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ABSTRACT

The design of the loading path is one of the important research contents of the tube hydroforming process.
Optimization of loading paths using optimization algorithms has received attention due to the inefficiency of only
finite element optimization. In this paper, the hydroforming process of 5A02 aluminum alloy variable diameter
tube was as the research object. Fuzzy control was used to optimize the loading path, and the fuzzy rule base was
established based on FEM. The minimum wall thickness and wall thickness reduction rate were determined as
input membership functions, and the axial feeds variable value of the next step was used as output membership
functions. The results show that the optimized loading path greatly improves the uniformity of wall thickness and
the forming effect compared with the linear loading path. The round corner lamination rate of the tube is 91.2%
under the fuzzy control optimized loading path, which was increased by 47.1% and 22.6% compared with linear
loading Path 1 and Path 2, respectively. Based on the optimized loading path in the experiment, the minimum wall
thickness of the variable diameter tube was 1.32 mm and the maximum thinning rate was 12.4%. The experimental
results were consistent with the simulation results, which verified the accuracy of fuzzy control. The research results
provide a reference for improving the forming quality of thin-walled tubes and plates.
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1 Introduction

The tube hydroforming process is a kind of processing technology using liquid as a pressure
transmitting medium to form complex tube parts. It has the advantages of reducing the weight of
parts, and improving material utilization and structural strength and stiffness [1,2]. The matching
relationship between the internal liquid pressure and the axial feeds, that is, the loading path, is crucial
in the tube hydroforming process. Forming defects such as wrinkling, buckling, and cracking are easy
to occur when the loading path is not suitable [3,4]. Therefore, it is of great significance to optimize
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the loading path of the tube hydroforming process. Two kinds of optimization methods, including
the adaptive feeds method and optimization algorithm based on optimization [5,6], are often used in
loading path optimization of the tube hydroforming process.

Aue-U-Lan et al. [7] proposed a self-feeding optimization method based on experimental results,
which was mainly used to determine the natural relationship between internal pressure and axial feed
and the adjustment coefficient. The advantage of this method is that a relatively reasonable loading
curve can be obtained quickly. However, it lacked sufficient theoretical support and was only applicable
to straight shaft type tube parts with simple morphology. Yang et al. [8] used the degree of uniformity in
tube wall thickness distribution as the objective function and film-forming adhesion as the constraint
function, and a set of loading path parameters was summarized to guide the hydroforming process
after sensitivity analysis of node variables. Lorenzo et al. [9] adopted the most rapid descent method
to optimize the loading path, in which the expansion height of the branch tube was an objective
function. By comparing the results of the static iteration method and dynamic iteration method, a
more optimized dynamic iteration method is derived. Di Lorenzo et al. [10] optimized the matching
relationship between internal pressure and axial feeds using a genetic algorithm. The maximum
displacement forming limit diagram of the feature point was used as a fracture evaluation index.
Mohammadi et al. [11] proposed a calibration indicator for crack prediction, which was applied to
increase the axial feeds and decrease the internal pressure during hydroforming. By communicating
with the kernel function of software and fuzzy controller, the effect of the loading path was analyzed
and it was found that necking was an irreversible defect and wrinkling was a repairable defect.
Manabe et al. [12] proposed a “virtual control system” that includes fuzzy algorithms and evaluation
functions. A new evaluation function for the flexion of the shoulder of the T-type tee tube branch and
the contact of the counter-convex die was proposed. A new fuzzy control path was obtained by using
a virtual control system.

The loading path optimization based on gradient or evolutionary algorithms also has certain
drawbacks, for example, it is difficult to obtain the globally optimal loading paths, and the optimiza-
tion process requires a large amount of time and cost. Fuzzy control is an intelligent and nonlinear
control method. Zhang et al. [13] used an inverse model to capture the output lag phenomenon and
solved the problem of adaptive fuzzy rule-defined time tracking for nonlinear systems with output
lags. An adaptive fuzzy control scheme based on an inverse-step framework was proposed by using
a predefined time-stability criterion. Cui et al. [14] developed an adaptive fixed-time tracking control
strategy by using fuzzy control combined with dynamic surface techniques and inverse stepping meth-
ods. In addition, an improved mode-dependent average dwell-time switching rule was also introduced
to ensure the stability of switched nonlinear systems with unstable subsystems. Teng et al. [15] used an
adaptive simulation method combined with a fuzzy control algorithm to optimize the loading path of
T-tube hydroforming in order to avoid wrinkling. In this paper, an adaptive simulation method based
on fuzzy control combined with finite element simulation was proposed in this paper. The object of
loading path optimization was the variable diameter tube hydroforming process [16,17]. The fuzzy
control process simulation was achieved by using the fuzzy controller, where the fuzzy rule base was
based on engineering experience. The inputs of the control system were extracted directly from the
finite element software and processed by the fuzzy controller. The resulting outputs were used as inputs
for the finite element simulation, enabling the data exchange between fuzzy control and hydraulic
forming process feedback. The optimized loading paths were obtained, which can reduce the risk of
wrinkling or cracking. The research results provide a reference for improving the forming quality of
thin-walled tubes and plates [18].
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2 Experimental Materials and Method
2.1 Experimental Material

In this paper, 5A02 aluminum alloy tube was used as the research object, the mechanical property
parameters are shown in Table 1. The initial outer diameter D of the tube was 45 mm and the wall
thickness was 1.5 mm.

Table 1: Mechanical property of 5A02 aluminum alloy tube

Parameters Density
(kg.m−3)

Modulus of
elasticity (GPa)

Poisson’s
ratio

Yield stress
(MPa)

Tensile stress
(MPa)

Elongation
(%)

Value 2800 69 0.3 195 230 14

2.2 Experimental Methods

Hydroforming equipment and forming molds are shown in Fig. 1, The equipment is 315t special
hydraulic molding equipment, driven by servo motors, which not only has low energy consumption,
low noise, but also has high control precision. The experimental equipment utilizes PLC control to
achieve pressure, speed, and displacement servo-proportional numerical control. The equipment also
allows for real-time display and modification of the pressure and displacement of the push head. The
forming die mainly consists of left and right push heads, upper and lower dies, and the experimental
process uses tensile oil as a lubricant between the tube and the die. The target molding dimensions are
shown in Fig. 2. The initial outer diameter D1 of the tube is 45 mm, the maximum outer diameter after
expansion D2 is 55 mm, the long straight section L1 is 70 mm, and the angle α is 120 degrees.

Figure 1: Servo hydroforming equipment and molds

2.3 Finite Element Model

There are many factors that affect the forming quality of variable diameter tube during hydro-
forming. Therefore, it is necessary to numerically simulate and analyze the forming process of tube
in order to determine the factors affecting the forming results of variable diameter tube, and at the
same time to reduce the material waste and time cost caused by a large number of experiments. In
the fuzzy control, the wall thickness and its change rate at the maximum thinning of the bulging zone
of the tube are needed as input functions, but it is difficult to obtained through the sensor in the
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experiment. Therefore, the wall thickness distribution and the rate of wall thickness change for each
work step from the post-processed are obtained from the finite element simulation. According to the
actual forming device, the simulation model is established as shown in Fig. 3. The tube material was
a 5A02 aluminum alloy tube used as the initial outer diameter of 45 mm, a wall thickness of 1.5 mm,
and a length of 145 mm, mechanical properties are listed in Table 1. The pressure in the axial feeds
direction is directly applied to the end of the tube, which aims to simplify the simulation model for
the convenience of feeds, approximate to 1 mm tube grid size, grid type for tetrahedron grid, grid cell
properties for S4R. The hydraulic die is set as a free constraint, the tube property is set as a deformable
body, the length of the deformable zone is 12 mm, and the dynamic friction factor coefficient between
the tube and the die is set to 0.1 [19,20].

Figure 2: Schematic of the dimensions of the target molded part

Figure 3: Finite element model

3 Fuzzy Controller
3.1 Basic Principle

Fuzzy control is a kind of computer digital control technology based on fuzzy set theory, fuzzy
linguistic variables and fuzzy logic reasoning. The advantage is that there is no need to build an
accurate mathematical model to solve the engineering problem. Only a simple understanding of the
specific influencing factors of the control variable on the controlled variable is required, which is often
referred to as expert experience, mainly applied to solve real can’t use a specific mathematical model
to solve the problem [21].

The core of fuzzy control is fuzzy controller, which is mainly composed of four parts: fuzzy rule
base, fuzzy inference rule, input fuzzification and output defuzzification [15]. The control flow chart
of loading paths optimization using fuzzy control method is shown in Fig. 4.
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Figure 4: Loading paths loop control block diagram

The loading paths of the whole process of variable diameter tube hydroforming is divided into
several separate loading steps to keep the internal pressure linear loading paths unchanged. The axial
feeds rate has a great influence on the wall thickness variation of the tube. The simulation is carried
out under the given initial internal pressure and feeds rate, and the required controlled variable results
are obtained from the post-processing results, which are used as the input of the controller. Under the
rules of the controller internal library core decision-making, the decision-making after the output is
the next step loading of the axial feeds. This result is then used to simulate the next loading step and
repeat the loop until the shaping is complete.

3.2 Entering Membership Function

For the selected research object, the most likely forming defect is rupture in the bulging zone,
which is also the most serious place of tube hydroforming thinning, it can also reflect the distribution
of wall thickness variation during the whole hydroforming stage. Therefore, the maximum thinning of
bulging region is selected as the reference basis for fuzzy control research.

The minimum wall thickness of bulging zone in the hydroforming process of variable diameter
tube is selected as the input membership function E, and the thickness change rate at this point is
selected as the input membership function EC, the formula is as follows:

E = tmin (1)

EC = ti+1 − ti

ti

(2)

where tmin is the minimum wall thickness of bulging zone, ti is the minimum wall thickness at step i and
ti+1 is the minimum wall thickness at step i + 1.

Change rate of the bulging zone extracted from the Abaqus finite element simulation are input
into the fuzzy controller as parameter variables, that is the process of fuzzification of the variables.
According to the relevant standards of hydroforming, the maximum thinning rate of more than 20%
is considered as a defect leading to forming failure. The domain of discourse of input membership
function E and the single-step minimum wall thickness thinning rate is calculated as shown in
Formula (3). The domain of the input membership function EC. The input membership functions
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are specifically shown in Fig. 5. In addition, the division of fuzzy intervals is to divide the domain of
each variable into several intervals similar to “large”, “medium” and “small”.

η = t0 − tmin

t0 · i
(3)

where η is the maximum thinning rate allowed in a single step, t0 is the initial wall thickness of tube
billet and tmin is the minimum wall thickness of tube billet. i is the number of adaptive simulation
planning steps, and it is preliminarily determined to be 20.

Figure 5: Inputting membership functions E and EC

3.3 Fuzzy Rule Base

The minimum thickness of the forming result of the variable diameter tube is selected as the
optimization target, and the linear loading mode of the internal pressure is selected. The maximum
pressure is taken as 44 MPa, the loading time is 10 s, and the output of the fuzzy control is the axial
feeds. As the pressure inside the tube increases, it rapidly enters the stage of plastic deformation. With
the continuous increase of internal pressure, the wall thickness of the bulging zone of the tube decreases
continuously. In order to avoid the rupture of the side wall caused by the excessive change of internal
pressure, it is necessary to feeds the axial feeds at the right end to increase the fluidity of the material
in the bulging area and improve the bulging height. The minimum wall thickness and the rate of wall
thickness change in the bulging zone are selected as the two inputs of the controller. According to
the input membership function mentioned above, the minimum wall thickness of the input variable
and the wall thickness change rate are divided into three levels of “small, medium and large”, and
the axial feeds amount of the output variable is also divided into these three levels. The division of
fuzzy intervals directly affects the control accuracy, the more fuzzy intervals are divided, the more
accurate the controller is, but the disadvantage is that the number of fuzzy rules increases exponentially,
which makes the design of control rules difficult. Considering the efficiency and accuracy of operation
comprehensively, the input and output variables are divided into “small, medium and large” three
levels [15].

The specific fuzzy rules are shown in Table 2. For example: for the first table in the upper left
corner of the table, if the input E is “small” and the input EC is “small”, the output “Δs” is “large”. In
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other words, when the minimum wall thickness of the expansion zone is small and the wall thickness
change rate is also small, it indicates that the forming wall thickness is thinning seriously and the axial
feeds should be increased.

Table 2: Fuzzy rule base

Axial feeds increment Δs The minimum wall thickness of the bulging area E

Minimum wall thickness change in
expansion zone EC

S M L
S L S S
M L M S
L L L M

3.4 The Outputing Membership Function

In this paper, the center of gravity calculation method is selected for defuzzification, and the
output obtained is a collection of several exact quantities. The center of gravity method is calculated as
shown in Formula (4). Fig. 6 shows the output dependency function of the axial feeds increment “Δs”
obtained using the center of gravity method. After defuzzification, the fuzzy control feature surface is
obtained as shown in Fig. 7.

μ =
∑n

i=0
xiμ(xi)/

∑n

i=0
μ(xi) (4)

where xi is the value of the fuzzy variable, μ(xi) is the affiliation function and n is the number of subset
elements and takes the value 3.

Figure 6: Outputting membership functions μ
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Figure 7: Fuzzy controller feature surface

4 Results and Discussion
4.1 Influence of Main Process Parameters on Molding Quality

For hydroforming of variable diameter tube, the matching relationship between left and right
punch, friction coefficient and internal pressure are important factors in determining the loading
paths. For 5A02 variable diameter tube forming, the internal pressure linear loading method is used
to pressurize, and the axial feeds rate is constantly changed to shape the target tube fitting. For
axisymmetric parts, Formulas (5) and (6) can be used to estimate the initial yield pressure Piy and
forming pressure PiB of the tube [22].

Piy = ReL

2t0

D0 − t0

(5)

PiB = Rm

2t0

D0 − t0

(6)

where ReL is the yield strength and D0 is the initial outside diameter; t0 is the initial wall thickness and
Rm is the tensile strength. Since Formulas (5) and (6) are theoretical calculations, 10 MPa is taken for
Piy and 40 MPa for PiB. The amount of axial feeding was taken as 4, 6, 8, 10, and 12 mm and then the
finite element simulation was carried out by grouping the conditions.

The specific loading paths design includes applying a uniform distribution of liquid pressure on
the inner wall of the line, the right end of the tube is fed by unidirectional feeding, and the left end
is fixed to carry out hydraulic bulging of the tube. The designed liquid pressure action time is 10 s in
total, within 0∼8 s, the hydraulic pressure adopted the linear loading method, the axial feeding amount
adopted the uniform feeding for the replenishment, after 8 s, the system entered the pressure holding
state and stopped feeding until the forming was finished. The hydraulic pressure rise curve was divided
into initial yield pressure Piy, intermediate pressure Pim and forming pressure PiB according to time. By
changing the liquid pressure and axial feeds rate at three different stages, different loading paths are
simulated, and finally the maximum thinning of the bulging region is analyzed, the simulation results
as shown in Fig. 8.
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Figure 8: Maximum thinning of bulging zone under three different pressures (simulation)

The simulation result shows that on the premise of bulging pressure is constant, with the increase
of axial feeding, tube bulging area maximum thinning and decreases. At the initial yield pressure when
the axial charge is too large and the internal pressure is too small due to the fluidity of the material will
eventually lead to the accumulation of material buckling and other material defects results as shown
in Fig. 9 when the internal pressure is too large and the feeds is not enough, there is not enough time
axis feeds in the hydraulic forming process, resulting in material defects such as cracking, and the final
model is also in the state of uncoated.

Figure 9: Thickness distribution diagram: internal pressure of 10 MPa and axial feeds rate of 12 mm
as shown in (a). Internal pressure of 40 MPa and axial feeds rate of 4 mm as shown in (b)

Therefore, the hydroforming process of tube is a dynamic process changing with time, and an
accurate mathematical model or simple quantitative function cannot be used to accurately express
the relationship between internal pressure and axial feeds rate. Based on the optimization simulation
method based on fuzzy control combined with adaptive simulation proposed in this paper, the variable
diameter tube is taken as the research object. The simulation of fuzzy control process is realized by
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fuzzy controller and the optimal process matching relationship between the internal pressure and the
feeding amount is obtained, reduce tube wrinkling and cracking defects, to optimize the loading paths.

4.2 Applications of Fuzzy Control

Minimum wall thickness in the expansion zone of the reducer and fillet lamination rate as a
measure of how well the reducer was formed. One aspect of optimizing tube hydroforming was
achieved in the process of hydroforming tube in the mold rounded area of the final film state, the
specific area as shown in Fig. 10. This was calculated by taking the ratio of the longitudinal distance
of the model at the fillet to the distance of the mold in that direction as the fitting ratio at the fillet for
the fitting. Specific calculation as shown in Formula (7):

δ = D0/D1 (7)

where D0 is the longitudinal distance at rounded corners, and D1 is the distance of mold longitudinal
section.

Figure 10: Unfitting area of rounded corners

To facilitate a more intuitive comparison of the fuzzy control optimization based on the effect of
variable diameter tube forming, simulation results of variable diameter tubes under three loading paths
were compared. Since the higher the pressure, the better the effect of tube fitting the forming die, the
internal pressure was selected as 44 MPa considering the simulation results (Fig. 9) and the bearable
pressure of the equipment. To achieve the thinning less than 0.2 mm, the feed ranges of 8.5 mm and
12.5 mm were selected. Within the parameter range, the optimized load path and linear path were
shown in Fig. 11. From the Fig. 11, it can be seen that the loading paths of internal pressure and axial
feeds optimized based on fuzzy control is the curve.

Compared with linear loading Path 1 and linear loading Path 2, the loading path form fuzzy
control optimization algorithm improved the accuracy of the filleting rate of rounded corners. The
round corner lamination rate of the tube after fuzzy control optimization is 91.2%, while round corner
lamination rate of linear loading Path 1 and Path 2 was 62% and 74.4%, and significantly improved
by 47.1% and 22.6%, respectively.

Comparison of the molding effect under the three loading paths is shown in Fig. 12. During the
initial loading phase, the rate of axial feeds growth exceeds that of internal pressure due to the tube’s
recent plastic deformation. This requires a significant amount of feeds to achieve the film state. In the
later stages of the loading paths, the axial feeds growth rate slows down compared to the earlier stages.
This is because the model has already reached the film state and requires greater pressure for pressure-
holding and shaping to achieve the final molding state. The simulation results obtained through fuzzy
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control optimization improve the uniformity of the wall thickness distribution of the tube under the
loading paths compared to linear loading. The wall thickness distribution for the three loading paths
is shown in Fig. 13.

Figure 11: Axial feeds for three loading paths

Figure 12: Comparison of forming results of different loading paths

Compared with linear loading Path 1 and linear loading Path 2, the loading path form fuzzy
control optimization algorithm improved the accuracy of the filleting rate of rounded corners. The
round corner lamination rate of the tube after fuzzy control optimization is 91.2%, while round corner
lamination rate of linear loading Path 1 and Path 2 was 62% and 74.4%, and significantly improved by
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47.1% and 22.6%, respectively. This is beneficial for the integration of fuzzy control and finite element
analysis, and provides guidance for future experiments.

Figure 13: Wall thickness distribution for three loading paths

The ablative study of axial feed was carried out. The wall thickness distribution and fillet
expansion rate were analyzed when pressure was 44 MPa without axial feeding shown in Fig. 14. It can
be seen from the results that the wall thickness thinning was more serious, and the maximum thinning
rate was 19.3%, the lamination rate at the rounded corners was 78%. The forming effect is not as good
as that of fuzzy control optimization.

Figure 14: Wall thickness distribution for three loading paths

Analyzing the causes of the above results. During the tube forming stage, as internal pressure
increases and the tube undergoes plastic deformation, the straight tube material of the reducer
undergoes linear deformation, reaching the yield limit and entering the plastic deformation stage. As
the material enters the expansion area and begins to expand. The internal pressure and replenishment
process accelerates to meet the deformation requirements. However, the expansion process varies from
one structure to another due to the different physical properties of the tubes and the structures of the
parts targeted for final expansion. The relationship between the internal pressure and the amount of
filler material used must be determined for each structure individually. Because of the left side of the
tube centerline of the tube in the forming process due to the axial feeds led to a slight thickening of
the wall thickness did not occur in other plastic deformation, the main expansion area occurs in the
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right side of the tube centerline, so in the pre-forming period to make the tube fittings right push the
head to a larger axial feeds to ensure that when the internal pressure gradually increased to avoid the
tube fittings to burst and other material defects in the behavior. Therefore, the axial feeds increases
faster than the internal pressure in the early stage of modeling; In the late stage of forming, after
the rapid increase of axial feeds in the pre-forming stage, wrinkles may appear in the straight tube
area, and the wall thickness in the expansion area is too thin, at this time, the continued increasing of
internal pressure will lead to the bursting of tube fittings, so it enters the pressure holding and forming
stage to enable the tube fittings to achieve a more optimal state of the mold, and the growth of axial
feeds and internal pressure is slowed down compared with the pre-forming stage. This proves that the
loading paths obtained based on fuzzy control optimization is in accordance with the hydroforming
mechanism of the variable diameter tube.

Compared with other optimization algorithms, such as self-feeding and optimization of loading
paths by optimization seeking algorithm, fuzzy control method balance optimization accuracy and
optimization efficiency. The change curve of tube pressure and natural feeding over time was recorded,
and estimates the required minimum feeding amount according to the maximum thinning rate of the
previous step in self-feeding method. The advantage of self-feeding method is that it can quickly obtain
a more reasonable loading curve, but it is only applicable to the straight axis with simple geometry.
In some studies [23], the number of optimization iterations of optimization seeking algorithm ranged
from 200–320 in order to obtain better optimization accuracy, in which each iteration in the field of
material forming requires the use of finite element analysis, and optimization is time-consuming.

4.3 Verification of Experimental Results

In order to verify the reliability of the simulation results, 5A02 thin-walled aluminum alloy tubes
were subjected to variable diameter tube hydroforming experiments. The thickness of the final part
of the tube hydroforming under three loading paths was tested and compared with the simulation.
As shown in Fig. 15, the errors of both experimental verification and finite element simulation results
can be controlled within 5%, which verifies the accuracy of the simulation results. Compared with
other optimization methods, the fuzzy control optimized loading path improves the wall thickness
uniformity and maximum thinning rate at rounded corners. The minimum wall thickness in the
expansion area can be up to 1.32 mm, the maximum thinning rate is 12.4%, and the filming rate at the
round corner is 90.4%.

Figure 15: Comparison of experimental and simulation forming effects
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The fuzzy control optimization method can provide reference for other types of materials forming
through the following process: Firstly, an accurate finite element simulation model is established
according to the tube forming process. Secondly, the value range of the parameters to be optimized is
determined according to the pre-experiment, and then the fuzzy rule library is established to complete
the design of the fuzzy rule controller. Finally, the loading path of materials forming is optimized and
experimentally verified.

5 Conclusions

(1) Fuzzy control optimization of loading path of variable diameter tube hydroforming was carried
out. Compared with the two linear loading paths, the optimized loading path improves the wall
thickness uniformity and the forming effect greatly. The round corner lamination rate of the tube after
fuzzy control optimization is 91.2%, which is significantly increased by 47.1% and 22.6% compared
with linear loading Path 1 and Path 2, respectively.

(2) The minimum wall thickness of the reducer test guided by the simulation results of the loading
paths obtained based on fuzzy control was 1.32 mm, the maximum thinning rate was 12.4%, and the
lamination rate at the rounded corners was 90.4%.

(3) The real-time detection of forming parameters can be developed in the future, and the fuzzy
control system can be embedded into the hydroforming machine as embedded software for the
hydroforming process. Precise forming stages for differently shaped and more complex structural parts
and the development of an adaptive fuzzy control designer by means of intelligent algorithms are
possible.
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