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PREDICTION OF TECHNOLOGICAL PARAMETERS OF SHEET METAL BENDING IN TWO 
STAGES USING FEED-FORWARD NEURAL NETWORK 
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Original scientific paper 
This paper describes sheet metal bending in two stages as well as predicting and testing of the final bend angle by means of a feed-forward neural 
network. The primary objective was to research the technological parameters of bending sheet metal in two stages and to develop an intelligent method 
that would enable the predicting of those technological parameters. The process of bending sheet metal in two stages is presented by demonstrating the 
various technological parameters and the test tool used to carry out tests and measurements. The results of the tests and measurements were of decisive 
guidance in the evaluation of individual technological parameters. Developed method for prediction of the final bend angle is based on a feed-forward 
neural network that receives signals at the input level. These signals then travel through the hidden level to the output level, where the responses to input 
signals are received. The input to the neural network is composed of data that affect the selection of the final bend angle. Only five different inputs are 
used for the total neural network. By choosing the desired final bend angle by means of the trained neural network, bending sheet metal in two stages is 
optimised and made more efficient. 
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Predviđanje tehnoloških parametara savijanja lima u dvije faze pomoću usmjerene neuronske mreže 

Izvorni znanstveni rad 
Članak prikazuje savijanje lima u dvije faze i predviđanje konačnog kuta savijanja pomoću usmjerene neuronske mreže. Glavni cilj je bio istražiti 
tehnološke parametre savijanja lima u dvije faze i razviti inteligentan način, koji će omogućiti predviđanje tih tehnoloških parametara. Prikazan je proces 
savijanja lima u dvije faze, gdje se prikazuju i razni tehnološki parametri i ispitni alati sa kojima su provedena ispitivanja i mjerenja. Rezultati ispitivanja i 
mjerenja su bili ključ u donošenju procjene pojedinih tehnoloških parametara. Opisano je predviđanje konačnog kuta savijanja lima korištenjem usmjerene 
neuronske mreže, koja prima signale na  ulazu. Ti signali tada prolaze kroz skrivenu razinu do izlaza, gdje dobiju odgovor na ulazne signale. Za ulaz u 
neuronsku mrežu upotrebljavaju se podaci koji utječu na odabir kuta konačnog savijanja. Za neuronsku mrežu se koristi pet različitih inputa. Odabirom 
željenog kuta savijanja pomoću neuronske mreže, može se doprinijeti optimizaciji savijanja lima u dvije faze. 

Ključne riječi: inteligentni sustav; neuronske mreže; predviđanje konačnoga kuta savijanja; savijanje u dvije faze 

1 Introduction 

This paper elaborates the problem of achieving a 
sheet bending angle of 90° upon springback in combined 
forming tools according to the process of bending sheet 
metal in two stages. By the initial bend, in the process of 
bending sheet metal in two stages, sheet metal is pre-
deformed to an angle α1', which then along with the punch 
moving toward the die allows bending angle greater than 
90° or compensation for the springback of the sheet 
metal[1]. The method of bending sheet metal in two 
stages consists of two operations, which are carried out in 
two successive working strokes of the bending tool [1]. 
The developed method provides, on the basis of the 
obtained experimental data, simulation and prediction of 
the technological parameters of the bending process. 

A bending angle of a 90° bend is very often required 
in progressive tools but difficult to attain in practice due 
to the phenomenon of springback of sheet metal [1]. It is 
known from the theory that the mentioned angle is more 
difficult to achieve, and angles greater than 90° are 
impossible to make in a single step with only one bending 
of the sheet metal [1]. The level of springback depends on 
each material separately. In those materials which are 
now mostly used for such products it amounts to around 
2° to 5° [1÷3]. The springback effect is a result of a 
reversible elastic strain recovery that takes place when the 
tools are removed and the unloading of the formed part 
completed [4]. 

Pahole et al. [1] among the first described and 
implemented the method of sheet metal bending in two 

stages for 90° angle and more. Thus, bending in two 
stages results in bending at an angle of 90° according to 
the "tractrix" principle. The idea of an unknown author 
has been developed and used for bending angles greater 
than 90° [1, 2]. Although the name of the method contains 
the notion of the "tractrix" curve on the active edge of the 
punch, the respective curve was not used but only its 
approximation [1]. Therefore, it can be concluded that the 
bending at a 90° angle according to the "tractrix" 
principle bears certain similarities to wipe bending [5÷8]. 

An important aspect for an adequate application of 
the method was also a developed and manufactured test 
tool for bending sheet metal. Various types of sheet metal 
have undergone testing on the test tool. When monitoring 
the process of sheet metal bending, the parameters were 
measured and recorded as follows: pre-bending angle, die 
shift in the second bend, sheet thickness, yield strength, 
tensile strength and the final bend angle. After a thorough 
analysis and verification of the measured parameters and 
by using the artificial intelligence–neural network, an 
intelligent method was implemented in order to predict 
the final bend angles in the process of bending sheet metal 
in two stages. 

In 1958, Gardiner [9] already established a 
generalised mathematical assessment of correction of 
material springback for bending of various materials [10]. 
The work of Gardiner was continued in 1981 by Johnson 
and Yu [11] who discussed the theoretical analysis of 
elasto-plastic bending of a rectangular plate about two 
axes. An experimental study on edge flanging of sheet 
metal, also called wipe bending, was conducted by Davies 
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and Liu [12]. A model for flanging straight edges was 
developed by N. Wang [13], [10]. By making a more 
extensive use of the finite element method (FEM) for 
studying and researching sheet metal forming, Nagtegaal 
and Taylor [14] designed a very effective way of 
controlling and monitoring of the calculation of material 
springback by an implicit method [10]. Livatyali and 
Altan [15] designed a computer-aided method for straight 
flanging of sheet metal with the help of the finite element 
method. Ling, Lee and Cheok [10] found out that the 
geometry, that is the form of the tool for separate 
products, experiences many iterations and simulations in 
the stage of searching for and eliminating errors before 
attaining a geometry which is satisfactory and adequate. 

Thus, the main objective of the paper is to discuss the 
presented bending to an angle of 90° and the developed 
intelligent method for predicting the final bend angle. 
 
2 Description of the process of sheet metal bending in   

two stages 
  

It is evident from Fig. 1 that sheet metal is bent to an 
angle of about 45° during the first step, and to its final 
dimension during the second step. With an appropriate 
spacing between the second die and the punch it is 
assured that the sheet metal, i.e. the workpiece, is bent in 
the first step in the area which is then "drawn" around the 
bend radius in the second step [1]. 
 

 
Figure 1 The first stage of bending (i.e. pre-bending) with the presented 

basic parameters of the tool in the first bend 
 

In the second step, it is necessary to provide for 
clearance in order to bend the sheet metal to an angle 
greater than 90°; this is the negative angle on the die [1]. 
The mentioned withdrawal or release of the second die 
ensures that the sheet metal part can be bent over the 
required angle and then, after unloading and elastic 
springback, obtain the required dimension (Fig. 2). By 
varying the height of the bending punch, the size of the 
desired pre-bending angle can be controlled quickly and 
effectively (Fig. 1). In the second step, the punch always 

moves over the bending radius, so that at this stage, the 
very pre-bending angle is not set [1]. 
 

 
Figure 2 The second stage of bending with the presented possible 

directions of the shift of the second die and the shift of the sheet metal in 
the second die 

 
When analysing the method, it is assumed that the 

shape of the punch curve has no significant impact on the 
final result. Other authors have stated in their analyses of 
springback in sheet metal forming that friction does not 
significantly affect springback, but the radius of the die 
and the clearance between the punch and the die are the 
ones having the greatest impact [10]. Greater clearances 
between the punch and die mean more springback(s) of 
sheet metal. Smaller clearances between the punch and 
the die, on the other hand, cause more internal stress of 
the sheet metal piece, which reduces the relative influence 
of the elastic deformation [1, 10]. 

The operation of bending sheet metal in two stages 
consists of two operations, which are carried out in two 
successive working strokes of the bending tool[1]: 
• Pre-bending – bending to the angle α1'. The stroke of 

the bending punch is adjusted in order to attain the 
desired pre-bending angle α1'. 

• Final bending – bending at a changed position of the 
bending punch and the die.  
 
The angle of the first bend α1' and the punch-die 

clearance Z in the area between the bending punch and the 
die in the second bend may be adjusted, resulting from the 
geometries of active parts of the tooling. Insufficient 
clearance between the punch and the die is not 
recommended, whilst the maximum value of the clearance 
is selected for the largest possible bending angles. It is 
relatively simple to adjust the bending angle α1' without 
having to significantly adapt the tool. The angle α1' is 
controlled by the stroke of the bending punch, whilst the 
angle of the second bend α2' is controlled by the clearance 
Z [1].  
 
3 Test tool for sheet metal bending in two stages 
 

The test tool for testing sheet metal bending in two 
stages was purpose-designed. The purpose of its design is 
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mainly reflected in its applicability for testing and 
verifying sheet metal bending in two stages. Firstly, the 
design of the test tool was prepared. Technical literature 
and scientific articles were consulted dealing mainly with 
the wipe bending of sheet metal [16, 17].  Basically, the 
tool consists of upper and lower parts. 

The successful designing of the tool was followed by 
its construction. The test tool was designed using the 
CATIA V5R20 software package. The test tool is divided 
into upper and lower die shoes. In order to facilitate 
differentiation, the upper shoe of the test tool is further 
divided into fixed and moving parts. Fig. 3 shows the 
model of the test tool for bending sheet metal over two 
stages. 
 

 
Figure 3 Design of the test tool model from an isometric view 

 
After successfully completing the assembly of the 

upper shoe of the test tool for bending in two stages and 
the previously completed assembly of the lower shoe of 
the test tool, an initial testing of the tool and then testing 
of sheet metal bending were carried out (Fig. 4). 
 

 
Figure 4 The upper and lower shoes of the tool before testing the sheet-

metal pieces during the process of bending in two stages 
 
4 Tests and measurement results 

 
This section describes the tests performed on the test 

tool for bending sheet metal in two stages. A total of 68 
tests were carried out on four types of sheet steel. The test 
pieces of the sheet metal were bent using a hand-press. 
The measuring devices used for measuring the individual 
parameters of the tests were: a digital movable measuring 
tool, protractor and occasionally also micrometres for 

separate measuring ranges. The accuracy of the digital 
movable measuring tool was 0.005 mm, of the protractor 
0,01°, and of the micrometers between 0,001 mm and 
0,01 mm. 

When testing the sheet metal bending in two stages, 
four important elements were measured or determined as 
follows: 
• height of the first punch  during pre-bending, 
• pre-bending angle, 
• shift of the second die during the final bending stage, 

and 
• measuring of the final bend angle. 

 
The experiments were divided into two phases. The 

first phase included determining the appropriate height of 
the first punch and consequently the desired pre-bending 
angle. During the second phase, the optimal clearances of 
the second die were sought for, in order to obtain the 
specified final bend angles.The optimum clearance of the 
second die in a given case means a clearance between the 
punch and the die in the second bending stage by which 
the final bend angle of 90° is achieved. 
 

Table 1 Strength characteristics of martensitic steel SSAB Docol 
1200M [18], steel sheet DC06 [19], micro-alloyed steel HX340LAD 

[20] and steel sheet DX 52 D +Z [19] 
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Figure 5 Dimensions of sheet-metal parts and illustration of test sheet-

metal parts before testing them on the test tool 
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The tests for the development of intelligent 
simulation for predicting sheet metal bending in two 
stages were carried out on the basis of a minimum number 
of experimental data obtained on four types of metal: 
SSAB Docol 1200M, DC06, HX340LAD and DX 52 D + 
Z (Tab. 1). 

As illustrated in Fig. 5, sheet-metal parts with 
dimensions of 100 × 40 mm and various thicknesses were 
inserted into the test tool. At a length of 60 mm from the 
starting edge of the sheet-metal part the radius was 3 mm, 
resulting in the process of bending sheet metal in two 
stages on the test tool (Fig. 5). 

The measured pre-bending angles during the first 
stage of bending individual test sheet-metal parts ranged 
between 9° and 83,5°. A total of 68 pre-bends of test 
sheet-metal parts were carried out and later the same 
number of bends over the second stage. 

During the second bending stage, three values were 
measured: the final bend angle, the shift of the second die 
and the shift of sheet metal in the second die. These data 
were recorded on the test sheet metal parts (Tab. 2). 

 
Table 2 The more relevant test results of bending over two stages for 

different types of sheet metal 
Material α

1
' (°) Z (mm) t (mm) Rp0,2 (MPa) Rm (MPa) α

2
' (°) 

Docol 
1200M 
(1 mm) 

65,2 3,9 1 1128,1 1326,8 90,4 

DC06 
(1,5 mm) 50,6 3,45 1,5 152 298,4 90,25 

HX340LAD 
(0,8 mm) 58,2 2,8 0,8 323 433,7 90,00 

DX 52 D 
+Z (1 mm) 45,0 2,9 1 140 270 90,00 

 
5 Predictions of technological parameters of sheet metal 

bending in two stages 
 

The use of a neural network when predicting the 
technological parameters of sheet metal bending over two 
stages was influenced by a number of factors. The first 
factor was that there was no analytical formula available 
for predicting technological parameters, which would 
predict the final results of the process on the basis of 
influential quantities. The neural network has proven 
itself to be a good tool for searching and predicting the 
technological parameters of bending over two stages, 
which is substantiated below. This study also addresses 
the complex problem of bending sheet metal over two 
stages, which has not yet been described analytically or 
investigated in detail. 

Therefore, a neural network was designed to select 
the final angle of the bend under a specified pre-bending 
angle, die shift in the second bend, sheet thickness, yield 
strength and tensile strengths of each part. The objective 
of the neural network was to choose the optimum value of 
the final bend angle within the given parameters. The 
neural network has one output – that is an adequately 
selected final bend angle after unloading. As the input to 
the neural network, data affecting the selection of the final 
bend angle are used on the process of bending over two 
stages. 

For the neural network, five different inputs are used 
altogether marked α1', Z, t, Rp0,2, and Rm. The inputs to the 

neural network and their markings are shown in Tab. 3.  
 

Table 3 Overview of inputs to the neural network 
Input marking Meaning 

α1' pre-bending angle in (°) 
Z die shift in the 2nd bend in (mm) 
t sheet metal thickness in (mm) 

Rp0,2 yield stress in (MPa) 
Rm tensile strength in (MPa) 

 
The final bended angle α2' is the angle obtained 

during the second stage of bending, which represents the 
last stage of bending over two stages. For the final bend 
angle, the values were measured within the range of 77,2° 
to 93,3°. When further testing the system for simulation 
and prediction using the neural network, the relevant 
values for setting the tool parameters were sought after. 
These were the values required to obtain the 90° final 
bend angle. Within the system for simulating and 
predicting   the final bend angle using the neural network, 
the mentioned angle acted as an output. 
 The die shift Z during the second bending stage 
represents the shift of the second die depending on the 
location of the sheet bend, and thus an input to the neural 
network. The value of the shift during the second bending 
stage is considered in a way that the shift of the second 
die is added the value of the movement of sheet metal in 
the second die. The values of the die shift in the second 
stage of bending ranged from 2,65 mm and up to 3,95  
mm. 

The pre-bending angle α1' is attained upon the first 
stage of bending. The respective angle is set by the height 
of the stroke of the first punch. Die shift Z at the second 
bending stage represents the clearance between the 
second die and the second punch which is also the input 
to the neural network. Sheet metal thickness t represents 
the input to the neural network, too. Settings of various 
sheet metal holders on the test tool are mainly affected by 
the thickness of sheet metal. The penultimate input to the 
neural network is yield stress Rp0,2 defined for each 
material separately. In general, lower yield stress allows 
for an easier initial plastic deformation of sheet metal 
when bending. The last input to the neural network is 
represented by tensile strength Rm. According to its 
general definition, tensile strength is considered a 
mechanical property of the material defining the size of 
the force or load at which the material is deformed 
permanently. 
 

 
Figure 6 Diagram of inputs and outputs of the neural network for 

predicting the final bend angle 
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5.1 Neural network for predicting the final bend angle α2' 
 

A neural network with five inputs and one output was 
used for predicting the value of the final bend angle. A 
diagram of the mentioned neural network is shown in Fig. 
6. 

The output from the neural network α2' means the 
predicted final bend angle at given parameters of the pre-
bending angle, die shift in the second bend, sheet 
thickness, yield stress and tensile strength. 
 
5.2 Neural network training 

 
The reliability of predictions using neural networks 

depends on their training. More examples in the learning 
database provide for greater reliability of the system 
[21÷25]. The training database consists of data obtained 
by means of experiments on the test tool. The database 
created on the basis of performed tests on the test tool is 
very reliable and representative at the same time, but only 
when the obtained test results are critically assessed. A 
specific part of training data required to teach the neural 
network are given in Tab. 4. 

 
Table 4 The more relevant part of the data for training and testing the 

neural network. 

Se
q.

 N
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of
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N
N
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(ta
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α1' 
(°) Z (mm) t (mm) Rp0,2 (MPa) Rm (MPa) α2' (°) 

1 13,7 2,9 1 1128,1 1326,8 77,3 …
 

10 63,8 2,9 1 1128,1 1326,8 86,9 
11 65,2 3,9 1 1128,1 1326,8 90,4 …

 

22 40,75 3,7 1,5 152 298,4 89,25 
23 43 3,6 1,5 152 298,4 89,7 
24 45,8 3,6 1,5 152 298,4 89,8 …

 

29 69,25 3,35 1,5 152 298,4 91,75 …
 

57 46,3 2,9 1 140 270 90,4 …
 

 
Training and testing of the neural network was 

carried out on 68 samples. It should be noted that the 
system has been designed to be suitable for training the 
neural network by implementing a database for different 
values of the input data [26÷30]. 

In relation to Tab. 4, the measurements listed under 
sequence numbers 22, 29 and 57 are excluded from the 
learning database as they are later used for testing the 
system. These three measurements were selected 
randomly by using the neural network and represent 5 % 
out of the total 68 samples. So, the total amount of 
learning samples was 65 as the three randomly selected 
samples were intended for testing of the neural network. 

For example, the training data under the sequence 
number 24 of the Tab. 4 is presented. In this learning 
event, the desired output (target) takes the following 
form: 

• Output vector (target) for the final bend angle α2' at 
α1' = 45,8°, Z = 3,6 mm, t = 1,5 mm, Rp0,2 = 152 MPa, 
Rm = 298,4 MPa and Tα2'  = 89,8°. 
 

 
Figure 7 Diagram showing e-learning performance of the neural 

network by presenting the convergence of the learning error 
 
Prediction of the final bend angle in the process of 

bending over two stages was performed by using a feed-
forward neural network with one hidden layer. The input 
layer of the neural network has five neurons (five inputs). 
There are ten neurons in the hidden layer and one neuron 
in the output layer. In the end, there is one output from the 
neural network representing the predicted final bend 
angle. A part of the learning database, which was used to 
train the neural network, is shown in Tab. 4. The learning 
performance of the neural network is graphically shown 
in Fig. 7, which also shows how the mean square 
deviation from the real value decreased with every 
learning step. The diagram in Fig. 7 shows that the 
learning error amounted to 0,04 at the twentieth step. 

The application was entirely implemented in the 
Matlab R2009b development environment. 
 
5.3 System testing with real experiments on the tool 

 
Testing of the system was done in a way that 

adequate parameters of sheet metal bending over two 
stages were predicted using the neural network, which 
were then verified by practical tests on the test tool. 

Selection and determination of the input data for 
predicting the final bend angle are described below. The 
input data to the neural network must be written in a 
specific sequence. The value of the final bend angle is 
predicted by the output from the neural network. Both, the 
input and the output values of the neural network are used 
when setting up the test tool, in order to achieve the 
desired or required final bend. Setting of individual 
parameters or values on the test tool must be accurate in 
order to obtain the desired or predicted values. When 
testing the predicted final bend angle, the sheet metal is 
first pre-bent to a certain value. Then, the shift of the die 
is set for the second bending. When predicting and testing 
the final bend angle on the tool, the input data are 
determined first and then the predicted final bend angle is 
obtained at the output, usually ranging between 77,3° and 
93,3°. 
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Testing of the final bend angle on the tool for bending 
sheet metal over two stages, and before that, its prediction 
using the neural network is given in Tab. 5.  

The error between the predicted results using neural 
network shown in Tab. 5, and the tests carried out on the 
test tool for the final bend angle amounted to 0,01°. 

 
Table 5 Values of predicting and testing on the tool for the final bend angles α2' 

Seq. 
No. Material Input of the neural network (NN) Output of the 

NN α2' (°) 
Tests on the tool 

α2' (°) 
Difference 

α2' (°) α1' (°) Z (mm) t (mm) Rp0,2 (MPa) Rm (MPa) 
1 DX 52 D +Z (1 mm) 60 2,9 1 140 270 90,24 90,25 0,01 
2 DC06 (1,5 mm) 65 3,45 1,5 152 298,4 90,41 90,42 0,01 
3 HX340LAD (0,8 mm) 50 2,75 0,8 323 433,7 90,56 90,56 0 
4 Docol 1200M (1 mm) 70 3,9 1 1128,1 1326,8 90,65 90,65 0 

 
The results of the predictions proved to be 

sufficiently reliable because there were no major 
discrepancies between the predicted results and the results 
obtained by testing on the test tool. It can be concluded 
that the systems and neural networks predict the final 
bend angle well. 
 
6 Conclusion 

 
The presented intelligent method for predicting the 

final bend angle is universal, applicable in practice and 
allows for further upgrading and scientific analysis. From 
a scientific point of view as well as from the perspective 
of its application in practice, it is particularly important 
that the collected data are real and considered on the test 
tool for bending sheet metal over two stages. In practice, 
the intelligent method for predicting the final bend angle 
enables a reduction of the number of tests of sheet metal 
bending in particular, as well as the need for prior 
technical knowledge of sheet metal bending. This system 
of intelligently predicting the final bend angle is simple, 
robust, user-friendly and cost-effective. Further research 
into sheet metal bending over two stages would be 
particularly meaningful towards expanding the existing 
database for training with more different types of sheet 
metal. A more extensive database would further enhance 
the usefulness and reliability of the system. Future 
research could include modifying or searching for other 
potential influential quantities, which could have a 
significant impact on the process of bending sheet metal 
over two stages itself. In view of further research it would 
also be possible to modify or adjust the individual tool 
parameter settings and improve the construction of the 
test tool. 
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