion is nection

pi = (wi, vi) (10B) (e +1)

wherew; = (w; ws ws)T andv; = (vy vy vs)T are vectors  — {{{A(E) N O} ADE@) U c(O)}}, i wll) =we

describing the rotational (in Euler's angles) and translational u(l), if w(f) # wee)-

motions, respectively. (15)
To determine the resource positionin real-time, the po-

sition dual vector is transformed by mapping the motion dugd inimization of Nonvalue-Added Operations

vector to a 3x 3 matrix and then multiplying the position dual

vector by the matrix exponential. The mapping for the motion ©Oftén it is possible to find multiple components satisfying
dual vector is given by (7) that minimizes the number of disconnections. In these

cases, a secondary search function that attempts to avoid

@; — [M;] = (6[017@ « e[wl) (11) nhonvalue-added operations such as tool changes, product
reorientations, and deadlocks due to component jamming and
wherec! is a matrix exponential function and replacement components can be developed.
Let F" denote a set of possible components for removal, as
03 —W3 W2 determined from (7). The cost functiorcan be defined for each
[o] = | w 0 —w|. of the components in the subdétof the local neighborhood of
—Wa W1 0 the current component for removalt)
The resulting equation to update a resource position by a given 4
motion is J(e(l),c;) = Z am(c(f),¢;) (16)
. . . m=1
J.og = [elol. g ool o L5 elel g,
[M;] - <e 0;,¢ P;i4+uv Xe 9,) . (12) Where
For a st_atic resource, the po_sition of Whicr_\ remains_cons_tant, a(c(t), ¢;) = {0, if Cj,tool = (@)ool (17a)
the motion dual vector is defined as 1 (active) or 0 (inactive). 1, otherwise.
The data structure so formulated provides a compact descrip-
tion of the automated workcell that is computationally efficient. N.e) = | (@) orient - ¢ orient] 17b
az(c(£),¢;) = (17b)
The automated workcell state vectors can be referenced to lo- 7f
cate resources or determine active resources. Furthermore, the
structure accounts for static and dynamic resources, inherently. as(c(£), ¢;) = ¢; jom = P (jammed|c;) (17¢)
B. Resource Blocking
The resource blocking for a workcell with resources is rep- as(¢(t), ¢j) = ¢ replace = P (veplacement|c;) (17d)
resented by am x m matrix [R] as follows: and _ _ 3
Citool J, if resourcer; is the tool utilized for the compo-
i o Tim 1. if k blocks; nent removal;
[R]=| : : wherery; :{0’ otherwise. Cioriens @ UNIt vector specifying the fixture orientation re-

quired to remove the component;
(13) G jam avalue from O to 1, the probability that the compo-
nent is jammed;
Note that thejth column of[R] provides the resource blocking  ¢; repiace @ Value from 0 to 1, the probability that the compo-
information for thejth resource. Thus, resource blocking can nent is a replacement.

T'm1 o Tmm
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Note that the cost functiod for theith components is defined At the existence check, the out-of-tolerance status can re-
relative toc(¢). By iteratively comparing the cost function of thesult from the existence of a replacement component, damage or
ith components with that of the current component for removadodification to the expected component, or error in the sensor
¢(¢), the next component is selected from all components in theeasure. At the removal check, the out-of-tolerance condition

neighborhood of the current removal componait;, can be attributed to a jammed component during removal, to the
modification of the background component, or to sensor mea-
c(f+1) =c; suchthat sure error. In order to continue processing when an out-of-toler-

J(c(£),¢;) = min [J(c(£),¢;)]. (18) ance condition arises, it is assumed that there is a replacement

Ve &F component during the existence check and that the component

IV.AUTOMATED DISASSEMBLY ERRORDETECTION jammed during the removal check. These assumptions are later

During a product’s life, the product may be damaged, recogenfirmed or disproved as the controller obtains more informa-
figured, or repainted. All of these changes alter the automatéen. The error conditions trigger the cell controller to call the
system’s perception and understanding of the product. Theféplacement component and jammed component error handling
fore, an automated disassembly system must detect differenisgines, as appropriate.
between the used product and the product design. When pos-
sible, the_ automated system must account f_or thg discrepancies \, A ToMATED DISASSEMBLY ERROR RECOVERY
and continue processing. The types of configuration errors that
sensors must detect include missing components, replacemerithe disassembly system recovers from unknown replacement
components, additional components, and jammed componeaty jammed components when alternate removal sequences
Furthermore, any sensor measure contains some variability @xést to meet the cell goal. The error recovery handling methods
to component variation or noise in the product environmerdtre discussed in following sections.

Therefore, the sensing strategy must account for the existence or
absence of each component in the used product structure, whileReplacement Component Handling

accounting for sensor measure variation. The replacement component compensator performs a limited
The UDP state is observed by sensing the component fea P P P P

tures with a single sensor. Variations in sensor measures s?érch for the replacement component using disassembly group
assumed to be gormall distributed The feature data are rf’jle(?nnology (DGT), the categorization of components by their

y ; : %Psassembly motions. Therefore, a disassembly group or family
resented bygri (nri7 Horis 01’1‘) and Smi(nnliv Hmiy anli)u which

. is all components that require the same disassembly motion. For
characterize the features when the component can be recognlzedI P d y

or is missing. respectivelv. The elemen and are example, screws of the same pitch or circuit cards with the same

9. resp y- 19, /1), andog QBlug-in connector form a group. Group technology reduces the
the sample size, mean value, and standard deviation character= : S .
L - .. Séarch domain to a DGT family if a replacement component is
1Ing the _component features. The tolerance limits for eXIStms,Qt'.lspected. The concept of families correlates readily to neigh-
and missing compone_nts are representegy + Ko;) and borhoods and therefore can be implemented through a replace-
(“"”iK.a".”)' respectively, .Where.the valuercap he found_ ment component topology. Replacement component neighbor-
from statistical tables for a given minimum proportion of the di ’

tributed population and the degree of confidence. Tioods are defined upon the component state space.

S . The replacement component search is triggered when
Consequently, the range of the tolerance limits is sensitive to o . i .

. . an out-of-tolerance condition results during sensing. Since
the sample size of the sensor measure population. Large sample

. sensing measure exists, this measure is compared to the
sizes,n > 30, for each sensor measure reduce the range o‘ _ o
- o tolerance limits of the components within the replacement
the tolerance limits. The range of the tolerance limits is impor-_. . "
n(aghborhood. If the current designed component ishen the
tant because the chosen sensor for a component must provi :
L o L : L search includes each member of the component replacement
disjoint existing and missing tolerance intervals. This is repre-.. .
. o fieighborhoodl;. The replacement search results in one of
sented through the following constraints: o
two outcomes. If the sensor measure falls within the tolerance
(19) limits of any component within its replacement component
neighborhood, then a replacement component is identified and
processing continues to remove the replacement component.
fimi + Komi < piri — Ko, for pmi < pri.  (20) Otherwise, no known replacement component is identified and

. : . processing is suspended.
During the disassembly processing of the used product,

sensing occurs both preceding and succeeding componentje
moval to ensure component existence and to verify component _
removal, respectively. The sensor measyris mapped to aset Jammed components in a product structure reduce the acces-

P + Ko—ri < Umi — Ko—rniv for ri < Ui

Jammed Component Handling

of component states by (21). sibility to other components within the structure. Loss of ac-
cess to goal components of the disassembly system is of pri-
pri — Ko < 8 < pri + Koy = exists mary concern. It is assumed that the automated system does not
Pmi — KOy < 8i < pimi + Ko = missing contain the ability to remove a jammed component. Therefore,
otherwise = out-of-toleranc a jammed component condition initiates a search for alternate

(21) disassembly sequences that circumvent the jammed component.
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This eliminates any sequences containing the jammed compa
nent from yielding goal components in the search. If there is an-
other component in the used product that is able to be remove!
and leads to the removal of a goal component, it will result from
the revised search. If no such component results from the searcl
the jammed component creates an unrecoverable condition fo
the automated disassembly workcell. Due to an unrecoverabli
error, the processing of the current product is suspended and dis
assembly of another used product is initiated.

Using the features stored in the design database, the senss
features are tested to determine if the component is attachec
missing, or indeterminable by means of a component feature
comparator. The component feature comparator output is com
prised of one of three results: the component is present, the conr
ponent is missing, or a replacement or damaged component i
present. This information is interpreted in context of the current
system states that are defined by the following equations:

Cover

1

e, if component is present -
Ca = { &, otherwise (222) ﬂ i
Shutter =
Spring /5\ Shutter
g =14 G if component is missing (22b) Lens Offset
<, otherwise @
and o Lens
u(l+ 1) = u(f) + (ca; ca). (22c) ()l Front Cover
If a damaged or replacement condition is encountered, the use

product state remains unchanged. The ability of the disassembly
system to account for these error conditions is handled witHiig. 1. Single-use camera.
the controller.

planning modules. The experimental case studies were per-
VI. EXPERIMENTAL CASE STUDIES formed on a PC. Sensor measure samples were acquired from a

In order to study the effects of the disassembly parametdp@d Vvision system position and a fixed used product position.
quantitatively, two case-study examples were discussed herB€ Measure is an area, in pixels, of a targeted object in the
Two products, a single-use camera and a PC, are used tdrng:}ge._S_ensor measures were collected up to 50 s_amples while
lustrate the concepts of this work as well as demonstrate f&3@intaining the running average and standard deviation.
sible application of the work. The single-use camera is a typ-Disassembly performance was measured in terms of non-
ical closed-architecture used product where the used produf@i/e-added operations (tool changes and orientation changes),
are expected to return with no change in design. It providedtoughput (disassembly time), and capacity (resource utiliza-
good example from a materials and connectivity perspective. &) The time to goal not only reflects the efficiency in which
the other hand, the PC is an open-architecture used product fRgtworkcell removes a particular sequence of components, but
generates significant volume for disassembly as well as dem@/0 demonstrates the controllers ability to minimize the number
strating a high degree of uncertainty. Open-architecture prd-components required to reach the goal. Manipulator utiliza-
ucts undergo extensive reconfiguration by the user, and ththa“ is based on the tota! active time for the manipulator. For the
scrapping a used PC represents a good example to illustrate ffYgn workcell, the manipulator moves the tools and the sensor
dling of missing, replaced, and/or additional components. Ho@d reorients the product. Sensor utilization is based solely on
ever, it is expected that the concepts demonstrated through tH8§2cquisition time of the active sensor measure. Tool utiliza-

products have universal applications to other mechanical ass&iof? combines the total active time for all of the end-effector
blies. tools: the gripper, the vacuum tool, and the prying tool.

The disassembly controlled system was modeled after an )
automated robotic kitting cell [18] at the Georgia Institute df- Case Study on Single-Use Camera
Technology. Specific resources used include a tool manipulatorSimulation models for a number of integrated disassembly
a fixture which manipulates the product orientation to alloprocess scenarios have been developed for a single-use camera
component removal by tool manipulator, and a vision sensas shown in Fig. 1. The camera provides a good example from
mounted on the end-effector of the tool manipulator. For eaehmaterial and connectivity perspective. The following analysis
disassembly task, the cell manipulator was taught grasps amdthe single-use camera represents three strategies. The first
trajectories; the controller did not employ grasp or trajectosstrategytargeted disassemb(if D), takes maximum advantage
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TABLE | TABLE 1II
RESOURCEBLOCKING MATRIX PERFORMANCE COMPARISON AMONG STRATEGIES
J Resources Resource Blocking Matrix [R] Strategy CD |MS TD
1| Toolmanipulator f 0 J T | T TO0OTO0 T 0 Goal Components 18 |6 15 |11
2 Product Fixture I 0 | O107] 0 Tool changes 9 10 3 6
3 Camera I1TTTO0J07070 Orientation changes 4 3 4 3
4]  Vacuum tool OJOJTOJTOTTTT Time-to-goal (sec.) 1116 [ 975 | 950 | 730
> Pryer tool CTOTOTTTOTT Components Removed | 18 |15 15 |11
6| On/off Gripper OJo0707]T1 I 0
the component and was determined experimentally using the
SNGLE-USEEAA?/ILEERA”COMPONENTS lowest operating velocity (75 mm/s) of a Cincinnati Milacron
T3 robot. This elemental approach is similar to the RTM (robot
I | Component DT (sec) | TN | PO | JP time and motion) developed by Nof and Lechtman [19].
0 | Null 0 0 0 0 The component blocking matrB] for the single-use camera
1 | Base 47.23 6 0 0 is presented in (23). The formulation of this matrix corresponds
i g"l’ EOUE 6553-965 2 0 8‘2 to the rule stated in (6). The matrix is 2919 to account for the
SO CONVEE - = ol . 17 components, the null state, and the subassembly. An example
4 Back cover 62.3 5 -90. | 0.4 . .
of the matrix entries is as follows.
5 Labeled gear 40.48 4 0 0 The third col dstothet Th | ¢
57 [ancaet 3059 7} 5 ) e third column corresponds to the top cover. The only entry
sl 7048 7 0 0 of 1 is in the first row. The first row corresponds to the null
8 | Spring plate™ 1314 ) 0 0 component. Therefore, no components block the removal of the
9 | H.E. Spring* 48.85 6 0 0 top cover and it is accessible from the null state.
10 | Housing 48.49 6 0 0 ~ _
T w5 10 1o 0010 000 000 000 000 000
12 [ Tens 1.0 a 90. | 0 0000 000 000000 000 000
13 | Lens offset 41.0 4 | 90, | 0 (0000 010000 000 000 000
14 | Shuttle spring* 53.4 4 900 0 0000 000000001 000 000
15 | Shutter* 40.5 4 900 0 0000 000 000000000110
16 | View box* 383 5 190 0 0000 001 000 000 000 000
17 | Dial 41.4 4 | 90| O 0001 000 100 010 000 000
18 | Subassembly (8, 9, 10) 25.39 6 0 0.4 0000 000 000000 000011
0000 000 001 000 000 000
of the reusable components (base, view box, subassembly, and [B] = | 0000000000100000000 | - (23)
. - 0000 000 000 000 000 000
cantilever). Thus, only nonreusable components are specified
. 0100 000 000 000 000 000
as goal components and the removal operations are nondestruc- 0,000 000 000 000 100 000
tive. The second and third strategies are two different alterna- 0000000 000000 011 000
tives for recycling where metals are segregated from plastics. In 0,000 000 000 000 001 000
the second strateggpmplete disassemb{ZD), the used prod-
. . . . 0100 000 000 000 000 000
ucts are completely dismantled while segregating the materials.
0100 000 000 000 000 000
Thus, all the components are treated as goal components. The 0100 000 000 000 000 000
third strate aterial segregatioliMS), attempts to minimize
gym gregatiotMs) P L0100 000011 100 000 000 |

the number of components to be removed. Hence, only the non-
plastic components are treated as goal components. The sensor measure for each component is the area of an
1) Experimental SetupThe resources and its blockingimage object. Component feature data were recorded for in-
matrix [R] are summarized in Table I. The single-use camecaeasing sample sizes from 10 to 100. It was found that the mean
has 17 components constructed of plastic and metal materialsd standard deviation did not vary significantly for samples of
Table Il summarizes the components where * denotes nat® or larger.
plastic components, TN refers theol number in Table I, DT ~ Each simulation run represents a batch of product processing
is the dsconnectionitme in seconds, PO denotes theguct through the disassembly workcell. Preliminary simulation runs
orientation, and JP characterizes the jamming probability showed little variation in results as the number of runs were
the components. In Table I, the value of PO is the rotation increased above 50. A batch size of 50 used products was chosen
degrees between a defined home orientation and the orientatmprovide a significant sample of output data for the test case.
required disconnecting the component. The jamming probabilhe real mean and standard deviation of the output statistics are
ities for the snap-fit connections are based on the difficultie®t known but expected to be normally distributed.
encountered in manually disassembly. The components ir2) Results and Discussionstable Il and Fig. 2 show some
bold are components in which user tampering is less likebyf the results obtained. A more detailed discussion can be found
and are potentially reusable. The DT is the total time takem [20]. Fig. 2 shows typical tool changes of the disassembly
for the series of elemental operations required to disassembdmtrolled system as a function of time for the three different



74 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 16, NO. 1, FEBRUARY 2000

7
6 1 -
;A A —B8—MS15
! - - o - -CD18
Tool 5 |- B
N ——TD11
41
3 } . : } t }
0 200 400 800 800 1000 1200 1400
Time (seconds)
Fig. 2. Number of tool changes as a funciton of time.
! ! V| Station 4a: ! !
! ! —» To‘::ll4a > [ !
! Station 2a: ! i | Station 5a: |
i~ Toold *" i i i Tools || |
Station 1+ | | 1| Station 3: 1 Station 4b: i i Station 6:
—» ;:zln s T W Tool 5 > Tool 4 q TP Tedds >
M Staticn 2b: H o H Station 5b: '
O Toold [P ! ! ! Tool 5 > !
I l I . i I
. . ] Station 4¢: . .
! ! ! Tool 4 ! !
! ! ! i !
i I ] [ ]
Component2; Components i Component 3{ Component | Component4 Component 17
! 5,6,7 ! 1 12,13,14,15 l |

Fig. 3. Implementation of the TD strategy using product line approach.

strategies. Each discrete point represents the completion ah#he MS strategy. In fact, the difference in the time associated
component removal. The results indicate that the TD strategyth tool changes between the best and the worst cases for the
took approximately 12.2 min to reach the goal state, 30% asdme number of orientation changes and components removed
50% shorter than the MS and the CD strategies, respectivebiess than 5%. The primary reason is that the tool change time
The smaller goal set and the fact that the set was located towerdelatively small in comparison to that of the disconnection
the product exterior and required mostly the same tools accoamttion time for the flexible workcell.
for this result. When the disassembly is implemented in a production line
Although the MS strategy has only six goal components, tla@proach where modular stations are arranged in sequence, the
number of tool changes was higher than that of the CD strategumber of tool changes to achieve the goal product state has a
Recall that the system optimization is essentially a two-stelrect effect on the system layout. Fig. 3 shows the disassembly
process. The first step is to satisfy (7) minimizing the numbeequence (2;5, 6, 7; 3; 12, 13, 14 15; 4; 17) that resulted from the
of disconnections. The second step minimizes the cost fulid® strategy implemented using the production line approach,
tion given by (16). If the number of goal components is relavhere the numbers refer to the component numbers in Table II.
tively small, (7) tends to yield a unique or smaller set of coniFhe semicolons in the disassembly sequence segregate the com-
ponents to satisfy the first criteria. Since all components apenents for the six sequential workstations based on the type
goal components for the CD strategy, the secondary criteria tioatool needed for removal. From Table I, the task operation
minimize tool changes is called more often than that of the M8ne for each station can be determined. For example, compo-
strategy with six goal components. The primary criteria of rexent 2 can be removed with tool 5 in 66 s, whereas the time
moving goal components become more prominent for materiauired for sequential removal of components 5, 6, and 7 with
segregation. The minimization of the cost function may not lieol 4 is 122 s, nearly twice the time as compared to that of
considered. Consequently, the number of tool changes for the first station. Similarly, the times required by stations 3, 4, 5,
MS strategy with six components was greater than that of thad 6 are determined to be 54, 176, 63, and 41 s, respectively.
CD strategy. Fig. 3 shows an example production line for implementing such
Due to the component connectivity, 15 components must belisassembly sequence. The ten modular stations are required
removed to acquire the goal in the MS strategy. The simulatibtmachieve a throughput of 40 units/h operated at an average ma-
was repeated with the 15 components removed specified as gdahe utilization of 84%. For the same throughput, the MS and
components. Table Il shows that the number of goal componehé CD strategies would require 13 and 16 stations at an average
changes did not result in a significant difference in time-to-goatachine utilization of 81% and 77%, respectively.
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TABLE IV
VARIATION IN SENSORMEASURE DUE TO SAMPLE SIZE
Top Caver
Sample Size [ Mean | Std. Dev.
10 4789 45
20 4724 88
30 4739 78
40 4729 76
50 4728 73
T Card
. Serew 1
Card
Connectors (4) Serow?2
M, =4327, o, =31 P
Supply
Fig. 4. Images and measure distribution for a PC card battery. 2 B “
PS Screws % w Ny
B. Case Study Example 2: PC @ %, CoverScrews %o
©)

To show the performance of the disassembly error handling
strategies, a disassembly simulation was constructedtih C i
based on a PC. The computer contains a lithium battery on ong > PC schematics.
circuit card, which was treated as a goal component. It is of in-
terest to remove the goal component nondestructively since tipon the goal of removing the lithium battery. Cases A, B,
battery is treated here as a hazardous material to prevent mated C verify the effectiveness of the component existence
rial contamination. routine as presented in (21). Cases D and E test the jammed
Table IV presents the mean and standard deviation of battegmponent recovery algorithm. Cases F and G test the re-
images at ten sample intervals. The mean and standard del&cement component recovery algorithm. A key measure
ation stabilized starting around 40 samples and thus a sampledisassembly efficiency ighe ratio of nongoal-to-goal
size of 50 was used for subsequent sensor measures. Exaroplaponentsremoved. Some set of components is necessary
images for a circuit card battery from a PC and the resultaiat remove in order to disassemble the goal components, based
distribution parameters are presented in Fig. 4. The object mea- the product design. Therefore, the design determines the
sured in the first image is the large circular object near theinimum ratio that can be achieved. If the disassembly system
image center. Once the battery is removed, a metal strip shdaits to remove the goal component, the ratio is infinity.
up in the second image, which becomes the measured im&jmulation results are presented in Table V. Performance is
object for the second distribution. The corresponding tolerancempared between automated disassembly with and without
limits for the circuit card battery were determined at sample sizeror handling capability.
n = 50 for a population proportion of 0.99, and a degree of In general, the error handling control decreases non-
confidence of 0.99 with equal to 3.385. The battery is con-value-added operations while increasing throughput with little
sidered to exist for sensor measures betw&2Y + 5. Fur- change to system utilization. In terms of goal component
thermore, the battery is considered missing for sensor measweguisition, the error handling control averages component
within 683 + 75. These distributions correspond to the featuneemoval ratios of 7.2 as compared to 15.67 for no error han-
measures presentedin (20) and (21) and are utilized to map caling. This average does not include infinite ratios. The product
ponent states. design requires a component ratio of 8 if no components are
Time and sensing data were collected for disassemlbhissing. The real product in case B has a minimum ratio of 2.
operations of the individual components of a PC. The examplée real products in cases C and D have a minimum ratio of
product was limited to 20 of its components that representedinity. Error handling reduces the number of infinity ratios
necessary and unnecessary components for removal of the diaah 4 to 2. As indicated in Table V, the error handling routine
component. These components are shown in Fig. 5. Rolesults in a reduction in average disassembly time from 10.02
movements linking individual disassembly sequences wete 8.33 min. Some of this reduction in time results from a
estimated based on known positions in the robot work envelogluction in nonvalue-added operations from 8.46 to 7.43.
and real robot velocities. These gains in performance can be attributed to the ability of
PC disassembly was simulated for eight scenarios (sibe error handling routine to avoid removing components that
Table V) testing the effects of various component uncertaintiase not necessary to reach the goal components.
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TABLE V
SIMULATION RESULTS FORPC DISASSEMBLY

3 > H
scenarios ET |6 |E5 3fEZ E§ |23 |83 |‘®3|:
“F) 3 |6 FTE|FE GE|TE |55 (V¢
ﬁ e} E ~ s =] - = z
A Yes 5 3 959 | S41% | 03% | 829% | 8 1
No Unicertainty No 76 3 1568 | 847% | 02% | 868% | 17 1
B Yes 5 3 533 | 706% | 13% | 0.1% | 2 1
Missing Nongoal No | 1152 ] 3 1270 | 708% | 03% | 85% | 11 1
C Yes 5 3 82 | 825% | 03% | 81.% | 7 0
Missing goal No | 802 3 1300 | 802% | 06% | &35% | 11 0
D Yes 2 2 401 | 0% | 0% | 2.% | 5 0
Unrecoverable Jam No 2 2 405 | 89%% | L1% | B0%| 5 0
E Yes 5 3 1055 | 846% | 1.1% | 844% | 8 1
Recoverable Jam No | 82 3 1469 | 821% | 06% | 83% | 12 1
F Yes 5 3 963 | 837% | 0% | &% | 8 1
Replaced Necessary No | 202 1 614 | 91® | 01% | 582% | 7or8 | O
G Yes 5 3 058 | 842% | 01% | 829% | 8 1
Replaced Unnecessary | No | 102 1 000 | 572% | 06% | 1.0% | 02 0
H Yes 5 3 1142 | 858% | 11% | 8.6% | 10 1
Added Component No 1 3 1857 | 809% | 02% | 85.8% | 19 1
AVERAGE Yes | 457 | 28 | 833 | 08 | 00l | 080 | 68 | 071 | 720
No | 617 | 229 | 1002 | 079 | 000 | 067 | 1260 | 043 | I5&7
VIl. CONCLUSIONS results of a PC. The disassembly simulation shows results for

h%tsingle sensing strategy with error handling capability. Future

describes the used product and workcell states. Based on % kwill extend the_ use of th? disassembly simulation to com-
concept of blocking topology, the model accounts for workcdpare sensor strat¢g|es for a given product and to compare design
interaction and used product constraints. It was shown tr%}anges with a given sensor strategy.

the next component for disassembly can be selected from the
knowledge of the product design and the current component
for disassembly, thus minimizing the steps to goal componentThe authors wouldlike to thank the anonymous reviewer for
removal. The selection of a component from a set of corhis or her valuable suggestions.
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