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In this paper, by considering the processing parameters, including blank holder
force, blank holder gap, and cavity pressure as the most important input factors
in the hydroforming process, an experimental design is performed, and an
adaptive neural-fuzzy inference system (ANFIS) is applied to model and
predict the behavior of aluminum thinning rate (upper layer and lower layer),
the height of wrinkles and achieved depths that are extracted in hydroforming
process. Also, the optimal constraints of the network structure are obtained by
the gray wolf optimization algorithm. Accordingly, the results of experimental
tests are utilized for training and testing of the ANFIS. The accurateness of the
attained network is examined using graphs and also based on the statistical
criteria of root mean square error, mean absolute error, and correlation
coefficient. The results show that the attained model is very effective in
approximating the aluminum thinning rate (upper layer and lower layer), the
height of wrinkles, and achieved depth in the hydroforming process. Finally,
the results also show that the root means of the square error of aluminum
thinning rate (upper layer and lower layer), the height of wrinkles, and
achieved depth of the test section are 1.67, 2.25, 0.05, and 2.67, respectively.
It is also observed that the correlation coefficient for the test data is very close
to 1, which demonstrates the high precision of the ANFIS in predicting the
outputs of the hydroforming procedure.

1. Introduction

hybrid materials present superior results than the

Metal-composite structures, also named fiber
metal laminate (FML) materials made of
alternative strata, including fiber composite
layers and metals, joined through resin films.
These hybrid structures as materials can be
utilized in different required properties using
different materials of constituents. FMLs as

simple sum of their separate effects and have
superior resistance to fatigue, mechanical
characteristics, damage tolerance, thermal
characteristics, and enhanced environmental
shelter [1-7]. FMLs and usual composite
materials have been validated as successful
selection and applied in the aerospace industry
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as well as the military sector because of
outstanding fatigue resistance as well as the
impact characteristics [8]. Furthermore, towards
increasing energy productivity and decreasing
perilous releases in transport automobiles,
investigation in advanced lightweight materials
is a prevalent research area [9, 10]. Due to the
progress in advanced materials like FMLs, the
attention to applying these parts to produce new
products is increasing several times [11-13]. As
depicted in Fig. 1, different types of lightweight
materials are being utilized in the aerospace
industry to manufacture parts like fuselage
panels. Even in this time, due to the time-
consuming  production  methods, limited
applications can be found for FMLs as the
compound materials, especially in mass
production like automobile and building
industries, as well as commercial end-user
goods. The authors believe that hydroforming as
a conventional production technique applied in
different industries can be suitable for FMLs and
offers a capable production way to make high-
volume products. Finding a high-volume
production method which is proper for fiber
netal laminates by applying the hydroforming
technique needs to study. Also, the material
behavior during the forming is needed to
investigate in detail.

Usually, monolithic materials such as metal
alloys possess a big strain at failure, which is
about 10-50%, but composite materials have
constrained elongation. In fact, the strain at
failure for fibers is around 1%, 2-2.5%, and
between 4 to 5% for carbon, aramid, and glass
fibers, respectively. The resins’ strain at failure,
especially for thermoplastic-based polymers, is
also limited [14]. GLARE, ARALL, and
CARAL are the trade name of fiber metal
laminates using carbon fibers, glass, and aramid
in the middle layers, respectively. These kinds of
materials have been graded for different
applications in aerospace structures. GLARE
material has thin strata of aluminum which are
fixed and bound to uni-directional or multi-
directional high strength fibers of glass which
has been pre-impregnated. This material, which
is the base material in this study, offers a
pioneering mixture of features such as
outstanding resistance to fatigue, superior static

194

A. H. Rabiee, et al.

Vol. 12, No. 2

characteristics, significant resistance to impact,
etc. Also, for usual parts and those parts which
are not complicated, production and repair are
not complex. This material has been designated
for Airbus A380 in the upper fuselage coating
and was the first request of GLARE materials in
a marketable air company [15]. Using GLARE
material, different collections of the FMLs were
made. These parts have the ability to avoid and
break the progress of tracks produced by
dynamically loading. Also, it has admirable
characteristics like impact tolerance, although its
density is low and specific strength and stiffness
are high.

Due to the long-time production of FML parts,
limited consumption of these kinds of materials
(FMLs) is available, especially while mass-
volume products are needed. In order to obtain
satisfactory mass-volume products using fiber
metal laminates utilizing the hydroforming
process, understanding the drawing performance
is vital [15, 16]. Actually, the hydro-deep
drawing and hydroforming technique is a
standard industrial procedure employed in many
sectors and provides effective manufacturing
systems to fabricate high-volume products.
Finding straight forming for FML products can
improve fabrication speeds several times
quicker, compared with current production
methods. Inquiries show hydro-bulging forming
as the usual and useful testing method to
investigate uniform materials, especially sheet
metals [17, 18] and has rarely been applied for
FMLs. Two main approaches have been utilized
for the manufacturing of GLARE as a fiber metal
laminate.

[ Carbon fiber reinforced polymer

! Glass fiber reinforced polymer
[ Hybrid composite (glass & carbon)
7] Glare

Fig. 1. Light-weight materials in Boeing 787
Dreamliner [15].
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The first manufacturing process is constructed
by applying autoclaves especially to make big
parts such as airplane parts. The above-
mentioned process considers the most common
method due to its quality and consistency [19,
20]. Although by autoclave method, the quality
of the final part can be better, some limitations
such as lengthy production time as well as
operational prices make its usage challengeable,
especially in the mass-volume products [21, 22].
The alternative technique is using FML as the
blank to form. Before developing our proposed
method, only FML materials having the middle
layer with polypropylene-based resins (PP) filled
with chopped fibers, could employ to produce
FML laminates by applying conventional
forming [23-25]. In addition to the above-
mentioned approaches, there is a fresher process
entitled vacuum injected molding or VARTM
which means vacuum assisted resin transfer
molding. Actually, in this system, the resin can
flow between the layers to create a joint between
them. So in this process. inter-laminar
characteristics can be enhanced. Recently,
theoretical studies on forming treating have been
gradually industrialized to be used in practical
aspects, especially for unsolved problems or
complex problems. This tendency is particularly
evident in the development of smart structures,
which are usually subjected to experimental
records. Artificial neural network (ANN) is a
part of the system that transfers knowledge and
rules contained in experimental data to the
structure of their processed network. Because
artificial neural networks do not make any prior
assumptions about data characterization and
statistical distribution, they are practically more
efficient than conventional statistical methods.
Generally, ANNs are not able to create a model
at a logical time. Furthermore, a fuzzy logic
system requires a way to learn from
experimental data to exert integrated rules from
different variables. Consequently, considering
the advantages and disadvantages of both
approaches, the successful combination of these
methods has created neural-fuzzy modeling.
Due to the importance of determining the
parameters of the hydroforming process and also
the wide application of neural-fuzzy modeling in
the field of mechanical engineering, in this
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paper, the effect of the parameters of the
hydroforming process is investigated. In recent
years, several researches have been used to
model various engineering processes by using
the ANFIS system [26-28]. Dadgar asl et al. [29]
used ANN-based genetic algorithm Il to attain
the parameters of the flexible roll forming
processing. Esfahani et al. [30] developed a
method for determining the optimized density of
the mesh according to a adaptive network-based
fuzzy inference system, to predict the deflection
caused by the scanning of the circular path of the
laser beam considering analysis time and
forming accuracy. Maji et al. [31] worked on the
optimization of incremental forming parameters
using the response surface method and models
based upon ANFIS structure, in order to reach
the wanted figure with optimum formability.
Khamneh et al. [32] used the design of
experiment to calculate the spring back of creep
aged formed AA7075 with a statistical analysis.
The variance analysis showed that temperature is
more important than other parameters. Safari et
al. [33] used the design of experiment according
to the response surface approach, and extracted
the governing linear regression equation for
spring-back of the creep age formed fiber metal
laminates.

In the present paper, an ANFIS network is
utilized to model the significant parameters in
the hydroforming process of Fiber Metal
Laminates, Blank Holder Force, Blank Holder
Gap, and Cavity Pressure, for predicting
aluminum thinning rate (upper layer and lower
layer), the height of wrinkles and achieved
depth. For this purpose, the results of
experiments performed to train and test the
ANFIS structure have been utilized. Moreover,
to attain the optimal topology of the model, the
gray wolf algorithm has been used.

2. Methodology
2.1. Materials and properties

To find an efficient forming approach, primarily,
it is necessary to understand the forming
behavior of both GLARE and its constituents
simultaneously.
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Table 1. Mechanical properties of aluminum 2024-T [13, 14, 19]
. Density  Yield stress UTS . Strain hardening Elongation
Material (g/cc) (MPa) (MPa) Anisotropy (r) exponent (n) E (GPa) (%)
2024-T3  2.78 298 425 0.780 0.195 73 19.2

Table 2. Mechanical properties of unidirectional carbon fibers and prepreg woven glass fibers [13, 14, 19]

Density Thickness Tensile strength Tensile modulus Shear modulus  Elongation

Type of fiber (glcc)  (mm) (MPa) (GPa) (MPa) (%)
Plain weave of glass fiber  2.55 0.2 30 4.2 4.8
Unidirectig__nal of carbon 1.8 0.2 130 4.4 1.8

In order to achieve this goal, many related works
have been investigated, and many experiments
have been done.Generally, GLARE materials
under tension offer an inelastic performance
because of the plasticity of aluminum sheets.
Therefore, the modulus of elasticity of all kinds
of GLARES must be slightly poorer than the
uniform Al-alloy because of the low modulus of
elasticity in prepreg laminates. GLAREs with
unidirectional prepregs in the middle clearly
demonstrate powerful characteristics
directionally. The prepregs cause superior
properties such as stiffness, modulus, and
strength along with their orientation, at the same
time, metallic sheets govern the tensile
characteristics in the perpendicular path. As it is
obvious the behavior is much more complicated
than a monolithic material. The mechanical
properties of the constituent, such as aluminum
2024-T, unidirectional carbon fibers, and
Prepreg woven glass fibers are depicted in
Tables 1 and 2.

2.2. Simulation principles

The finite element software, ABAQUS/Explicit,
and Dynaform were employed to carry out the
finite element simulation analysis. The
properties parameters of the aluminum alloy and
glass fiber materials obtained from the
mechanical properties experiments were input
into the simulation software material property
module. All the molds are regarded as rigid
bodies. The four-node grid elements are used for
punch, the concave molds, and the blanking ring.
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Each layer material is a double-curvature shell
element deformable body, but it is for laminates.
In the case of the aluminum alloy layer, it is
regarded as the elastoplastic material model, nut
in the next section, and the glass fiber and carbon
fiber layers are regarded as the lamina. In fact,
the different characteristics are formulated, the
values are 0.15, 0.1, and 0.05, and in the case of
FMLs coefficient of friction can be varied
between 0.1-0.5. The friction functions to form
multilayer parts is pretty intricate due to the
existence of further interaction between the
blank’s interlayers. Actually, in the Fiber Metal
Laminates, the experimental forces of punch are
higher than that of the numerical values,
particularly in the deep drawing, because of the
larger frictional forces through the tests than
expected for the numerical study. Blanks of
aluminum alloys are considered a circular form
with a diameter of 140 mm, a punch radius is
37.5 mm, and die radius is 40 mm.

It needs to be mentioned that for the simulations
in Abaqus software, aluminum is considered an
isotropic material, and anisotropy is neglected.
In the present study, to consider the anisotropic
influence of the aluminum alloy, the
36*MAT_3PARAMETER_BARLAT code of
Dynaform/LS Dyna has been chosen in
simulations for obtaining FLDs of aluminum and
multilayer aluminum blanks in the software, but
in other simulations, the materials considered as
quasi-isotropic. ABAQUS, in this study, is
applied to simulate the behavior of the GLARE
material. Besides, DYNAFORM/LS-DYNA is
employed for the simulation of multilayer parts.
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Table 3. Parameters of FML components used in numerical simulations in the lamina situation [13, 14, 19]

Material Density  E1 E2  Poissonratio G12 G23  G13
(g/cc) (GPa) (GPa) (V12) (GPa) (GPa) (GPa)

Aluminum 2024-0  2.72 731 731 0.33 28.0 280 280
Carbon fiber 176 2320 861 0.25 375 230 230
Glass fiber 252 5398 9412 0.13 350 206  2.06

For FML analysis, two layers of the aluminum
laminates are considered as isotropic and
meshed, so one layer of fabric was meshed
utilizing this software, and laminate properties
input the software as mentioned in Table 3 for
each layer in the lamina condition. In this case,
all of the needed parameters are given in the
table. So, the material properties shown in Table
3 are put into the material attribute module of the
simulation software. At the same time, the
Hashin failure criterion is used to judge the
failure mode of composite materials. In this case,
6 parameters are needed, which are provided by
the supplier of the material.

To simulate the process, the punch, binder, and
die have been entirely constrained, whereas the
punch just can travel through the Z-axis path.
Also, the contact interface was used to make the
alternating interaction and sliding boundary
conditions among the metallic layers as well as
the tools and sheets. The friction coefficient
among the punch and blank was considered 0.15,
and 0.1 for the binder and the blank,
respectively, and 0.05 for the die and the blank,
but the real one may depend on the existence of
the lubricant material in that place. The
coefficient of friction between the FML blank
layers depends on the nominal friction for each
contact which depends on the curing stage from
0.15 to 0.5. In some experiments, it is tried to
make a situation the same as simulations
assumptions by using lubricants. The general
numerical simulation setup model using is
depicted in Fig. 2.

Several experiments and simulation were done
to investigate the present innovative method, and
they are discussed here. In the experimental
condition, as depicted in Fig. 3, and three
aluminum blanks with 0.5 mm thickness (total
thickness 1.5 mm) have been formed
concurrently at the cavity pressures of 40 MPa,

where the gap was kept fixed. One of the most
important reasons is the larger frictional forces
called as dry friction force appearing from
contacts of the blanks interlayer in the case of the
3-layer blank. The wrinkling zone was
monitored previously the optimum failure zone
and cavity pressure and happened after as the
optimum cavity pressure amount. In fact, this
test is the first gate to understanding the material
properties when we have 3 separated layers.

As the main idea of this research will be focused
on the multilayer and laminated material,
investigating the three aluminum layers can give
important results to find a way for FMLs to form.
So, an investigation has been done on the stress
distributions in every layer. Abaqus is the
employed software in this sector, while
Dynaform has been used in the case of obtaining
FLD of single-layer and multi-layer aluminum
blanks. In this sector, the anisotropy of
aluminum has been neglected.

As shown in Fig. 4, stress distributions are
investigated for each layer. The result for the
optimum parameters is shown. The maximum
Muises stress in the whole layers is approximately
equal, just a little different. All of the contacts
are between metallic layers, and the formability
of each layer is considerable. It is clear that for
FMLs the forming situation is completely
different and complicated, but it is the first step
to the main goal.

Punch radius =37.5 mm

Binder radius = 6.0 mm

y

™
Cavity raduius = 10.0 mm

Fig. 2. General numerical simulation setup model.
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Fig. 3. Numerical simulation and experimental results for blank style-3 at the cavity pressure of 40 MPa.

Lower layer Middle layer Upper layer

S, Mises S, Mises S, Mises

SNEG, (fraction = -1.0) SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)

(Avg: 75%) (Avg: 75%) (Avg: 75%)
+4.83%+02 +4.816e+02 +4,807e+02
+4.46%+02 +4.472e402 +4,43004+02
+4.098e+02 +4.128e+02 +4.052e+02
+3.728e+02 +3.783e+02 +3.675e+02
+3.357e+402 +3.43%+02 +3.298e+02
+2.987e+02 — +3.095e+02 +2,920e+02
+2.616e+02 4 42.751e402 +2.543e4+02
+2.246e+02 +2.407e+02 +2.165e+02
+1.876e+02 +2.063e+02 +1,788e+02
+1,505e+02 +1.718e+02 +1,410e+02
+1.135e+02 +1.374e+02 +1.033e+02
+7.641e+01 +1.030e+02 +6,551e+01
+3.937e401 +6.859e+01 +2.776e+01

Fig. 4. Stress distributions in three-layer aluminum blank.

As depicted in the above figure, due to the more
deformation in the lower layer, bigger stress is
presented, but as the properties of the whole
layers are the same, there is no big difference
between them. The lowest stress relates to the
upper layer, and the bigger one relates to the
lower layer. In this case, the stress in the middle
layer is between the upper and lower. Another
reason for equal stiffness may be due to the same
coefficient of friction between metallic parts,
while in the FML materials, everything will be
different even by using semi-cured FMLSs.

2.3. Experimental method
Table 4 presents the intended inputs along with

the test results. The values of the output variables
for each of the 24 experiments are given.
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3. Optimized intelligent modeling
3.1. ANFIS structure

The ANFIS model benefits from two methods of
artificial neural networks (ANN) and fuzzy
inference systems (FIS). Like FISs, the ANFIS
includes double sections, the preliminary and the
consequence, which are linked by specific fuzzy
rules. ANFIS includes five layers, which define
this network as a multilayer ANN structure. The
Takagi-Sugeno Fuzzy models as one kind of this
network have double inputs and a single output,
which is shown in Fig. 5.

This network consists of inputs x and y and
output f which are linked based on the rules:
Rule 1: If (x equals A ) and (y equals B, ), then

it becomes f; = px+qy+n
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Table 4. Experiments performed and outputs response values.
Factors Evaluation index
Al thinning rate [% .
Specimens BHG BHF CcP eXperir%ental[ : Height of Depth
[mm] [KN] [MPa] wrinkles achieved
Upper Lower [mm] [mm]
1 1 4 25 14.00 18.00 0.0 24
2 1 6.50 6 14.40 19.30 0.0 21
3 1 8 8 14.70 20 0.0 19
4 1 9 10 15.0 20.7 0.0 17
5 1 11.50 15 16.00 21.10 0.0 14
6 1 13 18 17.00 21.50 0.0 12
7 1.05 4 6 10.00 14.00 0.0 31
8 1.05 6.50 25 10.7 14.20 0.0 31
9 1.05 8 8 11.00 15 0.0 32
10 1.05 9 15 11.20 16.00 0.0 34
11 1.05 11.50 10 11.50 16.50 0.0 36
12 1.05 13 18 11.50 16.00 0.0 33
13 11 4 10 3.8 4.40 0.4 27
14 11 6.50 15 3.8 4.50 0.3 27
15 11 8 8 4.00 4.70 0.2 27
16 11 9 25 4.30 5.00 0.10 26
17 11 11.50 6 4.50 5.30 0.10 26
18 11 13 18 4.0 5.0 0.1 26
19 1.15 4 15 3.30 4.00 0.80 26
20 1.15 6.50 10 3.60 4.50 0.50 26
21 1.15 8 8 3.70 4.50 0.4 26
22 1.15 9 6 4.00 5.00 0.40 26
23 1.15 11.50 25 4.00 5.30 0.25 23
24 1.15 13 18 3.50 5.00 0.2 20

Rule 2: If (x equals A) and (y equals By), then it
becomes f, = p,x+q,y+r,

Layer 1 Layer 2 Layer 3 Layer 4 Layer5

@;fy

@2 f2

Fig. 5 ANFIS network structure.

Inthis system, A and g, are distinguished as the

sets of FIS and f are the network output.
Moreover, pi, i, ri are parameters which are
achieved through the training procedure. If the
outcome of each layer is defined as o’i , then the
characteristics of the layers can be described as
follows:

Layer 1: Each node is related to a fuzzy set and
its outcome is equal to the membership function
(MF) degree of the related input. The form of the
MFs is specified by the corresponding
parameters of that node. If the Gaussian
membership functions are utilized, one can
attain:
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where ¢; and g; are the center and width of the
membership functions, respectively.

Layer 2: Here, the inputs are multiplied and the
strength of the rule firing is written as follows:

Hpi(X)=¢e

= = ppi (X i (Y), i=12 (2

where ug; is the degree of MF of y in the fuzzy
set B;, and py;is the degree of MF of x in the
fuzzy set A;.

Layer 3: The nodes calculate the weight of the if-
then rules, in which w}* is the normalized fire
strength.

0} =af = 4 i=12 ®
0 + @,

Layer 4: This layer is recognized as the rule
layer, which is attained by multiplying the output
of the third layer in the outcome of the Takagi-
Sugeno system.

= f = o (Dx+qy+5), =12 @)

Layer 5: The last layer, consists of a node in that
all the inputs of the node are gathered together:

Za} f = a)lf1+w2f2, i:1,2 (5)
@+ @y

It is noted here that the first and fourth layers are
adaptive layers where c¢; and o; known as
parameters related to the input MFs. In the fourth
layer r;, q;, and p;are adaptive parameters
identified as output parameters. Recently,
numerous metaheuristic optimization algorithms
have been utilized to rise the efficiency of the
ANFIS. Gray wolf algorithm is one of the newest
and most effectual approaches which is utilized
here to optimize the ANFIS structure.
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3.2. Gray wolf optimization algorithm

The nature-inspired gray wolf optimization
algorithm (GWO), is developed by Mirjali et al.
[34], and considered in the group of the
population-based optimization algorithms. The
general advantages of the GWO algorithm over
other algorithms include less cost and storage
computational necessities, easier
implementation, simpler structure, faster
convergence speed, and fewer adjustable
parameters used in the algorithm. Gray wolves
have a dominant social hierarchy, as shown in
Fig. 6. The leaders of the group are a female and
a male named alpha. The second level in the gray
wolf hierarchy is beta. Beta wolves are
secondary ones that help with alpha in decisions
or other group events. Delta wolf must report to
Alpha and Beta but dominates Omega. Omega
has the lowest rank, and should always obey the
other wolves. The GWO algorithm, like the
Particle Swarm optimization algorithm, starts
from a random population. In each iteration, the
alpha, beta, and delta members renew their
situation according to their prey location. This
update also endures until the space between the
wolves and the prey is stopped or a satisfactory
result is achieved. In GWO, alpha wolves are the
finest solution. Other wolves tracks are based on
their dominion. Specifically, the gray wolf
algorithm consists of the following steps:

Stage 1: The initial population of gray wolves is
randomly created. The created crowd is
characterized by the n-dimensional search space
for operating M locations. To repeat, start with k
= 0 initialization and continue to Kmax.

Py () =[P} (K)o () PP OOTT, Je{@, B8} (6)

where k =1,2,... k., are the present iteration
numbers, kmax iS the maximum iteration, and
P, (k),P4(k),Ps (k) is the solutions vector.

Stage 2: The performance of each wolf is
examined based on the accuracy of the
approximation of the experimental data of the
present problem. Evaluating the performance of
each member leads to the value of the fitness
function that is used for the GWO optimization
algorithm using: p, (k)=p, i =1,2,...M
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Fig. 6. The hierarchy of gray wolfs.

Stage 3: The three best solutions
P, (k),Ps(k),P5(k), are identified by:
J(P, (k) = Irzljr1{~|1vl( P (k)).P(k)eDy}, @)

J(Pg(k)) =min{J (P; (k)).P; (k) e D / Py (k)} ®)
i=j,..,M

J(Ps(k)) =min{J (R (K)), R (k) € Dy / P, (k),
i=j..M

9)
Pz (K)},
The solution condition is defined as follows:
J(Py(k)) <J(Pg(k)) <I(Ps(k)) (10)

Stage 4: Here, the search vector coefficients are
obtained utilizing Egs. (11 and 12):

Rj () =[rE ()| (). ()T 1n
§5 (k) =[5} (k)...s§ (€).s] ()T e, B0, 12
in which:

rf (K)=r" k)" -1), (13)
st (k)=29", j efa. .5}, (14)

where qf the uniform distribution of a random
value in the rangeOSqf <L f=l.nand the

constant r’ (k) in the search process is reduced
from 210 0.

rf (k) =2—(k =1)/ Ky ~D], f =1..0 (15)
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Stage 5: Here, the constant agents are permitted
to catch their new position.

1

Vi) =[s] 0P k) -R" (k)
i=1.M,je{a, B, 6}

(16)

By attaining notation PJ(k) for renewed Alpha,
Beta, and Delta solutions:

PIk)=[p tk)..p " (). x ™), j e{a, oy (A7)

The components of these solutions are as
follows:

P (k) =p] () -1 (KVj(K), f =1..ni=1..M,
jef{a.p.6}
And the updated solution vector P (k +1) is
calculated by Eq. X:

(18)

P.(k +1)=(P%(k)+PP () +P°(k))/3i =1.M.  (19)

Stage 6: The renewed solution p (k +1) IS

validated by the objective function.

Stage 7: The GWO algorithm is redone from step
2 till the repetition k eaches the maximum value
from the initial value.

Stage 8: In the last stage, the algorithm stops and
the finest solution ever found is saved as:

P =arg min J(P; (Kax)) (20)
i=1..M

4. Results and discussion

In this study, there are 24 laboratory data for
network testing and testing, including three
inputs blank holder force (BHF), blank holder
gap (BHG), and cavity pressure (CP), and four
outputs aluminum thinning rate (upper layer and
lower layer), the height of wrinkles and achieved
depth. This set of data is randomly separated into
two subsets, 70% for training and 30% for
testing. Figs. 7-10 show the optimized Gaussian
membership functions for the output aluminum
thinning rate (upper layer and lower layer), the
height of wrinkles, and achieved depth,
respectively.
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Metaheuristic algorithms are very parameter
dependent; however, the gray wolf optimization
algorithm, due to less adjustable parameters than

other algorithms, shows less dependence on
parameter variations. Also, in the application of
metaheuristic algorithms in modeling, especially
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in combination with other soft computational
methods such as artificial neural networks and
fuzzy inference systems, it cannot be claimed
that the optimal result is found. However, by
repeating the optimization process, one can be
sure that the problem is not caught in the local
minima. For this purpose, in the present study,
with numerous simulations with changes in the
input parameters of the algorithm, an attempt has
been made to achieve the optimal ANFIS
structure, although it cannot be said that this is
the best possible structure.

Here are some graphical methods used to
examine the efficacy of the present model. Fig.
11 displays the data approximated by the ANFIS
model and the actual data simultaneously for
each of the hydroforming process outputs. In
these diagrams, the triangular symbols are
associated with the data utilized in the training
section, and the square symbols are related to the
data in the test section. The middleE =P is a
reference to determine the accuracy of the
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attained network. It can be seen that the
efficiency of the model is very high for
predicting training data for all outputs. It can also
be observed that the efficiency of the model for
predicting the desired outputs is high. Next, Fig.
12 shows the value of aluminum thinning rate
(upper layer and lower layer), the height of
wrinkles, and the achieved depth of the
hydroforming process for the predicted and
actual data in both the testing and training
sections. In particular, the red and blue lines are
corresponding to the laboratory data, for the
testing and training sections. Also, triangular and
square symbols are corresponding to the data
estimated by the model related to the training and
testing section. As can be seen in these diagrams,
the ANFIS grid corresponds to the training
section data for all outputs (the triangular
symbols correspond to the red lines). The second
part of the diagrams also shows that the network
is effective in predicting the data related to the
test section.
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Fig. 11. Comparison between experimental data and prediction data for; (a) all thinning rate (upper), (b) all
thinning rate (lower), (c) height of wrinkles and (d) depth achieved.
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In order to quantitatively assess the precision of
the attained model, the criteria of root mean
square error, mean absolute error, and
correlation coefficient have been used. How to
calculate these criteria is presented in Egs. (21-
23), respectively.

1 n
RMSE =Jﬁx§(o,\ ~0p)? (21)

n
MAE =%Z|0A -0, | 22)
i=1
nl
Z[(OA ~Op)Op ~Op)

i=1

R= (23)

J{Z(OA —OA)ZHZ(OP -Op )2}
i=1 i=1

That in these relationships, o, the amount of

output measured for the sample i, Op the output
estimated by the model for the sample i,0, the
mean of the actual data, and Op the mean of the
approximated data. To check the precision of the
model, the criteria have been computed for the
testing and training parts to model hydroforming
process and are listed in Table 5. It can be seen
that the attained model has generally been
effective in approximating all outputs of the
hydroforming process.

Table 5. The RMSE, MAE, R, and MAE Criteria for
modeling aluminum thinning rate (upper layer and
lower layer), height of wrinkles and achieved depth.

RMSE MAE R

Al thinning  Train 1.02E-06 5.21E-07 1

rate (upper)
% Test 1.676519 153  0.985

Althinning  Train 2.72E-05 1.36E-05 1
rate (lower)
% Test 2.257774 1.647581 0.989

Heightof = Train 2.24E-09 1.34E-09 1

wrinkles
(mm) Test 0.052491 0.037879 0.99
Depth Train 7.18E-06 3.82E-06 1
achieved
(mm) Test 2.675977 2.09745 0.906

The RMSE and MAE criteria are very small,
especially for the education sector. Of course,
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these criteria alone are not appropriate for
evaluating the model. Next, R a criterion is used
that shows the degree of conformity of the
predicted data with the laboratory data. The
correlation coefficient R for the education
section is 1, which indicates the complete
agreement of the laboratory data with the ANFIS
data in the education department. The correlation
coefficient for the test section is very high for all
outputs (close to 1), which shows the high
efficiency of the optimized model.

5. Conclusions

In this study, the ANFIS network optimized by
the gray wolf optimization algorithm is to model
the hydroforming process based on the input
blank holder force, blank holder gap, and cavity
pressure and output aluminum thinning rate
(upper layer and lower layer), the height of
wrinkles and the achieved depth variables. The
results show that the optimized model is very
effectual, and it is possible to approximate the
values of aluminum thinning rate (upper layer
and lower layer), the height of wrinkles and
achieved depth based on changes in process
input variables. The correlation coefficient R for
modeling the process temperature values in the
training section is 1 and for the test section is
very close to one, which indicates a very good
agreement between the results estimated by the
network and the laboratory results. The results
also show that the root means square error of
four outputs of aluminum thinning rate, upper
layer and lower layer, the height of wrinkles, and
the achieved dept of the test section, are 1.67,
2.25, 0.05, and 2.67, respectively.
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