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Design Evaluation of Multi-station
Assembly Processes by Using
State Space Approach

This paper considers the problem of evaluating and benchmarking process design con-
figuration in a multi-station assembly process. We focus on the unique challenges brought
by the multi-station system, namely, (1) a system level model to characterize the variation
propagation in the entire process, and (2) the necessity to describe the system response to
variation inputs at both global (system level) and local (station level and single fixture
level) scales. State space representation is employed to recursively describe the propaga-
tion of variation in such a multi-station process, incorporating process design information
such as fixture locating layout at individual stations and station-to-station locating layout
change. Following the sensitivity analysis in control theory, a group of hierarchical sen-
sitivity indices is defined and expressed in terms of the system matrices in the state space
model, which are determined by the given process design configuration. Implication of

these indices with respect to variation control is discussed and a three-step procedure of
applying the sensitivity indices for selecting a better design and prioritizing the critical
station/fixture is presented. We illustrate the proposed method using the group of sensi-
tivity indices in design evaluation of the assembly process of an SUV (Sport Utility
Vehicle) side panel.[DOI: 10.1115/1.1485744

e-mail: shihang@engin.umich.edu

1 Introduction aspects(1) the set of benchmarking indices needs to address the
o ) ) system capability in response to variation inputs, suggesting that
1.1 Problem Description. Multi-station assembly processesine set of indices should be represented in terms of the generic

generally refer to those processes involving more than one wotlcess/product design information and be independent of KCC
stattl_on tbo ?anufact%rle a complex pro_stj_ct. F?r extan%e,ttr:_e aU{fiiation inputsy(2) the comprehensive benchmarking of a multi-
motive body assembly process, consisting ot up to 79 Stalions oy, , process needs not only to compare the overall multi-station

a typical multi-station assembly process to fabricate the Strucmr%sembly system but also give the same insights related to critical

frame of an automobile. Another example is the airplane win§ embly stations and individual KCC elements in the entire
fuselage assembly process. Fixture locators are intensively use R y

those processes to provide part support and its relation to coordfi®ceSs-

nate system, thus determining the dimensional accuracy of the; » Related Work. Design evaluation and comparative
final assembly1,2]. As a result, the final product quality is greatlyanaysis of different designs have been studied by a number of
affected by the accumulation and propagation of variation causglearchers with consideration to various goals and objectives.
by fixture elements on all assembly stations along the prOdUCt'%ﬁhce product quality is taken as the indicator of process perfor-

stream. i . mance in this paper, only the design evaluation work aiming at
Product quality is characterized by a group of features thaf.\ing quality and/or reducing variation will be discussed
could greatly affect the designed functionality and the level gfge.
customer satisfaction. In the automotive industry, this group of we first distinguished between the imprecise description of de-
critical features is known as KP(Key Product Characteristits sjgn parameters and the analysis of manufacturing variability. The
The fixture locators are the dimensional control characteristics f@fprecision of parameters, which is a critical problem in the pre-
product positioning and thus are the determining factors in achigiminary design stage, was modeled by Wood and Anton$§8pn
ing the required dimensional accuracy of KPCs. They are knovamd Antonsson and Ottp4] using fuzzy calculus. Their work
as KCCs(Key Control Characteristigsin a multi-station process, seems similar to, but is in fact conceptually different from, the
the impact of KCCs’ variation on KPC’s dimensional accuracgnalysis of manufacturing variability. The methodology developed
depends on process design configuration including the geometrytheir papers does not allow for the evaluation of product system
of fixture locating layout on every station and the station-tgeerformance, but rather allows for a better representation of im-
station locating layout change. Early design evaluation of multrecisely defined design parameters.
station assembly processes is very important for new product deProcess design evaluation with respect to the process response
velopment and also for designing a robust manufacturing systéfhmanufacturing variability can be generally classified into two
to improve product quality. categories:(1) process capability analysis; an@) sensitivity
The effective design evaluation methodology at the early desigRalysis. Process capability analypt is based on the defined
stage requires a set of indices, which are easy to interpret dAdiCeS, most often usin@, and Cy, for a single or multiple
comprehensive enough for the selection of robust process desigf§i9n or quality characteristics. They are defined in terms of the
and quantifying the design improvement. The challenges relat {qtistics of production output to indicate the expected perfor-

to the design evaluation of a multi-station process come from twganee Of a manufacturing process und_er the influen(_:_e of_variation
and/or bias. Kazmer and Rosfs] defined a capability index

lled “r n index” in their for multiple simulta-
Contributed by the Design Theory and Methodology Committee for publication igca ed O?USt hess d‘? . the Fl)‘la,p)eso Iu tiple ékNu ta
the DURNAL OF MECHANICAL DESIGN. Manuscript received May 2000. Associate neous quality ¢ ara_c_terls_,tlcs. Taguchi's Signal-to-N¢B&) ra—_
Editor: J. Cagan. tio [7] can be classified into the same category, however, with a
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formrmrmeme = HTSETSES S AR RS TSSS S5 also include optimizationwas performed toward different design
: 1 goals by Whitney et a[.10], Parkinson et al.11], Parkinsor{12],
i KCC t | Part-KPC Product-KPC | and Ceglarek and Shi3] among others.
(Process-KC) 17| (Part-KC) "| (Product-KC) | Process-oriented sensitivity analysis is more difficult since the
1 i problem domain expands to include the process information and
! process/product interaction. Product variab{$C) are more
T _ uniform, for instance, quantities included in an assembly can be
— Variation propagation all geometrical. Process variabl¢&CC) are less uniform and
Fig. 1 Process-oriented vs. product-oriented could cover diversified physical parameters in a process design.
When a process-oriented technique is discussed, it can be further
divided into a single station approatt the station level/machine
level) and a multi-station approadhat the system leviel Most of
different interpretation of the S/N value. This group of indicethe process-oriented work has been done at the single station
depends on variation inpuinput dependefmtand is computed level. Thornton[14,15 included fixture elements as the KCC
directly from the output data of KPCs. Because the KPC output (process-K¢ in the variation model and analysis of aircraft wing
only available during full production, this group of input-assembly. Similar station-level research work includes Chen et al.
dependent indices is not known in the design stage. Usually, thgy6], Cai et al.[17], Wang[18], and Soderberg and Carlspt9].
are used in the production stage to validate the design and identifyThe sensitivity analysis of multi-station processes is under-
possible process faults. However, it could be too late or too costlysearched mainly due to the unavailability of a system level
to modify the engineering design by then. model which could link the KCC'’s variation to the KPC's quality.
On the other hand design evaluation based on sensitivity anaiyhe challenges are also caused by the requirement of having com-
sis defines and develops input-independent ratios. Thus, it iss@hensive benchmarking at the system level, the station level,
more effective evaluation approach during design stagand a single KCCfixture) level, as discussed in Section 1.1. Very
Sensitivity-based design analysis has been performed in maaw research papers were published in this area except for the
situations for different applications. One of the characteristics phper of Suri and Ottf20], which developed an Integrated Sys-
sensitivity-based design evaluation is the characterization of pragm Model(ISM) for stretch forming process. They used a linear-
uct and process into Key Characteristi¢eC): KPC and KCC. jzed predictive variation model integrated with an FEFinite
The intuitive decomposition of the product and process into kgylements Methodmodels for stretch forming and heat treatment

characteristics was proposed by Ceglarek ef&l. They decom- processes. The selective summary of the proposed methodologies
posed product into measurement locating poifM8-P) which s presented in Table 1.

corresponds to KPC points in this paper; and the process into ) )
principal locating points(PLP) and clamping locating points 1.3 Proposed Method. The current literature shows a sig-
(CLP). Thornton[9] proposed a mathematical framework for thdlificant enhancement of engineering knowledge and practice in
KC process. A systematic KC flowdown was developed and 4fe area of sensitivity-based design evaluation methodologies.
effectiveness measure was defined. A complex production systEt@wever, currently there is no systematically defined sensitivity
was broken into several layers corresponding to the product-Kiodex, which integrates key process and product characteristics
part-KC, and process-KC. Actually, the KC defined in her pap@nd allows for comprehensive design evaluation and easy inter-
has a close relationship to the KPC and KCC used in this papefetation for multi-station manufacturing processes.
KPC is equivalent to the product-KC/part-KC and KCC is the This paper presents a methodology for evaluating and bench-
process-KC. Figure 1 illustrates the variation propagation fromarking design configurations of multi-station assembly pro-
KCC to KPC. If the sensitivity analysis is performed to charactegesses. The framework includes two main pdttsa system level
ize the influence of variations of part-KPC on the quality ofmodel that describes the propagation and accumulation of KCCs’
product-KPC, the corresponding variation model is developariation and its impact on the quality of KPCs; aila group of
within the product. Hence, the technique is labeled as “producsensitivity indices defined hierarchically at three leviggstem/
oriented.” If the relationship between KCC and KPC is includegtation/fixturg for the comprehensive characterization of relation-
in the variation model and sensitivity analysis, the technique #hips between multiple KCCs and multiple KPCs. By using these
labeled as “process-oriented.” This distinction is also shown iimdices, various process designs can be compared to indicate a
Fig. 1. more robust design configuration. The pareto analysis identifying
Although KCC (process-KC is included in the general frame- the critical station(or fixture element contributing most to the
work of KC flowdown, only the product-oriented model andvariation of KPCs can be conducted as well.
analysis is materialized for the door assembly case in ThorntonThis paper is divided into five sections. Section 2 presents the
[9]. Similar product-oriented sensitivity analygisome of them state space model for a multi-station assembly process. Section 3

! Process-oriented Product-oriented

Table 1 Comparative analysis of design evaluation methodologies

- . Taguchi (1986), Montgomery (1996), Input

Process capability analysis Kaimer and Roser (19g99), i ) depeﬁdent
Parkinson et al. (1993), Whitney et al. (1994),
Product-oriented Parkinson (1995), Ceglarek & Shi (1998),
o Thomton (1999a)

Sensitivity- | Chen eral. (1996), Cai et al. (1997), Wang
based IStat‘I"“ (1999), Soderberg & Carlson (1999), . Input
iﬁzlgzis Process- | " | Thornton (1999, 2000) independent

oriented Stretch Forming Process : Suri and Otto (1999)

lSe };Setf ™ Multi-station Assembly Process:
To be developed in this paper
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Rail Roof Side Panel

B-Pillar

u (b) Station 11

Rail Roof P;
Side Panel b

(d) Measurement: KPC Points (c) Station III
Fig. 2 Assembly process of the side aperture panel of an SUV

defines the system sensitivity indices and derives their expressisnbassembly A-pillar+ B-pillar” is welded with the rail roof

in terms of process/product design parameters, followed by thigle panel at Station IIFig. 2(b)). The subassembly of the first
discussion on a process design evaluation procedure. In Sectiothvlge panels is then assembled with the rear quarter panel at Sta-
an industrial case study is presented to illustrate the propodé@n Il (Fig. 2(c)). Finally, measurements are taken at KPC points
sensitivity indices and design evaluation procedure. Finally, thgarked in Fig. 2d) as M;—M;o) by using off-line or in-line
methodology is summarized and its implications are discussed'}asurement systems such as CNibbordinate Measuring Ma-
Section 5. The developed design evaluation indices are preserftBI{© O %CMM (Obrl)tlcal (.:MM)'h Hsub bV i itioned
in the context of automotive body assembly processes for which n each assembly station, the part/subassembly is positione
data and process knowledge are available. However, we feel tﬁ 1 set ofn-2-1 fixtures, constituting a 4-way locating pin con-
this methodology could be applied to any multistage manufact fraining part motion in botiX andZ directions, a 2-way locating

ing process as long as it can be modeled using the frameworkb[F ionstrautwlng part m?tlont.ln o;l%'dlret.ctlonﬂ?nd stevfe;altNC
state space representation. ocks constraining part motion i direction. The set of fixture

locators  supporting one workpiece is denoted as
I . Paways Poway,NCi,i=1,...n.}. An example of a 3-2-1 fixture
2 State Space Model of Variation Propagation iayou% is shyown in Fig. 3. Fgr the sake of simplicity, this paper
The state space modeling of variation propagation for multpresents the analysis of dimensional variation in the {2
station assembly processes will be presented using, as a casplame as shown in Figs. 2 and 3. The fixture locators marked as
point, the automotive body assembly process. A generic descrip€ blocks will then be assumed to have no error and be posi-
tion of the automotive body assembly process was presentedtioned at their design nominal positions. Hence, the fixture set is
Ceglarek et al[8] and Ceglarek and Shi]. We will illustrate our simplified as{P4way,P2Wai}.
method using the assembly process of the side frame panel of &,— Pg in Fig. 2a)—(c) represent the principal locating points
Sports Utility Vehicle(SUV) body. (PLP9 of a workpiece(a single part or a subassemplyhey
This assembly process, shown in Fig. 2, is conducted at threerrespond to the pin-hole pairs used to position the workpiece on
assembly station&Station 1, II, Ill) and the product is inspected ata station. After two parts are assembled, there are more than one
the measurement station. The final subassembher-panel- possible set of PLPs to be used for positioning the subassembly.
complete (Fig. 2(c)) consists of four componentsA-pillar, For example, at Station Il, there are two sets of P{Pg,P,} and
B-pillar, rail roof side panel, and rear quarter panel. At Station{lP;,P,} on the subassemblyA-pillar+ B-pillar.” In order to
(Fig. 2(a)), the A-pillar and theB-pillar are joined together. The position this subassembly, any combination of the following four

NG,

M, My, My, M)

Fig. 3 A schematic diagram of 3-2-1 fixture layout
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Fig. 5 Diagram of an assembly process with N stations

combinations can be usdé,,P,}, {P3,P,}, {P1,Ps}, and These two variation contributors in &ftstation assembly pro-
{P3,P,}.2 The fixture locating layout changes when a subassemess(Fig. 5 and their propagation throughout the entire process
bly is transferred to the following station. This locating layoutan be modeled by using a state space represenf®23. We
change has significant impact on the propagation of dimensionale the following notationsX (k) e R"! is the accumulated part
variation in a multi-station assembly procel]. We use the deviation up to statiork; P(k) e R™*! is the fixture deviation
following notation to indicate the fixture locating layout on indi-contributed from statiork; Y (k) € R%*! is the measurement de-
Vidual Stations and the Station-to-station |0cating |ay0ut Change\ﬂétion observed at Statldﬂ Subscriptg"’ mk, anqu are dimen-

the assembly process in Fig. 2: sions of the three vectors, respectivefyis the unmodeled pro-
cess deviation such as the higher order terms resulted from
{{P1,P2},{P3,Pui}i = {{P1,Pa} . {Ps,Psth linearization and/or other variation sources, ap the additive
—{{P1,Ps}.{P7,Psl i —{{P1,Pslhiv sensor noise¢ and » are assumed mutually independeaﬁ.p,

- Oppue and o5, describe the variance of a single fixture KCC,
where the arrow represents the assembly transition from one g entire KCC pointgof multiple stations and fixturgsand KPC
tion to anotht?r and t_he notation in each bracket folldmture points, respectively. They will be explained in Section 3.
set for the ' workpiecg, {fixture set for the 2 workpiec, The basic idea of developing the state space model is to con-
...}. For example{{P;,P.}{Ps,Ps}}; means that the first siger the multi-station process as a sequential dynamic system but
workpiece on Station II, the subassembly/epillar andB-pillar,  replace the time index in the traditional state space model with a

is located byP; andP,, and the second workpiece on Station llgtation index. The state space model includes two equations:
the rail roof side panel, is located B andPg (Fig. 2b)). At the

fourth station, i.e., the measurement station, one pair of locators<(k) =A(k—1)X(k—=1)+B(k)P(k) + &k), k=1,2,...N
{P1,Pg} is used to position the final subassembly when measure- 1)
ments are taken at KPC points. _

The modeling of fixture-related variation propagation in multi- V() =Clox(k)+ k), {kpc{1.2,... N} 2)
station assembly processes has been studied by Jin arj@Zhi where the first equation, known as the state equation, suggests that
and Ding et al[23]. Two major variation contributors are identi-the part deviation at statiok is influenced by the accumulated
fied: one is the fixture variation at each single stafibiy. 4a)), deviation up to statiork—1 and the deviation contribution at
where 5P,(2) is the deviation inZ-direction at locatorP,, and stationk; the second equation is the observation equation.
the second is the reorientation-induced variation when an assemSystem matrices\, B, and C are determined by the process/
bly is transferred to another stati¢ig. 4(b)). The first factor, the product design. MatriXA, known as the dynamic matrix, charac-
fixture variation on individual stations, is affected by the geometitgrizes the assembly reorientation during part transfer between
of fixture locating layout, i.e., the coordinates of fixture locatorsstations. In other word#\ depends on the station-to-station locat-
The second factor, the reorientation-induced variation, is affecté@ layout change in a production stream. MatBxs the input
by the station-to-station change of fixture locating layouts. matrix which determines how the fixture deviation affects part

deviation, depending on the geometry of a fixture layout. Matrix
2In the notation{P; ,P;}, P, is always defined as a 4-way pin/PLP aRdas a C contains the information about sensor positions on product,
2-way pin/PLP. which are often the selected KPC points during design stage. The
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Table 2 Comparison of system level variation models

Model Name Literature Model Type Product-oriepted VS| Problem domiain
Process-oriented
Jin and Shi (1999) [22] | Physical & Process-oriented multi-station
Stat . .
¢ Space Model Ding et al. (2000) [23] | analytical (KCC=fixture) assembly
State Transition Mantripragada & Physical & .
Model Whitney (1999)[25] | analytical Product-oriented | assembly
Lawless ef al. (1999) [26] Statistical & . machining,
AR(1) Model Agrawal ef al. (1999)[27]| analytical Process-oriented assembly
Integrated System | Suri and Otto (1999)[29]| Physical & P iented stretch forming,
Model Suri et al. (1999)[28] analytical rocess-oriente MIG welding
VSA VSA manual (1998)[24] | 9E5TIPUYe, | b ess-oriented | assembly
numerical

index of the observation equatiggg. (2)) is normally a subset of stage. Suri and Ottf20] and Suri et al[28] used the Integrated
{1,2,... N} since KPCs are not measured on all stations. Us&ystem ModellISM) to characterize the propagation of variation
ally, KPCs are selected on the final product in a design probleim, stretch forming and MIG welding processes, respectively. All
as it corresponds to the end-of-line observation in the presentsfdthe above models except the VSA model are analytical. These
earlier SUV side frame assembly process. In such deséy in  analytical models have similar mathematical expressions as the
Eqg. (2), and thereby, we can obtain the following input-outpupresented state space model. Table 2 presents a short summary of

relationship: all aforementioned models. Based on Table 2, the state space
N model is concluded to be better suited for describing a system
YZE NK)P(K)+ ¢(0)X(0) + & ©) level fixture design in a multi-station assembly process.
k=1
where 3 Sensitivity-Based Design Evaluation Indices

Y k)=Cd®(N,k)B(k) and y(0)=Cd(N,0) 4) The state space model presented in Section 2 provides the basis
N for process design evaluation in the following wagi$:The varia-
£ :E CD(N,K)&K)+ 7 (5) tion propagation model, as shown in E&), describes the rela-
k=1 tionship between KPC variations and KCC input variations. The
_ _ _ _nxn potential evaluation index, namely, the ratio of KPC variations
o N,’k)_A(N DA(N=2)AA(k) and (I)(k'k,)_l (6,) over KCC variations can be expressed in terms of the model ma-
and the indexN for Y, C, and» can be dropped without ambigu- jy ¥(k) defined in Eq(4). (i) The process design information is
ity. nge,X(O) corresponds to the |n_|t|al part deV|at|0n_ conditionsmpedded in system matricas B, andC, which are determined
resulting from the precedent stamping process. The input-outpyf the station-to-station locating layout change, the geometry of
covariance relationship could be obtained from ). fixture locating layout on individual stations, and the selection of
N KPCs, respectively. The model matri(k) incorporates the de-
Ky=2 KK p(K) ¥'(K)+ 1 0)Koy'(0)+K, (7) sign information included in those system matrices. In short, the
k=1 above two items(i) and (i) imply that the state space model
This relationship expresses the variation of KP&s)in terms integrates a rich process design information, serving as the basis
of the variation of KCCsKp(k)) at all stations, the part stampingfor the development of desirable design evaluation indices. It can
variation (Kg), and the noise variationK(,). Since the goal of be also noted that the state space system model describes a linear
this paper is to benchmark fixture design configuration, we wittime varying” stochastic process if the station indé&dis com-
focus our analysis on the variation of KCAs§(k)). The impact pared to the time index in a dynamic system. In other words, the
of part variation and noise variation is not discussed in this papstate space model has the advantage of matching well with the
Therefore, we can simplify Eq7) and only keep terms related toconventional control theory. The evaluation of multi-station as-
KCCs'’ variation sembly process design can then be conducted in parallel to the
N sensitivity analysis of a dynamic system.
Ky= > HKKp(K) ¥ (K) ®) A single design evaluation index is inadequate to describe criti-
k=1 cal aspects of variation propagation in a multi-station assembly
wherey(k) = C®(N,k)B(K) incorporates all process design infor-System. The index based on the entire variation input and output
mation. They(k) is also called the model matrix of statién of the system characterizes the overall process performance; how-
This station-indexed state space model is a different form of t§§¥€r, it does not provide any detailed information about an indi-
standard kinematic analysis model of multi-station assembly prgidual station or a single fixture. On the other hand, the index
cesses. Recently, other system level models were developed, Rgsed on the variation input and output of a simple fixture char-
scribing variation propagation in manufacturing systems. Varigcterizes the performance of a single fixture during production,
tion System Analysi§24] is a descriptive commercial software,but it does not provide the joint effect of multiple variation inputs
employing the Variation Simulation LanguagéSL) to describe @t the system level. Therefore, in this paper, a group of hierarchi-
an assembly process and the variation flow that is involved in §&! multi-level indices is developed to capture critical aspects of
Mantripragada and Whitnel25] used a state transition model tothe variation behavior of a multi-station assembly process. Fur-
describe the variation stack-up among parts in an assembly.tigrmore, these multi-level indices are expressed in terms of the
their work, KCCs such as fixture elements are assumed free @ftical process design characteristics and are independent of
variation. Lawless et al[26] and Agrawal et al[27] adopted a Variation inputs since it is the design configuration that needs to
station-indexed ARL) model to investigate variation transmissiorP® evaluated rather than the transmitted variation.
in both machining and assembly processes. Their model is a staFor theN-station assembly process shown in Fig. 5, the KPC
tistical model, and the model parameters have to be estimatéfiation is denoted as a variance veci,,,, which elements
through production data that are not yet available during designe the diagonal elements &fy, i.e., oﬁutpufdiaga(Y). The
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KCC variation inputs are decomposed into three levels. VariationNext, the indicesS,,, S, andS, are expressed in terms of the
o, of at the single fixture level stands for the variance ofple model matrix y so that they are made input-independent. The

locating feature at statiok Variation vectoro? at a single station relationships are revealed by the followihgmmaandTheorems
level is denoted amr=[02 -2 a2 7. It is easy to Lemmal lf the KCC variation inputs in Fig. 5 are uncorrelated, the
k™ k1 kp kmed -

. . . KPC variance vectoo?, ... .can be represented as a linear combi-
verify thatof = diag(K ,(k)). Variation vectore?,, . represents the output b

o ) P _ nation of the vectow?. The expression can be represented as
variation inputs of the entire process and is deflnedoﬁ,gut : P P

—3 T... T-.- TT N
[0} - of o} ], o= 2, [V (K)]- 0% (12)

The proposed sensitivity analysis for design evaluation defines:
(1) how the system responds to certain variation inp@swhich o ] )
variation source contributes most to the final product variatiowhere[ ¥*(k)] represents a matrix in which each element is the
and/or(3) how the process parameters account most for the vargguare of the corresponding element in maty(x), i.e.,

tion propagation. As such, the sensitivity indices are similar to the 2 2 2

system gains in the conventional control theory. Appropriate mea- Yo Y12 Yim

sure is introduced to represent the process sensitivity as the gain Yo Yt Yom

of a Multiple-Input-Multiple-OutputMIMO) system. Three-level [(¥1=| . . o (13)
sensitivity indices are defined to facilitate the description of ) ’ ’

the system behavior of a multi-station assembly process: single yél yézA yém

fixture level, station level with multi-fixture, and system Ieveb f A dix |
(multi-station). roof. see Appendix .

Definition |. The sensitivity-based design evaluation index q(t
the fixture level, denoted &, is defined as '

Given that the elements &{(k), the fixture deviations at station
are mutually uncorrelated, the abovemmaholds true for the
variation propagation in a multi-station assembly process. The fol-

|\wo§wpuuz lowing theorems present the expressions for three sensitivity indi-
i S— (9) ces, starting with the fixture-level inde,,.
Tkp According to the definition 0§, index, it is assumed that there

where weighting coefficientV determines the relative importanceis only a single variation sourc&ather than multiple simulta-
of KPC variances an{l-||, is the Euclidean normS,, index in- neous sourcesn the entire process at each time.

dicates how the™ locating feature at statiok contributes to the Theorem 1The fixture-level sensitivity indes, for the p™ PLP
KPC variations. At this levelS,, in fact, corresponds to the gainon stationk can be expressed as

of a Single-Input-Multiple-OutputSIMO) system. _
Definition 1l. The sensitivity-based design evaluation index at Scp=IW- 7/S(k)|\2 (14)
the station level, denoted &, is defined as Proof. When only a single locating feature is deviated from its

nominal position, the only nonzero vector in all KCC inputz:%

Wo? _ ) :
| 0““’““2 (10) which contains one nonzero eIemerﬁp, ie.,

Sc=su
> iz 2 T

% of=[0 - oy 0] (15)

S, index indicates how the fixture elements on statiojointly  gypstituting Eq(15) into Eq. (12) yields

affect the KPC variation. It is a MIMO-type gain since each sta-

tion contains multiple fixtures. Station-level sensitivity index — O5up=[(K)1-[0 - of, - 0]"=2%(K)- 0%,

S, identifies the critical station contributing most to the KPC

variation. o ) o Substituting Eq(16) into the definition of the fixture sensitivity

Definition I1l. The sensitivity-based design evaluation index gq. (9)) leads to Eq(14).
the system level, denoted 8g, is defined as The second index is the station sensitivity indgx It is as-
||W0‘§ut s sgm_ed that only one station has va}riation inputs at a time. But
S,= SUPo_z—p (11) within each station, more than one fixture element could contrib-
ot lnpul2 ute t0 67, Simultaneously.

. - . . Theorem 2The station-level sensitivity inde, can be expressed
S, index indicates the system capacity to amplify or suppress thg

input variations.S, index is also a MIMO-type gain.
The above defined indice,, S, andS, are the ratios of the S=IW-[¥(k)]ll2 (7)

KPC variation over the KCC variation. ConsidéV o%,,{l2 @ Proof The proof is very straightforward. If there is only station

the indicator of the KPC variation level. Indic€g,, S, andS,  haying variation inputs, then the vectof is a zero vector if
are the values of KPC variation given a unit KCC variation inputy Following Eq.(12), we have

The unit of KCC variation is different for the three indices: for a

single fixture, a unit KCC variation is equivalentag,=1; for a o= [V (K)]- of (18)
station, a unit KCC variation is the joint effect from the multiplegpstituting it into the definition of station sensitivity gives
fixtures, defined afo?,=1; for the entire system, a unit KCC

variation is the combining effect from the multiple stations, de- _ IW-[ (k)] ofll,
fined a§|aﬁ]pu,ﬂ2= 1. A sensitivity index less than 1 means that the S= ) ol

KPC variation level can become lower than the KCC variation %k

level. On the contrary, a sensitivity index larger than 1 implies thdtihe above equality holds based on the definition of 2-norm of a
the system amplifies the input variation. Most of the multi-statiomatrix, which is the largest singular value of the mafi29].
systems will end up with the sensitivity greater than 1. Nonethe- System-level sensitivity will consider all possible combinations
less, the smaller sensitivity value suggests a less variatiarf-multiple KCC variation inputs—uwithin a station and/or cross
sensitive system which is preferable. Therefore, using and costations. Thus, it represents the overall sensitivity level of a pro-
paring this group of indices, a robust process configuration can tess as to the KCC variation inputs.

selected, and the sensitive station and fixture can be identified ariteorem 3 The system-level sensitivity inde$, can be ex-
prioritized. pressed as

=W (0]l (19)
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S=IW-[¥(1) 2 - NIl (20) 1. System Sensitivity, Egs. (11), (20)

. . . o . Select better process design configuration.
Proof. The input variance vectczrﬁ1put is the combination of vari- P & &

ance vectors at all stations. Rearranging @4) in Lemmaas l
ol 2. Station Sensitivity, Eqs. (10), (17)
0% Identify the critical station(s) for a selected
oﬁulput:['}’z(l) Y(2) - PN M design configuration.
- !
=) A2 o AN o (D) 3. Fixture Sensitivity, Eqs. (9), (14)

Isolate the most sensitive fixture within

According to the definition 0§, and based on the same argument selected stations.

as that in the proof oTheorem2, Eg.(20) can be obtained.

It is also possible to define the station and system sensitivity
indices using the fixture sensitivity index, that is, choosing the
largest fixture sensitivity index within a station or in a process as
the station and system indices, respectively. Under this definition, . . )
these new indices could represent process response to a sifigistanding that the tolerance should be tightened for those sensi-
(10) and (11)) describe the joint effect of multiple simultaneousPVerall manufacturing cost is reduced.
variation inputs. The results are different using the two sets of
definitions. The selection between both sets of indices depends4n Example

th%sﬁeﬁ;\f/‘ict rtaqmrzmdentis r?f a:/ppl)llcztlgns. ing the aforemention The assembly process of the SUV side panel, discussed in Sec-

an aF tiscal ay' r?)z%h isefn%ree Sn%?icoanléscogm rZhaer?s(iaveethacr)] ﬁg_n 2, is used to illustrate the concepts of sensitivity analysis and
Y pp 9 mprene ; Ird%monstrate the proposed design evaluation methodology. In ad-

merical methods such as VSA software. First, it is numencaléﬁtion to PLPs P- P, used in the assembly process, there is an

efficient since the time-consuming Monte Carlo simulation can : : .
avoided in obtaining these indices. Hence, as long as the sys%%(tra locating hole £(Fig. 7) on the rear quarter panel which can

X ; . &' used to first position this panel on Station Ill, and then to
"??“T'CG.SAz B, C are available, the calculation of th(eg-level S€N5osition the whole subassembly on the measurement station. The
sitivity indices for a large-scale system could be finished withi

. . ominal design positions of the fixture locatg®L.P9 and KPC
seconds of CPU time. Second, the numerical methods can calilfs,< iy, 2-D(X-Z coordinateg are given in Table 3 and Table 4,
late the fraction of variation on the final product contributed fro

various individual inputs, which corresponds to the fixture sensi?SpeCtively' : ' :
’ We propose four alternative process configuration schemes

tivity index defined above. Thus, this is actually a SIMO-rath - . : : :
than a MIMO-type of index. In general, the MIMO-type index igrlharked as C1-C4. Configuration C1 is currently used in one US

difficult to obtain using numerical methods since an exhausti automotive assembly plant and has been described in Section 2.
tain using X \@onfiguration C1 is used as the reference in our design evaluation.
search of variation inputs need to be performed to findstae-

mum Third, the proposed analytical models and sensitivity eAmajordlf'ference hetween other configuratid@?, C3, C4 and

pressions provide the basis for further design optimization r)g-l Is that locator Bis used to replacePwhen the rear quarter

Fig. 6 Three-step system sensitivity analysis

search, which is our ongoing work. Redesigning th anel is located on Station Ill. The fixture locating layout for each

. . onfiguration is presented below with notations described in
manufacturing process could result in a decrease of the systg@ction >
2 .

sensitivity and an increase in its robustness to external noises.

contrast, the numerical methods can do design evaluation for th@onfiguration (C1): {{P;,Ps},{Ps,P4s}},

given process parameters but fall short of finding the optimal pro-

cess configuration. —{{P1,Pa}.{Ps. P} tu—{{P1. Pe}.{P7. Pt} —{{P1., Psthiv

Based on the proposed indices, system sensitivity analysis cglgs; tion (C2): 1P, P\ {P. P
be conducted in three stefBig. 6): 1) When there is a need for ~ o 90 & o (C2): {{Py, P2} {Ps, Pal}y

benchmarking or comparison of alternative process design con- —{{P;,P4},{Ps,Ps}}i—1{{P1,Ps},{Ps,Po}}ii—{{P1.,Po} v
figurations, the sensitivity analysis can be performed at the system
level to reveal the optimal design configuration that yields the
lowest process sensitivity index) RVithin that design, a station
level sensitivity study can identify the critical stations in the pro-
cess which contribute most to the KPC variationiJing fixture
sensitivity index will further isolate the largest variation input
within a critical station. The three-step sensitivity analysis can
help to select better process design and set up proper priority
policy to focus on the most critical variation sources.

The dimensional quality of the KPC points on the final product
depends on both KCC variation inputs and the sensitivity of the
assembly system. The KCC variation level is limited by its toler-
ance range. The overall quality improvement of the assembly sys-
tem is based on two stepgl) System sensitivity-based design
improvement to reduce system sensitivity increase system ro-
bustnesgto dimensional variation. This step can be realized by

Rail Roof Side Panel P,

following the method developed in this pag€ig. 6). (2) Optimal A-Pillar T Py X

KCC tolerance allocation to satisfy the quality requirement of B-Pillar

KPC points, presented as the process-oriented toleran8idlg Rear Quarter Panel
The results of process-oriented tolerancing verify the intuitive un- Fig. 7 PLPs P ,;—Pg4 on the assembly
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Table 3 Coordinates of fixture locators  (PLPs) from Fig. 7 (Units: mm )

PLP P, P, P, P, P;

(X, Z) | (367.8,906.05) | (667.47,1295.35) | (1301,1368.89) | (1272.73,537.37) | (1470.71,1640.40)
PLP P, P, P, P,

(X.2) | (1770.50,1702.62) (2941.42,169131) | (2120.32,1402.83) (3026.25, 950.30)

Configuration (C3): {{P;,P},{P.,Ps}}, negative SOI means that the process sensitivity actually increases
and the system robustness deteriorates. The value range of a SOI

—{{P4,P2},{Ps,Ps}}i—1{{P4,Ps},{Ps,Po}}ii—{{P4,Po}}v  to be significant depends on the trade off between the saving from

) . . the quality improvement and the efforts in making the changes.
Configuration (C4): {{Py,P;}.{Ps,Ps}} The determination of quantitative SOI significant range could be
—{{Py, Py} {Ps, Ps} i —{{Py, P} {Pg, Po} iy — {{P1, Py}t only conducted where there are known the following relatidas:

el S el . 1o 8, 2 . ! ) S statistical distributions of KPC/KCC variable) tolerance lim-

In order to evaluate the different design configurations, a stafg. and (c) variation/tolerance vs. cogscrap, rework, warranty
space model is developed for the above four configurations, fle) |n the presented case study, based on our industrial knowl-
lowing methods presented in Jin and §22] and Ding et al[23].  gqge and discussions with automotive engineers, we consider the
The sensitivity-based design evaluation is then conducted followgp) greater than 20% as significant, between 1020% as mar-
ing the. three steps outllneq in Section 3. Durmg thIS. case S,t”‘@(nally significant, and less than 10% as insignificant.
the weight coefficient matrixV is selected as an identity matrix,” ope can calculate based on Table 5 that S@B%~ 49%
implying that all KPCs are treated with equal importance. — \yhen either one of C2, C3, and C4 is compared with C1, the

Step 0. State space modeling of the assembly protesbis ¢ rrent industrial configuration. It is concluded that the sensitivity
SUV side panel assembly process, there are three assembly glgs| grops considerably when B used to replace P The new
tions and one inspection station, i.8l=4. The fixture used on configuration with B used significantly improve the system’s ro-
the inspection station is considered well maintained and calibratggsiness. The result suggests that C1, the design configuration
with much higher repeatability than those on a regular assemRlyrently used in industry, is not the optimal one with respect to
station. Thus, the input variation of fixture locators on the megre system robustness to dimensional variations. However, the
surement station is neglected ar_wd the KCC deviation inputs frogh| petween any two of the other three process designs using P
fixtures on three assembly statiori1), P(2), andP(3), are Lgo tions C2, C3, and Q4is smaller than 6%. Therefore their
included. The design evaluation is conducted to benchmark thgerences are not significant. The fourth sche(@d) yields the
three assembly stations. A state space model can be set up for @\fests, value among the four process configurations. The value

SUV side panel assembly process as of SOI equals 49.0% when C4 is compared with C1, which
X(1)=B(1)P(1)+ &1) corres-
X(k)=A(k—1)X(k—1)+B(k)P(k) + &k), k=23 pond_s_ to a 49.0% decr_ea_se ir_1 KPC variation_ Ie_vel under the same
X(4)=A(3)X(3)+ &4) condition of KCC variation input. Hence, it is recommended

that the current process design should be replaced by
Configuration C4.

. _ Step 2: Station level design evaluatidret us further study the
whereA’s, B's, andC can be obtained by substituting the paramgiation sensitivity of the fourth configuratiofC4) to identify
eters given in Tables 3 and 4 to E88), (39), and(45) in Jinand \yhich station causing the biggest contribution to the KPC varia-
Shi[22]. Due to the limited space, these system matrices of foyp Sensitivity indices for three stations are shown in Table 6.

different design configurations are included 81]. o The percentage of variation contributiéRVC) from stationk
Step 1. System level design evaluatidhe system sensitivity can pe calculated using the following index

indices regarding all four process configurations are calculated

and presented in Table 5. PVC, = Nsk
It is known that the lower the index value is, the better the Zr-1S¢

robustness of a process design is. Comparing two sensitivity indi-One can find that PVg=39.4%, PVG=38.5%, and PVg

ces, we further quantify the significance of improvem@®Il) as =22.1%. The third station is the most critical station with the

Y=CX(4)+ 7@ (22)

% (24)

gold_ gnew highest sensitivity and PVC value. Station | also has remarkable
SOl= °_|a°_% (23) contribution to the KPC variation. Stations | and Il together ac-
S count for 77.9% contribution in the KPC variation level. Station I

SOl represents the percentage of KPC variation level chanigas the lowest station sensitivity and the smallest PVC value. It
given a unit KCC variation input when a new process desigmould be the designer’s highest priority to investigate the design
configuration is compared to the original design configuration. Kyouts of Stations | and III.

Table 4 Coordinates of KPCs from Fig. 2 (d) (Units: mm )

KPC M, M, M; M, Ms
X,Z) | (271.50,905) | (565.7, 1634.7) | (1289.7,1227.5) | (1306.5,633.5) (1244.5,85)
KPC M M; Ms M, Mo
(X,Z) | (1604.5,1781.8) | (2884.8,1951.5) | (2743.5,475.2) | (1838.4,226.3) | (1979.8,1459.4)

Table 5 Process sensitivity index for C1—-C4 process configuration

Cl1 C2 C3 C4
S, 6.14 333 3.26 3.13
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Table 6 Station sensitivity index for Configuration C4 defined process performance indicator can help designers to
benchmark different design alternatives and select a better design
configuration to make the whole process/product design robust to
variation sources.

This paper develops a group of hierarchical sensitivity indices
based on the developed state space model of a multi-station as-

Step 3. Fixture level design evaluatidfinally, the fixture sen- Sembly process. Engineering information regarding process de-
sitivity index is computed for evaluation. At each station, tw&ign, such as fixture locating layout and station-to-station locating
parts/subassemblies are positioned by four independent locatifgout change, are incorporated in the model so that the three-
pins. The total 12 indices are shown in Table 7. level indices can describe the multistage system’s response to the

From Table 7, it is found that all locators at Station Il are notariation inputs in terms of the critical design parameters. This
the major variation inputs. Stations | and IIl include some critica#ensitivity-based design evaluation can be conducted in three
variation sources. Locators 1 and®way locatory at Stations | steps:(1) at the system leveindex S;) by evaluating and select-
and 1l cause the largest variations in the final assembly if tHisg assembly process configuratio(®), at the station levefindex
input variations have the same magnitude. The variation reductiSp by identifying the critical statiof®) in an assembly process,
and design effort should first be focused on Stations | and Ill @nd (3) at the fixture level(index S;) by isolating the critical
reduce the sensitivity of these two 4-way locators. elements of fixture.

A numerical simulation software such as VSA can be used toDesign evaluation by using these analytical sensitivity indices
obtain the sensitivity indices by performing Monte Carlo simulahas a number of advantages over numerical methods such as the
tions. As discussed in Section 3, it is difficult and time-consumingSA software. First, it is numerically efficient because the time-
to compute MIMO-type of indices such & and S, by using consuming Monte Carlo simulation can be avoided. Second, the
VSA. Thus, the VSA software is only used to obtain the fixtur@ew approach provides MIMO-type of sensitivity index, which is
level sensitivity indexS,. An identical assembly process as prevery difficult to realize using numerical methods. Third, these
sented in the case study is modeled using the VSL language amlytical models and sensitivity expressions allow for the further
the numerical variation model is generated in the VSA. A normaptimization of design. In contrast, the numerical-based methods
variation source with =1 is assigned to one fixture locatorare very limited in finding the optimal solution for process design.
each time, and 5000-run Monte Carlo simulations are then con-The proposed approach was implemented for the SUV side
ducted. The sensitivity index is computed by dividing the KP@anel assembly process. The case study demonstrates the concept
variation by the input source’s variance. The results are comparged procedure of the sensitivity-based design evaluation. As a
with those Valu.es n Table 7, which a!’e calculated from .deS|g'Esu|t of the proposed methodology, the manufacturing System
parameters using analytical formulations. The comparison fgpustness can be greatly improv@®% in the presented cases
shown in Fig. 8, where it can be observed very good consistengympared to the current industrial practice if the appropriate de-
between the analytical and numerical calculation of fixture levgjgn configuration is selected. The station level and fixture level
sensitivity index. The maximum difference is less than 3.2%. gsensitivity analysis helps designers to isolate the critical station

and fixture elements, respectively. Although the study is con-
5 Summary ducted in the context of assembly process, the sensitivity-based

In a multi-station assembly process, the dimensional variatig}gSign evaluation is fairly general due to the generic state space
is caused by the fixture elements on every station and accumulat@gnulation. It can be applied to other multistage manufacturing
on the final product. The process/product design greatly affe@&cesses such as machining and semiconductor processes so long
the dimensional quality of product. The effective way to describ@S the variation propagation in those processes is modeled in the
the system behavior in response to variation inputs is a criticé@me state space framework.
issue in the design of multi-station assembly processes. Well-

Station [ Station II Station III
Sk 2.94 1.69 3.01

Table 7 Fixture sensitivity index for Configuration C4 Acknowledgment
Station I Station 11 Station I The authors gratefully acknowledge the financial support of the
NSF Engineering Research Center for Reconfigurable Machining
Locator 1 2.38 1.50 2.03 SystemsNSF Grant EEC95-92135
Locator 2 1.37 0.69 0.75
Locator 3 2.18 0.65 2.68
Locator 4 0.75 0.56 1.09
. . Nt . .
S Station I FStation T[] Appendix [: Proof of L.er.nm(.et in Section 3
+ Proof. If the KCC variation inputs are uncorrelated, then the
% covariance matriX (k) are diagonal for alk stations. Denote
2 Kp(k) as
z @VSA
3 @ Analytical
@B
c 2
2 Ok
2
T2
Kp(k)= (A1)
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Fig. 8 Comparison of sensitivity index from VSA and analyti-
cal approach Then, from Eq.(8)
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| | | k = station index
n = dimension of part deviation vectot
Ky=2, | (k) 2k - ¥m(K) m, = dimension of fixture deviatiof(k)

k=0 | | | gx = dimension of observation vectdf(k)
® = state transition matrix
[ o, £ = uncertainty term
2 (k) = the model matrix of statiok, equals to
Ok2 C®P(N,k)B(k),
(0] 7, = thepth column vector iny
2 Yqp = theqth element in column vectoy,
L Tm ourgur = variance vector of KPCs on the final product
o | | T o, = variance of thepth locating feature at statiok
) K o (K) akg = variance vector of all fixtures at statidn
"1 Y2 my, (A2) ol=[od - Uﬁp Uﬁmk]T
L | | ﬂ'ﬁ]put = variance vector of the entire process,
T T T
Furthermore, Ohpu=l0l a0l
= unmodeled process deviation
I | ¢ P
N n = additive sensor noise
Ky=> | (k) %k - ¥m(K)
k=1
| | |
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