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,is paper introduced the basic principle and main influencing factors of the three-dimensional multipoint stretch forming
process and investigated the optimized scheme of the cross section forming quality.,emain factors affecting the stretch forming
process were studied by the orthogonal test through the numerical simulation technique. In the case of a good target shape, the
best combination of forming parameters was established by using the range method. ,e cross-sectional distortion of the formed
profile is the smallest when the prestretching amount is 1% of the profile length, the poststretching amount is 0.8% of the profile
length, the number of the die heads is 12, and the friction coefficient is 0.15. ,e optimal combination of forming parameters was
verified by the multipoint bending test.

1. Introduction

Stretch forming is a method of bending parts under a
combination of stretching and bending moments.,emost
challenging problem in the automobile industry now is to
reduce the consumption of gasoline. ,erefore, lightweight
structure design is attracting much attention, and the
aluminum alloy is widely used due to its strong stiffness and
lightweight [1]. ,ree-dimensional multipoint stretch
forming is a rapid flexible forming technique which is
different from the traditional bending forming. Its flexible
bending head makes the bending radius change, so it can be
widely applied to many profiles [2, 3]. In addition to the
common problems such as wrinkle, springback, and fracture
in sheet forming, there are some special problems in the
forming parts, such as cross-sectional distortion. ,e com-
mon problem of thin-walled section stretch forming is the
cross-sectional distortion, and the main defects are collapse
and bulging [4–8].

In order to achieve the skeleton of the spatial structure
with complex three-dimensional surface, many scholars
had done some researches. By using the numerical simu-
lation technology, Paulsen and Welo made an arrangement
for the degree of factors affecting the distortion on the cross
section [9]. Miller et al. did a detailed research on the
influence of stretch-bending process parameters on
formability, then optimized the parameters, and got the
conclusion that the tension force can reduce springback
[10]. Paulsen and Welo discussed the collapse of the cross
section and obtained a fairly complex equation set [11].
Chunguo et al. systematically studied the basic theory and
technology of sheet metal multipoint forming process and
named the adjustable forming method “multipoint form-
ing” for the first time [12]. A finite element simulation
trajectory design method based on deformation control
was proposed by Li et al. [13]. For different loading
methods of two different aluminum profiles, Clausen et al.
used the experimental method and the finite element
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analysis, and they found that the cross-sectional geometry
and prestretching affect the distortion greatly [14]. Diao et al.
came up with themechanical property parameters of materials
through the relevant mechanical experiments of rectangular
aluminum alloy profiles [15].

In this paper, under the precondition that the target
shape was well bent, the numerical simulation technology
was used to simulate the stretch forming process according
to the characteristics that the section of rectangular thin-
walled hollow aluminum alloy is easy to deform. During the
stretch forming process, the main process parameters
influencing the cross-sectional distortion were studied by
the orthogonal test; then, the effect of a single factor was
discussed; and finally, the optimal combination of process
parameters by the range method was determined.

2. Three-Dimensional Multipoint Stretch
Forming Process

2.1. Basic Principle. Multipoint forming (MPD) is an ad-
vanced forming technique which is based on the principle of
flexible multipoints forming technology. ,e traditional
monolithic die is discretized to form a flexible die with
a variable shape and adjustable height. It can be adjusted
in horizontal and vertical directions to achieve three-
dimensional stretch bending [16]. Compared with the tra-
ditional die, the unit body of three-dimensional stretched die
has the advantages of wide processing profile length, simple
shape adjustment, and application of various types of cross
sections. ,e reconfigurable die with multiple units are used
to reconstruct the die surface by changing the space position
during the flexible stretch forming process, as shown in
Figure 1 [17, 18].

,e flexible stretch forming machine is made of the
proper installation of several die heads on the worktable of
the bending machine combining with the traditional stretch
forming method, and the structure is shown in Figure 2.

2.2. Main Factors Affecting the Multipoint Stretch Forming.
,e profile stretching is usually stretched to the plastic state
and is fitted on the contact surface of the bending die to get

the final shape. ,e most important cross-sectional dis-
tortions during bending are collapse and bulging, so it is
necessary to find a practical solution.

,e main forming process of three-dimensional stretch
forming is divided into three steps: prestretching process,
bending process, and poststretching process, that is, the
P-M-P method. First, the clamps are controlled along the
displacement direction of the profile for the poststretching
process. ,e amount of prestretching should make the
plastic deformation of the profile appropriate because too
much prestretching will lead to section collapse and fracture
of the profile. Second, the clamps drive the profile to fit the
dies. ,e bending process includes two stages: bending in
horizontal and bending in vertical. ,e profile is bent in the
horizontal plane first and is bent along the z-axis then. Last,
the poststretching is done for the curved profile to improve
the forming precision. ,e reference point of the clamp
controls the profile to move in the direction of the part. In
the whole process of bending, the size of the friction co-
efficient and the number of multipoint die heads also affect
the quality of forming parts. ,e P-M-P process flow dia-
gram is shown in Figure 3.

3. Numerical Simulation

,e finite element analysis method can simplify the profile
reasonably. ,e finite element model can be used to study
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Figure 1: Comparison of traditional die and multipoint die.
(a) Conventional die forming. (b) Flexible die forming.

P-M-P M: bending process
Bending in horizontal stage

Bending in vertical stage
P: poststretching process

P: prestretching process

Figure 3: P-M-P process flow diagram.
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Figure 2: Structure drawing of three-dimensional stretch forming
equipment: bending forming in (a) horizontal and (b) vertical
stages.
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the stress and strain distribution, springback, wrinkling,
rupture, collapse, bulging, and other problems during the
forming process. By changing the process parameters, the
influence of the parameters on the forming quality was
studied, so that the adjustment can be made properly to get
the optimal solution into actual experimental production. In
this paper, the three-dimensional multipoint stretch forming
process of the aluminum alloy rectangular profile was nu-
merically simulated by using the finite element analysis
software ABAQUS. ,e section size is shown in Figure 4
(unit: mm). ,is paper used the aluminum alloy AA6082 as
the experiment profile, its stress-strain curve is shown in
Figure 5, and the material parameter is shown in Table 1.,e
length of the profile is 3200mm.,e target bending radius is
2500mm, and both the horizontal bending angle and the
vertical bending angle are 30°. ,e experiment is mainly to
form the whole profile by stretch forming.

3.1. Reasonable Simplification of Flexible 2ree-Dimensional
Stretch Forming. ,e flexible three-dimensional stretch
forming process of the profile is a complex nonlinear
springback forming problem, which includes the non-
linearity of materials and the nonlinearity of boundary
conditions and so on. A too complicated model not only
prolongs the calculation time but also leads to the inaccuracy
of the calculation results. In order to get accurate simulation,
the finite element model of flexible three-dimensional
stretch forming was reasonably simplified.

3.1.1. Simplification of Stretch Forming Process. In the finite
element analysis of flexible stretch forming, it is important to
simulate the profile gradually fitting the flexible dies under
the action of the linear displacement of the clamps. ,e
unnecessary components of the bending machine were
simplified; that is, to say, the forming process of stretch
bending can only be driven by the clamp to fit the die body.

3.1.2. Simplification of Operation Process. Half of the profile
was selected for simulation in consideration of the symmetry
of the profile and operation, and it was also convenient to
observe the distortion of the cross section and save time.
Because of the symmetry of the profile and the operation, in

the finite element analysis of the three-dimensional multi-
point flexible stretch forming, half of the dies, clamps, and
profile which were selected to simulate can facilitate the
observation of cross-sectional distortion and shorten the
calculation time. ,erefore, the finite element model pre-
sented in this paper is composed of one-half of each
component.

3.1.3. Simplification of Shape. Since the profile has the
regular rectangular section, in the finite element model, the
shape and the size of the aluminum profile were designed in
1 :1 scale according to the actual size, and the three-
dimensional solid element was selected. ,e shape of the
die that controls the horizontal bending on the bending
machine is shown in Figure 7. ,e limit screw that controls
vertical bending on the bending machine was defined in the
same shape as the die unit in the model and was simplified as
a discrete rigid body. ,e clamps used the same shape of
rectangular three-dimensional shell structure as the profile,
with a length of 50mm. Figure 6 is the assembly sketch of the
profile, and Figure 7 is the parts diagram.,e target shape of
the aluminum profile is shown in Figure 8.

3.1.4. Reasonable Mesh Partitioning. Because the profiles,
clamps, and multipoint die heads in this paper are all regular
shapes, this paper adopted structured grid technology. ,e
aluminum profile unit used a hexahedron structure, and
the wall thickness was divided into a layer of mesh; that is,
the mesh size was 2× 2mm, and the mesh size in length and
width direction was 2.5× 2.5mm. Since the horizontal
multipoint die, vertical multipoint die, and clamp have
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Figure 4: Sectional geometry.
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Figure 5: Stress-strain curve.

Table 1: Material parameter.

E (MPa) v σ0 (MPa) σb (MPa) ρ (kg·m−3)
71000 0.345 295 328 2710
Note: E represents the modulus of elasticity, v represents the Poisson ratio,
σ0 represents the yield stress, σb represents the tensile strength, and
ρ represents the density.
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a relatively small influence on the calculation results and are
not the main part of the study, the mesh size was designed to
be 5× 5mm to save calculation time, such as Figure 7.

,e finite element model was divided into three sub-
models and five analytic steps, which were defined as the
horizontal bending model, vertical bending model, and
poststretching model, respectively. ,e horizontal bending
model included the initial analysis step, the prestretching
process, and the horizontal bending stage. ,e vertical
bending model included the vertical bending stage. And the
poststretching model included the poststretching process.
After completing each model task successfully, it was used as
a predefined field to start the next model run.

3.2. 2e Orthogonal Test. ,e orthogonal test is a design
method which is based on the orthogonality of the data to
design the scheme. It has the advantage of being able to
obtain reliable and representative test results in test times
as few as possible. ,rough the analysis and integration of
the test results, the best test conditions are selected as the
optimal level combination of each factor.,e orthogonal test

Vertical die

Horizontal die

Clamp
Profile

Figure 6: Assembly sketch of the profile.

(a) (b) (c)

(d)

Figure 7: Parts diagram: (a) horizontal die; (b) clamp; (c) horizontal die; (d) profile.

Forming part

Initial part

Figure 8: ,e target shape of the aluminum profile.
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is beneficial to improve production efficiency, shortenworking
time, and improve process quality, so it is widely used in the
field of automobile manufacture and aerospace to deal with
multifactor problems.

Proper prestretching and poststretching will affect the
distortion of the cross section and then change the precision
of the forming part. ,e number of die heads also affects the
wrinkling and deformation of the profile during the bending
process. ,erefore, this paper focused on the experimental
factors including prestretching, poststretching, the number
of die heads, and the friction coefficient, defining A as the
amount of prestretching, B as the amount of poststretching,
C as the number of die heads, andD as the amount of friction
coefficient. ,e assessment index was the cross-sectional
distortion of the stretch forming parts, and the collapse rate
and the bulging rate were taken as the evaluation criteria.
Four experimental factors were selected. ,erefore, the
orthogonal test was designed with four factors and four
levels. Altogether, 16 groups of experiments were carried
out, which is shown in Table 2.

3.3. Assessment Index. ,e method of quantitative analysis
was used to deal with the distortion of the cross section.
Select the maximum level of various factors as a parametric
combination for the boundary simulation. ,e combination
was C� 12, A�B� 1.4% L, and D� 0.2. Figure 9 is the
numerical simulation of the profile deformation. To facilitate
observation, the distortion diagram of the cross section is
plotted as shown in Figure 10. What this paper mainly
measured was how the section changes after the horizontal
bending, the vertical bending, and the poststretching.

Measure the outermost midpoint change in the symmetry
section. ,e gap amount (ΔB and ΔH) was used to describe
the amount of profile cross-sectional distortion. Among
them, the collapse rate δ �ΔH/H, and the bulging rate
η�ΔB/B.

Table 2: Orthogonal test.

Level
Factor

A B C D
1 0.8% L 0.8% L 6 0.05
2 1.0% L 1.0% L 8 0.1
3 1.2% L 1.2% L 10 0.15
4 1.4% L 1.4% L 12 0.2

Figure 9: Numerical simulation of the profile deformation.

H
–
ΔH

B + ΔB

Figure 10: Distortion map of the cross section.

Table 3: Range table.

Index A B C D

δh

k1 0.0845 0.0843 0.0962 0.0846
k2 0.0817 0.0875 0.0857 0.0869
k3 0.0904 0.0884 0.0823 0.0835
k4 0.0885 0.0849 0.0810 0.0902
R 0.0087 0.0040 0.0152 0.0067

δv

k1 0.1188 0.1125 0.1357 0.1113
k2 0.1096 0.1152 0.1106 0.1204
k3 0.1204 0.1182 0.1109 0.1080
k4 0.1168 0.1198 0.1084 0.1259
R 0.0108 0.0073 0.0273 0.0179

δp

k1 0.1212 0.1166 0.1392 0.1274
k2 0.1162 0.1224 0.1224 0.1280
k3 0.1293 0.1257 0.1166 0.1117
k4 0.1170 0.1188 0.1054 0.1165
R 0.0131 0.0091 0.0338 0.0163

ηh

k1 0.0177 0.0163 0.0184 0.0185
k2 0.0155 0.0162 0.0171 0.0165
k3 0.0154 0.0163 0.0160 0.0149
k4 0.0166 0.0164 0.0136 0.0151
R 0.0023 0.0002 0.0048 0.0036

ηv

k1 0.0124 0.0127 0.0119 0.0111
k2 0.0120 0.0102 0.0113 0.0112
k3 0.0096 0.0108 0.0120 0.0109
k4 0.0120 0.0124 0.0109 0.0134
R 0.0028 0.0024 0.0011 0.0025

ηp

k1 0.0263 0.0240 0.0236 0.0247
k2 0.0224 0.0219 0.0236 0.0253
k3 0.0221 0.0249 0.0259 0.0219
k4 0.0253 0.0253 0.0230 0.0242
R 0.0041 0.0034 0.0030 0.0033

Note: δh represents the collapse rate in the horizontal stage, δv represents the
collapse rate in the vertical stage, δp represents the collapse rate in the
poststretching process, ηh represents the bulging rate in the horizontal stage,
ηv represents the bulging rate in the vertical stage, and ηp represents the
bulging rate in the poststretching process.
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4. Results and Analysis

4.1. Orthogonal Test Result. ,e orthogonal test method not
only makes the plan have some advantages but also reduces
the test points, so that a small number of experiments can
get rich information, control the test interference effec-
tively, and get a comprehensive conclusion [19]. ,e range
method is an analysis method which is easy to grasp and has
less calculation. It is used to screen the initial test, to seek
the optimal production condition and the process and so
on.,e cross-sectional distortion of the horizontal bending
process, the vertical bending process, and the post-
stretching process was measured. And the average number

of arithmetical number corresponding to the level number
was recorded as ki (i � 1, 2, 3, 4). ,e difference between the
max {ki} and the min {ki} on any column was the extreme R.
Data record analyses in Table 3 are obtained by the range
method.

4.2. Influence of Single Factor on Cross-Sectional Distortion of
Each Process. ,e following graphs are the corresponding
trend maps at different levels of influence factors. ,is paper
discussed the cross-sectional variation trend in bending in
the horizontal, vertical, and poststretching process (defining
bending in the horizontal stage, bending in the vertical stage,
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Figure 11: Influence of prestretching on cross-sectional distortion during each process.
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Figure 12: Influence of poststretching on cross-sectional distortion during each process.
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and poststretching process as two processes or three stages).
,e horizontal coordinate is the level, and the longitudinal
coordinate is a cross section variable obtained by the use of
the range method.

4.2.1. Influence of Prestretching. Figure 11 is a trend diagram
of the variation of the cross-sectional distortion with the
amount of prestretching during the stretch forming. As can
be seen from Figure 11, during the bending process, when
the prestretching A� 1.0% L (Figure 11(a)), δ is the smallest,
and the tendency of bending in the horizontal stage, bending
in the vertical stage, and the poststretching process is almost
the same. ,ey both reduce, then increase, and finally de-
crease. When the prestretching A � 1.2% L (Figure 11(a)),
δ is the biggest. η is the smallest whenA� 1.2% L (Figure 11(b)).
At the same time, the effect of prestretching on the rate of
bulging does not have a large amount on collapse.

4.2.2. Influence of Poststretching. ,e changing trend of
cross-sectional distortion with the amount of poststretching
during the stretch forming process is shown in Figure 12. As
can be seen from Figure 12(a), δ increases when B increases
from 0.8% L to 1.2% L during the both three stages. When B
increases to 1.4% L, δ decreases in the vertical bending stage

and poststretching process. δ becomes larger in the hori-
zontal bending stage. ,e reason is that the amount of
poststretching was applied to the poststretching process and
that it had a great influence on the distortion. δ is the
smallest when B� 0.8% L during the two processes. It can be
seen from Figure 12(b) that the influence of the post-
stretching on the bulging rate is not obvious in the hori-
zontal direction.,e others have obvious fluctuations. In the
vertical bending stage, bulging η reduces and then increases
gradually. As for the poststretching process, it is a bit dif-
ferent from the bending in the vertical stage, and when
B> 1.2% L, η decreases slightly. But η is the smallest when
B� 1.0% L during the two processes.

4.2.3. Influence of the Number of Die Heads. ,e changing
trend of cross-sectional distortion with the number of die
heads during the stretch forming process is shown in Fig-
ure 13. As can be seen from Figure 13(a), the collapse rate δ
decreases with the increase of C in both horizontal and
vertical stages, which can reflect the advantage of multipoint
flexible forming. And the number of die heads can reduce
the collapse effectively. As shown in Figure 13(b), the vertical
bending and the poststretching process tend to have similar
effects on the bulging rate η, but the horizontal bending is
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Figure 13: Influence of the number of die on cross-sectional distortion during each process.

(a) (b) (c) (d)

Figure 14: Assembly drawing with different number of die heads: (a) C� 6; (b) C� 8; (c) C� 10; (d) C� 12.
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different from them. In general, the distortion of the cross
section is the largest when C� 6 and the distortion of the
cross section is the smallest when C� 12. Figure 14 is the
assembly drawing with different number of die heads.

4.2.4. 2e Influence of Friction Coefficient. Figure 15 is the
influencing trend of the friction coefficient on the cross-
sectional distortion during the stretch forming process.
From Figure 15(a), when D� 0.15, δ is the smallest in the
both two process. During the bending process, the cross-
sectional distortion has a upward trend, then decreases, and
finally increases. From Figure 15(b), as for the effect of
friction coefficient on the horizontal stage, when the friction
between 0.12 and 0.15 increases, the bulging rate becomes
smaller.,e tendency of bending in the vertical stage and the
poststretching process are almost the same. ,ey both in-
creased, then reduced, and finally decreased. Generally
speaking, when D� 0.15, the overall distortion of the cross
section is minimal.

4.3. Process Parameters Optimization and Verification
Experiment. ,e analysis from 4.2 is based on the size of the
collapse rate and the bulging rate; therefore, the smaller the
amount, and the better the result. ,e best combination of
process parameters is C4D3, where C� 12 and D� 0.15.
Further analyses are needed for the selection of prestretching
and poststretching. Comparing ki of the factors A and B in
Table 3 (the smaller ki indicates the smaller degree of in-
fluence on behalf of this level) and the combination of the
prestretching and poststretching are designed in Table 4.

From Table 4, it can be seen that the best combination of
the bending process for reducing the collapse rate is A2B1,
and the best combination of the stretch forming process for
reducing bulging is A3B2. ,e comparison of several groups

of data shows that not all the indicators are consistent, but
the general trend is the same. In order to find the optimal
combination, the following two sets of process parameters
are numerically simulated to determine the optimal com-
bination, and the experimental verification is carried out in
the stretch forming test.
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Figure 15: Influence of friction coefficient on cross-sectional distortion during each process.

Table 4: Optimal parameter combination of factorsA and B in each
process.

Index A B Combination
δh k2< k1< k4< k3 k1< k4< k2< k3 A2B1
δv k2< k4< k1< k3 k1< k2< k3< k4 A2B1
δp k2< k4< k1< k3 k1< k4< k2< k3 A2B1
ηh k3< k2< k4< k1 k2< k1< k3< k4 A3B2
ηv k3< k2� k4< k1 k2< k3< k4< k1 A3B2
ηp k3< k2< k4< k1 k2< k1< k3< k4 A3B2

Figure 16: ,ree-dimensional multipoint stretch forming test.
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According to the combination of the two sets of pa-
rameters obtained from the simulation, the forming test is
arranged to verify the simulation results and the optimal
combination of parameters is discussed (the profile-related
parameters used in the stretch-bending forming test are
consistent with the simulation parameters). Figure 16 is
a multipoint stretch forming test. Figure 18 shows the cross-
sectional distortion of the two process parameters.

As can be seen from the stress clouds of the simulation in
Figure 17, on the one hand, the stress distribution at section
A2B1C4D3 is mainly green, while that at section A3B2C4D3
is yellow as a whole. From the distribution of stress cloud,
the yellow part of the stress value is greater than the green
part of the stress value; therefore, the overall stress distri-
bution of A2B1C4D3 is smaller than that of A3B2C4D3.

On the other hand, the cross-sectional distortion ofA2B1C4D3
is smaller than A3B2C4D3. So the optimal combination of the
finite element simulation results is A2B1C4D3. As shown in
Figure 18, the cross-sectional distortion ofA2B1C4D3 is smaller
than that ofA3B2C4D3 in each process step of the forming test,
so the best combination is A2B1C4D3 which is in agreement
with the results obtained from the numerical simulation.

5. Conclusion

,is paper studied the three-dimensional multipoint stretch
forming of the aluminum alloy rectangular profile and used
the finite element analysis method to investigate the influ-
ence of prestretching, poststretching, the number of die
heads, and the coefficient of friction on the distortion of the

+3.200e + 02
+2.942e + 02
+2.684e + 02
+2.425e + 02
+2.167e + 02
+1.909e + 02
+1.651e + 02
+1.393e + 02
+1.134e + 02
+8.762e + 01
+6.181e + 01
+3.599e + 01
+1.017e + 01

S, mises
(ave: 75%)

(a)

+3.203e + 02
+2.944e + 02
+2.685e + 02
+2.426e + 02
+2.168e + 02
+1.909e + 02
+1.650e + 02
+1.391e + 02
+1.133e + 02
+8.739e + 01
+6.152e + 01
+3.565e + 01
+9.772e + 00

S, mises
(ave: 75%)

(b)

FIGURE 17: Numerical simulation of the two combinations: (a) A2B1C4D3. (b) A3B2C4D3.
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cross section. ,e optimal combination of process param-
eters was determined and was verified by the forming test.

(1) ,e effect of collapse on the profile is greater than
bulging.,e collapse rate decreases with the increase
of the prestreching amount from 0.8% L to 1.0% L.
As the prestretching amount continues to increase,
the cross-sectional distortion becomes larger and
then decreases slightly. When prestretching amount
is 1.2% L, the collapse rate is the smallest.

(2) After unloading, the profile enters the stage of the
poststretching process. When the amount of the
poststretching amount is increased from 0.8% L to
1.2% L, the collapse rate increases generally.
,erefore, the larger the poststretching amount, the
larger the collapse rate. However, there are little
fluctuations during the horizontal bending process
on the bulging problem.

(3) ,e number of die heads has great influence on the
accuracy of profile forming. When the number of die
heads increase from 6 to 12, the collapse obviously
decreases and the cross-sectional distortion is ob-
viously improved.

(4) When the friction coefficient increases from 0.01 to
0.2, the cross-sectional distortion in the horizontal
direction is not large, but when it reaches 0.15, the
overall cross-sectional distortion becomes small.

(5) By taking the orthogonal test and forming test on
rectangular hollow section profile, the optimal com-
bination of three-dimensional multipoint stretch
forming is as follows: the prestretching amount is
1.0% L, the poststretching amount is 0.8% L, the
number of die heads is 12, and the friction coefficient
is 0.15.
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