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Abstract

A quality analysis trial was undertaken at Ford Geelong Stamping Plant on a press
line that was fitted with standard press sensors to measure press and binder force
over the stamping cycle for each panel. The quality of randomly sampled panels was
measured by obtaining the panel thicknesses at five points, for 135 panels in total.
These points were chosen such that they exhibited different forming modes. This
paper analyses the input force data and the output quality data from the trial to
determine any potential relationships. The analysis of the production data was
performed using statistical correlation techniques to determine initial potential
rel ationships between input and output variables. An Active Shape Model was used
to extract features when identifying the major sources of variation within the input
data. However, the initial analysis of the data elicited no direct relationship between
the input variables measured and the panel thicknesses. This result is significant as
the data collected is from a standard sensor configuration found in many press lines
through-out the world. The reason for the lack of a direct relationshipis believed to
come from the lack of sensitivity in the force measurements which are not able to
identify small changes in the process, whereas gross geometric variations have in
previous studies shown an obvious relationship with changes in the force press
profile. This means that existing force sensors require augmentation by additional
sensors if a detailed automatic quality control system for the press lines based on
input sensors alone.

1. I ntroduction

The stamping of sheet metal products is a process that exhibits a large amount of unexplained
vaidion. Blumd et d. [1, 2] initidly investigated variation of the sheet metd process with respect to
the variation of materid quaity. They concluded that sheet metal forming has inherent problems with

" Elgar Rd Campus, Burwood, Deakin University, Vic. 3125 Austrdia. Email: brolfe@deakin.edu.au



process variation. More recently, Doolan et d. [3, 4] investigated the relationship between in-
process variables, such as punch force, and qudity outcomes, such as tearing and wrinkling. They
developed a method to find an operating window for punch force as well as developing some
empirica explanations for the causes of gross geometric variations in output. This Sudy was based
on norproduction data.

This paper extends upon these studies by using the data from a quality andyss trid at the Ford
Gedong Stamping Plant on a press line that was fitted with standard press sensors to measure the
press force over the stamping cycle for each pand. The analyss of the production data was
performed using satistical correlation techniques to determine initia potentia relationships between
input and output variables. Feature extraction was performed on the data st to extract out
interegting information. The sgnificance of this paper has been finding the lack of resolution in the
current sensors for detailed quality contral.

The structure of this paper is as follows. This paper first discusses the production set-up and the
details of the production trid. Thisis followed by areview of the methods used to anadyse the data.
Findly, the results of the study are discussed.

2. Production Set-up

Blanks | —»] —p —p —> Finished
Pands
Main Trimming Hole
Stamping Operation Cutting
Operation Operation
Figurel Example production set-up, real pressline had six operations.

The press line consads of 9x operations (press gations), which included trimming and hole cutting.
The first operation, however, did the most shape modification through deep drawing of the blank.

The binder force profiles were measured with a stlandard set of strain gauges which were attached to
the binder connecting columns on the firgt press machine. The punch force profiles were measured
by subtracting the binder force from the tota force of the press measured on the outer press frame,
Unfortunatdly, this means that the binder force profile is not a direct measurement of the binder/blank
force, and the press force is even more indirectly measured as it is a fuson of the binder force and
total force on the outer press frame.



Figure2 Upper front suspension housing panel with arrow noting the pointswhere
thickness was measured for each panel. The sixth measurement point was not used because of
the difficulty in getting an accurate reading on the tight radius.

The part chosen for this study was an upper front sugpension housing panel (as seen in Figure 2),
which has been used for the latest sedan modd. This panel was chosen because its production run
length was acceptable to both Ford and the production trid, geometry data was available, and it was
complementary to other aims of the STAMP project.

3. Plant Trial Set-up

A production trial was undertaken. The panels being analysed (excluding particular etched samples)
were to be used in assembly; and therefore only non-destructive methods of srain estimation of the
panels could be performed. An ultrasonic thickness sensor was used in order to not affect the panels
in production. Other information was aso recorded, such as ambient and die surface temperatures,
and times and reasons for line stoppages.

Batches of five panels were randomly sdected with time intervas of between 10 and 15 minutes. A
baich dze of five was chosen to provide datistically sgnificant results when comparing means
between batches. Random sdlection of time intervals was used in order to gain a better reflection of
the variaion throughout the shift, and to confound any systematic measurement error. Each pand
within the batch had five thickness measurements taken. In addition, every fourth batch selected had
four norma blanks replaced by four etched gridded blanks. The etched gridded panels were
withdrawn & the end of the line for off-line measurement. A fifth normd (nonetched) blank was
incorporated into the batch and its thicknesses were measured to complete the batch of five pands.
The normd blank was included to determine if there was a mgjor difference between the ssamping of
etched and non-etched panels.

Each pand was measured in five locations (as seen in Fgure 2), the sxth location shown in the
Figure was not measured because it was difficult to get an accurate reading on the tight radius edge



section.  Each of these points of interest was chosen from andysing the stamping behaviour of the
blank using an Autoform smulation of the process. The points on the panel were chosen where
there was alarge amount of effective strain, adistinct forming mode, and the geometry of the point of
the part was suitable for the ultrasonic thickness sensor. These five locations therefore provide the
most qudity information about the part becauise these were the points where the part was most likely
to fail. Also, a minimum of points of interest were chosen because there were time congraints with
the on-line manua measurement of parts during production.

The variables recorded during the production trid can be split into two categories, input and output
variables (see Table 1). The only input variable consdered in this paper isthe force profile data.

Variables available for each measured panel

Input Variables Output Variables (“Quality” Indicators)
Force profile data Thickness measurements in five locations
Temperature readings of the die Strain measurements

Anecdota recordings of stoppages

Table 1 Input and output variables from the production trial.

4. Data Analysis Methods

The data analyss performed in this work conssted of three major operations:
1. Cleaning the data;
2. Extracting the features,
3. Anadysing the data using correlaion and other techniques.

Cleaning | Extracting | Andysisof -,
Data Features the Data
Removd of - Principd - Linear
measurement component correlation
errors andyss - Clugering
techniques

Figure 3 The flow of the data analysis



Fird, the data was cleaned to remove any measurement errors. Severd thickness measurements
were removed from the data for two panels because it was believed that the measurements were
recorded incorrectly. The second operation was to extract the features from the data. Festure
extraction tries to remove data of low importance, such as data that has low variance or noise. After
these two stages, the data can be analysed by looking for correlations between the input and output
data, and other associative relationships.

The initid andyds functions were linear functions and visud inspection. The reasoning was to
investigete usng a sandard linear analyss so that if such an andysis were able to reveal some form
of promisng information, then more complex methods could be utilised to extract more complex
relationships.

4.1  FeatureExtraction (Principal Component Analyss)

Principd Component Andysis (PCA) [6] (also known as KarhunenLoéve transformation in
communicetion theory) is often used in pattern recognition to sdect festuress PCA is a
transformation of the data such that the number of “effective’ features is reduced without removing
much of the information content of the deta. PCA maximises the variance of the “effective’ festures
or components of the transformed data. Suppose the data consists of N sampleswith P dimensions,
thet is, a matrix of NxP. By usng PCA we can represent this data tang only the Q sgnificant
components (where Q << P, often Q = 2 or 3 for ease of viewing).

PCA conggts of the following steps:

1. Form the co-variance matrix, S

S= %a (x, - X (x, - X), (1)

where X; isthei" datasample (1 x P)

2. Peform egenvaue decompositionon S

S=V?2VT, 2
whereV isamatrix of eigenvectorsand ? isadiagond matrix of the eigenvalues of the
meatrix S.

3. Cresate the transformation matrix
M=, f, f., ©)
where M isamatrix crested from the first Q eigenvectors (P x Q), and f ; isthei™
elgenvector (P x 1).

4. Transform the data, data now has Q dimensions/features, where Q << P
Y= X, M (4)
Active Shape Models [5] are a specific example of PCA applied to image andys's, where the data
vector X is the concatenated vector of dl the Euclidean coordinates that describe the object. For
this paper, the force vaues and ram angles for a single profile were concatenated together to make a
single dimensond vector describing thet force profile.



4.2 Linear Coefficient of Correation

The linear dependence [7] between two variables can be measured via the linear coefficient of
correlation, ?. The linear coefficient of corrdation is anormalised vaue between - 1 =?=1, where
- 1implies anegetive linear dependency between the two variables, 0 implies no correlation between
the variables, and 1 implies a poditive linear dependency between the two variables.

1d
COV(YlaYz):Na (YLi - meZ,i - mz)’ ©)
i=l
where m = Mean(Yj)
The population linear coefficient of corrdation, ?, is defined as,

. Cov(Y,.Y,)
- S lS 2

: (6)

where s ; = Sind Dev(Yj)

5.  Analysisof production data

5.1  Principal Components of the Force Profile

Principad component analysis was implemented using an Active Shape Modd [5] on the 1440
pands force profiles collected over the whole production run to extract out the profile regions with
the most variance. The Active Shape Modd was then applied to the 135 measured pandls to extract
out the principa component values. The average profile of Binder 1 and its principal components
can be seen in Figure 4. The firgt principa component of the Binder 1 sensor shifts the curve up or
down (depending on the sign of the principal component value) a the ram angles where the work is
being performed. The second principa component adjusts the force spike at the ram angle of 120
degrees. The principal components for each sensor were different, reflecting the variation in the
press.

5.2  Basc Clustering of the Thickness M easurements

The associated thickness measurements from the pands were split into five groups: low, medium,
high, very high, and Missing (No measurement). The reason for separating thickness into groups
was to look for any smple patterng/relationships between the force profile and increasing thickness,
The histograms for the four groups can be seen in Figure 5. The thickness digtribution across the five
point measurements varies somewhat. Messurement “C” has a higher density in the higher thickness
groups, whereas measurements “A” and “D” have higher dendty in the lower thickness groups. The
thickness groups were chosen such that the distances to the centers of the groups were minimized to
give four groups across each of the five point measurements.
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Figure4 The average force profile and itsfirst two principal components for Binder 1
which have been positively perturbated.

5.3 Correlation Between Thickness and Press Force

The correlation between the find thickness at the five points and the force profile was investigated by
caculating the linear corrdation between the principa components of the force profiles and the
thicknesses measured at the five points on the pand. The correaion vaues are shown in Figure 6.
The linear correlations between the force profile€s principa components and the thickness
measurements were generdly very low, mostly below 0.2,

This implies that there is dmost no correation between the principa components and the thickness
measurements. This can aso be seen visudly by looking a the average principa component vaues
for the four thickness groups in Figure 7. A trend can be thought of as a Stuation, for a particular

principal component, where the average principal component value for each of the thickness groups
isinincreasing or decreasing order.
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An example of atrend can be seen in principal component 5 (dlong the horizontal axis) for Binder 1,
Thickness measurement A. The order of the average group vaues is as follows. the low thickness
group (0.5), medium thickness group (0), high thickness group (- 0.25), very high thickness group
(- 11). Inthisgtuation, sgnificant trends should appear a the significant principa components (low
vaues or the left hand end of the graphs). However, there does not gppear to be many significant
trends between the four groups. Moreover, the spread of the data, as seen in Figure 7, means that
these average group trends are inggnificant and perhaps spurious.

This means that ether there is no corrdation between the samping and the find thickness (which is
unlikely), or the sensors do not have the gppropriate resolution to give us this detailed corrdation. It
is proposed that the sensors do not have the appropriate resolution or sengtivity. Thisis because the
Sensors are not measuring the binder or press force directly. The sensors are placed in the columns
of the press which dampens the signa from the actua force being gpplied by the binder to the blank.
Also, there may be other errors in the system such as materia variation that affects the thickness
variaion but has low corréation with press varigtion.

If only gross differences in force are being transmitted through the binder sensors, then novelty
detection may be possible to find mgor quality problems. Novelty detection is the process of finding
outliers in the data. In this case, it would be a method that determines which panels had mgor
quality problems, such astearing or wrinkling, during a production run.

Mean component values, Binder 1, Thickness Measurement B Binder 1, Thickness Measurement B
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Figure7 Mean principal components for thickness groups (low — solid blue line, medium —
dashed green line; high — dot dashed yellow line; very high- dotted red line) for the five measured
points (A,B,C,D,E). Figureon right shows the spread of the principal components of the
thickness groups (low — blue plus, medium — green asterisk, high —yellow “ x” , very high —red
circle) for the thickness measurement “ B” . All principal component values shown have been

normalized to a zero mean, unit standard deviation for the ease of viewing.

In this Stuation we are looking for gross changes from the average signature. It is an easier problem
than finding variable corrdations because it is a binary dassfication Stuaion, and the varigble
changes should be significantly different from the norm. The clustering plotsin Figure 5 indicated that
measurement “A” was centred in the lower thicknesses, and therefore the panels with very high
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thickness measurements can be thought of as potential outliers or novelties. Figure 8 indicates that
the principad component vaues of the pands with very high thickness are on the outskirts of the
spread graphs. Unfortunately, there are not enough samples within the data to properly address the
sgnificance of this preiminary result. This gives us hope that gross qudity changes can be detected
by analysing the force profile of the press. Further work is needed to actualy prove this to be the
case, incuding another production trid on aless stable pand.

Binder 1, Thickness Measurement A Binder 1, Thickness Measurement A
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Figure 8 The spread of the principal components of the thickness groups (low — blue plus,

medium — green asterisk, high —yellow * X", very high —red circle, No measurement — black
square) for the thickness measurement “ A’ . Novelty detection could be possible as the very high
thickness measurements appear on the edges of the principal component spread. All principal
component values shown have been normalized to a zero mean, unit standard deviation for the
ease of viewing.

54  Other Interesting Analysis Results

One of the interesting results of our data analyss was the correlation between the production rate
and the force leve of the binders and the press. The production rate was caculated by using a
smoothed average window diding across the time of the production trid which counted the number
of pands produced over afive minute period.

Binder sensors 1 and 2 have a very weak negative corrdation with production rate; whereas Binder
sensors 3 and 4 have strong postive correlations with production rate, particularly at early ram

angles (around 75 degrees) (Figure 9). The reason for the binder gpplying more pressure on one
side of the pand when the there is a high through-put of panelsis unknown at present. Possbly it is
the temperature build-up in the hydraulics system, though this gill does not explain the kewness in
the binder pressure in times of consstent production.

Press sensors 1 through to 4 have weak correations, and the lack of significance in dl these vaues
means that it is not possible to make any red conclusions.
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Binder 1 - Ram Angle Force Production Rate Correlation
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production rate is equal to the instantaneous speed of panel production averaged over a five
minute period centred on the panel in question.
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7. Conclusion

Theinitid analyss of the data from a samping press line a Ford Gedong Stamping Plant dicited no
sgnificant relaionship between the input variables measured (press and binder force) and the pand
thicknesses. This result is Sgnificant as the data collected is from a standard sensor configuration
found in many press lines through-out the world. The reason for the lack of a direct rdationship is
believed to come from the lack of sengtivity in the force measurements. The force sensors do not
measure the binder or press forces directly, which means they are unable to pick up smal changesin
the process. However, classficaion of gross variationsin thickness may be possible. Further study
IS necessary to ensure the significance of thisfinding. This means that additiond sensors will need to
be added to develop a senditive automatic quality control system for the press lines based on input
sensors aone.
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