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THIS ARTICLE PRESENTS THE
METHODOLOGY AND FINDINGS OF
A STUDY ON THE ROOT CAUSES
OF DIMENSIONAL VARIATION IN
AUTOMOTIVE BODY ASSEMBLY.
SOLVING DIMENSIONAL FAIL-
URES DURING THE 18-MONTH
STUDY LED TO THE REDUCTION
OF DIMENSIONAL VARIATION OF
THE AUTOMOTIVE BODY FROM AN
INITIAL LEVEL OF 8.5 MM TO A
BEST-IN-CLASS LEVEL OF 2 MM
(6-SIGMA). THE STUDY FINDINGS
IMPLY THAT VARIATION REDUC-
TION ACTIVITIES SHOULD BE ES-
TABLISHED EARLY IN THE
PRODUCT DEVELOPMENT PRO-
CESS SO THAT PROBLEMS CAN
BE IDENTIFIED AND CORRECTED
DURING PRE-PRODUCTION

PHASES.

hortening launch time. the period from no pro-

duction to full production. while simulta-

neously satisfying quality requirements, 1s a
priority of the most advanced automobile manufac-
turers. Shortening launch time goes parallel with im-
proving quality management. i.e., reducing the
opportunity for work to be damaged and shortening
the time between defect occurrence and defect detec-
tion [1]. Some studies done by Ayres [2] indicate that
a surprisingly large fraction of production cost is di-
rectly atrributable to the prevention of avoidable de-
fects (e.g.. quality control). their detection (e.g.,
inspection). or their elimination after the fact (repair.
rework). Informal estimates from various sources sug-
gest that lapses in quality control. i.e.. desigu. inspec-
rion., rework. repair, and warranty. may account for
4+0% or more of total cost [2].

One aspect of vehicle quality is the dimensional
integrity of the automotive body (body-in-white).
which has great effects on the quality and functional-
ity of the vehicle. In automotive body assembly, geo-
metrical accuracy is one of the most important

quality factors. Variation in geometrical accuracy can
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stem from both the design and the assembly of an auto-
motive body. [n fact. dimensional variation is intro-
duced into virtually every design when the design is
manufactured [3]. Because some manufacruring and
design induced variation is inevitable. it is important to
have a methodology for identifving root causes of di-
mensional variation. as well as thoroughly understand-
ing the sources of variation during the launch of a new
product.

Currently. most common techniques used for im-
proving product quality are based on Staristical Process
Control (SPC) techniques. SPC techniques are used
during the manufacturing process and are based on the
statistical analysis of measurement data. SPC tech-
niques attempt to understand the critical variables in
each sequence of a manufacturing process and estimate
how these variables interrelate through statstical sam-
pling and experimentation [+]. Hlowever. as stated in
[4]. SPC does not explain the actual causes of defects
during the process.

Some sources of assembly defects are given by
[5]. One source of assembly defects is interference
berween mating parts. Assembly defects can also be
caused by installing a part in an incorrect position or
orientation [3]. Some studies have been conducted to
analyze the relationship between assembly process and
product defeets inassembly of electronies devices [0].
Cuerently. in auwromosive industries quite a few studies
relared to dimensional faulis have beea conducted
[7-10]. Some of them analyze the general engineering
atd economie aspects of dimensional fauli= [7. 8]. Oth-
ers analyze a specific part of the product development
cvele. usually during the full production phase {9] or
present a general approach for reduetion of dimensional
variation {10=16]. To the best of our knowledge. no
comprehensive study classifving the roor causes of the
diniensional failuees during the whole antomotive body
development eyele have been conducted. Currently. the
knowledge about relations between the dimensional
variation of the vehicle and its funetional performance.
as well as assembly line failures during production are
not very cleacly understood. This lack of understanding
results i wasted effort during design. launch. and pro-
duction of a new vehicle. beeanse the work does not
target the most eritical process/produet i=-ues.

This paper teies o fill this zap by presenting a

classification of the root causes of the dimensional fail-
ures that occurred during the last 18 months of a new
product development cycle. which was equivalent to the
period needed to reach the design’s inherent level of
product dimensional variation. The paper provides a
better understanding of the area of assembly more
prone to dimensional failures. and provides recommen-
dations for further improvement. Additionally. it aims
to help the research communiry focus on the critical
aspects of dimensional variation by better utilizing ex-
isting analytical methods. or on developing more effec-
tive approaches. The results of this paper are based on
studies conducted in an automotive assembly facility
where sport utility vehicles are manufactured. The
analvsis of the root causes of dimensional faults oc-
curred during the pre-production phase (pilot pro-
gram). launch. and full production on one and two
shifts. Following this introduction. the paper is divided
into three sections. The following section provides back-
ground on the automotive assembly process. and illus-
trates the product development phases. Then. we
present our methodology for reducing the dimensional
variation of the product. Following the methodology
section. we report on a field study. summarizing root
causes of dimensional variation and presenting one il-
lustrative case study. In the final section. we discuss the

implications of the work and summarize the conducted
stiudies.

AUTOMOTIVE BODY: DESIGN.,
ASSEMBLY PROCESS. AND PRODUCT
DEVELOPMENT PHASES

Assembly of the automotive body. shown in
Figure 1. is dominated by geometrical relations. so that
the quality of the assetbly process can be determined
by dimensional integrity of the product. This means
that the level of product dimensional variation can be

a critical index for tinal evaluation of the assembled
vehicle.

Product and Process

An automotive body is built from sheet metal
pacts that have diftereut shapes. sizes. and thicknesses.
depending on theie functions. The parts are categorized
as steuctural or noustructural, Struetural parts support
the automotive body structure as (1) main parts, such
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Fig. 1. The body coordinate system with an example of sensor

locations.

as rails and plenum. or as (2) reinforcement parts. for
example. door hinge reinforcements. The other parts
are called nonstructural parts. for example. door outer.
cowlsicle. roof. and 0 on. Based on the research con-
ducted by [13. 17]. it can be coucluded that structural
parts. mainly due to their greater rigidity. have much
greater impact on automotive body dimensional accu-
racy than nonstructural parts.

The automotive body assembly process includes
three major elements: (1) assembly fixtures. (2) welding
robots or welding guns. and (3) part handling wecha-
nisms. These three elements conduet the three major
functions of the assembly process: part positioning. part
joining. aud part/subassembly transter.

Oun a tvpical plant floor. these elements are linked
into assembly lines dominated by part positioning and
welding stations. Each assembly line produces a major
subassembly or tinal product. There ave usually two
tvpes of lines: (1) compouent subassembly lines. and
(2) framing assembly lines. The component subassem-
bly lines are: underbody line. and two aperture lines—
left- and right-hand. The major element of the framing
line is an automotive bhody framing station. where un-
derbody. apertures. and roof bows are jointed together.
Figure 2 shows an outline of an assembly line with de-
seriptions of the geowetrical stations in the framing
line. The framing station is marked as 3. [n general. all
stations can be divided into geomerrical and re-spot
statious. The geometrical stations handle parts with
position-setring mechanical jigs designed for each type
of veliele. The part is setin position by these dedicated
jigs inttially welded. then transtecred o a ee-spot sta-

ton for finad welding, Dueing the ve-spot operations.
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Fig. 2. Outline of the assembly process: critical stations of the

Sframing line.

robots add welding spots to the parts to increase their
strength. Re-spot stations usually do not affect the posi-
tion or orientation of the part or subassembly. Based on
the research done by [13], the geometrical stations have
a much bigger impact on the dimensional variation of
the product than re-spot stations.

The total number of geometrical stations varies
from process to process. On average. at least 25-35
geomerrical stations and no less than 30~+0 re-spot
stations assemble an automotive body made of 150-
250 sheet metal parts.

The major function of the assembly station is to
correctly position parts before welding operations start.
The usual method of positioning stamped parts is based
ou the 3-2-1 lavour principle {7]. However. during
studies of actual assembly processes. it was also noted
that an 7-2-1 lavout principle. where n > 3. is often
used. The selection of the part locating principle de-
pends on the size and rigidity of the part [18-19], and
directly affects the inherent level of product dimen-
sional variation.

Part transport to and from stations is accom-
plished by many different mechanisms. such as electri-
fied mounorails. tip-up drives. and so on. Detailed
deseriptions of other automotive body assembly pro-
cesses can be found in [12].

Measurement

Modern dimensional diagnosis of the automotive
body requires accurate data to satisfy quality assurance
requirements. Currently. three measurement gages are
most often used for checking part/subassembly dimen-
sions: (1) hard gage fixiures and layout plates (8. 201.
(2) Coordinate Measuring Machines (CMMs). and (3)
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Optical Coordinare Measuring Machines OCMMs). The
presented study mainly used dara from CMM and
OCMM gages.

Coordinate Measuring Machines

Introduced during the 1960s. CMMs are very ac-
curate and flexible. They allow for measurements at
selecred points on the part with an accuracy of 0.01
mm. Their flexibility is based on their capacity for
quick reprogramming measurement cvcles when check-
ing different parts or points. The drawback of CMMs is
the time lag before receiving measurement information.
An automotive body must be taken off-line and trans-
ferred to the CMM room for measurement. A fully oper-
ational CMM can measure up 1o eight automotive
bodies during eight hours. The results from the CMM
are useful for assessing the final quality of an automo-
tive body or subassemblies.

Optical Coordinate Measuring Machines

In recent vears. the implementation of the in-line
Optical Coordinate Measuring Machine {OCMM) in the
automotive industry has provided new opportunities for
automotive body assembly diagnosis. OCMMs are in-
stalled in-line at the end of major assembly peocesses.
sucltas framing. side frames. anderbody. and so on,
(Fig. 2). Each OCMM consists of many laser sensors
allowing for noncoutact meusurement of a body or sub-
assembly relative to design nominal. On average. the
measurement cycle rakes a few seconds. with accuracy
around 0.25 mun. and static and dynamic repeatability
within 6-0 equal to 0. 14 and 0.23 mun. respectively
[21]. The OCMM gage measures from 100 o 130
points on each major assemnbly with 100% sample rate.
Az aresult. the OCMM provides a tremendous amount
of dimensional information. which can be used for as-
sembly process control. Al OCMMs in the plant use the
same coordinate system. called the body coordinare sys-
tein. because it is easv to use and compares data from
diffecent gages. Fig. 1 shows the coordinare axes and
ceference points in the body coordinare svstem. The
principles of the measurenent sensors are deseribed by
[0

(=21 and the outline of the sensor setup for automotive

body assetbly can be found in T104.
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Product Development Phases

Oue of the characteristic features of the automo-
tive industry is the frequency of model changes and the
vast amount of time and labor required to make a
changeover. The automotive body assembly is regarded
as the least flexible process in the overall vehicle assem-
bly process [23]. During a modlel change. tooling must
be changed to match the newly established process and
product design. Given the complexity of this process.
the automotive body development cycle requires three
to four years of lead time. Even the final stage of the
automotive body development cycle. after vehicle and
hard tooling are designed, lasts one vear. This final
stage includes the following phases: (1) pilot program.
(2) pre-volume production. (3) launch. and () full
production. These phases are described in the following
paragraphs. focusing on the dimensional issues.

Pilot Program

The pilot program is when prototype vehicles are
built to verify manufacturing processes afrer 100% of
the vehicle dimensions and tolerances are approved.
The pilot program is the first phase. beginning on aver-
age five months ahead of the launch. It includes: (1)
verifving the designed PLP (Principal Locaring Points)
schemes for tooling fixrures during the assembly pro-
cess. and (2) serting the process capability of the de-
signed tooling.

Pre-Volume Production

Pre-volume production starts one to two months
ahead of launch. after the tooling is set up at the assem-
bly plant. The goal of pre-volume production is to vali-
date process capability. and initially identify the sources
of variation.

Launch .

After determining that the vehicle can reach ac-
ceptable quality levels. the launch phase follows. Typi-
callv. at launch phase. a number of problems must still
be resolved before a vehicle of desived quality level can
be buile. The length of the launch phase depends on
how fast all dimensional problenis can be resolved while
simultaneously speeding up the production cate. [denti-
tication of dimensional faults becomes oue of the bottle-
necks in reaching the full production rate.



Full Production

The tull production phase begins. after the pro-
duction rate reaches the assigued level with acceprable
quality. Typically. at this phase. assemblv line mainre-
nance issues and product quality assurance require-
ments become dominant.

VARIABILITY CONTROL OF PRODUCT
GEOMETRY DURING ASSEMBLY
PROCESS—METHODOLOCY

The dimensional qualiry of a product is directy
related to the variability of the process that created it.
Dimensional variation can be used as an index to evalu-
ate the dimensional quality of a product. But analysis of
process variability. especially in industrial practice and
research. can be a very complex problem. In produc-
tion. a measured variation of product consists of a set of
smaller variadions caused by many different factors
called root causes. Once the particular variation of a
product is determined by measurement data. it is im-
portant to analvze it and break it down to the individ-
ual root causes thar may have occurred during the
process. The procedure of derermining an individual
root cause of dimensional variation is presented in this
paper as a case study.

The methodology applied during the study can be
divided into two parts. The first part is used to evaluate
or “track” the level of dimensional variation using a
defined variation indicator. The second part deseribes
the case stwdy procedure used o identify and localize
root causes of dimensional variation based on the mea-
surement dara. Borh pavts ace described in the following
sections.

Tracking the Dimensional Variation Level

The cracking of dimensional variarion. used as a
quality index. needs to show the level of variation and
the time of occurrence. [t is important o track variation
level through ditterent phases to know not only the cur-
reat quality level of the product. or achieved improve-
ment in time. but also ro use it as a benchmarking
index allowing for comparison of different products or
their development cvceles.

The dimensional variation level is assessed based
on the measured points on the product. Fig. 1 shows an
example of measurement point locations on one side of

the automotive body. These points are chosen for mea-
surements because they are the most critical points on
the body. called KPC (Key Product Characteristics). or
KCC {Key Control Characteristics}.

The KPC is a product characteristic for which
dimensional variation could significantly affect a
product’s safety or compliance. as well as customer sat-
isfaction with a product. The KCC is a process parame-
ter for which the variation must be controlled to ensure
that variation in a KPC is maintained during the assem-
bly process. For example. measurement points +. 17.
18. and 19. shich define the front door opening. are
recognized as KPCs. They control the door-fitting pro-
cess in the final vehicle. The measurements of PLP lo-
cators are usually recognized as KCCs.

The KPC and KCC are selected during the pilot
program to describe the dimensional characteristics of
the product and process. respectively. A parameter de-
scribing dimensional variation of the automotive body
is defined as 6-sigma standard deviation calculated for
each measurement point with a given sample size. The
6-sigma for each measurement point can be presented
in the form of a percentile chart (Figure 3). showing the
distribution of the dimensional variation throughout the
measurement sensors. The final indicator of product
variation level can be presented as a Continuous Im-
provement lndicator (CII). The CII is selected as an up-
per limit of 95% of all 0-sigmas calculated for all
measurement points of the product. For example. in
Fig. 3. the Cll indicator shows variation within 4.5 mm
(0-sigma) for 95% of measurement points.

The CIf can be used for fast tracking of product
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variation level. The presented studies used the CII indi-
cator showu in the form of a chart with the horizonrtal

and verrical axes representing the con~ecurive weeks of
production and O-sigma variation for 037, ,f measzure-

ment points respectively {see upper part of Figure 4).
A fn /
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Case Study Approach to Diagnose Root Causes of
Dimensional Variation

The study of dimensional faults requires the use
of a methodology that will allow for the identification
and localization of root causes of dimensional variation.
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A newly developed diagnostic methodology was pre-
sented in [13-16]. The methodology is based on a svs-
tematic. dara-driven case stuwdy approach that enables
cquick detection and localization of assembly process
faults based on dimensional measureiments. The case
studies group and prioritize the current variation level
into traceable and solvable problems in order to reach
the intended variation level. Therefore. a case study
describes a body-in-white dimensional failure charac-
terized by a particular variation pattern and caused by
one (or several) root cause(s).

Examples of dimensional variation root causes
are: assembly fixture-related (NC locator wear. inclu-
sions on the locating surface of locartors. or clamps that
do not properly force the part against the locator),
welding gun-related (missing welding spot, misaligned
welding gun. welding tip wear). stamped part-related
(inconsistent press tonnage. press stroke). and material
handling-related (interferences between part handling
locators and fixture locators).

The problem-solving methodology includes
knowledge representation of product and assembly pro-

cess. and fault root cause identification and localization
approaches.

Knowledge Representation of Product and Process
The complexity of the automotive body prevents
measurement data from being sufficient to localize root
causes of dimensional variation. It is necessary to in-
clude knowledge about the product and the assembly
process before the root causes can be determined. Our
knowledge representation is based on the functional
characteristics of the product. tooling. process. and
measurements. which are in turn defined as collections
of hierarchical groups [14-13]. The hierarchical groups
show the explicit relationship between the most impor-
tant features of the automotive body assembly, such
as: (1) product relations (part-to-part and part-to-
subassembly: locators positions of parts/subassemblies).
(2) process relations (process lavout: parts/subassem-
blies sequence: welding spot locations and sequence).
and (3) measurement relations (location of inspected
points and type of measured feature: allocation of each
measured point to part/subassembly). Figure 3 shows

Roofside
B- Rillar

anter A- Pill Rail
Quaner E::
Wheelhouse infor cement

Aperture

The Hierarchical Groups of product/process siructure

Fig. 3. The

knowledge
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Aperture the automotive
Ouer LAYER 2 bochy: asserbly-
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an example of the hierarchical groups that include
knowledge about product/process. measurements. and
tocators. A major advantage of this knowledge repre-
sentation is that a great deal of knowledge can be repre-
sented within a unified framework. which simplifies
access to and speeds the diagnostic reazoning to find
root causes of faults. This representation is used during
fault localization.

Fault Identification

As shown in Figure 0. fault identification is equiv-
alent to the identification of zources of dimensional
variation in the body-in-white by grouping measure-
ments using variation level and correlation coefficient.
The procedure of fault identification for sustained di-
mensional variation selects and classifies the informa-
tion pertaining to measurements captured during a
given period of production time and are based on two
criteria:

L. Fault severity criterion—selection of measure-
ment points with variation exceeding variation
threshold T, (Fig. 3). This criterion ensures that

the fault identification process will select the mea-
surement points that describe the most severe di-
mensional faults. Variation threshold 7. was set
so that 30% of all measurements were included
for further analysis.

o

Fault root cause isolation criterion—selection of
measurement points with correlation exceeding
correlation threshold 7... This criterion selects
measurement points describing faults with a sin-
gle root cause. It is based on the assumption that
the measurements with large variation will be
strongly correlated if and only if their variations
are caused by the same root cause. For example,
if measurement data include variation caused by
fixture locator failure, the pattern described by
the data will follow the pre-determined pattern of
the faulted locator. Therefore. based on the char-
acteristics of body structure and tooling locators.
some points will “move™ together during the as-
sembly process. In a statistical sense. “moving™
together can be interpreted by correlation be-
tween the measurement points. Each group of

Data trom all MLP on the BIW
& major subassemblies

Calculate the 6-0 variation
for each measurement points

No fault based on
the set threshold

l Group all MLPs with large variation 1

L ]

Calculate the correlation
using all MLPs in the group

Classify MLPs
according to their
correlation Te

1
Group 1 Group m
(Case l ) a L] e L] [ ] L] - [ ] L] (Cm m)

Fig. 6. The flow
chart of diagnostic
reasoning: fault

detection.

« Selection of the measurements with
large variation for further analvsis:
* Setting priorities in diagnosis:

 Classification of the measurements with
large variation into groups with high
correlation:

« Each MPL group constitutes one case:
Assumption:

* Single root cause of the fault manifests
itself through highly correlated data:

« If the measurements are uncorrelated,
they have DIFFERENT root causes.
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corvelated measurement potnts called candidate
measurement points “CMLP) represents a case
<tudy,

Fault Localization

The fault localization procedure localizes the fail-
ing part. as well as the assembly station causing that
failuce based on the selected CMLPs - Figure 7)
[13-14]. The fault is localized by 1denntnn° the posi-
tion of CMLPs on the component subassemblies of the
body-in-white using hierarchical groups of product/
process. The component with the biggest number of
CMLPs vepresents the most likely failed compouent and
is called the candidate component. Additionally. the
hierarchical groups of the product/process show the
assembly station where the candidate component is as-
sembled. This station most likely causes the fault and is
called the candidate stadion.

FIELD STUDY: SPORT CTILITY VEHICLE

To determine the root canses of dimensional faulrs
and to determine how these faults would atfect the di-
menzional quality. an analvsis of solved case studies is
conducterl. The objective of this analysis is to summa-
vize the knowledge and experiences gained from varia-
tion reduction activiries. It focuses primarily on drawing
a guideline for future implementation during design as
well as during launch of a new produet. rhe 0|10\\uw

section presents an example of one case study with dit-

ferent types of root causes. Following that section. the
analysis of all case studies is presented.

Example of Case Study: Cowlside Reinforcement
Cyclic Variation

This case study illustrates a dimensional fault per-
taining to tooling installation, which was detected by an
OCMM measurement gage in the framing line. The fault
occurred during launch phase. This fault has direct in-
fluence on the quality of the fender alignment. Correct-
ing this fault involved reprogramming the original
program of a welding robot.

Fault Identification

Measurement points 2L and 5L on the body-in-
white showed large 6-sigma variation in the Y axis
(Inboard/Outboeard) equal to 2.91 and 3.16 mm, re-
spectively. Both measurement points showed strong cor-
relation (0.94). Figure 8 shows the location of the
cowlside reinforcement panel and sensors 2L and 5L in
the body-in-white. The other measurement points did
not show strong correlation with points 2L and 5L.

Fault Localization

Because both selected measurement points 2L and
SL were located on the cowlside reinforcement panel.
the geometrical station assembling this panel was sug-
gested as a candidate station. The root cause of the

. Fault identification:
measurement points {4, 6, {7}

2_1\ \20 ,l_?/[ls 716 15

Fig. 7. The fault
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Cowlside reinforcement part

2L

6-sigma =2.91 mm
Sample Size - 100

Fig. 5. Bodyv-in-

white with marked
Cowlside panel
and measurement

sensors 2L & 3L.

5L

6-sigma = 3.16 mm
Sample Size - 100

fault was identified by using an X-bar chart and a de-
tailed study of the assembly process i the candidate
station. The X-bar charts of points 2L and 3L in Y axis
show regular spikes occurring every 20 measurements
(Figure 9). Detailed analvsis revealed thac in the fram-
ing line. one welding robot missed two welding spots
located on the cowlside panel (Figure 10) every 26 pan-
els after a regular tip dressing operarion.

Corrective Action
The problem was cansed by the programuming of
the robot sequence. which was corvecred.

Evaluation

After corrective action was completed. variation
was recuced from 2.91 to 1.87 mum-and trom 3. 10
to 2.01 mun in the Y axis for sensors 2L and 5L.
respectively.

Case Studies Classification Based on Production
Phases and Dimensional Variation

The preseured analysis examines 52 case studies
according to the nature of the problems= and classifies
them using four different criteria: (1) the root cause of
the problem. i.e.. design. installation. maintenance. or
material variation: (2) the production phase in which
the root cause oecurred. e pre-launch. launch. or full
volume production: (3) the arcas or <raees in body as-

sembly processes. fe.. subassembly. body framing. and

MANUFACTURING REVIEW *» VOL. 8, NO. 2 « JUNE 1995

s0 on: and (4) the information sources used to detect
these problems.

Root Causes of the Dimensional Variation

Fifty-two cases were identified and solved at the
assembly facility to reach the best-in-class level of di-
mensional variation. which is equal to 2 mm (6-sigma
standard deviation). Among these case studies. 118 root
causes were found. All found root causes can be divided
into four major categories: product and process desigu.
tooling installation. woling maintenance. and supplied
material variation. Figure 11 shows the distribution of
root causes amony these four categories. According to
this classification. the contributions to the variation
were: maintenance procecures (37%). product and pro-
cess design discrepancies (27%). supplied panel inaccu-
racies (23%). and tooling installation mistakes (13%).
This analysis indicates that most dimensional variation
problems of the body-in-white are caused by incorrect
maintenance procedures and design diserepancies
rather than supplied panel inaccuracies and rooling in-
stallation discrepancies. Flowever. this classitication
does not analyze the severity of the occurred problems.
Based on experience. the most severe and time consum-
ing problems are either supplicr-related or design-re-
lated problems. [n the assembly plant. the average
reaction tie for mainrenance related problems was a

few hours (<8 hours). However. correcting design
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problems or panels discrepancies took on average of
from 1 to 4 months.

Production Phases during which the Root Cause of
the Dimensional Variation QOccurred

fn similar wavs. the dimensional faults were clas-
sified as a funedon of rime. This classilication provides
valuable insight into the <teengths and weaknesses of
the prodoct and assembly process versus the time of

thete detection.

Figure 4 shows identified faule roor causes in each

Welding spots

Missed welding spots

Cowlside Reinforcement panel

Frou 10, Case 3 landt e lianisom: missed twelddinne spots after welding

tp dressing operation,

production phase. The vertical axis indicates the
0-sigma variatiou of the automotive body, based on the
weekly average of dailv batches of 100 bodies with 100
measurements taken for each automotive body. The
dara were caprured during a 60-week period. The di-
mensional problems for each production phase are dis-

cusseck with particular emphasis on those that affect
variation level.

L Pre-production phase. The 0-sigma variation of
the body-iu-white was reduced from 8.5 to 3.5
mim during this phase. Tooling design and wooling
installation as well as variation of supplied

[E] Design retated problems
/] instalation related probl
[[[[]Maintenance related problems

Supplier related problems

Fig. 11 ( lusstfication bused on the dimensional fault root causes.
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stamping parts were the major root causes of
vartation. Fig. 4 shows that 42% of the faults at
thix stage were tooling design-celated. 24% of the
faults came from tooling installation. and 34% of
root causes came from stamping parts. Around
0% of all faults were related to the failure of
assembly fixtures. Due to the low volume of pro-
duction. tooling maintenance was not a major
issue during pre-production.

o

Production launch. In the launch phase. variation
was recduced from 3.5 to 2.5 mum. Similar to the
ficst phase. design and tooling installation related
faults were still the major root causes of variation.
contributing about 30% of the total number of
root causes. Root causes due to the supplied
stamping panels decreased to 29%. However.
variation caused by tooling maintenance-related
taults became important as the production vol-
ume increased. In general. the faults related to
assembly fixtures rapidly increased to 70% of the
total nuwmber of faults,

3. First shift full production. During the first full
production shift. the variation was further ce-
duced from 2.5 to 2.2 mm. Mainrenance related
problems were the major root causes in this
phase. Referring to Fig. 4. it can be seen that al-
maost all root causes were due 1o maintenance is-
stes. To summarize. tooling design and
installation diserepaneies had been identificd and
sobved during the pre-production and launch
phases and. after inereasing the production vol-
wimne. tooling maintenance procedures became
more demanding and critical for dimensional
variation.

+. Second shift launch and full production. The
variation level slightly increased 1o 2.5 mm ac the
beginning of che period due w launching of the
second shilt. Afrer solving several case studies. the
variation finally achieved 2-mum fevel in the fifth
monch of tull production oo two <hilts, During
this period. maintenance-related problems were a
major root cause. although they were refacively
fess dominane than ducing the previous phase.
The assembly fixeures faults caused T0% of the

total munber of failices, {1 is ieresting to aote
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Fig. 12. Root cause patterns for the dimensional faudts caused by

design. installation and suppliers.

that the number of design. installation. and sup-
plied panels related problems increased again.
This can be explained by realizing that when the
variation reaches its inherent level. further varia-
tion reduction requires changes in the product
and processes.

Figures 12 and 13 sunumarize the detection of the
tooling design discrepancies. installation mistakes. as
well as supplied panels’ inaccuracies during the produc-
tion phases. Tooling design and installation discrepan-
cies became one of the major root causes of the
problems after the variation was reduced to 2.2 mm.
This allows us to estimate that the 2.2-mm level was
the tooling design capability of the process. Further re-
duction of variation t reach the 2. level required
some tooling design moditication.
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Fig. 13. Root cavse pattern for the dimensional fudts caased by

menlenance.



Localization of Dimensional Variation within
Assembly Process

The root cause based analvsis presented in the
previous section allows us to estimate the causes of di-
mensional variation. In addition to that. one of the most
important issues is the localization of the variation
within the assembly process: body-in-white subassem-
blies (underbody and side apertures}. framing opera-
tions. and supplied panels. This classification is
summarized in Figures 14 and 13.

Based on Figs. 14 and 15. it could be concluded
that the variation reduction in the subassembly lines
has a major impact on the variation of the bodv-in-
white. In general. problems in subassembly are twice as
frequent as those in the framing station. This indicates
that for this particular design of the body-in-white, the
subassembly is much more sensitive to variation than
the final {raming of subassemblies.

[n addition. the cooperation and support from
stamping operations played a major role in reducing
ditmensional variation. About one-fourth of the root
causes were caused by the part suppliers.

Information Sources for Fault Detection

The analysis of the information sources is focused
on the measurcment and verification of gages such as:
(1) Optical Coordinate Measuring Machine (OCMM).
(2} Coordinate Meuasuring Machine {CMM). (3) visual
observation. and (4) Theodolite gage.

Figure 10 shows the distribution of the informa-
tion sources used for detection and analvsis of the
solved case studies. The measurement gage used most
often to identify variation problems was the OCMM

Panel related probiems
Subassembly related problems

Framing related problems
Final A bly related probl

JERE

Fig. 1+ Root couse classdication based on the localization of the

dimensional tanlts within the assembly: process.
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(36%). CMMs and Theodolites were each used in 19%
of all case studies. mostly during analysis and verifica-
tiou of faults.

Sumumarizing the experience gained while solving
these case studies. we concluded that information
sources are used mainly for three purposes:

1. Detection and identification of the dimensional
variation—OCMM. visual observation. and feed-
back from Final Assembly.

[

Analysis of already identified faults—OCMM and
CMML

3. Quantitative verification of the root cause of di-
mensional variation—CMM and theodolite.

The classification based on information source has
been correlated largely with production phases.
Figure 17 allocates different information sources to dif-
ferent production phases. This classification can be
summarized as follows:

1. In-line measurement dominates as an information
source during detection and analysis of the prob-
lems causing dimensional variation.

1o

Most frequent appiication of CMM gage (35%)
was during pre-production phase. when the vol-
ume of produced cars was small (small sample
size).

3. Theodolite was used during launch phase (34%)
for veriticarion of woling installation problems.
and second shift phase (35%) for verification of
woling design modifications necessary to reach

2-mum variation level and not predicted earlier by

designers.
g

CONCLUSIONS AND SUMMARY

There is a move o blead control of dimensional
variation into the auromotive industry. Wichin the auto-
miotive industry. it is viewed as assets able to create
high quality product. This paper summarizes a devel-
oped methodology for reducing dimensional variation
as well as a study on the root causes of variation. This
study. conducted in one of the facilities of the leading
auto manufacrurers. was focused on obtaining the best-
in-class dimensional automotive body build based on
quality benclunark established as 2 mum (0-sigma). A

CEGLAREK AND SHI » DIMENSIONAL VARIATION REDUCTION
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data-driven. case-bazed approach was used in solving
cdimensional faults. An example of oue case study is pre-
sented in the paper. All of the case studies necessary to
achieve best-in-class dimensional variation were ana-
tyzed and classified according to the nature of the faults
using four different criteria: (1) root causes of the
faules. such as toling design. installation. maintenance.
or incoming material variation: (2) roor causes in the
different production phases. i.e.. pee-launch. launch,
and full volume production: (3) arcas of body assembly
process. e sabassembly. body framing. cre.: and (+)
the information sonrces used 1o deteet dimensional
fanles.

Most of the variation problems during the fiese 13

0CMM

MM

I Visual observation
E] Theodolite

Fra 16, oot cose clussification bused on the tnboemation sonree

criterton.
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months of the conducred test were caused by problems
in product and process (tooling) design. tooling installa-
tion. tooling maintenance. and incoming material varia-
tion. Their relative contributions are classified
according to the number of problems in each category:

* Tooling maintenance related problems: 37%.

Product and process design celated problems:
27%.

~* Stamping pauel velated problews: 23%.
Tooling installation relared problems: 13%.

For all of the cases identified. sporadic problems
or special cause problems (such as spikes) are as fre-
quent as chronic problems or common cause problems
(33% of toral case studies). However. the underlying
root causes for the majority of the sporadic problems
are chrouic in natuce. These problems are induced by
intectecence. either part/part interference or tooling/
part interference. )

As far as the root causes of variation during dif-
ferent production phases. findings related to the launch
stage are as follows:

* Problems during pre-production and product
launch are mainly related o design and installa-
tion. and are panel-relaced.
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* During a new vehicle program. pre-production
and produet launch are the importane phases in
which to correct all dimensional problems and
achieve the process capability.

Finding= relared o the full production Stage
follows:

are as

* Euach vehicle body has. as a vesulr of product and
process design. an inherent level of dimensional
variation. Once the process reaches its inherent
level of variation. further reduction of the dimen-
sional variation on the body can be achiceved,
However. this can be done only through costly and

titne consnming product and process modification.

[ the case of the . assembly plant where study was
conducted. the dimensional apability is ar 2.2
.

Mauy problems in production stage are mainte-
nance related. For example. during one shift pro-
duction. all of the case studie~ identified were
mattenance-related. Durine two <hift production.
32% of the case stadies were maintenance-relared.
A~ tor roor causes of variation in Jitfege ur areas of

the assctibly process. sithassemb Ivovariation contributes

*

CFGLAREK AND SHi ¢« Mimacacinaas

most significantly to the \an.mon of the body-in-white.
[nn the conducted study. 3

assembly-related.

% of the problems are sub-

[n evaluating the importance of measurement 5V3-
tems in fault idendificarion and localization. the findings
are:

e To successtully ideurify dimensional problems.
sufficient measurement is necessary. For fast de-
tection of the dimensional problems. use of in-line
measurements is essential. For fault diagnosis,
flexible measurement svstems are important.

* To successtully verify dimensional problems in

tooling. theodolites. or portable CMMs are
necessary.
[n terms of the de nvelopment of the general meth-

odology of solving dimensional variation problems. the
hmlmg> are:

* \svstematie. data-driven approach is essential

<lmm" analysis of the Jdimensional problems.
* Fusion ol as<etbly process knowledge with data-

driven analyvais is the kev to fast identitication of
the root causes,

VADIATIAM DontirTION
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