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Abstract
Due to the discrete die of multi-point stretch bending, there are contact zone and non-contact zone on the profile, which 
makes the springback phenomenon more complicated. In this paper, considering that the neutral layer will shift due to the 
application of pre-stretching and post-stretching, an analytical model of the relationship between springback error and stress 
is established. Under the different bending radius, the maximum springback error obtained by theoretical calculation is 6.9%, 
while the average springback error of the traditional springback model is 10.5%, which means that the springback prediction 
model proposed in this paper is more reliable. Multi-point stretch bending has been unanimously recognized by everyone 
because of its adjustable die surface. In this paper, the secant method is used to calculate the springback compensation factor, 
so that the springback error of the profile is within the allowable error range of the production under the limited numbers 
of springback compensation.
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1 � Introduction

Multi-point stretch bending forming, which separates the 
traditional integral die into a series of independently adjust-
able die, has been unanimously recognized in the indus-
trial production because of its adjustable die surface [1–3]. 
Due to the discrete dies, which are contact with the profile 
discontinuously, there are several contact zones and non-
contact zones on the forming surface of the profile, leading 
to a certain impact on the forming accuracy and forming 
quality [4]. Additionally, after the clamp is unloaded, the 
presence of residual stress will inevitably lead to spring-
back. Springback is the main factor affecting the accuracy 
of metal bending, and it is also one of the research hotspots 
in the field of bending [5–8]. Obviously, different process 

parameters will affect the springback of the profile [9]. In the 
process of multi-point stretch bending, the pre-stretching and 
post-stretching have a great impact on the springback of the 
profile. Within the appropriate range, the use of appropriate 
pre-stretching and post-stretching can effectively reduce the 
springback of the profile.

For the problem of springback, relevant scholars all over 
the world have carried out a lot of further research and dis-
cussion, from theoretical analysis to numerical simulation, 
from springback prediction to comparative experiments, 
and so on. J. Ma et al. [10] comprehensively considered the 
influencing factors such as material properties, geometry, 
and process parameters, considered the distribution of the 
moment along the entire contour during bending, and inno-
vatively developed a full moment (FM) analysis model for 
springback evaluation. By comparing experiments, numeri-
cal simulation, and analytical calculation, it is demonstrated 
that the developed FM model provides accurate and effective 
springback assessment. Considering the Young’s modulus 
(E), neutral layer (De), and wall thickness (t), Mei Zhan 
et al. [11] established an analytic elastic-plastic tube bend-
ing springback model based on the static equilibrium condi-
tion, which greatly reduced the springback prediction error.

As we all know, springback is unavoidable. In order 
to form a part with qualified shape, we must take certain 
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measures to make the shape of the parts after springback 
consistent with the curvature of the target part as much as 
possible. In the process of multi-point stretch bending, we 
can continuously adjust the curvature of the forming die to 
form parts with qualified shape. Springback compensation 
is the optimal solution to solve this kind of problem [12]. 
At present, a large number of scholars all over the world 
have also made a lot of research in the field of springback 
compensation.

Yong Li et al. [13] combined the springback mecha-
nism of the plate with the creep-aging behavior of materi-
als for tool design in the creep age forming (CAF) process 
to manufacture both singly and varyingly curved products. 
Springback compensation curves that relate the objective 
shapes and springback compensated shapes by their curva-
ture, stress, and strain states have been established, based 
on the numerical solution of springback behavior of CAF 
process. Qing-Fang Zhang et al. [14] used a combination 
method of theoretical analysis, numerical simulation, and 
forming experiments to propose the springback compensa-
tion and modification for doubly curved plate, that is, using 
interpolation processing and Bezier surface blending meth-
ods to describe the shape of die surface after springback 
compensation.

Compared with traditional stretch bending forming, 
multi-point stretch bending forming has the characteristics of 
contact zone and non-contact zone, which makes the spring-
back problem more difficult to control. Therefore, how to 
effectively evaluate the springback phenomenon has become 
an urgent problem to be solved in the process of multi-point 
stretch bending. In this paper, an analytical model of the 
relationship between springback and stress is established. 
Using numerical simulation or strain gauge experiment, we 
can measure the stress and strain changes of the profile dur-
ing the multi-point stretch bending process, so as to obtain 
the springback error of the profile. Through a large number 
of numerical simulations and comparative experiments, we 
confirm the reliability of the analytical model. The biggest 
advantage of multi-point stretch bending is that the die sur-
face can be adjusted. In this paper, the secant method is used 
to calculate the springback compensation factor, which can 
improve the efficiency of springback iterative compensation, 

so that the springback error of the profile is within the allow-
able error range of the production under the limited numbers 
of springback compensation.

2 � Basic analysis of multi‑point stretch 
bending forming

2.1 � Basic assumptions

(1)	 After the bending deformation, the section of the profile 
is flat and perpendicular to the tangent of the geometric 
center axis.

(2)	 During the bending process, the radial stress and trans-
verse stress of the profile are ignored, and only the axial 
stress is considered.

(C)	 The loading and unloading laws of the profile conform 
to the classical elastic-plastic theory during the bending 
process.

(D)	 The cross-sectional distortion of the rectangular profile 
in the process of stretch bending is ignored.

2.2 � Stress and strain analysis of multi‑point stretch 
bending

As shown in Fig. 1, in the process of pure bending, the 
upper part of the neutral layer is subjected to tensile stress, 
showing a trend of elongation, and the lower part is sub-
jected to compressive stress, showing a trend of shrink-
age. During the stretch bending process, after applying a 
certain amount of pre-stretching and post-stretching, the 
neutral layer of the profile will gradually shift downward 
[15, 16]. When the amount of pre-stretching and post-
stretching are large enough, the neutral layer of the profile 
will be offset from the lower bottom surface, resulting in 
a completely plastic tensile deformation inside the profile 

(1)

⎧⎪⎨⎪⎩

�ij = 0 (i ≠ j)

�ij = 0 (i ≠ j)

�r = 0, �r = 0

�� = 0, �� = 0

Fig. 1   Stress distribution during 
stretch-bending
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[17]. In the process of multi-point stretch bending in this 
paper, after the pre-stretching, bending and post-stretch-
ing, the profile presents complete plastic tensile deforma-
tion, and the section stress distribution results are shown 
in Fig. 2. In the bending plane shown in Fig. 2, the bend-
ing radius of the geometric center layer of the profile is ρ; 
after multi-point stretch bending, the bending radius of the 
strain neutral layer of is ρε. From the basic assumptions, 
we can know that:

In the strain neutral layer coordinate system XOZ, the 
expression of strain in multi-point stretch bending is as 
follows:

where Z is the distance from the desired point to the neu-
tral layer. It can be known from the coordinate conversion 
relationship that in the coordinate system of the geometric 
center layer, Z = u + ρ − ρε, so the strain in multi-point stretch 
bending can be expressed as:

In this paper, the profile used in multi-point stretch 
bending is 6005A aluminum alloy, and the relationship 
between its stress and strain satisfies the bilinear isotropic 
strengthening material model, that is:

where E is the Young’s modulus, D is the plastic modulus, 
σs is the yield stress, and εs is the yield strain.

In this paper, the profile is a completely plastic tensile 
deformation, so the stress relationship between the upper 
and lower surfaces is as follows:
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From formula (6), it can be deduced that:

2.3 � Springback analysis of multi‑point stretch 
bending

After multi-point stretch bending deformation, the balance 
relationship between internal force and external load is as 
follows:

In this paper, the profile is fully plastic tensile deforma-
tion, and substituting formula (5) into formula (8), it can be 
obtained that:

where B(u) is the width of each section, H is the section 
height of the rectangular profile, and A is the section area of 
the profile. Through formula (9), the analytical formula of 
the bending moment M can be obtained as:

where I
v
= ∫ A

0
u
2
dA = ∫ H

2

−
H

2

u
2
⋅ B(u)du . The profile used in 

this paper is a hollow rectangular profile, its width is B, its 
height is H, and its wall thickness is t, so,
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Fig. 2   a Fully plastic tensile 
deformation under elastic 
bending. b Fully plastic tensile 
deformation under plastic 
bending



200	 The International Journal of Advanced Manufacturing Technology (2023) 129:197–206

1 3

From formulas (7) to (10), the relationship between bend-
ing moment and stress can be obtained as:

In the process of multi-point stretch bending, the profile 
will have a large internal stress. After the external load is 
removed, it will inevitably make the profile springback and 
affect the forming accuracy of the profile. The relationship 
between the curvature of the profile before and after the 
springback is as follows:

In the process of multi-point stretch bending, the profile 
has the following relationship when the load is applied and 
the load is unloaded:

Therefore, by combining formulas (12)–(14), we can get:

The commonly used evaluation methods for the spring-
back phenomenon of stretch bending mainly include 
springback angle and springback gap [18, 19]. In this 
paper, the springback gap ∆x is used to represent the 
springback error of the profile. As shown in Fig. 3, the 
springback curvature radius of the profile is Re, and the 
die curvature radius is R. Therefore, the distance from the 
farthest lower surface of the profile to the center point is:
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REH

EH − R
(
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)

Therefore, we can easily get formula (17) for calculating 
the springback gap of the profile after unloading:

Using the finite element platform for numerical simula-
tion or strain gauge for bridge connection test, the stress 
and strain on the upper and lower surfaces of the profile 
can be easily obtained. Substituting these known quantities 
into formulas (14)–(16), we can obtain the springback gap 
of the profile.

2.4 � Springback compensation of multi‑point 
stretch bending

Compared with the integral die forming, the most significant 
advantage of the multi-point stretch bending is that the die 
surface is adjustable, which greatly facilitates the iterative 
compensation of springback, so that the springback error of 
the profile is within the allowable error range of the produc-
tion. The DA method is one of the most classic methods of 
springback compensation, as shown in Fig. 4:

where Cj + 1 and Cj are the die curvature after the j + 1th and 
jth adjustment respectively, O is the target curvature, Sj is the 
curvature of the part obtained after the jth adjustment, and α 
is the springback compensation factor.

When |Sj − O| < ε, that is to say, the springback is within 
the allowable error range of the production. The die curva-
ture Cj is the die curvature for forming the target part.

The springback compensation factor is mainly used to 
speed up the efficiency of the springback compensation, 
so that the die surface with the springback error within the 
allowable error range of the production can be obtained 
under less compensation times. In this paper, we use the 
secant method to establish the relationship between the 
springback compensation factor and the curvature of the 
profile:

where αi + 1, αi, and αi − 1 are the springback compensa-
tion factors of the i + 1th, ith, and i − 1th times, respec-
tively. The first two values of α can be given as α0 = 0 and 
α1 = 0.8, and all subsequent values of αi can be iterated by 
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Fig. 3   Definition of springback gap
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using formulas (17) and (18). When the springback error 
obtained under different iteration times is within the allow-
able error range of the production, we can consider that 
the springback iteration compensation is completed. The 
springback compensation factor is calculated by the secant 
method, when the springback error is large, the springback 
compensation factor we get is large, which can speed up the 
efficiency of springback compensation; when the spring-
back error is small, the springback compensation factor we 
get is small, which can improve the accuracy of springback 
compensation.

2.5 � The principle and finite element model 
of multi‑point stretch bending

Multi-point stretch bending forming mainly through the follow-
ing steps: pre-stretching, bending, post-stretching to form quali-
fied parts. As shown in Fig. 5a, the multi-point stretch bending 
machine clamps the parison, and attaches the profile to the dis-
crete die curvature according to the multi-point stretch bending 
forming steps, so that the profile is formed into the target shape. 
By adjusting the discrete die curvature, the die surface can be 
adjusted freely to form target part with different curvatures. 

Fig. 4   Springback compensa-
tion steps of multi-point stretch 
bending

Fig. 5   a Schematic diagram 
of multi-point stretch bending. 
b Multi-point stretch bending 
machine (c) part
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After the clamp is unloaded, the profile will springback due to 
the internal residual stress, which seriously affects the forming 
accuracy of the profile. As shown in Fig. 5b, in order to study 
the springback of hollow rectangular profile after unloading dur-
ing the multi-point stretch bending process, a large number of 
experiments have been carried out using the multi-point stretch 
bending machine. Figure 5 c shows the part formed by multi-
point stretch bending. Comparing the forming curvature of these 
parts with the target curvature, the springback error of profile 
during the multi-point stretch bending process can be obtained.

In this paper, the ABAQUS/Explicit analysis module is used 
to perform an dynamic analysis of the stretch bending process, 
and the ABAQUS/standard analysis module is used to perform 
an static analysis of the springback process. The model is shown 
in Fig. 6. In order to reduce the time required for the simula-
tion, the model can be simplified appropriately. The strength and 
hardness of clamps and dies are much greater than the profile, 
so they can be regarded as rigid body, and the meshing type is 
R3D4. The main research object is the hollow rectangular profile 
with a total length of 3000 mm. Therefore, it is necessary to pre-
cisely divide the profile mesh, and the meshing type is C3D8R. 
The interaction between the profile and the die is set to “hard 
contact,” and the friction coefficient is 0.1. The contact between 
the clamp and the profile is a “Tie” constraint, the main surface 
is the inner surface of the clamp, and the slave surface is the 
outer surface of the profile. The boundary conditions are defined 
according to the clamp displacement trajectory to make the sim-
ulation process consistent with the actual operating conditions.

3 � Results and discussion

3.1 � The stress analysis of multi‑point stretch 
bending

In the process of multi-point stretch bending, the springback 
is a common phenomenon, which is the accumulation of the 
error in the whole forming process. The springback phe-
nomenon is related to many factors, such as the performance 
parameters and geometric parameters of the material, and 

the process parameters used during processing, and so on. 
Therefore, in order to form parts with qualified springback 
error, it is necessary to study and analyze the springback 
phenomenon. The changes of internal stress and strain of 
the parts are the main reason for the various defects, and the 
springback error during unloading is no exception. Among 
them, the springback is mainly related to the residual spring-
back bending moment remaining in the production during 
the processing, and the springback phenomenon will occur 
after the clamp is unloaded.

In this paper, we establish an analytical model of the 
relationship between springback and internal stress of the 
profile. Through the distribution of the stress and strain, we 
can intuitively analyze the size of the springback gap and 
understand the various relationship between the stress and 
the springback error. Using this analytical model combined 
with finite element numerical simulation, the deformation 
characteristics of the profile in the process of multi-point 
stretch bending are analyzed. Under the conditions of 1% 
pre-stretching, 1% post-stretching, and the bending radius R 
= 5000 mm, we obtained the stress distribution diagram as 
shown in Fig. 7a. Since the profile is symmetrical about the 
center plane during the multi-point stretch bending process, 
only-half of the profile is taken to show the deformation.

In the process of multi-point stretch bending, there are 
contact zone and non-contact zone on the profile, and there 
are certain differences in the force between the contact zone 
and the non-contact zone. Therefore, the stress and strain 
distribution of the profile is more complicated than that of 
the integral die stretch bending. In this paper, we can extract 
the stress distribution diagram of the upper and lower sur-
faces of the profile during the multi-point stretch bending 
process through the paths A and B shown in Fig. 7b.

Taking the center plane as the origin of the coordinate 
and the distance from the center plane as the X-axis on 
the paths A and B, the stress distribution on the upper and 
lower surfaces of the profile as shown in Fig. 8 is obtained. 
The stress difference between the upper and lower surfaces 
is small in the central area, and the stress difference is 
greater on both sides. For the lower surface area of the 

Fig. 6   Finite element assembly 
drawing of multi-point stretch 
bending
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profile, the stress at the center is larger, and as the extrac-
tion area moves away from the center plane, the stress grad-
ually begins to decrease, which means that the axial stress 
at the bottom of the profile reaches its maximum value 
near the center plane. For the upper surface area of the 
profile, the stress distribution is extremely uneven, which 
is significantly different from the stress distribution on the 
lower surface. This is mainly because the contact zone of 

the lower surface area is in direct contact with the die and 
is supported by the die, but the contact zone of the upper 
surface is not in direct contact with the die, and the con-
nection between the contact zone and the die is transmitted 
through the lower surface. Therefore, the distribution of 
stress on the lower surface has been changed, leading to a 
deviation in the distribution law of stress.

The distribution of the stress difference between the 
upper and lower surfaces of the profile is shown in Fig. 9. 
When the profile is closer to the center plane (less than 
389 mm), the axial stress difference between the upper and 
lower surfaces is small; when the profile is farther away 
from the center plane (more than 389 mm), the stress dif-
ference between the upper and lower surfaces is large. The 
maximum difference between them is 52.836 MPa, which 
appears at 410.06 mm from the center plane. In the contact 
zone, the contact between the profile and die is surface 
contact. Due to the support of the die, the average stress 
difference between the upper and lower surfaces in the con-
tact zone is usually greater than that in the non-contact 
zone. The boundary between the contact zone and the non-
contact zone can be considered as line contact between the 
profile and die. Compared with the contact zone and the 
non-contact zone, the stress of the profile at this boundary 
changes abruptly, resulting in the stress difference between 
the upper and lower surfaces at this location is usually 
greater than that at both sides.

Fig. 7   a Stress distribution of 
finite element simulation. b The 
paths A and B

Fig. 8   Stress distribution along paths A and B
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3.2 � Analysis of springback error in multi‑point 
stretch bending

There is a close relationship between stress and springback. It 
is the influence of the springback bending moment caused by 
residual stress that makes the parts springback. In this paper, 
by establishing an analytical model of the relationship between 
stress and springback, we can predict the springback error of 
the different bending radius, which has a certain positive sig-
nificance to study the springback phenomenon of the profile. 
The ABAQUS/standard analysis module is used to simulate the 
springback process of the profile in multi-point stretch bending. 
Through a large number of numerical simulations and multi-
point stretch bending experiments, we can verify the accuracy 
of the springback analytical model in the process of multi-point 
stretch bending. As shown in Fig. 10a, the formed profile has 
good forming quality. We use the PRO CMM 3500 3D scan-
ning system as shown in Fig. 10b to obtain the spatial coordi-
nates of the profile surface, and compare the scanning surface 
with the die surface to obtain the springback error of the profile.

Figure 11 shows the springback error of the profile under dif-
ferent bending radius. When the bending radius is 4000 mm, 
the springback error obtained by theoretical calculation is 6.38 

mm, and the springback error obtained by numerical simula-
tion is 6.82 mm. The difference between them is large, reach-
ing 6.9%. With the increase of bending radius, the difference 
between the numerical simulation and the theoretical calculation 
results gradually decreases. Under the different bending radius, 
the maximum springback error obtained by theoretical calcula-
tion is 6.9%, while the average springback error of the traditional 
springback model is 10.5%, which means that the springback 
prediction model proposed in this paper is more reliable. The 
springback error of the profile obtained by the experiment of the 
multi-point stretch bending machine is basically consistent with 
the springback error obtained by the theoretical calculation and 
numerical simulation. In general, the trend of springback error 
obtained by theoretical calculation, numerical simulation, and 
experiment is consistent, and the correlation is good, which can 
basically verify the accuracy of the springback analytical model.

3.3 � Application of springback compensation 
method

In the process of multi-point stretch bending, the spring-
back of the profile will inevitably occur after the clamp is 

Fig. 9   Distribution of stress difference along paths A and B

Fig. 10   a Formed profile. b 
PRO CMM 3500 3D scanning 
system

Fig. 11   Springback error diagram of the profile under different bend-
ing radius
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unloaded, resulting in a certain error between the forming 
curvature and the target curvature. In order to form profile 
with qualified shape, it is necessary to make appropriate 
springback compensation for the die. In this paper, the DA 
method is used to perform springback iterative compensation 
on the die surface, and the springback compensation factor 
is calculated by the secant method. The curvature obtained 
after each iteration compensation is compared with the target 
curvature to determine whether the industrial requirements 
are satisfied or not. If not, the iterative compensation is con-
tinued until the springback error is within the allowable error 
range of the production. When the springback error is large, 
a larger springback compensation factor can be obtained 
by the secant method, thereby speeding up the efficiency 
of springback compensation; when the springback error 
is small, a smaller springback compensation factor can be 
obtained by the secant method, thereby improving the preci-
sion of springback compensation. Taking the center plane as 
the coordinate origin, and the distance from the profile to the 
center plane as the X-axis, we measured the springback error 
between the shape of the profile and the target curvature, and 
the results are shown in Fig. 12. When springback compen-
sation is not used, the springback error between the profile 
curvature and the target curvature is large, and the maximum 
value is 6.48 mm. After multiple springback compensation, 
the springback error between the profile curvature and the 
target curvature is significantly reduced, the maximum 
springback error is reduced from 6.48 to 1.16 mm, and the 
maximum springback error is reduced by 82%. After several 
times of springback iterative compensation, the maximum 
springback error of the profile is within the allowable error 
range of the production, which confirms the feasibility of 
springback compensation.

4 � Conclusion

(1)	 In this paper, an analytical model of the relationship 
between springback error and stress is established. The 
stress difference between the upper and lower surfaces 
of the profile can be measured by numerical simula-
tion on the finite element platform or the strain gauge 
experiment, so that the springback error of the profile 
in the process of multi-point stretch bending can be 
obtained.

(2)	 Comparing the theoretical calculation, numerical simu-
lation, and experimental results, the springback error 
of the profile between them has the same trend, and the 
relative deviation is small, which confirms the accuracy 
of the multi-point stretch bending springback analytical 
model.

(3)	 Multi-point stretch bending is widely recognized 
because of its adjustable die surface. In this paper, we 

use the secant method to calculate the springback com-
pensation factor, so that the springback error of the pro-
file is within the allowable error range of the production 
under the limited numbers of springback compensation.
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