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Abstract

The sheet metal stamping process continues to be a challenge to the 
field of science and engineering. The focus of this paper is to gain a 
better understanding of the sheet metal stamping process. By using Finite 
Element analysis and Design of Experiments, we are trying to analyze the 
stamping variables and determine which ones influence the stamping 
operations most.
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1. Introduction

The stamping of metal was one of the first processes to come out of the 

industrial revolution and is one of the oldest. Since the time of its origins, it has 

not changed very much in terms of the physical method used to achieve the end 

product and is a very difficult process to control. Physically, the process is very 

quick; it is all over in the blink of an eye. It is unlike other manufacturing 

processes such as turning where even an outsider may quite easily appreciate the 

interference of the cutting tool with the work leading to deformation and a desired 

profile. The newcomer to the stamping process has no such luxury, the person 

sees a flat piece of metal slide into a cavity, cowers as a monstrous piece of 

metal rushes down on top of it, waits in anticipation as a large thump is felt and 

stares in awe at the piece of intricately shaped metal which comes out at the 

other side of the machine a second later - wondering what on earth happened.

Because stamping as a process is so difficult to understand, it has often been 

analyzed by scientific groups as the classical black box with a series of inputs, 
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the settings of which affect a series of outputs. A common analogy is that of the 

simple bicycle lock, a series of tumblers where the correct combination of numbers 

causes the lock to open. The user isn't interested in the mechanics of the lock, he 

just puts in the right combination and the lock opens (Keeler, 1996). It is almost 

the same in stamping, nobody really understands the mechanism affecting the 

process yet fiddling around with the inputs (shut height, amount of lubrications 

etc) will eventually yield an acceptable series of outputs (metal properties, shape, 

surface finish to name a few). The difference between the simple bicycle lock and 

stamping is among other things a single solution. In the bicycle lock situation, 

there is one and only one correct sequence of numbers constituting the solution. 

However, in the stamping process there may be several values for one variable 

which are satisfactory in combination with others. The basic mechanics and 

physics of the process are reasonably understood, however the overwhelming 

problem lies in the fact that most stamping operations, particularly those where 

accurate modeling would really be of a benefit, are so complex that it is not 

possible to model them accurately enough. One way to get the process running is 

to measure and monitor every input and output possible and find which 

combination or combinations of variables work best. Thus one comes to appreciate 

a safe 'window of operations' rather than a single setting to achieve a desirable 

outcome. From a production standpoint, it is better to have a 'window of safe 

operation' rather than just the one setting, since this allows for a certain leeway 

or margin of error which is inevitable in the shop floor environment.

2. Existing Methods

2.1 Finite Element Analysis

A common area of study into sheet metal forming is use of the Finite Element 

method. Using this technique, the continuum or object to be modeled is divided 

into a finite number of elements whose behavior is specified by a finite number of 

parameters. Most mathematical procedures of approximation fall into this category 

(Wagoner and Chenot, 1996). Finite Element methods are varied in the 

assumptions made and the problem at hand. Chou (1998) for example has 

presented a model using a stress resultant constitutive law where the effect of 

thickness is considered. This is used in conjunction with the principle of virtual 

work to derive a finite element formulation. Apart from the work using established 

codes of the Finite Element method, Ferran (2000) analyzed the simulation of the 

forming process of several stages of a car wheel disk with inverse 3D Finite 

Element code SIMEX. Several numerical results were predicted along with the 

thickness of the part which was compared with experimental results using hot 

rolled steel sheets with different properties and thickness.
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2.2 Experimental Approaches

Design of Experiments (DoE) techniques has been successfully used in an 

industrial environment to tackle real problems. Runke (1998) shows how relatively 

simple DoE methodologies can lead to real improvement in process efficiency. This 

inevitably involves reducing variability in a process to ensure that the inputs do 

not vary, or if they do, to try to minimize the range of variation (Nolan, 1997). It 

is also necessary to understand the nature of the variation so that variability can 

be compensated for in a logical manner.

3. A Case of Variables

There have been many variables identified which have some control over sheet 

metal forming. The following list shows the variables which may effect the 

stamping of sheet metal. This list is rather general and would apply to most press 

shops around the world - at least where automobile parts are being made.

3.1 Input Variables

The number of input variables identified during an in-plant study is large. To 

monitor and experiment with the effect of all the variables, which were 

characterized by Siekirk (1988), is beyond the scope of this study. The definition 

of input variables considered are as follows:

Shut Height: The vertical distance between the bottom of the lower half of a 

die to the top of the top half of a die when the press ram is at bottom dead 

centre. With respect to the blank holder, it affects how much force is being 

applied to the blank holder. The lower the shut height, the more the blank is 

being compressed between the two die halves.

Lubrication: The amount of lubrication applied to the blank will greatly affect 

the nature of the ensuing draw. Some parts are very critical, involving complicated 

form and/or high rates of deformation.

Blank Location: The blank location is essentially self explanatory. It is simply 

where the blank is positioned with respect to some fixed reference point on the 

die surface.

Corner Pressure: Corner Pressure is somewhat ambiguous in its title. It gives 

one the impression that there is some convenient way of applying more or less 

force to the corners of the part.

The shut height has a large influence on how the product is formed, because it 

determines the amount of frictional clamping force which is being applied to the 

perimeter of the blank. In turn, it is the magnitude and distribution of this 
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clamping force which controls how and where the metal flows into the die cavity 

which is the basically the aim of the draw die - to file the die cavity uniformly 

with metal for a uniform amount of plastic deformation. Lubrication is important 

because it is a continual point of contention. Because the flange lengths were a 

continual source of rejection (too short) for the part, it was decided to include the 

blank location as an input variable. Lastly, corner pressures were included as they, 

like the lubricant, appeared to be a source of controversy as to their effectiveness 

in distribution of tonnage.

3.2 Output Variables

The output variables are generally quality parameters. The flange lengths must 

be within tolerance, and tonnage and strain were included to try to understand 

how closely one is approaching the failure limit when forming the part.

4. DoE Methodologies Employed

4.1 Factorial Experimentation Method

A classical experiment generally involves the investigation of one factor whilst 

all other factors are held at some constant value. For example, say it is desired to 

investigate the effects of feed rate and cutting angle on the power consumption of 

a lathe. In this case, the test variables would be:

1. The two independent variables(factors): feed rate A and cutting angle B

2. The dependent variable (response): Power P

The factors A and B would be investigated at two levels (A1, A2, B1 and B2) 

in which case the test would be repeated (replicated) at each test condition to 

obtain a certain number of observations. These recorded changes in feed rate and 

cutting angle will give an indication of how they affect the power consumption. 

The classical approach allows one to determine the effect of A and B on P, 

however there are several drawbacks with using this method. The first is that 

confidence levels cannot be calculated for the estimated effects of A and B. 

Secondly, it does not allow for the calculation of experimental error. Lastly, it 

does not estimate the effect of interactions between the two factors on the 

response variable. This is important because it is quite common to find that it is 

not just a single factor or factors affecting the response, moreover several factors 

combined affecting the response. Factorial experimentation is simple to use and 

incorporates all of the considerations outlined above (Lipson and Sheth, 1973).

Analysis of variance (ANOVA) is an effective technique for analyzing 

experimental data obtained through quantitative measurements. This is especially 
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true if one is unfamiliar with the process from which the data was taken. It is 

very useful in factorial experiments because there is often several independent 

sources of variation all of which can be taken into account. When several sources 

of variation are acting simultaneously on one or more response variables, the 

variance of the observations is the sum of the variances of the independent 

sources. Incorporating this, the total variation within an experiment can be 

separated into variations due to each main factor, interacting factors and residual 

error. The significance of each variation may then be tested. Variables which are 

not being investigated must be tightly controled however this is not always 

possible since it is possible for atmospheric changes or operator error to affect the 

response variables.

4.2 Yates Algorithm

In carrying out the corner pressure experiments, it was necessary to incorporate 

four factors. This would not have been possible using the ANOVA method 

described before, for this reason, the Yates method was adopted (Barker, 1985). 

The Yates method produces the same results as a conventional ANOVA method. 

It involves arranging all the experimental combinations and their respective results 

in a tabular matrix. The variables are represented by columns whilst the 

experiments (combinations of variables) are represented by rows.

For a two level experiment, the variables are designated as being either positive 

or negative. All combinations are computed. The data is then summed according 

to the signs, all the positive values are added and then all the negative values are 

added. The difference is then taken and all the difference are compared for each 

set of interactions. The relative effects of each variable and variable interaction 

may then be easily determined.

5. Factorial Experimental Results

The purpose of the factorial screening experiments was to identify which 

variables have the most effect on the quality parameters of a particular part which 

has traditionally been troublesome. Shortly before the experiments were carried 

out, the blank holder was re-machined and the contact surface made true. This 

reduced the splitting problem with the part however short flanges were at the 

stage still occurring.

5.1 2 Level Factorial Experiments

The variables considered were those outlined in Section 3. This decision was 

made based on observation of press shop operations over a 5 month period. It was 

concluded at the end of this period that these variables were the ones which had 



Jesuk Ko638

the greatest effect on the output variables. The output variables chosen appeared 

to have the greatest impact on part quality.

Input Variables

1. Blank Holder Gap (Shut Height)

2. Lubrication

3. Blank Position in Die

4. Corner Pressures

Output Variables

1. Flange Length #1

2. Flange Length #2

3. Thickness Strain at the Worst Location

4. Total Peak Punch Tonnage

5. Total Peak Blank Holder Tonnage

The experiments was carried out as a 2 level, 3 factor factorial experiments 

with three repetitions made for each experiment. The experimental plan is shown 

below in Table 1.

<Table 1> 2 level 3 factor factorial experiments

Inputs Shut Height Lubricant Blank Position Corner Pressure

Experiment 1 62.537 Roll Coater Position #1 304 kPa

Experiment 2 62.55 Roll Coater Position #1 304 kPa

Experiment 3 62.55 Roll Coater Position #1 405 kPa

Experiment 4 62.537 Roll Coater Position #1 405 kPa

Experiment 5 62.55 Roll Coater Position #2 304 kPa

Experiment 6 62.537 Roll Coater Position #2 304 kPa

Experiment 7 62.55 Roll Coater Position #2 405 kPa

Experiment 8 62.537 Roll Coater Position #2 405 kPa

Experiment 9 62.55 Mill Oil Position #1 304 kPa

Experiment 10 62.537 Mill Oil Position #1 304 kPa

Experiment 11 62.55 Mill Oil Position #1 405 kPa

Experiment 12 62.537 Mill Oil Position #1 405 kPa

Experiment 13 62.55 Mill Oil Position #2 304 kPa

Experiment 14 62.537 Mill Oil Position #2 304 kPa

Experiment 15 62.55 Mill Oil Position #2 405 kPa

Experiment 16 62.537 Mill Oil Position #2 405 kPa
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The experiment was carried out on a weekend when production was not 

running. Three people were involved with the experiment. The press was cycled 

over to begin with and a few parts were produced which were not part of the 

experiment in order to simulate the experiment taking place under normal 

production conditions. The experiment was carried out by running three panels for 

each group of press settings in a row.

The first eight experiments all included lubricant as present. The experiments 

with mill oil and no lubricant were then commenced however it was discovered 

that the part could not be made without lubricant and that to continue without 

lubricant would risk damaging the die and put the toolmaker and supervisor at 

unnecessary risk.

All four inputs were shown to have significant effects on the outputs with the 

exception of corner pressure. With regards to wall thickness, there was not very 

much variation either within an individual experiment or between groups of 

settings (other individual experiments). Lubrication on the other hand appeared to 

have a profound effect on all of the outputs. This was demonstrated most clearly 

when it was discovered that the part could not be made with mill oil only. There 

even appears to be variation within an individual experiment and this is believed 

to be caused by changes to the property of the lubricant due to change of die 

surface temperature.

Blank position appeared to have a significant effect on the flange lengths 

however the same cannot be said for the wall thickness or tonnage. The effect on 

flange length is more than it appears at first glance. It would seem obvious that 

if one was shifting the blank in one direction, then the flange in that direction 

would be large, indeed this was the case, however, shifting the blank along one 

axis (left to right facing the front of the press) also affected the flange lengths 

along the perpendicular axis (front to back facing the front of the press). This is 

believed to be caused by either more or less frictional clamping force being 

applied to certain corners of the blank caused by its lateral shift with respect to 

the blank holder causing either more or less metal to flow into die cavity as the 

case may be.

Corner pressure did not appear to have a significant effect on any of the output 

variables with a few exceptions. It is believed that the reason for this is that all 

four corner pressure were changed simultaneously to the same value. This actually 

corresponds to either a higher or lower overall force being applied by the binder. 

From the above discussion, it is clear that flange lengths were still a problem 

since they were sensitive to both shut height, lubricant and blank position. Wall 

thickness on the other hand did not show any sensitivity to any of the inputs, 

remaining stable throughout experimentation.

The tonnage values recorded merely reflected the groups of settings used. When 

lower shut height were tried, the tonnage understandably increased and vice versa.
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5.2 3 Level Factorial Experiments

As mentioned in the previous section, the aim of the 2 level factorial screening 

experiments was to identify which variables had the most effect on the quality 

parameters of the part. These experiments were duly completed with the results 

discussed above. One of the facts which became glaringly obvious during the 2 

level experiments was that the part could not and would not run without 

lubricant. Later experimentation once more re-enforced the knowledge that the 

part is extremely sensitive to lubricant.

Another important point borne out of the previous factorial experiments was that 

corner pressure appeared to have a rather limited effect on the flange lengths if 

all the corner pressures were set to the same value leaving the two most 

influential variables for the part to be shut height and blank position. For this 

reason, the 3 level factorial experiments only incorporated shut height and blank 

position and no attempt was made to alter the lubrication condition or the corner 

pressure settings.

The purpose of carrying out a 3 level experiments was to try to determine the 

nature of the system response surface for each flange length and from it, deduce 

the safe region of operation. The aim was then to deduce which 'regions of 

operation' overlapped from flange length to flange length and then to specify this 

overlapped region as the overall safe region of operation.

The variables considered as mentioned above were as follows:

3

Input Variables

1. Shut Height

2. Blank Position in Die

Output Variables

1. Flange Length to Side Edge

2. Flange Length to Front Edge

3. Flange Length to Left Edge

4. Flange Length to Rear Edge

5. Total Peak Punch Tonnage

6. Total Peak Blank Holder Tonnage

7. Left Rear Corner Tonnage

8. Right Rear Corner Tonnage

9. Right Front Corner Tonnage

10. Left Front Corner Tonnage

To get an even better understanding of the effect of shut height, the counter on 

the slide was used to change between three levels of ram displacement. Even 
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though the exact blank holder gap was unknown, the relative effect of changing 

height could be once again gauged. The blank position was varied by shifting a 

locater which located the blank between three levels, left to right facing the 

direction of work flow.

As with the previous experiment, both flange lengths were measured using the 

same fixture. Two additional rulers were attached to the fixture to enable flange 

length measurements to the left and rear edges. Tonnage was measured again 

using the same tonnage monitors. This time the corner tonnages for the blank 

holder were also measured in addition to the peak punch tonnage and the peak 

blank holder tonnage.

The experiment was carried out as a 3 level, 2 factor factorial experiments with 

three repetitions made for each experiment. The experimental plan is given below 

in Table 2.

<Table 2> 3 level 2 factor factorial experiments

Inputs Shut Height (inches) Blank Position (millimeters)

Experiment 1 62.527 374

Experiment 2 62.56 374

Experiment 3 62.527 404

Experiment 4 62.56 404

Experiment 5 62.57 374

Experiment 6 62.527 380

Experiment 7 62.57 380

Experiment 8 62.57 404

Experiment 9 62.56 380

Experiment 10 62.527 404

The experiment was carried out before day shift production commenced. Three 

people once more involved with the experiment and the format for running panels 

through the press and altering the press settings in accordance with the 

experimental plan was followed in the same manner as with the 2 level 

experiments. Tonnage was recorded for each panel however in this series of 

experiments, corner tonnages were also recorded.

For the 2 level experiments, only the draw press was required for 

experimentation. However, to achieve the aims of the 3 level experimentation, it 

was necessary to complete all operations and achieve a finished part. The reason 

for this was that at the time, there was no knowledge of the limits to which 

draw-in could go before a short flange would result. To this end, all of the panels 

used for experimentation were run through all operations. This made it possible to 

determine which groups of press settings were in fact satisfactory and which 

were not. It also enabled us to determine what the minimum acceptable amount of 

draw-in after the first operation is which would be very useful for future use.
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Many of the findings made in the 2 level set of experiments were more evident 

in the 3 level experiments however there were some subtle difference. Both shut 

height and blank position both had very strong effects on flange lengths on all 

four sides of the panel. The difference was that on the left and side edge, the 

effect of blank position was greater than the effect of shut height whilst on the 

front and rear edge, the reverse was shown to be true. As with the 2 level 

experiments, the changes in shut height were reflected in either increased or 

decreased tonnage values (higher tonnage for lower shut height and vice verse), 

however it was found that although the variance for tonnage was quite low, in 

comparison to two level experiments, the tonnage values had changed quite 

considerably. For this reason, tonnage would not be recorded in the next set of 

experiments. The minimum draw-in data for satisfactory parts was used in 

conjunction with three dimensional response surfaces obtained for each edge of the 

panel using all of the experimental data, to determine graphically, which 

combinations of the inputs (shut height and blank position) would yield an 

acceptable panel. This information was combined for all sides of the panel to 

obtain an overall chart demonstrating which combinations of the inputs yielded a 

satisfactory part.

5.3 Corner Pressure Factorial Experiments

As was pointed out in the two level analyses earlier, corner pressure appeared 

to have a rather limited effect on the flange lengths if all the corner pressures 

were set to the same value. This all good and well and is actually quite 

straightforward if one thinks about what it actually means. To set all corner 

pressures at the same level is to make a very fine adjustment to the shut height. 

Essentially, the binder or clamping pressure is simply being adjusted. However 

matters become considerably more complex when different combinations of corner 

pressure are tried. This has long been an accepted fact in the press shop however 

as with all the other input variables, there does no real understand as to what the 

effect of changing corner pressure in certain combinations is.

For this reason, a corner pressure factorial experiment was carried out to try to 

determine what the effects of certain corner pressures are, if there are any 

interactions and how strong both of the later actually are.

The variables considered in the experiment were as follows:

Input Variables

1. Left Rear Corner Pressure

2. Right Rear Corner Pressure

3. Right Front Corner Pressure

4. Left Front Corner Pressure
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Output Variables

1. Flange Length to Side Edge

2. Flange Length to Front Edge

3. Flange Length to Left Edge

4. Flange Length to Rear Edge

As with the previous two experiments, flange lengths were measured using the 

same fixture. Additional markings were made to the fixture to enable the initial 

and final position of each corners of the blank to be recorded. The reason for this 

was that previous experiments showed an uneven movement of the corners 

leading to skewed appearance of the part succeeding the drawing operation. It was 

also necessary from a modeling point of view to be able to monitor exactly how 

the corners of the blank move - it makes comparison between simulation and 

experimental results considerably easier. However, during the experiment, the 

corners of the panel were found to exceed the scale of the corner markings and 

hence no corner draw-in values could reliably be obtained.

The experiment was carried out as a 2 level, 4 factor factorial experiments with 

three repetitions made for each experiment. The experimental plan is shown below 

in Table 3.

<Table 3> 2 level 4 factor factorial experiments

Inputs Left Rear C/P Right Rear C/P Right Front C/P Left Front C/P

Experiment 1 200 kPa 200 kPa 200 kPa 200 kPa

Experiment 2 200 kPa 200 kPa 200 kPa 300 kPa

Experiment 3 200 kPa 200 kPa 300 kPa 200 kPa

Experiment 4 200 kPa 200 kPa 300 kPa 300 kPa

Experiment 5 200 kPa 300 kPa 200 kPa 200 kPa

Experiment 6 200 kPa 300 kPa 200 kPa 300 kPa

Experiment 7 200 kPa 300 kPa 300 kPa 200 kPa

Experiment 8 200 kPa 300 kPa 300 kPa 300 kPa

Experiment 9 300 kPa 200 kPa 200 kPa 200 kPa

Experiment 10 300 kPa 200 kPa 200 kPa 300 kPa

Experiment 11 300 kPa 200 kPa 300 kPa 200 kPa

Experiment 12 300 kPa 200 kPa 300 kPa 300 kPa

Experiment 13 300 kPa 300 kPa 200 kPa 200 kPa

Experiment 14 300 kPa 300 kPa 200 kPa 300 kPa

Experiment 15 300 kPa 300 kPa 300 kPa 200 kPa

Experiment 16 300 kPa 300 kPa 300 kPa 300 kPa

The experiment was carried out on a weekend when no production was 

required. Two people were involved with the experiment and the format for 

running panels through the press and altering the press settings in accordance 
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with the experimental plan was followed in the same manner as with 2 and 3 

level experiments. Only flange lengths were measured in this set of experiments. 

As described above, the minimum draw-in data had already been established and 

it was only necessary to use the draw press.

The results indicated that there were three combinations of input variables 

which consistently demonstrated a very strong effect on the flange lengths to all 

four sides of the panel. These combinations were Left Front and Left Rear corner 

pressures, the Left Rear and the Right Rear corner pressures and all four corner 

pressures combined. Therefore there was no benefit in adjusting any of the corner 

pressure since the optimum setting would depend on all four of the corner 

pressure settings. Making an adjustment to any of the corner pressure would 

affect the others.

6. Conclusions

Unlike the traditional lines of sheet metal forming approach, this study 

attempted to strike a balance between theory and practice, to be pragmatic enough 

to have a real impact on the area of endeavor and yet be theoretical enough to 

provide a generic framework which may be built upon by further study. This was 

to be achieved by spending long periods of time in the industrial environment.

In this paper, we show that factorial experimentation techniques using statistical 

methods may be applied to a manufacturing surroundings to create consistency 

and hence improve efficiency. The experimentation was carried out in a car 

industry on an actual production part and real benefits were achieved. Scrap levels 

were considerably reduced such that the part as it now runs does not appear as a 

high scrap item where it once help sixth place. This study also outlines a basic 

methodology consisting of process understanding, characterization, measurement 

and finally process optimization. The technique itself is relatively simple and cost 

effective meaning it can be applied to virtually any manufacturing process.
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