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Abstract Tube hydroforming is an attractive manufacturing
technology which is now widely used in many industries, es-
pecially the automobile industry. The purpose of this study is
to develop a method to analyze the effects of the forming pa-
rameters on the quality of part formability and determine the
optimal combination of the forming parameters for the process.
The effects of the forming parameters on the tube hydroforming
process are studied by finite element analysis and the Taguchi
method. The Taguchi method is applied to design an orthogonal
experimental array, and the virtual experiments are analyzed by
the use of the finite element method (FEM). The predicted re-
sults are then analyzed by the use of the Taguchi method from
which the effect of each parameter on the hydroformed tube is
given. In this work, a free bulging tube hydroforming process is
employed to find the optimal forming parameters combination
for the highest bulge ratio and the lowest thinning ratio. A multi-
objective optimization approach is proposed by simultaneously
maximizing the bulge ratio and minimizing the thinning ratio.
The optimization problem is solved by using a goal attainment
method. An example is given to illustrate the practicality of this
approach and ease of use by the designers and process engineers.

Keywords Finite element simulation · Goal attainment
method · Multi-objective optimization · Taguchi method ·
Tube hydroforming

1 Introduction

Tube Hydroforming is a relatively new technology which has at-
tracted the increasing attention of the automotive industry around
the world. The goal of tube hydroforming is to form a straight or
pre-bent tube into a die cavity of complex shape without any kind
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of forming instability such as buckling, wrinkling, or bursting. In
order to successfully obtain the final desired hydroformed parts,
it is necessary to study the influence of the forming parameters
on the hydroformability.

The influence of material properties and process parameters
on the tube hydroforming process has been studied by means
of experiments, analytical models, and finite element simula-
tions. Carleer et al. [1] found that the anisotropy parameter and
hardening exponent have a large impact on the shape of free
expanded tubes, and the anisotropy parameter and friction coef-
ficient have the biggest effect on strain distribution. Manabe and
Amino [2] investigated the parameters influencing tube hydro-
forming by means of FEM simulations and experiments. They
suggest that tubular material with a high hardening exponent and
high anisotropy parameter should be selected, and good lubrica-
tion should be maintained to obtain the uniform wall thickness
distribution. Boudeau et al. [3] used FEM to study the influence
of material and process parameters on the necking and bursting.
Ko and Altan [4] investigated the effects of the geometry param-
eters and process parameters in the tube hydroforming by a series
of 2D FEM simulations. They found the internal pressure and the
length of the tube have the greatest effects on the bulge of an axi-
symmetric part. Yang et al. [5] developed a numerical approach
that can provide the sensitivity information of internal pressure
and axial load on the tube hydroforming process. Consideration
of the influence of the material, geometry, and process parameters
simultaneously in one process has not been found in the literature.

The Taguchi method, an experimental design method, has
been applied in a wide range of industries including the metal
forming area [6–10]. The Taguchi method adopts a set of orth-
ogonal arrays to analyze the effect of parameters on specific
quality characteristics to determine the optimal combination of
parameters. These kinds of arrays use a small number of ex-
perimental runs but get maximum information. In this study, we
present a method to analyze the effects of the forming param-
eters on hydroformability by combining finite element analysis
and the Taguchi method.

Problems related to the improvement of product quality and
production efficiency can always be associated with the opti-
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mization procedures. The Taguchi method can optimize qual-
ity characteristics through the setting of design parameters, and
can reduce the sensitivity of the system performance to sources
of variation [11–15]. However, if more than one quality char-
acteristic is simultaneously considered for the same process,
the Taguchi method may not give a unique optimal combina-
tion of parameters, especially when these quality characteris-
tics compete with each other. Attempting to optimize more than
one objective makes the optimization problem a multi-objective
one [16].

Mathematically, there are many methods to solve the multi-
objective problem. Objectives usually conflict, so that the con-
ditions leading to an optimal value of one objective give non-
optimal values of the others. Under such circumstances, a state
(i.e., a particular realization of problem parameter values) is pre-
ferred to another state if at least one objective is improved while
none of the other objectives are worsened. If a state is found such
that no other state is preferred in this way, it has the quality of be-
ing Pareto optimal. A given problem may have many states that
are Pareto optimal, the collection of which form the Pareto set,
or Pareto front, of the problem.

Common multi-objective solution methods are the weighted
sum method, the ε-constraint method and the goal attainment
method. The weighted sum method has a deficiency in that
the Pareto optimal set is not available on non-convex por-
tions in the criterion space. A difficulty of the ε-constraint
method is to select a suitable ε to ensure a feasible solu-
tion, and a further disadvantage of this approach is that the
use of hard constraints is rarely adequate for expressing true
design objectives. The goal attainment method provides a con-
venient intuitive interpretation of the design problem which is
solvable using standard optimization procedures, and there is
always at least one Pareto optimal solution, also called the non-
dominated solution, which balances the objectives in a unique
and optimal way [17]. In this paper, a multi-objective op-
timization approach is proposed by integrating the classical
mathematical optimization method with the Taguchi method,
and the optimization problem is solved by the goal attainment
method.

Fig. 1. Multi-objective optimization for tube hydroforming process using Taguchi method

A free bulging tube hydroforming process is one of the most
important processes for the research on tube hydroformability
because it has many forming parameters involved in affecting its
hydroformability. The objective of the free bulging process is to
get a high bulge ratio while no necking failure happens. How to
get an optimal combination of the forming parameters for satis-
fying these objectives is discussed in this paper, and a given free
bulging tube hydroforming process is employed as an example to
illustrate the proposed approach.

2 Methodology

The Taguchi method considers three stages in a process develop-
ment: (1) system design, (2) parameter design, and (3) tolerance
design. In system design, the engineer uses scientific and engin-
eering principles to determine the basic configuration. In the pa-
rameter design stage the specific values for the system parameters
are determined. Tolerance design is used to specify the best tol-
erances for the parameters [13]. Among these stages, parameter
design is the key step in the Taguchi method to achieving high
quality without increasing cost. To obtain high forming perform-
ance in the tube hydroforming process, the parameter design ap-
proach proposed by the Taguchi method is adopted in this paper.

The objective of this paper is to investigate the influence of
forming parameters on hydroformability to improve the hydro-
formed tube quality. The basic steps for achieving the above
target are shown in Fig. 1. First, the quality characteristics and
the forming parameters are selected, and the appropriate orth-
ogonal array is constructed. The finite element simulation is per-
formed based on the arrangement of the orthogonal array, and
the results are then transformed into the Taguchi signal-to-noise
(S/N) ratios. Statistical analysis of variance (ANOVA) is per-
formed to see which parameters are significant. After eliminating
the insignificant parameters, these steps are repeated with the
remaining significant parameters to obtain more information of
their effects on the quality characteristics. Empirical models are
then built through regression of the significant parameters, and
the multi-criteria optimization is performed to maximize these
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S/N ratios. Finally, a confirmation experiment is conducted to
verify the optimal parameter levels that are selected.

3 Free bulging tube hydroforming process

3.1 FEM simulation

Finite element simulation is used as a numerical experimental
tool in this study. Figure 2 shows the hydroforming process of
free bulging of a straight tube with simultaneously applied inter-
nal pressure and axial force. The tooling was modeled as a rigid
body, and the tube material was assumed to be isotropic elastic-
plastic obeying the Ludwik–Hollomon hardening relationship
σ = kεn. During simulation of the forming, the loading path
strategy described in [2] was used. In this strategy, the internal
pressure is applied independently and the axial load is applied
according to the nominal stress ratio m. Table 1 shows the nom-
inal values of the process parameters, geometries of the tube and
tooling, and the material properties of the tubular blank for the fi-
nite element simulation. The explicit FEM code H3DMAP [18]
was used for the analysis of the tube hydroforming process of
free bulging.

Fig. 2. Schematic view of free bulging tube hydroforming

Table 1. Parameters used in the FEM simulation

Material parameters Value

Density ρ (kg/m3) 7850
Young’s modulus E (GPa) 205
Hardening coefficient K (MPa) 537
Hardening exponent n 0.227
Poisson’s ratio ν 0.3
Yield strength σy (MPa) 240
Ultimate tensile strength σu (MPa) 350

Geometry parameters

Length of tube L0 (mm) 200
Outer radius of tube r0 (mm) 30
Thickness of tube t0 (mm) 1.5
Die entry radius re (mm) 10
Bulge width W (mm) 100

Process parameters

Internal pressure Pf (MPa) 40
Nominal stress ratio m 0.4
Friction coefficient µ 0.06

3.2 Decision of quality characteristics and objective function

In the free bulging tube hydorforming process, the primary ob-
jective is to get the bulge ratio as high as possible without any
failure happening. Among the three main failure modes involved
in tube hydroforming, bursting failure is irrevocable while other
failure modes like buckling and wrinkling are recoverable. Burst-
ing is a consequence of necking, which causes fracture even-
tually. Although there are many different proposed criteria for
predicting fracture in metal forming processes, there is no clearly
preferred approach. Therefore, the commonly used thinning ratio
criteria is used here as a measure of forming quality.

The thinning ratio as well as the bulge ratio is selected as the
quality characteristics. The thinning ratio is defined by

Thinning ratio(%) = t0 − t1
t0

×100 (1)

where t0 is the original thickness of the tube as shown in Fig. 2
and t1 is the critical thickness of the hydroformed tube. The bulge
ratios is defined by

Bulge ratio(%) = r1

r0
×100 (2)

where r1 is the maximum radius of the hydroformed tube and r0

is the original radius of the tube as shown in Fig. 2. Two objective
functions are chosen for this process. One is to obtain the min-
imum value of the thinning ratio, and the other is to obtain the
maximum value of the bulge ratio.

3.3 Selection of the parameters and construction
of orthogonal array

Generally, there are three categories of parameters influencing
hydroformability, i.e., geometry parameters, material parame-
ters, and process parameters (Table 1). The eight forming pa-
rameters to be evaluated in this study are shown in Table 2. To
evaluate these factors, three levels are chosen for each. For eight
factors with three levels for each, the experimental layout of an
L18 orthogonal array is selected for present research according to
Taguchi’s suggestion. Table 3 shows the L18 orthogonal array in
which the 18 runs are carried out to investigate the effects of the
eight factors.

Table 2. Level of forming parameters

Desig- Forming parameters Level 1 Level 2 Level 3
nation

A Length of the tube (mm) 180 200 220
B Thickness of tube (mm) 1.35 1.5 1.65
C Die entry radius (mm) 8 10 12
D Bulge width (mm) 90 100 110
E Hardening exponent 0.207 0.227 0.247
F Internal pressure (MPa) 36 40 44
G Nominal stress ratio 0.2 0.4 0.6
H Friction coefficient 0.02 0.06 0.1
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Table 3. Taguchi’s L18 orthogonal array

Run Forming parameters
no. A B C D E F G H

1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2

10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 1 3
16 2 3 1 3 2 3 2 1
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1

4 Results and discussion

4.1 Effects of forming parameters on the hydroformability

Two different quality characteristics are analyzed by using the
S/N and ANOVA analyses based on the results of the FEM simu-
lation corresponding to the above orthogonal array.

4.1.1 S/N analyses

In the Taguchi method, the signal-to-noise (S/N) ratio is used
to measure the quality characteristic deviating from the desired
value. The S/N ratio is defined by

S/N = −10 log(MSD) (3)

where MSD is the mean square deviation for the quality charac-
teristic.

Usually, there are three categories of quality characteristic
in the analysis of the S/N ratio, i.e., the-lower-the-better, the-
higher-the-better, and the-nominal-the-better. Thinning ratio in
this study is the quality characteristic with the objective “the-
lower-the-better”. The mean square deviation for the-lower-the-
better quality characteristic is given by

MSD = 1

n

n∑

i=1

y2
i (4)

where yi is the value of the-lower-the-better quality characteris-
tic and n is the number of the tests for a trial condition.

Bulge ratio is a quality characteristic with the objective “the-
higher-the-better”. The mean square deviation for the-higher-
the-better quality characteristic is given by

MSD = 1

n

n∑

i=1

1

y2
i

(5)

where yi is the value of the-higher-the-better quality character-
istic. In the event the-nominal-the-better quality characteristic is
desired, the mean square deviation would be

MSD = 1

n

n∑

i=1

(yi − S)2 (6)

where yi is the value of the-nominal-the-better quality character-
istic and S is the target value. Regardless of the category of the
quality characteristic, a greater S/N ratio corresponds to better
quality characteristics.

After conducting the FEM simulations and applying S/N
analyses, the results of the bulge ratio and its S/N ratio in the
18 trial conditions are shown in Table 4. The average S/N ratio
of the bulge ratio for each parameter at levels 1 to 3 are shown
in Table 5 and plotted in Fig. 3. Table 6 shows the FEM results
of the thinning ratio and its S/N ratio in the 18 trial conditions.
The average S/N ratio of the thinning ratio for each parameter at
levels 1 to 3 are shown in Table 7 and plotted in Fig. 4.

4.1.2 ANOVA analyses

In order to investigate the effects of the forming parameters
quantitatively, analysis of variance (ANOVA) is carried out.

Table 4. Bulge ratio values and its S/N ratio

Run no. Bulge ratio S/N ratio

1 1.448 3.215
2 1.982 5.942
3 1.923 5.679
4 1.596 4.060
5 2.029 6.145
6 1.449 3.221
7 1.691 4.564
8 1.439 3.162
9 1.590 4.030

10 1.678 4.498
11 1.719 4.704
12 1.640 4.297
13 1.498 3.510
14 1.639 4.293
15 1.853 5.358
16 1.744 4.828
17 1.492 3.473
18 1.597 4.065

Table 5. Average S/N ratio of the bulge ratio for each parameter

Desig-
Forming parameters

Average S/N ratio
nation Level 1 Level 2 Level 3

A Length of the tube 4.446 4.336
B Thickness of tube 4.723 4.431 4.020
C Die entry radius 4.113 4.620 4.442
D Bulge width 4.140 4.754 4.280
E Hardening exponent 4.010 4.608 4.556
F Internal pressure 3.480 4.481 5.213
G Nominal stress ratio 4.556 4.421 4.197
H Friction coefficient 4.319 3.568 5.287
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Fig. 3. Average effect diagram of forming parameter on the bulge ratio

Table 6. Thinning ratio values and S/N ratio

Run no. Thinning ratio S/N ratio

1 0.284 10.934
2 0.497 6.067
3 0.477 6.436
4 0.407 7.815
5 0.559 5.047
6 0.304 10.343
7 0.483 6.315
8 0.315 10.025
9 0.429 7.358

10 0.386 8.268
11 0.423 7.480
12 0.385 8.298
13 0.345 9.252
14 0.417 7.604
15 0.530 5.514
16 0.493 6.149
17 0.384 8.313
18 0.416 7.618

Table 7. Average S/N ratio of the thinning ratio for each parameter

Desig-
Forming parameters

Average S/N ratio
nation Level 1 Level 2 Level 3

A Length of the tube 7.815 7.611
B Thickness of tube 7.914 7.596 7.630
C Die entry radius 8.122 7.423 7.594
D Bulge width 7.902 7.100 8.137
E Hardening exponent 8.382 7.311 7.446
F Internal pressure 9.527 7.455 6.157
G Nominal stress ratio 7.459 7.576 8.104
H Friction coefficient 8.007 6.750 8.383

ANOVA tests for significant differences between the parameters
by comparing variances. It uses the sum of squares to partition
the overall variation from the average S/N ratio into the contri-
bution by each of the parameters and the error.

The overall average S/N ratio is expressed as

S/N = 1

k

k∑

i=1

(S/N)i (7)

Fig. 4. Average effect diagram of forming parameter on the thinning ratio

where k is the number of tests in the orthogonal array and (S/N)i

is the S/N ratio of the ith test. The sum of the squares due to the
variation from the overall average S/N ratio is

SS =
k∑

i=1

((S/N)i − S/N)2 (8)

The sum of the squares due to the variation from the average S/N
ratio for the ith factor is

SSi =
l∑

j=1

Tj × ((S/N)ij − S/N)2 (9)

where l is the number of the factor levels (l = 3 in this study), Tj

is the number of the tests of the ith factor at the jth level, and
(S/N)ij is the average S/N ratio of the quality characteristic for
the ith factor at the jth level. The percentage contribution of the
ith factor is given by

Pi(%) = SSi

SS
×100. (10)

The results of ANOVA for the bulge ratio and thinning ratio
are shown in Tables 8 and 9. From Table 8, it can be seen that
the significant parameters influencing the bulge ratio are internal
pressure and friction coefficient. The effect of length, thickness,
die entry radius, bulge width, hardening exponent, and nominal

Table 8. Analysis of variance for bulge ratio

Parameters Degree of Sum of Contribution
freedom squares (%)

Length of the tube 1 0.055 0.37
Thickness of tube 2 0.747 5.10
Die entry radius 2 0.398 2.71
Bulge width 2 0.621 4.24
Hardening exponent 2 0.658 4.49
Internal pressure 2 4.543 31.00
Nominal stress ratio 2 0.198 1.35
Friction coefficient 2 4.458 30.42
Error 2 2.978
Total 17 14.654
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stress ratio are very small compared to that of internal pressure
and friction coefficient. These results are in good agreement with
the results reported in the literature [2, 4, 19]. Table 9 shows the
internal pressure is the most significant forming parameter af-
fecting the thinning ratio, and the friction coefficient is the next
most significant parameter.

The forming parameters except internal pressure and friction
coefficient do not contribute much to the hydroformability, so
they are eliminated from the optimization of the tube hydroform-
ing process as discussed in the next section.

4.2 Multi-objective optimization of tube hydroforming process

After eliminating the insignificant forming parameters, the ana-
lyses of the S/N ratio are conducted again with only the signifi-
cant parameters, i.e., internal pressure and friction coefficient.

The same three levels of the internal pressure and fiction
coefficient as shown in Table 2 are chosen. A Taguchi L9 orth-
ogonal array is selected for two factors with three levels, as
shown in Table 10. Comparing Tables 3 and 10, shows the L18
orthogonal array used earlier is a fractional factorial array, while
the L9 orthogonal array is a full factorial array in which all of
the possible combinations of factor levels are tested. The last
two columns in Table 10 represent the interaction of the two fac-
tors. Table 11 shows the FEM results of the bugle ratio and its
S/N ratio in the nine trial conditions, and Table 12 shows the
FEM results of the thinning ratio and S/N ratio. These tables

Table 9. Analysis of variance for thinning ratio

Parameters Degree of Sum of Contribution
freedom squares (%)

Length of the tube 1 0.188 0.40
Thickness of tube 2 0.183 0.39
Die entry radius 2 0.797 1.70
Bulge width 2 1.777 3.79
Hardening exponent 2 2.042 4.35
Internal pressure 2 17.341 36.97
Nominal stress ratio 2 0.709 1.51
Friction coefficient 2 4.387 9.35
Error 2 19.482
Total 17 46.907

Table 10. Taguchi’s L9 orthogonal array

Run Internal Friction A′ × B′ A′ × B′
no. pressure (A′) coefficient (B′)

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

Table 11. Bulge ratio and S/N ratio

Run Internal Friction coeffi- A′ × B′ Bulge ratio S/N ratio
no. pressure cient

(MPa) (A′) (B′)

1 36 0.02 0.720 1.412 2.999
2 36 0.06 2.160 1.419 3.038
3 36 0.1 3.600 1.424 3.070
4 40 0.02 0.800 1.591 4.036
5 40 0.06 2.400 1.603 4.100
6 40 0.1 4.000 1.638 4.286
7 44 0.02 0.880 1.767 4.945
8 44 0.06 2.640 1.787 5.043
9 44 0.1 4.400 1.831 5.255

Table 12. Thinning ratio and its S/N ratio

Run Internal Friction coeffi- A′ × B′ Thinning S/N ratio
no. pressure cient ratio

(MPa) (A′) (B′)

1 36 0.02 0.720 0.293 10.653
2 36 0.06 2.160 0.303 10.381
3 36 0.1 3.600 0.311 10.135
4 40 0.02 0.800 0.399 7.973
5 40 0.06 2.400 0.411 7.730
6 40 0.1 4.000 0.433 7.264
7 44 0.02 0.880 0.479 6.399
8 44 0.06 2.640 0.493 6.137
9 44 0.1 4.400 0.516 5.747

show that increased internal pressure and increased friction coef-
ficient each give higher bulge ratios, along with higher thinning
ratios.

As mentioned earlier, the objectives of this study are to
minimize the thinning ratio and maximize the bulge ratio.
These two objectives conflict in the free bulge process since
higher bulge ratios are highly correlated with higher thin-
ning ratios, and vice versa. However, the use of the Taguchi
S/N ratio assists in discriminating better quality characteristics,
so the objectives in this study can be converted to simultan-
eously maximize the S/N ratio of the bulge ratio and thinning
ratio.

Regression analyses are performed on the data in Tables 11
and 12 to get the relationship of the S/N ratios of the bulge ratio
and thinning ratio with the forming parameters. The regression
equations of the S/N ratio of the bulge ratio ((S/N)BR) and the
S/N ratio of the thinning ratio ((S/N)TR) are given in Eqs. 11
and 12.

(S/N)BR = −5.4+0.23A′ −12.31B′ +0.37A′ B′ (11)

(S/N)TR = 29.49−0.52A′ +0.55B′ −0.21A′B′ (12)

Although enough degrees of freedom are available in the data
to estimate the main second order effect terms (i.e., A′2, B′2),
the coefficients of these terms are found to be not statistically
significantly different from zero. The objective function for the
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optimization can now be formulated as follows:

Max :
[
(S/N)BR

(S/N)TR

]

Subject to : 36 ≤ Internal pressure ≤ 44

0.02 ≤ friction coefficient ≤ 0.1 (13)

The solution to the above objective function will lead to a com-
bination of minimum thinning ratio together with a maximum
bulge ratio that is Pareto optimal.

The goal attainment method [20] is used to solve the above
multi-objective optimization problem. Applying the method
to Eq. 13 transforms it to the following formulation.

Min : γ

Subject to : (S/N)BR −w1γ ≤ (S/N)ΘBR

(S/N)TR −w2γ ≤ (S/N)ΘTR

36 ≤ Internal pressure ≤ 44

0.02 ≤ friction coefficient ≤ 0.1 (14)

where γ is an unrestricted scalar, (S/N)ΘBR is the maximum S/N
ratio of the bulge ratio in Table 11, (S/N)ΘTR is the maximum
S/N ratio of the thinning ratio in Table 12, [(S/N)ΘBR, (S/N)ΘTR]
is the goal of the set of objectives [(S/N)BR, (S/N)TR], and the
weighting vector [w1, w2] controls the relative degree of under-
or overachievement of the goals. In this paper, the weighting
vector w is made equal to the goal, so that the same percent-
age under- or overattainment of the goals is achieved [20]. The
solution of Eq. 14 gives the optimal combination of internal pres-
sure and friction coefficient, as shown in Table 13, along with the
estimated S/N ratios of bulge ratio (S/N)∗BR and thinning ratio
(S/N)∗TR. From the Tables 11-13, it can be seen that this Pareto
optimal combination of the forming parameters comes as a trade-
off between the two objectives.

4.3 Confirmation experiments

Confirmation is carried out at the optimum setting of the signifi-
cant forming parameters while keeping the remaining parameters
as the nominal values. The obtained bulge ratio is 1.596 and its
S/N ratio is 4.061, the obtained thinning ratio is 0.391 and its
S/N ratio is 8.156. Comparing with the results obtained in the
nominal case using data in Table 1, i.e., the bulge ratio is 1.580
and the thinning ratio is 0.393, it shows that both the bulge ratio
and thinning ratio are improved by using the optimal setting of

Table 13. Optimal combination of parameters and estimated S/N ratio

Internal Friction
pressure coefficient (S/N)∗BR (S/N)∗TR
(MPa) (C)

40.73 0.02 4.023 8.150

Fig. 5. Pareto optimal combinations of thinning ratio and bulge ratio

the forming parameters determined by the approach presented in
this study.

4.4 Pareto set of this multi-objective optimization problem

As discussed before, if there are many Pareto optimal solutions
for a given multi-objective optimization problem, the collection
of these Pareto optimal solutions will form the Pareto set of this
problem. In this study, the weighting vector is set equal to the
goal, a Pareto optimal combination of internal pressure and fric-
tion coefficient is obtained and the improvement of the bulge
ratio as well as the thinning ratio is confirmed. By varying the
values of weights w1, w2, a series of Pareto optimal combina-
tions of internal pressure and friction coefficient can be obtained,
these Pareto optimal combinations of internal pressure and fric-
tion coefficient will form the Pareto set for the given free bulging
tube hydorforming process. In this study, a series of values be-
tween 0 and 1 are chosen as the weight w1, and the weight w2
is set equal to one minus w1. Based on these different weight
vectors, a series of corresponding Pareto optimal solutions are
obtained by solving Eq. 14 using the goal attainment method.
A series of corresponding bulge ratios and thinning ratios ac-
cording to the different combination of internal pressure and
friction coefficient are obtained by the finite element analyses
and plotted in Fig. 5.

The curve in Fig. 5 is the Pareto optimal front of the com-
bination of thinning ratio and bulge ratio for this free bulge
hydroforming process. All possible combinations of the thinning
ratio and bulge ratio are located on or below the Pareto front. If
a specific bulge ratio is required for this process, the obtainable
optimal thinning ratio will be the projected point of this bulge
ratio from this Pareto optimal front. Conversely, if a given thin-
ning ratio is deemed acceptable, the Pareto optimal front gives
the maximum bulge ratio obtainable.

5 Conclusions

In this paper, a new method of optimization of the forming pa-
rameters for tube hydroforming has been suggested. From the
results of the FEM analysis and the effect of parameters study
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using the Taguchi method, some useful conclusions can be drawn
as follows:

1. The significant forming parameters affecting the hydro-
formability can be identified easily by performing the ex-
periments designed according to the orthogonal array of the
Taguchi method.

2. Internal pressure and the friction coefficient have the greatest
effects on a free bulging tube hydroforming process.

3. Eliminating the insignificant parameters for the optimization
of the forming parameters results in significant saving of
computational time.

4. The bulge ratio and thinning ratio for a given free bulge tube
hydroforming process are improved simultaneously through
our approach.

5. The corresponding optimal thinning ratio can be obtained
according to the Pareto set of the optimization problem if
a specific bulge ratio is required for a given free bulge hydro-
forming process.
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