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ABSTRACT 

Tube parts formed by hydroforming technology have many outstanding advantages, such as high 

mechanical properties, fast forming time, and the ability to shape complex parts. U-shaped tube parts with 

branches are applied in various fields, such as the automotive, electronics, and medical industries. The 

current challenges in hydroforming technology for manufacturing these parts lie in controlling and 

determining suitable process parameters to ensure the highest product quality. Through numerical 

simulations and theoretical calculations, with the input material being a copper tube made from CDA110, 

this study has investigated the parameters of die cavity fluid pressure and punch displacement. Based on 

these results, a regression equation for the relationship between fluid pressure and punch displacement 

was established, which allows for determining the appropriate ranges for fluid pressure and punch 

displacement to successfully hydroform U-shaped parts with branches. The research results aim to assist 

engineers in reducing the time required to identify suitable process parameters for hydroforming similar-

shaped parts. 
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I. INTRODUCTION  

Hydroforming is an advanced manufacturing technology 
widely used in the automotive, aerospace, and medical 
industries due to its ability to shape complex parts with high 
precision and good surface quality [1]. This method allows the 
forming of products from sheet metal and tubes with uniform 

stress distribution, minimizing defects and improving the 
mechanical strength of the final product [1]. Many studies have 
addressed the influence of fluid pressure and axial feeding on 
the forming process of metal tubes [2-6]. These studies include 
the analysis of necking in the hydroforming process, the 
prediction of bursting failures, and the role of axial feeding in 
the forming process [2-4]. Some studies focus solely on the 
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effect of fluid pressure without considering axial feeding [5, 7], 
while others highlight the relationship between axial feeding 
and tube formability [8, 9]. Although considerable research has 
been conducted on hydroforming for straight tubes, the 
application of this technology to pre-bent tubes, particularly U-
shaped tubes, remains limited. Most current studies primarily 
focus on straight tubes or simple shapes [2, 6, 10-15]. The U-
shaped tubes pose various challenges, including uneven stress 
distribution, the risk of unintended deformation, and the 
complexity of controlling the final shape. The objective of this 
study is to analyze the hydroforming process for annealed 
copper CDA110 tube billets with an initial U-shaped curvature. 
Specifically, the present study aims to: 

 Conduct a numerical simulation of the THF process, 
using Abaqus/CAE software to build a simulation 
model for the hydroforming process, with boundary 
conditions set to closely replicate real-world 
production settings. 

 Develop regression equations. Simulation data are 
collected to build regression equations for key 
variables such as thinning (B) at the farthest bulge, 
thickening (N) at the lowest point of the U-bend, and 
boss height (Hv). 

 Carry out a result analysis, that is, an evaluation of the 
influence of input variables, such as the part’s 
geometric dimensions, internal die fluid pressure Pi, 
and punch displacement Ac, on the final product’s 
geometric variables. 

This study not only expands the understanding of the 
hydroforming process for U-shaped tube billets, but also 
provides useful analytical tools for the design and optimization 
of the manufacturing process. The regression equations 
developed can serve as predictive tools to improve production 
quality and efficiency while reducing risks and production 
costs. 

II. MATERIAL AND  METHOD 

A. Material and Billet Shape 

The part is formed from a pre-bent U-shaped tube billet, 
with the geometric parameters shown in Figure 1. The material 
used is annealed Cu CDA110, and the/its properties are listed 
in Table I [11]. The initial U-shaped billet is assumed to have a 
uniform wall thickness of 0.81 mm across the entire U-shaped 
region, with no residual stress from previous operations. 

 

 

Fig. 1.  U-shaped tube billet. 

 

Fig. 2.  Detail after forming. 

TABLE I.  TECHNICAL CHARACTERISTICS OF CU CDA110 
MATERIAL AFTER ANNEALING [11] 

Parameters and technical characteristics of CDA110 

material 
Value 

Material parameter surveying temperature (°C) 24 

Density, ρ(kg/m3) 8940 

Elastic modulus, E (GPa) 115 

Material constants, C (MPa) 325 

Endurance limit exponent, n 0.54 

Poisson's ratio, v 0.33 

Yield strength, σ� (MPa) 170 

Tensile strength, σ� (MPa) 370 

Relative elongation, ε (%) 40 

B. Simulation Software 

The present study utilizes the Abaqus/CAE software to 
conduct numerical simulations of the hydroforming process. 
Abaqus/CAE is a powerful tool for Finite Element Analysis 
(FEA), enabling accurate simulation of deformation and stress 
processes in materials [16]. 

1) Geometry and Finite Element Mesh Simulation 

The geometric model of the U-shaped tube billet is 
constructed in the Abaqus/CAE software with the following 
specific dimensions, as depicted in Figure 1: 

 Billet length: 65 mm 

 Billet outer diameter: 15.88 mm 

 Tube thickness: 0.81 mm 

 Bend radius: 20 mm 

To optimize the simulation time due to the symmetry of the 
part, only ¼ of the component is modeled. The billet is treated 
as a deformable body, while the die and punch are defined as 
rigid elements. The interactions between the billet, die, and 
punch are illustrated in Figure 3. 

 

 

Fig. 3.  Assembly model used for simulation in Abaqus/CAE. 
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Figure 4 shows that the finite element mesh is created using 

S4R tetrahedral elements, with a total of 1950 elements. This 

selection is made to ensure the accuracy of the simulation 

results while not excessively increasing the computation time 

for the tube. 
 

 

Fig. 4.  Finite element mesh model of the tube component. 

2) Boundary Conditions 

The simulation is conducted under a friction coefficient of 
0.1 for all positions with relative movement, while the billet 
and die cavity interact through contact throughout the forming 
simulation. The internal die cavity fluid pressure Pi is 
uniformly applied to the inner surface of the billet. The punch 
is moved at a fixed distance Ac along the axis of the billet. The 
outer surfaces of the billet are constrained to prevent free 
movement, ensuring an accurate simulation of the 
hydroforming process. 

a) Calculation of the Fluid Pressure in the Die Cavity  

Authors in [17] used the single-action THF method to 
determine the fluid pressure limit region. The internal pressure 
at the flow point is calculated by: 

�P��� 	 σ�

��

�
�����
  

The maximum internal pressure can be calculated by [17]: 

�P��� 	 σ�

��

�
�����
  

where: 

�P���: Fluid pressure to reach the yield limit. 

�P���: Fluid pressure to reach the ultimate limit. 

σ�: Yield strength (N/mm²). 

σ�: Ultimate tensile strength (N/mm²). 

S�: Initial tube wall thickness (mm). 

D0: Outer diameter of the tube (mm). 

Applying this to copper CDA110 material, we obtain: 

�P��� 	 σ�

2S�

�D� � S��
	 170

2 � 0.81

15.88 � 0.81
	 18.27�MPa� 

�P��� 	 σ�

2S�

�D� � S��
	 370

2 � 0.81

15.88 � 0.81
	 39.76�MPa� 

Therefore, when there is no axial displacement of the 
punch, the fluid pressure ranges from 18.27 MPa to 39.76 MPa. 
In the simulation of the hydroforming process, the axial 

displacement of the punch is considered. So, the fluid pressure 
range Pi from 20 MPa to 40 MPa in the die cavity was 
investigated. Specifically, Pi values of 20 MPa, 25 MPa, and 30 
MPa are randomly selected for simulation. 

b) Calculation of the Axial Displacement of the Punch  

The punch displacement Ac is intended to compensate for 
the material in the formed branch. Hence, it largely depends on 
the material being studied and the specific objectives of 
different research. The punch displacement can be considered 
within various value ranges, and the resulting outcomes can be 
then evaluated. In this study, the investigated punch 
displacements Ac are 8 mm, 10 mm, and 12 mm. 

3) Simulation Process 

The hydroforming process is simulated by simultaneously 
applying fluid pressure Pi and punch displacement Ac. This 
process is carried out over a sufficiently long duration to ensure 
the stability of the simulation and to gather comprehensive data 
on deformation and stress within the billet. The fluid pressure 
Pi and punch displacement Ac are established, as shown in 
Figures 5-6. 

 

 

Fig. 5.  Fluid pressure Pi amplitude as a function of time. 

 

Fig. 6.  Amplitude of punch displacement Ac over time. 
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4) Results Collection and Data Analysis 

After performing the simulation, the results are obtained, as 
detailed in Figure 7. 

 

 
Fig. 7.  Image of the product after hydroforming simulation in 

Abaqus/CAE. 

The data from the simulations include the thinning variable 
B at the farthest bulge position, the thickening variable N at the 
lowest point of the U-bend, and the boss height Hv, as 
portrtayed in Table II. These values are then used to develop 
regression equations [18] deploying the least squares method. 

5) Building the Regression Equations 

The least squares method is employed to develop regression 
equations for the variables B, N, and Hv based on the input 
variables, which include, the geometric dimensions of the 
billet, the fluid pressure inside the mold cavity Pi, and the 
punch axial displacement Ac. These regression equations 
provide a predictive model to optimize the hydroforming 
process and control the quality of the final product. The 
regression equations take the following form: 

The regression equation for the thickness variable of the 
part is: 

N= a0 + a1Pi + a2Ac and B= b0 + b1Pi + b2Ac. 

The regression equation for the bunch height (Hv): 

Hv= c0 + c1Pi + c2Ac. 

III. RESULTS AND DISCUSSION 

After running the simulations and measuring the results, the 
parameters obtained are presented in Table II. 

TABLE II.  SUMMARY OF PARAMETERS AND RESULTS 
OBTAINED FROM THE HYDROFORMING SIMULATION OF 

THE TUBE IN ABAQUS/CAE 

TT Pi Ac 
Thinning 

value (B) 

Thickness variable value 

(N) 

Boss 

height Hv 

1 20 8 0.68198 0.87279 4.5909 

2 20 10 0.61305 0.86216 5.3713 

3 20 12 0.49964 0.85437 6.1839 

4 25 8 0.69037 0.892 5.3107 

5 25 10 0.62716 0.88275 6.1571 

6 25 12 0.52114 0.87345 7.1422 

7 30 8 0.69783 0.91994 6.4477 

8 30 10 0.63931 0.90628 7.301 

9 30 12 0.53443 0.89685 8.3373 

 

A. Thickness Variable 

The thickness variable N at the lowest belly position of the 
U shows significant changes according to the input variables. 
Figure 8 shows the degree of thickness variable N changing 
when the variables Pi, and Ac change. 

 

Fig. 8.  Thickness variation over time under the effect of Pi (30 MPa) and 

Ac (10 mm) for element number 1. 

Thickness equation by regression:  

N = 0.8231 + 0.0045Pi – 0.0050Ac   (1) 

This model can explain most of the variation in the 
thickness variable N value. When Pi increases, N increases, and 
when Ac increases, N decreases, which is not true for the 
hydrostatic stamping process, so the value of the N variable 
depends largely on the correlation between Pi and Ac, with the 
requirement that the thinning and thickening variables do not 
exceed 30%, the initial blank thickness is 0.81 mm. Then, (1) is 
only meaningful when:  

0.81mm < N <1.053 mm 

=> 0.81 < N = 0.8231 + 00045Pi – 0.0050Ac < 1.053 

When the Pi value is between 20 MPa and 40 MPa then: 

10.2 mm ≤ Ac ≤ 20.62 mm 

B. Thinning 

The simulation results show that the thinning strain B at the 
farthest bulge position of the U-shaped tube blank strongly 
depends on the mold cavity fluid pressure Pi and the punch 
displacement Ac. Figure 9 illustrates the change of thinning 
strain B with different values of Pi and Ac. 

 

 
Fig. 9.  Degree of thinning variation over time under the influence of Pi (30 

MPa) and Ac (10 mm) for element number 26. 

Thin variable equation is:  

B = 0.9767 + 0.0026Pi – 0.0429Ac   (2) 
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When the Pi value is in the range from 20 MPa to 40 MPa 
then: 

6.43 mm ≤ Ac ≤ 10.76 mm 

1) Boss Height 

Regression equation: 

Hv = -3.0625 + 0.198Pi + 0.4428Ac   (3) 

According to (3), Hv cannot have a negative value; thus, the 
Hv is maximized when both Pi and Ac are at their highest. 
Conversely, Hv reaches its minimum when the values of Pi and 
Ac are at their lowest limits. The results indicate that the boss 
height Hv increases with increasing pressure Pi and punch 
displacement Ac, or when either factor increases. To verify the 
accuracy of (1)-(3), further THF simulations were conducted, 
with Ac values being within the limit range. The measured and 
calculated values are presented in the chart in Figure 10. 

 

 

Fig. 10.  Value chart of variables N, B, and Hv. 

Figure 10 demonstrates that the alignment between the 
calculated results and those obtained from Abaqus software is 
nearly perfect, indicating that the reliability of (1)-(3) can be 
applied to both simulation and experimental studies. Equations 
(1) and (2) display that when Pi increases, both variables N and 
B respond accordingly, whereas they decrease when Ac 
decreases. These two variables are undesirable during the THF-
forming process. However, if Pi increases without a 
corresponding increase in Ac, there will not be enough material 
to compensate for the boss region, leading to tearing at the 
largest bulge, as shown in Figure 11, and subsequently, 
Abaqus/CAE will report an error. When Ac increases 
significantly, the thickening region B is strongly compressed, 
causing the material to buckle, which creates folds, as depicted 
in Figure 12. Abaqus/CAE will also report an error when 
excessive deformation occurs. Therefore, the value of Ac needs 
to be aligned with the value of Pi to ensure that the boss has a 
shape that meets technical requirements. Hence, based on the 
results from (1) and (2), and the data collected from the 
simulations in Abaqus/CAE, the values of Pi and Ac are: 

20 MPa ≤ Pi ≤ 30 MPa 

6 mm ≤ Ac ≤ 20 mm 

This is the range of Pi and Ac values that is best when 
shaping U-shaped curved pipe products. 

 

 
Fig. 11.  The part is destroyed when Pi is large and Ac compensates the 

workpiece inappropriately. 

 

Fig. 12.  The part is destroyed when Pi is small and Ac compensates for the 

large workpiece. 

On the graph collected/formed from Abaqus/CAE, as seen 
in Figure 8, the purple line corresponds to Pi = 20 MPa, the 
punch displacement Ac = 8 mm, clearly showing that the 
thickness change is relatively sudden, and in contrast to other 
graph lines, it is quite smooth. 

IV. CONCLUSIONS 

The above study provides insights into the THF process for 
U-shaped curved tube billets, representing a unique 
investigation that has not been extensively researched before. It 
is observed that the numerical simulation method and the 
developed regression equations can contribute significantly to 
the optimization of the manufacturing process for this type of 
billet. The simulation results offer valuable insights into the 
behavior of materials under hydroforming conditions and help 
in developing regression equations for key deformations, such 
as thinning (B), thickening (N), and boss height (Hv). These 
findings improve the manufacturing process of U-shaped 
curved tubes, thereby enhancing product efficiency and quality. 
The current research opens opportunities for applying the 
results in industries that require the production of complex-
shaped parts, such as the automotive and aerospace industries. 
The limitation of this study is that it focuses on a specific type 
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of material and billet shape. Therefore, the results may not be 
fully applicable to other materials or shapes. Consequently, 
further research is needed on different materials and various 
billet shapes. Combining numerical simulations with practical 
experiments will help verify and improve the accuracy of the 
regression models. Additionally, the research can be expanded 
to include practical applications in industry. 
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