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Abstract
Draw beads, as an effective tool in sheet metal forming dies, play an important role in drawing the parts with complicated 
geometry. The quality of deep drawn parts could be improved by controlling the draw beads dimensions, including height, 
width and length in sheet metal forming dies. These parameters as well as the texture pattern of draw beads created by differ-
ent machining strategies are considered as input parameters in this study to optimize the quality of drawn parts manufactured 
by deep drawing process. Three different texture patterns are introduced and the coefficient of friction related to each one 
is measured using a proposed method. The values of maximum residual stress, maximum plastic strain, maximum punch 
force, and wrinkling are chosen as output parameters defining the part quality. For case study, the deep drawing process of an 
industrial die is simulated using ABAQUS/Explicit software. Thereafter, the results of experimental investigation are used 
for verification of FE model. The effect of each parameter on the quality of drawn parts is investigated using response surface 
method (RSM). Then, the optimal values of input parameters are obtained by RSM technique. Additionally, the optimiza-
tion of response surface is carried out using genetic algorithm (GA) contributing to improvement in the output parameters.

Keywords  Deep drawing · Draw beads · Optimization · FEM · RSM

1  Introduction

Sheet metal forming, as one of the typical production pro-
cesses for manufacturing automotive body parts, has many 
advantages such as low cost and high production rate. This 
makes it reasonable to be chosen in automotive industries, 
especially in press shops, in response to demands for high-
quality parts. With gradual sophistication in the geometry 
of drawing parts, new components are exploited in drawing 
dies. For instance, new die parts called draw beads have 
been designed to control the sheet flow and its speed while 
applying a sufficient stretch force. During contact between 
sheet and bead, the restraining force of the draw bead is a 
combination of the force required for bending and reverse 

bending of sheet (due to bead geometry), plus the force to 
overcome friction (due to contact of bead and sheet).

Draw beads and their effects on quality of drawn parts 
have been studied by various researchers. Li et al. [1] indi-
cated that when the sheet is crossing the bead section, bend-
ing force, reverse bending force, friction force, and resistance 
created by strain hardening increase the extent of resistance 
to the blank feed. Hence, the blank feeds in different locations 
of die could be controlled by changing the bead dimension 
and location on die. Thipprakmas [2] examined the effect 
of bead width and height on quality of drawn parts. Con-
cave/convex features of walls in deep drawing process are 
defined as quality of drawn parts. His results suggested that 
use of bead reduced the concave feature of wall. Phanitwong 
and Thipprakmas [3] investigated the effect of bead height 
and width on thinning of walls in deep drawing process. 
They showed that thinning in walls declines by increasing 
the width and reducing the height of bead. Therefore, it is 
important to determine the proper dimension of bead in order 
to obtain straight walls with minimum thinning in thickness.

Also, the extent of friction between bead and sheet 
has been investigated by a number of researchers. Schey 
[4] explored the effect of dissimilar bead coatings with 

Technical Editor: Lincoln Cardoso Brandao.

 *	 Mohammad Soroush Merkani 
	 soroush.mergani@ut.ac.ir

1	 Department of Mechanical Engineering, College 
of Engineering, University of Tehran, Tehran, Iran

2	 School of Mechanical Engineering, College of Engineering, 
University of Tehran, Tehran, Iran

http://orcid.org/0000-0003-0064-7747
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-021-03340-7&domain=pdf


	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:33

1 3

33  Page 2 of 16

different lubricants. It was observed that although the fric-
tion in coated beads was relatively higher than in polished 
or grinded ones, the damages on sheets crossing the coated 
bead were reduced and the surface quality of parts improved.

Some researchers investigated another geometrical 
parameters of draw beads affecting deep drawing. Raghavan 
et al. [5] studied the effect of blank holder plane slope on 
draw bead restraining force. They found that the maxi-
mum draw bead restraining force was obtained in positive 
angles of blank holder plane relative to horizon. Smith et al. 
[6] obtained pulling and holding forces for draw bead on 
inclined surfaces. Using FEM and experimental test, Murali 
et al. [7] inspected the location of bead relative to the die 
edge. Reducing the stress and thinning in blank during deep 
drawing process were their criteria for locating the bead. 
Sheriff and Ismail [8] studied the proper location of bead 
with a rectangular cross section by finite element method 
using Dyna software. Reducing the thickness changes and 
maximizing the strain were the criteria considered for locat-
ing the bead.

A group of researchers used draw bead restraining force, 
as the main feature to design and optimize the draw bead. 
Chen and Liu [9] replaced draw bead restraining force as 
equivalent of draw bead in finite element simulation of 
stamping die. With the aim of improving the formability 
of blank in deep drawing process, Naceur et al. [10] opti-
mized the restraining force of draw bead. A simplified finite 
element method was developed in which the draw bead 
restraining force was considered alongside the optimization 
algorithms for optimizing the restraining force. Wei and 
Yang [11] considered the blank holder force and draw bead 
restraining force as input parameters to optimize the design 
parameters such as failure, wrinkling, insufficient stretch, 
and thickness reduction in deep drawing process.

Some researchers inserted draw bead as input of opti-
mization and used it to optimize the parameters that are 
important in drawing. Considering dimensional limitation of 
bead production, Sun et al. [12] presented a proper response 
surface for multi-objective optimization of bead in a Pareto 
front. Applying reverse computation method, Han et al. [13] 
determined maximum stress, stress and thickness devia-
tions in a certain deep drawing die. Thereafter, a reverse 
neural network was taken into account to reach an optimal 
bead geometry, while the structure of neural network was 

optimized by genetic algorithm. Han et al. [14] also intro-
duced a modified Tikhonov procedure based on genetic 
algorithm for reverse computation of bead dimensions. Hu 
et al. [15] used Kriging method for bead design to reduce 
the failure probability of blank during deep drawing. Using 
FLD1 and multi-objective genetic algorithm, Kardan et al. 
[16] optimized deep drawing process considering punch 
force and sheet thickness variation as output parameters 
of the study. They investigated the influence of eight main 
parameters of deep drawing by conducting experimental 
tests. Also, Kardan et al. [17] investigated the effect of deep 
drawing parameters on the residual stress of the final part. 
The study included experimental and FE simulation of a 
cylindrical die to minimize the residual stress in post-deep 
drawing process.

Having reviewed the literature in the field of deep draw-
ing process, no research has addressed the texture pattern 
of draw beads as well as their dimensional parameters con-
sidered to improve the quality of the drawn part. Maximum 
residual stress, maximum plastic strain, maximum punch 
force, and maximum wrinkling are taken into account as 
criteria to define the quality of drawn part. Additionally, the 
process is wholly simulated in ABAQUS/Explicit software, 
while experimental results are carried out to evaluate the 
model. RSM method which is optimized by genetic algo-
rithm (GA) is applied to attain the optimal values of input 
parameters. The developed knowledge could be utilized in 
sheet metal forming industries. It also gives vision about 
the effect of machining strategy (surface texture pattern) on 
function of a product.

2 � Experimental procedure

2.1 � Measuring the coefficient of friction

In order to apply the effect of each texture pattern on finite 
element model, the coefficient of friction for each pattern 
was used. Texture patterns were created on bead surface 
during the machining process. Three different strategies 
of machining were taken into account for creating texture 

Fig. 1   Two strategies of tool 
pass for machining of bead a 
perpendicular to the bead axis b 
parallel to the bead axis

1  -Forming Limit Diagram.
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pattern on bead. Tool path in parallel and perpendicular 
machining relative to bead axis are demonstrated in Fig. 1. 
Indeed, the sheet moves perpendicular to the bead axis. 
In order to study the effect of machining strategy on tex-
ture pattern and resulting coefficient of friction, the same 
machining tool path was applied to a steel block, with the 
same material as bead. Three patterns comprising textures 
parallel with the bead axis, perpendicular to the bead axis, 
and their combination are illustrated in Fig. 2. Then, the 
coefficients of friction of sheets with block were measured.

Similar to the apparatus proposed by Lee et al. [18], 
a typical system for measuring the friction by clamping 
was designed to measure the coefficient of friction based 
on G115 ASTM standard [19]. As illustrated in Fig. 3, the 
idea of design comprises a uniaxial tensile test machine 
as well as a fixture for applying normal force to the con-
tact surfaces. The materials for experiment were prepared 
in the form of block and sheet. Normally, sheet sample 
is fixed to the upper grip of tensile test machine and is 
held between two blocks with the same material of bead. 
By applying displacement to the upper grip, tensile test 
machine records measured force for each extent of sheet 
displacement. Designed fixture was fixed in the lower 
grip of tensile test machine. This fixture held the sheet by 
applying normal force to blocks in contact with the sheet. 
During the experiment, friction force was measured by 
load cell of tensile test machine, while normal force of 
blocks was measured by load cell placed in fixture.

Clamping force in each experiment was set to be 10 kg 
and displacement speed was 5 mm/min. Having values of 
friction (shear) and clamping (normal) forces, coefficient 
of friction in each case was calculated as follows:

Figure 4 presents the plot of friction coefficients con-
cerning each texture pattern. In each case, the mean values 
of coefficient of friction calculated in steady-state condi-
tion, i.e., 0.18, 0.195, and 0.22 were considered as empiri-
cal value for vertical, parallel, and square texture patterns, 
respectively.

(1)� =
Friction force

2 × Clamping force

Slippage at the beginning parallel sample in Fig. 4 of 
friction test refers to unfavorable contact or clamping condi-
tions. Although slippage happened at the beginning the rest 
of diagram showed a steady situation which means, during 
dynamic sliding, the amount of dynamic friction coefficient 
is stable and reliable, so it is used in simulation.

2.2 � Design of experiment

Design-Expert software was used to design a table of experi-
ments to study draw bead texture pattern beside the geo-
metric parameters of draw bead. The examined bead had 
semi-circular cross section called circular bead. Four param-
eters of texture pattern (μ), height, width, and length of bead 
were chosen as input variables of design with three levels 

Fig. 2   Tool path on test blocks 
for friction measurement a 
perpendicular to the bead axis 
b parallel to the bead axis c 
combined pattern

Fig. 3   a 3D model of fixture b tensile test machine set up for clamp-
ing the sheet with blocks
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considered for each parameter. Three parameters of height, 
width, and length were continuous variables so the begin-
ning and ending of their range were set as the first and last 
level and automatically the middle of the range was taken as 
the middle level of input parameter, but the texture pattern 
was a discontinuous variable. In order to enter the levels 
of μ in three texture patterns as a discontinuous parameter, 
type of μ in input parameters was considered as category. 
Table 1 shows each input parameter with its range or lev-
els. Design-Expert suggested RSM method with a table of 
experiments including 51 experiments for the parameters 
defined in Table 1.

Experiment 14 from the designed table of experiments 
had the same draw bead dimensions in comparison with 
draw beads installed on a deep drawing die used for manu-
facturing a truck part called "Long Arm." So, the mentioned 
die was used for the experimental test. The result of this 
test was compared with the results of FEM obtained from 
simulation of drawing process in ABAQUS. The dimension 
of part after spring back and residual stress after drawing 
process were measured on the part and model. After compar-
ing the results of measurements and evaluating the model, 
the whole 51 experiments suggested by Design-Expert were 
simulated using ABAQUS software. Figure 5 depicts long 
arm drawing die consisting of (a) punch with blank holder 
and (b) die with draw beads on die surface. According to 
this figure, the die includes 2 pairs of beads on longitudinal 
direction and one single bead on top of the part.

The initial blank with a size of 210*950 mm and thick-
ness of 1 mm was prepared for the drawing process. Figure 6 
displays the drawn part produced by the drawing process.

The maximum residual stress, maximum thinning, maxi-
mum punch force, and wrinkling on the edge of blank after 
unloading and spring back were selected as the process 
outputs for improving the quality. Further, the maximum 

distance between blank edge and holder surface after unload-
ing was considered as the criterion for wrinkling. The crite-
ria for measurement of wrinkling were selected as the maxi-
mum amplitude of wave created on the blank edge. Also, the 
area of measurement was the space between beads on each 
side of the die. Zero wrinkling situation in this definition was 
the time when no wave was created on the edge of blank and 
the part lied completely on the flat surface of holder where 
no section of it loses its contact with the holder.

3 � Finite element modeling

3.1 � Material properties

The material used for deep drawing was considered as 
ductile material with strain hardening, anisotropy in plas-
tic region, and ductile failure. In order to extract the mate-
rial properties of sheet including modulus of elasticity, 
stress–strain curve, and anisotropy coefficient, uniaxial ten-
sile test was conducted on sheet samples. The dimensions 
of samples were chosen from ASTM E8 standard and they 
were prepared in three directions of parallel, perpendicular, 
and angle of 45° with the direction of rolling. These samples 

Fig. 4   Friction coefficients 
measured by test set up for dif-
ferent texture patterns

Table 1   Input parameters with selected levels for each parameters

Parameter Level 1 (code 
− 1)

Level 2 Level 
3 (code 
+ 1)

Texture pattern (μ) 0.18 0.195 0.22
Height of bead (mm) 3 – 7
Width of bead (mm) 7 – 13
Length of bead (mm) 150 – 200
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and stress–strain tests are shown in Fig. 7. The samples had 
thickness of 1 mm and tested with a strain rate of 0.001 s−1.

Figure 8 reveals the plot of stress versus strain for three 
samples with the results of tensile test for three samples 
reported in Table 2. In order to calculate the energy required 
for ductile failure, the area under the curve in stress–strain 

diagram was used. Area of calculation started from UTS2 
point and ended at the last point of data collection. The cal-
culation was conducted by MATLAB software. The data 
of stress–strain collected from plastic deformation region, 
naturally included plastic hardening. So, the stress–strain 
table of plastic region was used straightly in FEM.

Fig. 5   Set of a punch and blank 
holder b die and beads

Fig. 6   Drawn part according to 
experiment 14

Fig. 7   a Tensile test based on 
ASTM E8 b samples in three 
directions of parallel, perpen-
dicular and angle of 45° relative 
to rolling direction

2  - Ultimate Tensile Stress.
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Coefficient of anisotropy is calculated using Eq. (2):

In Eq. (2) �y refers to strain in transverse direction of calcu-
lation and �t refers to strain in thickness deformation. Parame-
ter R can be calculated in 3 directions (0°, 45° and 90° relative 
to rolling direction). ABAQUS software calculates anisotropy 
with 6 coefficients that can be obtained by Eqs. (3)–(6):

(2)R =

�y

�t

(3)R22 =

√√√
√R90

(
R0 + 1

)

R0

(
R90 + 1

)

(4)R33 =

√√√
√R90

(
R0 + 1

)

(
R90 + R0

)

(5)R12 =

√√√
√ R90

(
R0 + 1

)
× 3

(
2 × R45 + 1

)(
R0 + R90

)

In Eqs. (3) and (5) R0 , R45 and R90 refer to calculation 
of Eq. (2) in direction of 0°, 45° and 90° relative to rolling 
direction sheet metal.

3.2 � Contact surfaces and friction

First, contact surfaces of the die (punch, die, holder, and 
beads) and blank (front and back sides) were chosen and 
named individually. Then, according to DOE, coefficient of 
friction of beads in each experiment was selected from tables 
of friction coefficients. Table 3 summarizes the values of 
friction with contacting surfaces.

3.3 � Assembly and mesh

In this section, die components were imported in assembly 
environment and placed in proper positions relative to each 
other. Figure 9 presents the separated parts of die in the 
assembly environment of ABAQUS.

In order to avoid unnecessary increase in the number of 
elements for flat surfaces of punch, holder, and die, the mesh 

(6)R11 = R13 = R23 = 1

Fig. 8   Stress–strain curves for 
three samples

Table 2   Mechanical properties of deep drawn material obtained by 
uniaxial tensile test

0° 45° 90°

Yields stress (MPa) 158 166 154
Ultimate stress (MPa) 465 490 470
Modulus of elasticity (GPa) 210
Density (kg/m3) 7800
Poisson ratio 0.33

Table 3   Friction coefficients applied on die surfaces

Rigid surface 
(master)

Deformable surface (slave) μ

Punch Back side of blank 0.2
Die Front side of blank 0.2
Holder Back side of blank 0.2
Beads Front side of blank 0.18 0.195 0.22
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size was set as 40*40 mm. However, for fillet radii of die 
and punch, the number of elements created on the edge was 
set as 4. The element type of R3D4 was selected for rigid 
parts and C3D8R for blank. The meshing process was car-
ried out automatically by software. Figure 10 demonstrates 
a section of meshed surfaces of the die and punch. After 
applying different mass scales and comparing the internal 
energy and kinetic energy diagrams, mass scale of 500 was 
selected for the model. Table 4 summarizes the information 
on the mesh of instances.

In order to discover an appropriate mesh size for the 
blank, different mesh sizes were applied to it. Initially, 
finite element model was run with a rough mesh size 
(5 × 5 mm) for the blank. Then, according to the results of 
the current simulation, the mesh size in the next simulation 
was reduced. Due to lack of material flow on the bead in 
5 × 5 mm mesh size, the simulation predicted failure on the 
blank. Hence, the mesh size was reduced to 2 × 2 mm step 
by step. The mesh size of 2 × 2 mm was adopted for the 
blank, since reduction in mesh size beyond this size caused 
dramatic increase in the computation time. Figure 11 shows 
the effect of mesh size on the finite element model.

4 � Evaluation of finite element model

For evaluating the finite element model, spring back of 
drawn part (wall distances and blank edge distances) were 
measured and compared with the model. First, the dis-
tances between two vertical walls of the drawn part were 

Fig. 9   Components of die in 
assembly module of ABAQUS

Fig. 10   Parts of meshed surfaces of a die b punch

Table 4   Element type and number of mesh in each instance

Instance Element Type Number of mesh Weight (kg)

Die R3D4 1586 170
Punch R3D4 1060 20
Holder R3D4 1550 140
Bead R3D4 1864 0.2
Blank C3D8R 49,874 Density (7800 kg/m3)
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measured in 6 points. The positions of measured points 
were at the top and down of walls as shown in Fig. 12. 
Distances were measured using a caliper with an accuracy 

of 0.05 mm, with the results reported in Fig. 13. Collected 
data from measurement are represented in Table 5.

Fig. 11   Modeling deep drawing process with different mesh sizes a mesh size 2 × 2 mm b mesh size 5 × 5 mm, arrows 1 and 2: bead locations on 
die, arrow 3: failure location in mesh size 5*5 mm

Fig. 12   Positions of measuring points on drawn walls at 6 locations a experiment b finite element model

Fig. 13   Comparison of distance 
measurements in FEM and 
experiment
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Relative error between experiment and FEM was defined 
in the form of Eq. (7):

In Eq. (7), DExp and DFEM refer to measured distance 
between walls in experiment and FEM, respectively. The 
plot of relative error according to positions is depicted in 
Fig. 14.

According to Fig. 14, relative error between experiment 
and FEM increases as position of measurement moves 
toward location between draw beads. Main reason for this 
increase is wear of draw beads. In order that, their height 
will become less than the size of model in FEM simulation. 
In this situation draw beads can’t hold the blank and restrain-
ing force will decrease, so the thickness of elastic region in 
blank after drawing will increase which in turn will increase 
spring back. Comparing the relative error for top and bottom 
of the wall measurements shows that the bottom has higher 
relative error. Major reason is that part of the blank which 
forms top of the wall passes through the complex geometry 
and experiences more deformation and higher stress state so 
the effect of inadequate restraining force from draw beads 

(7)Relative error =

|||
DExp − DFEM

|||
DExp

was compensated. The bottom of the wall has simple geom-
etry and less deformation. Hence, wear of draw bead and 
insufficient restraining force affect this section more than 
top of the wall.

Next, the distances between the blank edges of the drawn 
part were measured at 5 points. The chosen edges were par-
allel to the part walls. Figure 15 shows the result of measure-
ment. Corresponding data are shown in Table 6.

The relative error of measurements was defined in Eq. (8).

In Eq. (8), D
Exp

 and D
FEM

 are measured distance of edges 
in experiment and FEM, respectively. Figure 16 shows the 
diagram of relative error for measuring blank edges dis-
tances in FEM and experiment. The diagram reaches a 
peak at position 2 and 4. These positions are areas between 
draw beads. Wear of draw beads caused applied restraining 
force to reduce. Reduction in restraining force in these areas 
increases blank slippage and relative error between experi-
ments with FEM.

In the last inspection for evaluating the model, the resid-
ual stress in the blank was measured by hole-drilling method 

(8)Relative error =

|||
DExp − DFEM

|||
Dexp

Table 5   Walls distances in drawn part in experiment and FEM

Measuring 
position

Top of the walls Bottom of the walls

Experiment (mm) FEM (mm) Relative error Experiment (mm) FEM (mm) Relative error

1 30.2 29.08 0.037 32 31.81 0.006
2 30.5 29.14 0.044 32.55 32.16 0.012
3 30.2 29.04 0.038 32.7 32.2 0.015
4 30.05 29.12 0.031 32.5 31.44 0.033
5 25 23.41 0.064 26.1 25.63 0.018
6 25.1 23.24 0.074 26.8 25.63 0.044

Fig. 14   Relative error of walls 
distances between experiment 
and FEM
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and compared with model. The extent of residual stress in 
terms of normal and shear stress was measured in two posi-
tions as presented in Fig. 17a. Position 1 is on top of the 
drawn part; position 2 is past the bead cross section. Both 
positions are horizontal with Fig. 17b revealing position 2 on 

the drawn part. Table 7 presents the results of experimental 
hole drilling test based on ASTM E837 standard along with 
FEM results.

According to Table 7, there is a considerable difference 
between experiment and FEM in residual stress component 
of �zz . The reason for this difference could be accumulation 
of residual stresses from previous process done on blank, 
like rolling and annealing. Raw material of deep drawing is 
cold-rolled steel. So the sheet which is used for deep draw-
ing contains residual stress from previous processes. After 
deep drawing, the residual stress of this process accumu-
lates on the residual stress of former processes with rule 
of superposition. In this situation measuring residual stress 
of drawn part reveals the residual stress of blank after roll-
ing and drawing processes and this explains the difference 
between FEM and experiment.

Fig. 15   Transverse distances 
between edges of drawn blank

Table 6   Edges distances of drawn blank in experiment and FEM

Point number Edges distances in 
experiment (mm)

Edges distances 
in FEM (mm)

Relative error

1 208.45 211.56 0.015
2 121.3 130.47 0.076
3 110.5 119.11 0.078
4 116.2 129.47 0.114
5 144.5 156.19 0.081

Fig. 16   Relative error of edges 
distances in experiments and 
FEM
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5 � Optimization of deep drawing product

5.1 � RSM method

After extracting the data of output parameters from 51 
experiments suggested by Design-Expert, analysis of 
variance (ANOVA) was used to check whether each input 
parameter (or their combination) affected the output 
parameters. Thereafter, a set of input parameters which 
could produce a part with optimized output parameters 
was defined using RSM. For optimizing the deep drawing 
process, multi-objective optimizations for all parameters 
were carried out in the design expert software. In all situ-
ations of optimization, the criteria of optimization for the 
input parameters were set to lie within the ranges defined 

in Table 1, and the importance of each output parameter 
was set equal to others. Then, for verification of RSM opti-
mization results, the proposed bead was modeled and deep 
drawing process was simulated with the suggested coef-
ficient of friction. For each coefficient of friction, the val-
ues of output parameters in multi-objective optimizations 
are provided in Table 8. The height, width, and length of 
the proposed bead are shown in the column of “proposed 
bead,” respectively.

5.2 � RSM‑GA method

Having applied RSM model, the obtained response surface 
for each output parameter was optimized using genetic algo-
rithm (GA). After entering each response surface as a fitness 

Fig. 17   Position of measured residual stress a finite element model b hole drilling of position 2

Table 7   Comparison of residual stresses for experiment and FEM

Position �xx (MPa) �
zz

 (MPa) �
xz

 (MPa)

1 Experiment 61 15 4
FEM 68.1 71.4 − 1.1

2 Experiment 101 38 − 2
FEM 114.9 42.7 − 1.2

Table 8   Proposed points for 
outputs optimization in RSM

Maximum 
residual 
stress (MPa)

Maximum 
punch force 
(KN)

Maximum 
thinning (%)

Maximum 
wrinkling 
(mm)

Parameter Proposed bead 
[height, width, 
length] (mm)

RSM FEM RSM FEM RSM FEM RSM FEM

μ = 0.18 Multi-O [3.7, 13, 200] 284 315 125 160 0.12 0.13 2 2.19
Current bead [5, 5, 200] 325 376 0.20 1.85

μ = 0.195 Multi-O [3.8, 13, 188] 298 309 168 589 0.14 0.14 1.95 1.68
Current bead [5, 5, 200] 339 843 0.18 1.07

μ = 0.22 Multi-O [3.8, 7, 172] 292 299 176 181 0.22 0.27 1.8 1.24
Current bead [5, 5, 200] 323 811 0.20 1.62

Table 9   Acceptable ranges for dimensions of bead

Parameter Symbol Lower range Upper range

Height A 3 7
Width B 7 13
Length C 150 200
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function for optimization in GA, the constraints required for 
optimization were defined. In this study, response surfaces 
had no equality or inequality constraints. There were only 
acceptable ranges for each input parameter which could be 
defined according to Table 9. Coefficient of friction (μ) was 
not included in this method as a variable in equations, since 
it was not a continuous variable and there was response sur-
face for each μ. So, the equations of predicting output param-
eters were optimized for each level of friction separately.

To have multi-objective optimization at each level of μ, 
the summation of response surfaces was chosen as the func-
tion for optimization. For eliminating the dimension effect of 
each output parameter on its response surface, the response 
surfaces were nondimensionalized via dividing by maximum 
values observed in DOE chart. Accordingly, the multi-objec-
tive function for optimization was defined as follows (Eq. 9):

After performing multi-objective optimization by genetic 
algorithm, the predicted values of optimization were com-
pared with those from FEM, as observed in Table 10 (the 
optimized dimensions have been rounded up to one decimal 
place).

5.3 � Comparison of results

After completion of optimizations by both methods, multi-
objective results were selected for comparison. Since the 
optimization was defined separately on each level of μ, the 
values of output parameters of the current bead set up simu-
lated with three quantities of μ were considered as criteria 
for comparison. The plots of relative values comparing the 
results of RSM and RSM-GA methods with those of the 
current experimental bead setup are illustrated in Fig. 18. 
Also, Table 11 shows the percentage of changes in output 
parameters via RSM and RSM-GA methods. According to 
this table, the dimensions suggested for the bead by means of 

(9)FMO =

(
FRS

(
x1x2x3

)

MAXRS

+

FPF

(
x1x2x3

)

MAXPF

+

FTh

(
x1x2x3

)

MAXTh

+

FWr

(
x1x2x3

)

MAXWr

)

.

two methods were efficient in reducing the level of residual 
stress, punch force, and thinning, but led to higher extent of 
wrinkling. Note that the current dimensions of bead applied 
on the die were considered to minimize the wrinkling. 
Although in most of the suggested dimensions, increase in 
level of wrinkling was observed, for coefficient of friction 
of 0.22, the dimensions suggested by RSM-GA resulted in 
reductions in all four output parameters.

Comparison of results obtained from RSM and RSM-GA 
methods suggested that both methods could optimize the 
drawing quality, considering bead texture pattern alongside 
the geometry of bead as inputs of design. The capability of 
RSM-GA method for multi-objective optimization depends 
on the selected coefficients used for combination of response 
surfaces and creation of dimensionless function. The prior-
ity of optimization for different output parameters can be 

adjusted by the value of coefficients considered for each 
case.

Based on Table 11, the values of punch force predicted 
by RSM and RSM-GA methods have had some differences 
from those measured by FE model. This can be attributed 
to ignoring the effect of other parameters such as forming 
speed or punch and die fillet radii. With regards to predict-
ing and optimizing thinning, the proposed response surface 
could predict the maximum values of thinning. It can be 
concluded that essential parameters affecting the thinning 
were taken into account in the model. On the other hand, 
consideration of the other parameters such as punch and die 
fillet radii and drawing height on the model could enhance 
its accuracy. In case of elevation of the model accuracy for 
wrinkling, parameters such as punch speed, blank thick-
ness, and blank holder force could also be considered in the 
model. Since the current setup of beads applied on the die 
was designed to minimize the wrinkling as a single-objective 
task, the other sets of design parameters mostly cause higher 

Table 10   Proposed points for optimized outputs in RSM-GA and FEM

Parameter Proposed bead [height, 
width, length]  (mm)

Maximum residual 
stress (MPa)

Maximum punch 
force (KN)

Maximum Thinning 
(%)

Maximum wrin-
kling (mm)

RSM-GA FEM RSM-GA FEM RSM-GA FEM RSM-GA FEM

μ = 0.18 M–O [3.7, 13, 200] 284 304 1.25 162 0.12 0.12 1.96 1.94
Current bead [5, 5, 200] 325 376 0.20 1.85

μ = 0.195 M–O [4.1, 13, 192] 304 307 160 156 0.14 0.14 1.84 2.14
Current bead [5, 5, 200] 339 843 0.18 1.07

μ = 0.22 M–O [4.1, 11.9, 195] 333 313 157 181 0.16 0.16 1.97 1.08
Current bead [5, 5, 200] 323 811 0.20 1.62
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Fig. 18   Plot of relative values 
that compare the results of both 
RSM and RSM-GA methods 
with current bead setup for a 
μ = 0.18 b μ = 0.195 c μ = 0.22

Table 11   Percentage of 
improvement in output 
parameters relative to current 
state of bead

Aim μ = 0.18 μ = 0.195 μ = 0.22

RSM RSM + GA RSM RSM + GA RSM RSM + GA

Residual Stress 2.9 6.3 9 9.4 7.3 6.2
Punch Force 57.5 56.9 30.1 81.4 77 77.6
Thinning 34.9 36.2 22.4 25.3 − 29 23.5
Wrinkling − 18.6 − 5 − 56.3 − 99 23.3 33.4
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values for wrinkling. However, the optimization process for 
μ = 0.22 presented a point in the design space which reduced 
the wrinkling compared to the current bead setup. Finally, 
the proposed response surface could predict the extent of 
residual stress in the proposed points. Similarly, the punch 
speed, blank holder force, as well as punch and die fillet 
radii could be taken into account in the model to raise the 
accuracy.

5.4 � Discussion on the relationship between inputs 
and outputs

A diagram was needed for each output to trace the change 
of each output parameter relative to the change in inputs. 
The 3-axis diagram was chosen for visualizing the change of 
residual stress in terms of input parameters, but in a certain 
amount of coefficient of friction, there were 3 input param-
eters, and only 2 of them could be used for diagram. So, the 
height and width of input were considered equal. Figure 19 
shows the diagram of residual stress vs. height and length 
for a draw bead in µ = 0.18. Each point on the surface shows 
the residual stress of a draw bead with respect to the defined 
length and equal width and height size. According to Fig. 19, 
increasing the height and width of the draw bead increases 
the amount of residual stress. Increasing the length of the 
draw bead first decreases and then increases the amount 
of residual stress. Increasing the coefficient of friction just 
shifts the surface upward.

Figure 20 shows the diagram of thinning vs. height and 
length for a draw bead in µ = 0.18. According to Fig. 20, 
increasing the height and width of the draw bead first 
increases and then decreases the amount of thinning. 
Increasing the length of the draw bead decreases the amount 
of thinning. Similar to the residual stress diagram, increasing 

the coefficient of friction shifts the thinning diagram upward. 
Figures 19 and 20 clearly show that residual stress and thin-
ning have a saddle-type diagram, and using GA for optimiz-
ing these parameters was found to be more efficient than the 
classical optimization methods (dy/dx = 0).

Figure 21 shows the diagram of wrinkling vs. height and 
length for a draw bead in µ = 0.18. According to Fig. 21, 
increasing the height and width of the draw bead first 
increases and then decreases the amount of wrinkling. It 
is the same regarding the increase in the length of the draw 
bead. Despite two former diagrams, although increasing the 
coefficient of friction increases the maximums of wrinkling, 
but in µ = 0.195 and µ = 0.22, the diagrams are mirrored 
horizontally relative to the µ = 0.18. This may be due to the 
change in material flow behavior.

When two surfaces contacting each other, two situations 
are probable. Situation 1: the interaction between plain areas 
of each surface leading to the adhesion of surfaces, and situ-
ation 2: the interaction between asperities of one surface 
with plain area or asperities of the other surface leading to 
the plowing. So, the friction force of two surfaces—dur-
ing sliding—is the combination of shear force and plowing 
force between two surfaces. In this research, the results of 
measuring the coefficient of friction (Fig. 4) showed that, 
when machining tool path is parallel to the sliding direction 
of the sheet on the draw bead, the coefficient of friction 
is higher than the situation, in which the tool path is per-
pendicular to the sliding direction of the sheet on the draw 
bead, showing that in parallel machining, formed asperities 
are more inclined to plough the surface than the perpen-
dicular machining. So, the plowing force and consequently 
friction force increased in the parallel situation. In case of 
combination of both machining strategies, the coefficient 

Fig. 19   Diagram of maximum residual stress vs. height and length for 
a draw bead in µ = 0.18 Fig. 20   Diagram of maximum thinning vs. height and length for a 

draw bead in µ = 0.18
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of friction was found to be the highest. Although the size 
and number of the asperities reduced in this situation, the 
size and number of the plain areas increased as well as the 
adhesion resulted between surfaces. Hence, it is concluded 
that this strategy causes an increase in the shear force and 
consequently the friction force. According to the explana-
tions given about the surfaces contact, choosing the proper 
machining strategy and tool path overlap are considered as 
the major elements to create an appropriate surface texture, 
which in turn creates an appropriate combination of plain 
areas and asperities, making the desired level of coefficient 
of friction.

6 � Conclusions

Texture pattern on surface of draw beads that is controlled 
by machining strategy is used along with the geometrical 
properties to design draw beads for an industrial drawing 
die. Analysis of optimization results, remarks that, inputting 
this parameter in design and applying RSM and GA methods 
to optimize the design was successful.

The process includes extracting material properties, 
FEM simulation, and comparison of one simulation with 
an experiment. The quality of drawn part was defined by 4 
numerical parameters: maximum residual stress, maximum 
punch force, maximum thinning and maximum wrinkling, 
and the aim of design was set to achieving the optimum level 
of these parameters. Response surface method was used to 
design table of experiments. In addition, RSM and RSM-
GA were used to find the optimum design. The results of 
optimization by RSM-GA showed that at one level of µ (cer-
tain machining strategy) and optimized bead dimension, the 
quality of drawn part was better than the current situation.

Although machining strategy is a good way to control the 
texture pattern on beads and the coefficient of friction, after 
hundreds or thousands of drawing, the pattern will disappear 
because of pressure and sliding of blank. Hence, the effect 
of this method is limited. Future studies should focus on 
coating the bead surface with chromium or PVD and CVD 
process and possible ways of texturing the coated surface to 
prolong the texture lifetime of draw beads.
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