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Abstracts: In this article, we investigated the effects of geometrical symmetry and shape of the parts

produced through a deep drawing process. Deep drawing is one of the frequently applied methods in
sheet metal forming. Optimizing the involved factors is one of the most important research fields for

decreasing production costs. In order to optimize the effective factors engaged in a deep drawing
process, we used the Finite Element Method (FEM), the process simulation method and the Taguchi

technique for Design of Experiments (DOE), and we have finally analyzed the results based on
variance (ANOVA). Therefore, effectuality of six different factors on the least final thickness of

produced parts investigated for five symmetrical and asymmetrical shapes. Results express that the
symmetry or asymmetry of shapes has no considerable effect on quality characteristic. The effectuality

of strain hardening coefficient becomes ignorable by geometrical symmetry reduction. The blank
holder force has no considerable effect on quality characteristic. Die radii are most influential on

quality characteristic when the material flow is not encountered with geometrical barriers (corners or
sharp carves). The effect of punch radii on quality characteristic increases a little by reducing the axial

symmetry of shapes.

Key words: Variance Analysis, Deep Drawing, Experiment Design, Taguchi Method, Finite Element
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INTRODUCTION

Sheet metal forming is one of the most important production methods used in different industries such as
producing industrial parts, office and home appliances, automobile body, airplane parts, etc. Deep drawing is

one of the frequently applied methods in sheet metal forming. Deep drawing operation is based on producing
engineering parts with specific shapes through major plastic deformation of flat metal sheets. An external force

on a metal sheet does this plastic deformation. This external force has to be large enough to place the material
in the plastic zone and to ensure that after displacing the external force, the metal part doesn't spring back or

elastic deform again. The final quality of the parts produced through this operation is based on the final wall
thickness and being wrinkle-free and fracture-free (Logue, B., 2007).

The effective factors on sheet metal forming and the final quality of produced parts are listed up to 25
topics in some references (Logue, B., 2007). These factors come in categories such as the characteristics of

blank sheets, forming tools, and effective parameters on the deep drawing process. Characteristics of the blank
include the physical properties (initial thickness, geometry and shape of the sheet, etc.) and the mechanical

properties of the sheet metal (Pegada, V., 2002). The characteristics of the forming tools are generally consisted
of designing and indicating the amount of the punch and die radii, punch-to-die clearance and the shape and

placement of the draw-beads (Zhang, W. and R. Shivpuri, 2009). Other effective parameters are the friction
between surfaces (between the sheet, blank-holder, punch and die), the velocity of the punch, the force of the

blank-holder, and etc. Effects of the mentioned factors on the final quality of parts are assessable by design
of experiments, DOE and statistical analysis methods. Generally, these methods help us reach an appropriate

solution for indicating the optimum amounts free from defects such as wrinkling, fracturing, wall-thinning, etc.
by assessing the effect of factors, through multiple experiments. Vast research and statistical analysis has been

done on assessing the effects of multiple factors on the final quality of the parts produced through the deep
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drawing process. Reference (Colgan, M. and J. Monaghan, 2003) assessed the effect of seven different factors

on thickness of the circular cup produced through deep drawing process. They used design of experiments
based on the Taguchi technique, and with the help of experimental method and FEM simulation. The results

show that the punch and die radii, has a significant effect on the final quality of the parts produced and the
deep drawing parameters (placement and type of the lubricant, punch velocity, depth of drawing, and blank-

holder force) don't have any significant effect. In this research, the characteristics of the blank sheet are not
considered as a factor. Reference (Browne, M.T. and M.T. Hillery, 2003) assessed the effect of seven factors

on the thickness distribution of circular cup deep drawing. They include characteristics of forming and process
tools. They use design of experiments based on the full factorial method. In this research, the blank-holder

force, top ram pressure and punch velocity are recognized as the main factors. Reference (Jaisingh, A., 2004)
have assessed thinning strain in the wall of the final product, applying Taguchi technique for design of

experiments based on four factors which are strain hardening coefficient, plastic strain ratio, friction coefficient,
and blank-holder force. In this research, the deep drawing operation is assumed symmetrical, and experiments

are done in four different depths with the help of the FEM. ANOVA of the results shows that the blank-holder
force has the most significant effect on thinning strain. Other effective factors, in order are the friction

coefficient, plastic strain ratio, and strain-hardening coefficient. Reference (Padmanabhan, R., 2007) has
assessed the effect of punch and die radii, blank-holder force, and friction coefficient on the final thickness

of the part produced, in a research based on the Taguchi technique. ANOVA of the results shows the
significantly high effect of the punch and die radii on the final thickness of the part produced, compared to

other factors. In another research, (Zhang, W. and R. Shivpuri, 2009), authors have assessed the effects of
different factors on the final thickness of drawn parts. They optimally design a deep drawing operation with

asymmetrical geometry. They reduce the risk of wall wrinkling and thinning ANOVA of the results. They used
experiments designed with the help of the Box-Benkhen method; they have shown that the lubricant and then

the blank-holder force have the highest effect. However, factors related to the forming tools have not been
enrolled.

In this research, the effectiveness and significance of the six different factors on the least final thickness
of parts produced through deep drawing operation of symmetrical and asymmetrical pieces has been assessed

using a robust design based on the Taguchi technique. The studied factors are some of mechanical property
of initial blank, forming tools, and deep drawing process parameters. Our goal is to assess the geometrical
symmetry and the shape of the parts produced through deep drawing operation compared to other effective
factors.

Robust Design Solution:

Robust design is an engineering methodology for improving productivity during research and development.
It helps optimum determination settings for control parameters so that the process becomes insensitive to the

noise factors, thus it provide us high quality products at low costs. Figure 1 shows a robust design
methodology (Fratini, L., 1997). 

Fig. 1: Robust design operative chart applying the Taguchi method for experiments design.
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The first step consists of identifying the main function of the process, its failure modes, noise factors

(factors which are difficult or expensive to control), testing conditions, quality characteristics (characteristic

of the quality of output), control factors (factors which can be easily controlled), and objective function to be

optimized. The testing conditions should be chosen such that they capture the effect of the important noise

factors. The two factors, which influence the quality characteristic, are Noise factors, and Control factors.

Robust design methodology aims at maximizing the signal-to-noise (S/N) ratio which thus forms the

objective function; i.e. minimization of sensitivity to noise factors. The S/N ratios are derived from quadratic

loss functions. The most commonly used S/N ratios are

(i) Nominal the ‘best’ type: in this type the objective function is targeted to have a non-zero and finite value:

  (1)

(ii) Smaller the ‘better’ type: in such type of problems zero is the desired value of the function:

    (2 )

(iii) Larger the ‘better’ type: larger the better type function is desired to have as large value as possible:

  (3)

The objective function, ç for any of the above approaches, and the parameters are related by linear model

expressed in (Taguchi, G., 1987). Taguchi method is an optimization technic which has found many useful

applications.

Taguchi method has also been applied in different literatures such as (Lan, T.S., 2009) where the author

described Taguchi method and he used an orthogonal array of Taguchi experiments for optimizing multi-

objective machining. He also tried to investigate effect of different parameters on his machining problem.

Reference (Yusoff, N. and M. Ramasamy, 2010) also presents a procedure for selecting optimization variables

in a Refrigerated Gas Plant (RGP) using Taguchi method.

In this work, all the analysis are performed using larger the better type approach. It is important to select

control factors, which influence a distinct aspect of the basic phenomenon affecting the quality characteristic,

otherwise there is a possibility of interaction among these factors. For each factor, usually two or three levels

(settings) are chosen, sufficiently apart such that a wide region is covered. Selecting three levels reduces

curvature effects (Figure 2), and therefore is always preferred. The experiment can be designed in an efficient

way to study the effect of several control factors simultaneously, by using orthogonal arrays, which exhibit

many benefits. First, the conclusions of such experiments are valid over the entire experimental region spanned

by the control factors and their settings. Second, there is a large saving in the experimental effort. Third, the

data analysis is very easy. 

An orthogonal array for a particular robust design project can be constructed from the knowledge of the

number of control factors, their levels, and the desire to study specific interactions. The physical difficulties

in conducting the experiment are also taken into account, such as difficulty in changing the control factors

level. Taguchi in (Taguchi, G., 1987) has tabulated 18 basic orthogonal arrays that are called standard

orthogonal arrays. The number of rows of an orthogonal array represents the number of experiments, while

the number of columns represents maximum number of factors that can be studied using that array. 

After determining the optimum conditions and predicting the response under these conditions, it is

necessary to conduct a confirmation experiment, at the optimum parameter settings, comparing the observed

value of ç with the prediction. If the observations are drastically different from the prediction then we say the
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Fig. 2: Linear and curvature effects of a factor.

additive model is not valid for the system and that a strong interaction exists between the various parameters

of the system. The analysis of results is done using ANOVA which gives the relative contribution of the effect

of each factor on the objective function or the sensitivity of objective function to a particular factor.

Design of Experiments:

The Geometry and Shape of the Work Pieces:

In this research, the purpose is to determine the effects of the symmetrical geometry and shape of

produced parts through the deep drawing operation, on increasing or decreasing the effectiveness of the process

parameters, forming tools and mechanical property of the blank. Selecting different shapes with different

geometry and symmetry levels and design of experiments based on the Taguchi technique for each of the

shapes, facilitates our research procedure in coming up to the results. Figure 3 shows five different geometrical

shapes (front view) for the punch in the deep drawing process, in order of decrease in symmetry (For reasons

of convenience, these shapes are noted as a-e through the rest of the article). The surface area involved is

equal in each of the shapes and the experiments are performed in equal depths of drawing. In all of the

experiments, the thickness of the sheets used is 1 mm, the blank is considered circular and diameter is 100

mm and punch-to-die clearance is considered 1.25 mm.

The Quality Characteristics and the Objective Function:

The quality characteristic in this research is “the least wall thicknesses” of the part produced through deep

drawing operation. Since the larger, the better, the applied objective function would be:

  (4)

Control Factors and Their Level:

As noted before, multiple factors affect deep drawing process. These factors are the punch and die radii,

punch and die clearance, punch and die surface roughness, strain hardening coefficient, plastic strain ratio,

punch velocity, blank-holder force, friction, type and placement of the lubricant, and punch force and etc. The

six factors which have been considered as control factors in this research are strain hardening coefficient n, 

Pplastic strain ratio or anisotropy     , which are the mechanical property of the blank, punch radii R  and die 

Dradii R  which are the characteristics of the forming device, friction coefficient between the blank-holder and

the die µ and blank holder force BHF. Table 1 shows the control factors and each of their levels. 

Table 1: levels for different control factors.

Factors Units First level Second level Third level

Ppunch radii (R ) millimeter 4 6 8

Ddie radii (R ) millimeter 4 6 8

strain hardening coefficient (n) - 0.15 0.3 0.45

anisotropy (     ) - 0.75 1.375 2

blank holder force (BHF) Kilo Newton 15.0 18.75 22.5

friction coefficient (µ) - 0.05 0.15 0.25
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In this list, the smallest punch and die radii, is selected 4 mm, which is larger than the smallest radius

calculated through the Oehler and Kaiser formula for a 1mm sheet (Lange, K., 1985). The values of the strain

hardening coefficient and the plastic strain ratio or normal anisotropy cover almost all materials from aluminum

alloys to steels and brass. The friction coefficients also consist of an appropriate range of the coefficients seen

in deep drawing process. The blank-holder force is given the smallest value, so that the blank edge get close

to wrinkling and also the largest value, so that the deep drawing process gets close to the stretch forming

process. The second level of the blank-holder is defined in between these two levels. 

Designing the Matrix Experiment: 

1 8In this research, six control factors are used with three levels, L (2 ,3 ) orthogonal array is selected. This1 7

orthogonal array has eighteen rows (experiments), and has the capacity of seven factors with three levels and

18 D Pone factor with two levels. L (2 ,3 ) orthogonal array is designed for six factors R , R , n, , BHF and µ which1 7

have three levels shown in Table 2. 

Finite Element Model (FEM):

Many recent researches applied FEM. Reference (Zahurul Islam, 2005) applied an analytical investigation

using FEM on the structural strength and behavior of different types of self-supporting roofing elements for

profiled steel sheet. Reference (Ucun, I., 2008) investigated stresses in the marble cutting disc using FEM.

Normal and tangential forces in stress analysis are considered and critical stress regions are found. Reference

(Lan, T.S., 2008) used Taguchi method and FEM in order to provide an economical and effective advance to

the optimum design of rib for a plastic injected product.

In order to setup the experiments and analysis. Abaqus6.7 as a FEM software is utilized in this research.

The Abaqus6.7 ability in large deformation analysis through finite element method, simplifies its usage for the

modeling of deep drawing of sheet metal. According to the experiments table described in previous section,

90 different experiments with 5 different geometries was programmed and simulated in the software using a

dynamic explicit FEM  solution (Figure 4). 

18Table 2: Results for the least wall thickness experiments based on the orthogonal array L (2 ,3 ) for five geom etrical shapes shown in 1 7

P DFigure 3; abbreviations are punch radii (R ), die radii (R ), strain hardening coefficient (n), anisotropy (    ), blank holder force

(BHF), friction coefficient (µ).

Experiment No. Factors Results for Figure

--------------------------------------------------------------------------------------- -------------------------------------------------------

P DR R n BHF ì 3a 3b 3c 3d 3e

1 4 4 0.15 0.75 15 0.05 0.87 0.88 0.85 0.84 0.88

2 4 6 0.3 1.375 18.75 0.15 0.87 0.89 0.84 0.86 0.67

3 4 8 0.45 2 22.5 0.25 0.91 0.91 0.89 0.76 0.89

4 6 4 0.15 1.375 18.75 0.25 0.84 0.87 0.79 0.85 0.75

5 6 6 0.3 2 22.5 0.05 0.94 0.91 0.95 0.92 0.93

6 6 8 0.45 0.75 15 0.15 0.87 0.82 0.87 0.72 0.79

7 8 4 0.3 0.75 22.5 0.15 0.89 0.79 0.90 0.81 0.83

8 8 6 0.45 1.375 15 0.25 0.91 0.84 0.91 0.84 0.84

9 8 8 0.15 2 18.75 0.05 0.95 0.93 0.96 0.91 0.94

10 4 4 0.45 2 18.75 0.15 0.92 0.88 0.83 0.88 0.90

11 4 6 0.15 0.75 22.5 0.25 0.61 0.86 0.55 0.60 0.64

12 4 8 0.3 1.375 15 0.05 0.86 0.90 0.89 0.87 0.79

13 6 4 0.3 2 15 0.25 0.91 0.88 0.90 0.88 0.86

14 6 6 0.45 0.75 18.75 0.05 0.90 0.82 0.90 0.82 0.80

15 6 8 0.15 1.375 22.5 0.15 0.91 0.91 0.89 0.84 0.88

16 8 4 0.45 1.375 22.5 0.05 0.93 0.94 0.93 0.85 0.87

17 8 6 0.15 2 15 0.15 0.95 0.92 0.95 0.92 0.93

18 8 8 0.3 0.75 18.75 0.25 0.84 0.83 0.85 0.78 0.79

Results of experiments show in Table 2. Following assumptions are used in the molding: 

1. The punch, die and Blank holder are assumed to be completely rigid 

2. Material behavior (blank) follows ó=kå . In this relationship n is strain hardening coefficient and k is then

strength of material which is extracted from experiment.

0 45 903. Material deformation behavior is anisotropic. Normal anisotropy is calculated as =0.25(r +2r +r ) on the

basis of anisotropy in 3 different directions 0, 45, 90 degree. 

4. The friction between surfaces (blank holder and die) is simulated based on the Penalty model. The friction

coefficient between the punch and blank holder is assumed to be constant 0.125 in all the experiments.
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5. Mesh generation for the blank is done through S4R shell element and original shell thickness is uniform

over all the surfaces. 

Analysis and Verification of Results:

Analysis of variance for the results of five geometries under study (Figure 3) is represented in Appendices

which the average effect for each factor at three levels is shown based on the identity characteristic. 

Fig. 3: The front view of the five different geometrical shapes of the punch in the deep drawing process.

Fig. 4: Final state of initial blank after deep drawing process.

Tables presented in appendices express Residual Sum of Squares (RSS) for results, known as error, which

is equal to difference of total sum of squares (TSS), and sum of square of all factors. They also show degrees

of freedom (dof) for each factor, sum of square of each factor (S), variance or the average of sum of squares

(MS), variance ratio (VR), sum of squares after error subtraction (S prime) and percent contribution (P) for each

factor in the process. The details for analysis of variance procedure can be found in (Logothetis, N. and H.P.

Wynn, 1994). About ANOVA (Appendices), it should be noted that if variance ratio is more than four, it can

be a sign of the strong influence of the factor under study over the selected quality characteristic and if this

ratio is less than one it is an indication of the small effect on quality characteristic and it can be ignored.

Investigating data presented in appendices 1 to 4, one can provide Table 3 therefore it is possible to

present further useful comparisons. Table 3 expresses the sequence of the effectuality of factors on the quality

characteristic in different geometries. Table 3 is based on the ANOVA of the results. It excludes the inert

factors and just the effectual factor for each geometry is taken into account. As it is obvious in Table 3,

friction coefficient and plastic strain ratio are among the most influential factors on quality characteristic of

all geometries.  is an indication of the material capacity to flow or to be drawn. As a result, the shaping

capacity of the material increases by increasing this value. Besides, the reduction of µ also helps the flow of

material in the die. Symmetry or asymmetry of shapes, has no considerable effects on the effectuality of  on

the quality characteristic, however, the presence of corners has some influence as a result of making the flow

of material difficult in the die. As it is shown in the Table 3, the maximum effect of on the quality

characteristic is in the (b) geometry that has the most corners.  shows the least effect in the geometries without

corners.

The least effectuality of µ on quality characteristic happens at geometries (e) and (b). This shows that the

friction factor is more influential on quality characteristic when there are no geometrical barriers in the

formation of material flow (corners and sharp curves of geometries a, c, d). As it is obvious in Table 3 if the

reduction of geometrical symmetry is accompanied with the reduction of geometrical barriers in the route of

material flow, induces the friction factor to be more influential on quality characteristic.

Table 3 shows that Blank holder force BHF has no considerable effect on quality characteristic. This result

is due to the definition of BHF in a limited extent and is merely for the prevention of wrinkling.

Strain hardening coefficient n, is an indication of the material capacity for stretch forming bear. In the

deep drawing process BHF is to the extent so that the material has the ability to flow and slide in the die. But

if this force is to the extent that prevents blank to flow and slide in the die and it prevents blank stretching,
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the effectuality of n becomes considerable. As it is obvious in Table 3, the effectuality of this factor on quality

characteristic  in the deep drawing process is small and becomes ignorable by geometrical symmetry reduction.

DR  plays an important role in the formation of material flow during the process. Minimum value of die

radii can usually be estimated by using the blank thickness. In this research, the effect of this factor on the

quality characteristic has happened in the (a) and (c) geometry and the effect of this factor in (b) geometry

are ignorable.

PTable 3: Sequence of factors effectuality on quality characteristic for the shapes in Figure 3. Abbreviations are punch radii (R ), die radii

D (R ), strain hardening coefficient (n), anisotropy (    ), blank holder force (BHF), friction coefficient (µ).

No. Final geometry of parts

------------------------------------------------------------------------------------------------------------------------------------------------

Figure 3a Figure 3b Figure 3c Figure 3d Figure 3e

D1 R

D2 ì ì ì ì R

D D3 R n R ì

P P4 n - n R R

DThis fact states that the R  is most influential on quality characteristic when the material flow is not

Dencountered with geometrical barriers (corners or sharp carves). The effect of R  on quality characteristic in

(e), (d) geometries also approve the independence of the effects of this factor on geometrical symmetry of

Pshapes. The effect of R  on quality characteristic increases a little by reducing the axial symmetry of shapes.

This effect is ignorable in symmetrical shape. 

The optimum values for control factors in five defined geometries are represented in Table 4. These

optimum values of each control factor which are in accordance to the defined levels, give the maximum value

of the objective function.

The maximum values of the objective function are in accordance with (4) and the optimum conditions and

verification experiment are done using the software. As it is shown in Table 4 the predicted values and

observed FEM  Experiment have no considerable difference and as a result the linear model defining the system

has sufficient precision.

P DTable 4: Optimum predicted and observed values of geometry factors. Abbreviations are punch radii (R ), die radii (R ), strain hardening

 coefficient (n), anisotropy (    ), blank holder force (BHF), friction coefficient (µ).

Geometry Optimum setting Optimum (predicted) Optimum (observed)

-------------------------------------------------------------- ------------------------------------- ------------------------------------------

DR P n r BHF ì ç Min. thickness ç Min. thicknessR

Figure 3a 3 1 3 3 1 1 -0.409 0.954 -0.373 0.958

Figure 3b 1 3 1 3 3 1 -0.715 0.921 -0.630 0.930

Figure 3c 3 3 2 3 1 1 -0.364 0.959 -0.391 0.956

Figure 3d 3 1 2 3 2 1 -0.743 0.918 -0.934 0.898

Figure 3e 3 1 3 3 1 1 -0.593 0.934 -0.696 0.923

Conclusion:

In this research, the effectuality of six different factors on the least final thickness of produced parts in

the deep drawing process for five symmetrical and asymmetrical shapes is investigated using a robust design

D Pbased on Taguchi technique. R , R , n, BHF and µ are selected as the factors to be studied. µ , in all

geometries, are among the most influential factor on quality characteristic. The symmetry or asymmetry of

shapes has no considerable effect on the effectuality of on quality characteristic; however the presence of

corners has some effect, due to making the flow of material difficult in the die. The effectuality of n on quality

characteristic in the deep drawing process is small and becomes ignorable by geometrical symmetry reduction.

DBHF according to results has no considerable effect on quality characteristic. R  is most influential on quality

characteristic when the material flow is not encountered with geometrical barriers (corners or sharp carves).

D PThe effect of R  is independent of geometrical symmetry of shapes. The effect of R  on quality characteristic,

as it is shown in Figure6 increase a little by reducing the axial symmetry of shapes.
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Appendix 1: ANOVA for geometry presented in Figure 3a Abbreviations are: dof is the degrees of freedom, S is sum of square, MS is

the variance mean or the average of sum  of squares, VR  is the variance ratio, S prime is sum of squares after error subtraction and P  is

P Dthe contribution percent. punch radii (R ), die radii (R ), strain hardening coefficient (n), anisotropy (), blank holder force (BHF), friction

coefficient (µ).

Factors Average ç by level factor dof S MS VR S prime P

--------------------------------------------

1 2 3

DR -1.573 -0.959 -0.81 2 1.978 0.989 1.97 0.972 7.764

PR -0.98 -1.36 -0.99 2 0.564 0.282 0.56 0.000 0.000

n -1.45 -1.04 -0.85 2 1.148 0.574 1.14 0.142 1.135

r -1.67 -1.06 -0.61 2 3.386 1.693 3.37 2.380 19.012

BHF -0.95 -1.03 -1.36 2 0.558 0.279 0.55 0.000 0.000

ì -0.83 -0.88 -1.63 2 2.370 1.185 2.36 1.364 10.899

residual 5 2.514 0.503

Total 17 12.518
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Appendix 2: ANOVA for geometries presented in Figure 3b Abbreviations are: dof is the degrees of freedom, S is sum of square, MS

is the variance mean or the average of sum  of squares, VR  is the variance ratio, S prime is sum of squares after error subtraction and P

P Dis the contribution percent. punch radii (R ), die radii (R ), strain hardening coefficient (n), anisotropy (), blank holder force (BHF), friction

coefficient (µ).

Factors Average ç by level factor dof S MS VR S prime P

--------------------------------------------------

1 2 3

DR -1.072 -1.234 -1.18 2 0.082 0.041 0.43 0.000 0.000

PR -1.20 -1.20 -1.08 2 0.055 0.028 0.29 0.000 0.000

n -0.97 -1.27 -1.25 2 0.327 0.163 1.71 0.135 4.132

r -1.61 -1.00 -0.88 2 1.818 0.909 9.51 1.627 49.614

BHF -1.19 -1.24 -1.06 2 0.096 0.048 0.50 0.000 0.000

ì -0.95 -1.25 -1.29 2 0.424 0.212 2.22 0.233 7.091

residual 5 0.478 0.096

Total 17 3.279

Appendix 3: ANOVA for geometry presented in Figure 3c Abbreviations are: dof is the degrees of freedom, S is sum  of square, MS is

the variance mean or the average of sum of squares, VR  is the variance ratio, S prime is sum of squares after error subtraction and P  is

P Dthe contribution percent. punch radii (R ), die radii (R ), strain hardening coefficient (n), anisotropy (), blank holder force (BHF), friction

coefficient (µ).

Factors Average ç by level factor dof S MS VR S prime P

-------------------------------------------

1 2 3

DR -1.982 -1.107 -0.75 2 4.834 2.417 3.06 3.256 16.561

PR -1.27 -1.56 -1.01 2 0.899 0.450 0.57 0.000 0.000

n -1.74 -1.04 -1.05 2 1.942 0.971 1.23 0.364 1.851

r -1.84 -1.19 -0.81 2 3.249 1.624 2.06 1.671 8.498

BHF -0.97 -1.32 -1.54 2 0.975 0.488 0.62 0.000 0.000

ì -0.80 -1.13 -1.90 2 3.814 1.907 2.42 2.235 11.370

residual 5 3.946 0.789

Total 17 19.660

Appendix 4: ANOVA for geometries presented in Figure 3d Abbreviations are: dof is the degrees of freedom, S is sum of square, MS

is the variance mean or the average of sum of squares, VR  is the variance ratio, S prime is sum of squares after error subtraction and P

P Dis the contribution percent. punch radii (R ), die radii (R ), strain hardening coefficient (n), anisotropy (), blank holder force (BHF), friction

coefficient (µ).

Factors Average ç by level factor dof S MS VR S prime P

--------------------------------------------

1 2 3

DR -2.013 -1.574 -1.44 2 1.071 0.536 1.83 0.487 3.580

PR -1.41 -1.77 -1.86 2 0.672 0.336 1.15 0.088 0.645

n -1.75 -1.42 -1.87 2 0.658 0.329 1.13 0.000 0.000

r -2.45 -1.41 -1.17 2 5.599 2.800 9.59 5.015 36.875

BHF -1.51 -1.44 -2.08 2 1.453 0.727 2.49 0.000 0.000

ì -1.24 -1.60 -2.18 2 2.687 1.344 4.60 2.103 15.463

residual 5 1.460 0.292

Total 17 13.601

Appendix 5: ANOVA for geometry presented in Figure 3e Abbreviations are: dof is the degrees of freedom, S is sum of square, MS is

the variance mean or the average of sum of squares, VR  is the variance ratio, S prime is sum of squares after error subtraction and P  is

P Dthe contribution percent. punch radii (R ), die radii (R ), strain hardening coefficient (n), anisotropy (), blank holder force (BHF), friction

coefficient (µ).

Factors Aaverage ç  by level factor dof S M S VR S prime P

-------------------------------------------------

1 2 3

DR -2.088 -1.594 -1.26 2 2.073 1.037 2.09 1.079 7.439

PR -1.45 -2.01 -1.49 2 1.162 0.581 1.17 0.168 1.157

n -1.62 -1.87 -1.44 2 0.559 0.280 0.56 0.000 0.000

r -2.12 -1.97 -0.86 2 5.717 2.859 5.75 4.723 32.549

BHF -1.45 -1.91 -1.58 2 0.672 0.336 0.68 0.000 0.000

ì -1.26 -1.64 -2.05 2 1.842 0.921 1.85 0.848 5.843

residual 5 2.485 0.497

Total 17 14.511
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