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Abstract: Bending with press brakes is the most commonly used technique for sheet metal part production. It is well 
known fact that the bend angle is smaller than the initial bend angle because of the springback effect. Numerous models 
have been developed in order to determine the springback. However, in practice actual results may vary from 
theoretical calculations. In this paper we propose an approach how to achieve more precise final bend angles by 
measuring loaded and unloaded bend angles and repositioning the punch location.  
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1. INTRODUCTION 
 
Ability to predict the final geometry of produced sheet 
metal part as well as the determination of value for 
springback is an important feature. Air bending is a 
flexible process which means that in the manufacturing 
environment it is possible to make a wide variety of 
components, sheet thickness and material types. One 
example of such product is shown in Fig. 1. Changing the 
punch displacement results with different bend angles and 
different curvatures or curvature radius.  Air bending 
process is much used because this means a reduced need 
for tool changing.  
 

 
Fig.1. Air bending example 

 
An easy approximation of springback definition is that 
after the punch removal generated dimensional change is 
because of material elastic recovery. Springback will 
happen not just in flat sheets but as well as in wires, rods 
and bars with different cross sections. Material recovery 
leads to deviations in the final shape and this further 
causes that the part may not be within tolerance limits. 
Usually, the amount of springback in bending was shown 
in graphics [1] or handbook tables [2,3] (with springback 
allowance). However, both ways have certain drawbacks. 
On one side, often these allowances are related only to 

90◦ bending angles; on the other side, there are few 
graphics about springback and bending [4].  
After springback, the final bend angle is smaller, and the 
final bend radius is larger than loading situation. The 
amount of springback could be deteremined either by 
springback angle or by nondimensional springback factor, 
which is the ratio between the loading bending angle and 
the final bending angle. The springback usually ranges 
from 5 to 10 degrees. Usually, the same angle is used in 
both the die and the punch to minimize the setup time.  
Radius and angle are firmly related to each other and 
hence springback can be expressed approximately by Eq. 
(1). This equation assumes the hypothesis of constant arc 
length and thickness as a simplified reference expression 
for the computation of springback [5,6].  
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where: 
Ri - radius in loading state, 
Rf - final radius, 
t - thickness,  
Sy - yielding stress,  
E - Young's modulus 
Increasing classical trends are associated to yielding stress 
increase, radius decrease, bending radius increase and 
Young's modulus decrease [7]. All of these four 
parameters appear in Eq. (1). Springback is considerably 
influenced with another geometrical factor which is 
defined by the bending angle and has to be obtained. This 
means that the springback increases with increased 
expected bending angle. 
Many different methods were created for springback 
control. For example, one of the most common method to 
control the springback in air bending is overbending 
through a deeper punch stroke. There are two general 
approaches for overbending compensation for springback. 
In one of them, the modeling approach, efforts were made 
to determine the overbending punch displacement and 
springback for a given set of tooling geometry and 
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material properties. Since the prediction of springback is 
based on properties and nominal thickness, and the actual 
springback is due to the true properties and thickness, the 
effectiveness of this modeling approach is often not 
satisfactory. For instance, in a production environment, to 
initially set up a press brake a few sheet samples are used. 
The deviation in the subsequent sheet can often lead to a 
shape control problem. The second, feedback approach 
involves an iterative procedure where some parameter is 
monitored and after that, the punch travel would be 
adjusted to obtain the desired unload bend angle. 
Improved product quality, reduced rework and setup time 
can potentially be minimized with an air bending angle 
control system. The objective of this paper is to develop a 
method for feedback control to accurately achieve a 
desired bend angle. This method combines the advantages 
of methods which were proposed by Stelson [8,9], Stelson 
and Gossard [10] and Gosard and Allison [11]. An 
alternative is shown instead of the load-cell feedback. 
This method uses bend angle measurement directly to 
correct the springback. Some modern commercial press 
brakes already have integrated sensors to measure bend 
angle so this approach can be readily applied.  
 
2. AIR BENDING 
 
Fig. 2. shows the basic principles for air bending. In the 
first place, the sheet metal is positioned and clamped. 
Secondly, the punch is lowered to a given pre-calculated 
position. Afterwards, when the punch is retracting - 
unloading, springback occurs. The connection between 
the punch penetration and the bend angle under loading is 
a non-linear function, as is the relationship between the 
springback angle and unloading. 
 

 
 

Fig.2. Stages in air bending 
 

The geometry of a bend can be divided into four different 
zones. One zone follows the shape of the punch and it is 
usually called "wrap-around zone". The second zone is 
plastically deformed and it has a varrying curvature 
because of different bending moments at different 
locations. The third zone has undergone only elastic 
deformation  and hence becomes straight after unloading. 
The final, fourth zone is undeformed. The first zone, 
wrap-around zone is often absent, depending on tool 
geometry, bend angle and material behaviour. All of this 
makes the calculation of bend allowance and punch 
penetration more complicated. The calculation of the bend 
allowance and the punch penetration can be done with the 
help of an analytical bending model. The simplest model 
is based on the premise that the cross section of a bent 
part consists of two straight legs and a circular part. 

3. APPROACH TO CONTROL SPRINGBACK 
 
With the given properties of the sheet metal part and the 
precise thickness, developed mathematical models can 
determine the springback due to plane strain bending with 
fair accuracy. Fig. 3. shows air bending and the 
springback effect.  
 

 
 

Fig.3. Air bending and the springback effect 
 
Therefore, it is advised to use the press brake as a testing 
device in order to determine the properties and the 
thickness of the material. That information is later used 
for the calculation of springback and to determine punch 
displacement. Loaded and unloaded bend angles in press 
brakes can be measured by angular displacement 
transducers. In this approach, the geometry of the tool is 
known and thickness and the rated material properties are 
used as a reference. A series of bend angles, which are 
smaller than the desired final angle, are generated with a 
series of punch displacements. From the multiple pairs of 
unloaded and loaded bend angles, material properties and 
the thickness of the part are determined on a mathematical 
model. If the process is iterative, it can lead to the 
estimation of best-fit thickness of the workpiece. This 
information is later used for springback compensation by 
changing the final punch position. The desired bend angle 
is achieved after unloading the punch from the calculated 
position. 
It should be noted that this approach requires incremental 
and multiple strokes in order to complete the bending 
operation. Nonetheless, the mathematical models which 
can be used to evaluate the material properties and to 
calculate the punch position are established on single 
stroke bending. Hence, it is advisable to show that the 
number of unloading and loading cycles does not have 
great influence on the amount of springback of the 
material. 
Finite element analysis and experiments were conveyed to 
compare final bend angles from incremental bending 
processes and single stroke processes. Five final punch 
locations were used in the experiments. Three increments-
strokes were used to determine the final punch location in 
incremental bending operations. The average differences 
between multiple and single stroke processes were less 
than 0.2 degrees. 
It is possible to argue that the sheet metal part could have 
different material properties because the experiment was 
conducted on different samples from the same batch, 
although the experimental results showed that single 
stroke theoretical models of incremental air bending 
process for feedback control is applicable. Consequently, 
simulations of finite element were performed to further 
study variations. Advanced general-purpose multiphysics 
simulation software package developed by the Livermore 
Software Technology Corporation was used to create 
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simulations of single stroke and multiple stroke bending 
processes while the input material property was the same. 
Final punch positions were limited to five and the bend 
angles were measured. The final bend angle which was 
created with single stroke was almost similar to multiple 
stroke with an averaged deviation of less than 0.2 degrees. 
This is plausible because there were no variations in 
material properties and thickness so a better agreement 
can be achieved through finite element simulation 
between unload angles from single stroke and multiple 
stroke. 
 
4. INCREMENTAL AIR BENDING PROCESS 
 
In this approach, material properties and thickness are 
determined from the intermediate unloaded and loaded 
bend angles using a mathematical model. The location of 
final punch is also predicted from a theoretical model. 
Hence, the springback effectiveness compensation relies 
upon the mathematical model. It is important to 
understand that the parameters of springback are based on 
these models. The bending moment in the air bending 
process is linearly distributed from the maximum value at 
the punch tip to zero at the die contact. As a consequence, 
this happens in sheet metal parts with elastic and fully 
elastic plastic deformation modes. In order to simplify the 
geometry for practical application, nonconstant bend 
radius is approximated by a single bend radius so simple 
but on the other hand accurate models can be utilized. 
To calculate the final punch position, Raghupathi et al 
proposed the numerical procedure [12]. With the best-fit 
sheet metal part properties, thickness and tooling 
geometry, this procedure shows the initial loaded angle 
and the displacement of the punch required in the final 
stroke to gain the desired final unloaded angle. 
Experiments were performed to calculate the 
effectiveness of the developed methodology. One sheet 
metal material is used and its nominal properties and 
thickness were provided from the manufacturer who 
guaranteed minimum yield strength and thickness 
variation. 
We used a semi automatic press brake with appropriate 
upper and lower tools. Angles were measured for four 
desired angles: 25 degrees (5, 12, 20), 30 degrees (5, 20, 
27), 35 degrees (10, 22, 31) and 40 degrees (18, 25, 35). 
The three numbers in parenthesis represent the 
incremental loaded bend angles before the final punch. 
For example, given the desired angle of 25 degrees, the 
punch was set to 5 degrees. This process was repeated for 
loaded angles of12 degrees and 20 degrees. Therefore, 
three loading and unloading cycles were conducted to 
obtain the material properties and thickness that describe 
the springback characteristics of sheet metal product. The 
number of incremental bend angles can be increased to 
improve the determination of sheet metal thickness and 
properties.  
For used material, experiments were conducted on three 
sheet metal samples at four final angles which were 
proposed above in the paper. Achieved final angles were 
larger than the desired angles and most certainly this is 
due to the fact that this methodology tends to overbend 
the sheet metal part. This can be attributed to calculations 

of the mathematical models which were used in this 
experiment. We also noticed that the variation of the 40 
degrees angle was greater than the other variations. After 
examining the tool, it was found that bottoming occurred. 
Bottoming or coining is the bending process where the 
punch and the workpiece bottom on the die. This leads to 
changes in the stress distribution and as a consequence 
has reduced springback. As the final result, the bend 
angles were larger than expected. 
The material both for air bending experiment and tensile 
tests were used from the same batch of material. Accurate 
estimation of the properties was limited by the defined 
sets of probable values. However, it should be noted that 
tensile tests showed that the yield strength from tensile 
tests were close to the estimated strength and was higher 
than the rated yield strength. This shows that the 
manufacturer’s practice is that the material has to meet a 
lower limit without an upper limit specification. Since the 
springback problem is firmly related to the consistency of 
the material, it is important that the upper and lower limits 
of the material have to be specified.  
Conducted experiments show the difference in the results 
of air bending with and without feedback control. Based 
on the rated material properties and thickness, Raghupathi 
et al. [12] procedure was used to determine the punch 
displacements for desired final unloaded angles for 25, 30 
and 35 degree. The average deviation between the 
specified and the achieved angles is 2.3 degrees without 
feedback control. With the proposed method for multiple 
stroke approach, the average deviation is 0.6 degrees, as 
shown in Table 1. Again, the overbending was observed 
in experiments.  
 
Table 1. Achieved bend angles comparison 

 
 
This shows that more accurate results could be achieved 
by improving the mathematical model. However, it is 
clear that with the help of estimated material properties 
and thickness, bend angles that are very close to the 
desired final angles can be achieved through the air 
bending processes. 
 
5. CONCLUSION 
 
This paper showed a new method in air bending processes 
for better springback control. This method tries to 
minimize the springback error using the information 
gathered from loading and unloading cycles. A more 
accurate assessment of the sheet metal part thickness and 
material properties can be achieved with loaded and 
unloaded angles analysis. That information is further used 
to calculate the final punch position in order to reach the 
desired bend angle. Although several unloading cycles is 
required, it is demonstrated that a very precise angle can 
be achieved with three cycles. The procedure can be 
stored into an automatic press brake to produce better 
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efficiency. Material properties and thickness can vary 
from workpiece to workpiece in the production 
environment. Hence, the ability to use the feedback 
information is valuable because the results in reducing 
manufacturing cost and improved product quality. 
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