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Abstract- Dieless incremental sheet metal forming is restricted by different effects. The limited maximum wall angle and a 
reduced surface quality of the deformed areas are the common issues in single point incremental sheet forming. Using a 
three-layer back propagation neural network (BPNN) and genetic algorithm (GA), a second order mathematical prediction 
model is established in this paper to predict and optimise both the wall angle and surface roughness for the material Al5052 
alloy sheets in relation with five common SPIF forming parameters: vertical step size, lubrication, spindle speed, tool 
diameter and feed rate. The main contribution of this work to Single stage SPIF was the successful manufacturing of a Cone 
shaped parts with almost vertical walls (71.6◦). As a failure criterion for formability prediction in sheet metal forming 
process, the conventional Forming Limit Diagram (FLD) is often used. To determine the forming limits and the fracture 
points, FLD is constructed for 27 different parameter combinations.  
 
Keywords- Back propagation neural network, Forming Limit, Genetic algorithm, Single point incremental forming 
 
 
I. INTRODUCTION: 
 
Incremental forming is a flexible sheet metal forming 
process which uses simple generic and cheaply made 
tools to locally deform a sheet of metal along a 
predefined tool path without counting on dies. The 
process is carried out at room temperature (cold 
forming) and requires a CNC machining centre, a 
round tip tool and a simple support to fix the sheet 
being formed. However, the inability to achieve 
required geometric accuracy and the lack of adequate 
fracture prediction tools for the process has hampered 
the adoption of this process by industry. 
 
Nowadays, fast-moving competitive markets force 
the production community to design and manufacture 
more customised products, with well defined 
properties, in a shorter time, by lower costs. Within 
this context, rapid prototyping is highly desirable 
because the manufacturing of functional prototypes 
speeds up the time to market. But even rapid 
prototyping and particularly the rapid prototyping for 
sheet metal components, implies high costs because 
the available methods require expensive tooling and 
machinery. Nevertheless, some rapid prototyping 
techniques, without dedicated tools, for sheet metal 
have been developed. One of them is the single point 
incremental forming (SPIF). 
 
The effect of process parameters of Single Point 
Incremental Forming (SPIF) —tool type, tool size, 
feed rate, friction at the interface between tool and 
sheet, plane-anisotropy of sheet on the formability 

was investigated by Y.H. Kim et al [1]  by 
performing a series of the straight groove tests and 
FEM analyses. Two types of tools were tested with 
and without lubrication: the ball tool and the 
hemispherical head tool. Tool sizes of 5, 10 and 15 
mm in diameter and feed rates of 0.1, 0.3 and 0.5 mm 
were tested. It was found that the formability is 
improved when a ball tool of a particular size without 
lubricant instead of hemispherical tool with a small 
feed rate and a little friction at the tool/sheet 
interface. Due to the plane-anisotropy, the formability 
differs according to the direction of the tool 
movement. With the configurations of the sheet used 
in the experiment, the best formability was obtained 
with the 10 mm tool. 
 
M. Durante et al [2] made a comparison between the 
analytical and the experimental values of the surface 
roughness of components created by incremental 
forming. A prediction model was proposed for the 
evaluation of two parameters- amplitude and spacing 
of the surface roughness depending on the tool radius, 
the vertical step and the slope angle of components 
created by incremental forming. Sheets of 
AA7075T0, 1mm thick, three different radii, that is 
2.5, 5 and 7.5mm, and three vertical steps equals to 
1/3, 2/3 and 1mm ; slope angles of 50◦, 55◦ and 60◦ 
were  used. It was found that roughness increases 
with vertical step and decreases with slope angle and 
tool diameter. 
 
H. Meier et al made both theoretical and experimental 
investigations on the influence of superimposed 
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pressure induced by two moving forming tools. It has 
been verified that the surface finish and maximum 
forming angle, can be improved, dependent on the 
applied force and the relative position of the two 
tools. Sheets of Aluminium alloy Al-Mn 99.8 1hh, 
tool with a tip radius of 6 mm and an infeed in depth 
direction of 0.5 mm per revolution have been used. In 
SPIF, a maximum draw angle of 64◦ and in DPIF for 
the controlled superimposed pressure an angle of 72◦ 
has been achieved. These test results verify an 
increase of 12.5% of the achievable formability by 
superimposed pressure in incremental sheet metal 
forming. 
 
In SPIF the sheet thickness is reduced due to the local 
forming. The sine law, known from shear spinning, is 
a good approximation to describe the remaining wall 
thickness dependent on the local draw angle α. It is 
recognized that the material behaviour and maximum 
formability in SPIF can be described by the 
maximum value of the draw angle α . As α 
increase, the thickness reduction reaches a limit 
where fracture occurs as a consequence. M. Ham et al 
[4] insisted that the parts with α  are the optimal 
choice as the greatest deformation is achieved in 
these parts and thus the largest strains or limiting 
strains have incurred during forming. 
 
Dependent on the material and the forming 
parameters, H. Meier et al [3] found that a maximum 
draw angle α of about 65° can be achieved in a single 
forming step. But in most industrial parts much 
higher values are necessary.  
 
Another issue in SPIF is the commonly reduced 
surface quality. On the side on which the forming tool 
is acting, grooves and scratches can be found in 
moving direction. Their depth is dependent on the 
tool radius and the infeed. Stretcher strain marks 
occur on the free surface. As per the study made by 
M. Durante et al [5], surface roughness of mean 
values of 4–12µm for sheet metal forming processes, 
in incremental forming is regarded as a weak point 
compared to the traditional processes; consequently, 
the possibility to predict the surface roughness values 
in incremental forming can result useful, in order to 
control this important target. 
 
 Studies by K. Hamilton, et al [6] have shown that the 
internal roughness is affected primarily by the tool 
radius, r, and step size, h. However, other factors such 
as, material thickness and type as well as forming 
angle, rotational speed (S) and feed rate (F) likely 
contribute to both the internal and external roughness. 
Negligible focus has been given to the external 
surface finish particularly in understanding how 
forming parameters influence the roughness. To 
obtain better understanding of surface characteristics 
at higher forming speeds (feed and rotation), K. 
Hamilton et al [6] conducted a speed study after a 

Design of Experiment (DOE) methodology. It was 
found that increasing the S/F ratio will increase the 
contact heating; however, there is no effect on orange 
peel beyond the point where S/F>5. 
 
Therefore, due to the existence of above mentioned 
two effects, the precision of products formed are 
severely affected. How to effectively control wall 
angle and surface roughness has been the key issue. 
So, in order to accurately control them, a second 
order mathematical  prediction model of wall angle 
and surface roughness, taking step size, lubrication, 
spindle speed, tool diameter and feed rate as the 
model input, is established in this paper.  
 
As the outputs of the non-linear model, is too difficult 
to be calculated exactly by table checking and 
experience, artificial neural network happens to map 
the non-linear relationship as per Zemin Fu et al [7]. 
In recent years, much work has been investigated on 
the application of BPNN (back propagation neural 
network) for optimizing the forming process, for tool 
wear monitoring, and for parameter diagnose. 
However, BPNN is prone to getting into local 
extreme and convergence is slow. To overcome these 
drawbacks, this study attempts to combine GA 
(genetic algorithm), avoiding local minima and 
achieving global convergence quickly and correctly 
by searching in several regions simultaneously, with 
BPNN to minimize the total mean squared error 
(MSE) between actual output of the network and the 
desired output. 
 
II. WALL ANGLE MODEL 
 
The SPIF process involves various parameters, such 
as the tool path, sheet material, forming angle, tool 
size, step size, forming speeds (rotation and feed 
rate), lubrication, and shape. The forming angle is 
affected by these parameters, the influence degree is 
various. On the base of experimental verification and 
orthogonal test analysis, the five most significant 
influential factors are considered here: step size (v), 
lubrication (l), spindle speed (s), tool diameter (d) and 
feed rate (f). However, other parameters with 
comparatively minor influence like normal 
anisotropy, strain hardening exponent, etc., are 
ignored. Therefore, forming angle (α) is related to the 
above five factors.  
 
III. LIMITING MULTIPLE WALL ANGLE 
TEST 
 
When forming through SPIF for a given material and 
thickness, maximum forming angle can be easily 
calculated with the help of wall angle test in which 
the angle is continuously increased along with the 
depth and during that keeping all the other parameters 
constant. Forming limit tests typically started with the 
formation of a cup with a 10° wall angle but since the 
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maximum forming angle is established to be 65°, this 
test will start with 60° with an increasing wall angle 
of 1° to determine wall angle with the accuracy of 1. 
Then, successive cups with an increasing wall angle 
were made. The forming limit is the angle at which 
the sheet fractured. The CAD of one such cone 
formed upto 64° with a diameter of 54mm and depth 
of 16mm is shown in figure1. The utilised sheet metal 
properties and levels of parameters are shown in table 
1 respectively.  
 

 
Figure 1:  Cad profile of trial part 

 
Material AA 5052 
Cross section 150x150x1mm 
Density 0.097 (lb / cu. in.) 
Ultimate Tensile Strength  193 MPa 
Tensile Yield Strength 89.6 MPa 
Modulus of Elasticity 70.3 GPa 

Table 1: Properties of the sheet metal used 
 
IV. EXPERIMENTAL SETUP: 
 
All the tests were performed at Oxford Engineering 
Works, Ariyamagalam on 3 axis Bharat Fritz Werner 
Machining centre. The forming tools used were made 
from hard carbon steel with carbon steel ball attached 
to it by means of white grease. The working area of 
the forming process was 120 mm by 120 mm. Figure 
2 shows the experimental setup. Experiments are 
conducted as per Taguchi’s L27 design and the 
corresponding wall angles are measured using co-
ordinate measuring machine. 
 

 

 
Table 2: Parameter level setting 

 

 

 
Table 3: Experimental result with wall angle as 

output 
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V. ESTABLISHING THE WALL ANGLE 
MODEL WITH GA AND BPNN: 
 
Artificial neural networks are a large class of parallel 
processing architectures, which can mimic complex 
and non-linear relationships through the application 
of many non-linear processing units called neurons. 
The relationship can be ‘learned’ by a neural network 
through adequate training from the experimental data. 
Artificial neural network provides a parameterized, 
non-linear mapping between inputs and outputs. It 
has the inherent capability to deal with fuzzy 
information, whose functional relations are not clear. 
Neural networks are clearly extremely useful in 
recognizing patterns in complex data. In the 
developed model, to avoid overfitting , the 
experimental data are divided into two sets, a training 
dataset and a testing dataset. The model is produced 
using only the training data. The testing data are then 
used to check that the model behaves itself when 
presented with previously unseen data. In addition, 
the proper selection of the number of neurons in the 
hidden layer can avoid the over fitting of neural 
network effectively. After different neuron numbers 
in the hidden layer are tried, when the number is 5, 
the mean absolute error of the training data and 
testing data is at a minimum as shown in figure 3. 
 
In this work, maximization of wall angle problem 
must be formulated in the standard mathematical 
format as below. 
Find: d, f, v, s, l 
Maximize: wall angle (d, f, v, s, l)   1(a) 
with respect to the to the constraints 
 8 ≤ d ≤ 12                 1(b)
 300 ≤ f ≤ 900    1(c) 
 1 ≤ v ≤ 2    1(d) 
             300 ≤ s ≤ 600        1(e) 
       l = oil, whitegrease or dry   1(f)  
 
The wall angle obtained from experimental results for 
different combinations of parameters is given as input 
to the BPNN network developed and outputs are 
predicted which in turn fed as input to Minitab 
software, and a second-order mathematical model for 
predicting wall angle is developed 
 

 
Figure 3: Architecture of three-layer BPNN for wall angle 

prediction with oil as lubricant 
 
 The performance plot, the Regression plot and 
results of the network trained are shown in figure 4. 

 
 

 
 

 

 
Figure 4- (a) Performance plot, (b) Regression plot, (c) Results 

of the trained network (d) Result of tested network. 
 
The developed mathematical model of wall angle for 
lubricant as oil white grease and without any are  
given below. 
 
For oil as lubricant: 
z = 154.912− 12.2552x − 0.0338455 x

+ 11.4398x − 0.101282x
+ 0. 583987x + 0.000030289x
− 8.4662x + 0.000114104x  

     -2(a) 
 
For white grease as lubricant: 

z = 25.9722 + 6.98943x − 0.00885383 x
+ 5.83673x + 0.0370472x
− 0. 370125x + 0.00001375x
− 5.3912x + 0.0000491533x  

    -2(b) 
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For without any lubricant: 
z = 38.0132− 1.97297x − 0.002351 x

+ 26.3808x + 0.060908x
+ 0.162233x
+ 0.00000160815x
− 11.0525x − 0.0000648963x  

    -2(c) 
 
Using the Matlab optimization toolbox, several 
combinations of values for forming conditions in 
order to present optimal results were tried. The best 
combination of these values will lead to the 
maximum wall. The critical parameters in GA are the 
size of the population, mutation rate, and crossover 
rate. Their values are given in Table 4. 
 

Parameters Setting value 
Population size 100 
Crossover rate 0.8 
Mutation rate 0.007 
Selection  Roulette wheel 
Generations 400 

Table 4: Critical parameters in GA 
 
Using the fitness functions formulated in Eqn (2a), 
the constraints of forming conditions formulated in 
Eqs.1 (b), 1(c), 1(d), 1(e) and 1(f), and the GA 
parameters given in Table 4, optimization of wall 
angle was attempted. For this, MATLAB 
optimization tool box is used. Results are shown in 
Fig6.  These pertain to forming of AA 5052 with oil 
as lubricant. Figure 5 represents the convergence of 
fitness values to the optimum level after 300 
iterations. Similarly, the optimum wall angle formed 
in case of white grease and dry lubricant are 69.56° 
and 67.17° respectively proving that oil is much 
better condition. 

 

 
Figure 5: The convergence of fitness values to the optimum 

level 
 

 
Figure 6: Optimised wall angle for oil as lubricant 

Optimised parameter level: 

Parameter Level 
Tool Diameter (mm) 8 
Feed (mm/min) 900 
Vertical Step size (mm/pass) 1 

Spindle speed (rpm) 600 
Maximum wall angle 71.6° 

 
Straight Groove Test: 
In this test, AA 5052 sheet blank of cross section of 
150x150x1mm is clamped in a simple fixture and a 
deep straight groove of 40mm  is formed through to 
and fro motion of forming tool as shown in figure 14. 
The forming is performed till the sheet fracture 
occurs at the corner. The strains around the fracture 
are measured and are plotted in the major-minor 
strain space. Through this test, Surface roughness 
optimisation, strain measurement, Fracture pattern 
determination are analysed. 
 

 
Figure7:  the Straight Groove test setup 

 
 
VI. FORMING LIMIT DIAGRAMS 
 
FLD are plots of major and minor principle strains 
which show a defined state and failure zone with the 
measurement made just outside the fracture zone. 
Forming limit curve (FLC) shows on diagram two 
areas of inadmissible (up the curve) and admissible 
(under curve) deformations in term of acceptable 
definition about limit state. FLC shows limit of this 
two areas and determines critical deformations for 
given limit state. Safe drawing zone – area under 
limit deformations curve correspond to the area of 
admissible deformations and area up the curve shows 
a zone of inadmissible deformations in drawing 
process. The FLD and strain distribution for SPIF 
were determined following the Hecker’s simplified 
technique, involving three stages: (i) a circular grid 
path of 2 mm diameter inside a 3mm square was 
printed on the sheet surface using laser, (ii) 
performing straight groove test on the grid marked 
samples till failure (iii) measurement of strains. 
 
VII. EXPERIMENTAL DETAIL 
 
Same setup as shown in figure 2. The parametric 
setting of the forming parameters is shown in table 5. 
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Ma
teri
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T
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pe 
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s 
(m
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Too
l 
Dia
met
er 
(m
m) 

Fee
d 
(m
m/m
in) 

Vert
ical 
Dept
h 
(mm
/pas
s) 

Spi
ndl
e 
Sp
eed 
(rp
m) 

Lub
rica
nt 

Al 
505
2 

B
al
l 

1 8 300 0.2 30
0 

Oil 

10 600 0.4 45
0 

Whi
te 
grea
se 

12 900 0.6 60
0 

Dry 

Table 5: The parametric setting of the forming 
parameters 
 

S.
N
o 

Tool 
Diam
eter 
(mm) 

Fee
d 
(m
m/
min
) 

Verti
cal 
Depth 
(mm/
pass) 

Spind
le 
Spee
d 
(rpm) 

Lubr
icant 

For
mab
ility 

1 8 300 0.2 300 oil 1.22
6 

2 8 300 0.2 300 whit
e 
grea
se 

1.19
84 

3 8 300 0.2 300 dry 1.09
474 

4 8 600 0.4 450 oil 1.29
584 

5 8 600 0.4 450 whit
e 
grea
se 

1.28
28 

6 8 600 0.4 450 dry 1.18
61 

7 8 900 0.6 600 oil 1.10
54 

8 8 900 0.6 600 whit
e 
grea
se 

1.20
84 

9 8 900 0.6 600 dry 1.38
52 

1
0 

10 300 0.4 600 oil 1.10
24 

1
1 

10 300 0.4 600 whit
e 
grea
se 

.969
75 

1
2 

10 300 0.4 600 dry 1.11
24 

1
3 

10 600 0.6 300 oil 1.19
13 

1
4 

10 600 0.6 300 white 
greas
e .955

5 
1
5 

10 600 0.6 300 dry 1.51
64 

1
6 

10 900 0.2 450 oil 1.48
4 

1
7 

10 900 0.2 450 whit
e 
grea
se 

1.13
5 

1
8 

10 900 0.2 450 dry 1.47
98 

1
9 

12 300 0.6 450 oil 1.25
82 

2
0 

12 300 0.6 450 whit
e 
grea
se 

1.06
41 

2
1 

12 300 0.6 450 dry 1.23
86 

2
2 

12 600 0.2 600 oil 1.17
85 

2
3 

12 600 0.2 600 whit
e 
grea
se 

1.34
04 

2
4 

12 600 0.2 600 dry .989
3 

2
5 

12 900 0.4 300 oil 1.29
27 

2
6 

12 900 0.4 300 whit
e 
grea
se 

1.09
79 

2
7 

12 900 0.4 300 dry 1.27
04 

Table 6: Experimental results with formability as 
output 

 
VIII. FLD CONSTRUCTION 
 
After sheet metal is formed the marked circles will 
deform into eclipses of different sizes. Strain is 
calculated from the following formula. 
 

Major Strain ∈

=
Major axis length− Original Circle Diameter

Original circle Diameter  

Minor Strain ∈

=
Minor axis length− Original Circle Diameter

Original circle Diameter  

 
Theoretical fracture strains are determined using the 
normalized Cockroft– Latham criterion 
         ∈ +∈ =∈     3(a)  
 
In Eq. 3(a), ∈ and ∈ are the major and minor 
principal strains respectively and ∈  is the fracture 
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strain. Figure shows the FLD constructed for 27 
different combinations of forming parameters. The 
area below the lower line of the curve is the safe 
working zone for the sheet for all possible 
combinations of the strains. Above the upper line of 
the curve, the sheet metal is certain to fail by fracture. 
The area within the curve represents the critical 
region where the sheet is likely to develop the onset 
of failure. 
 

 
Figure8: FLD diagram 

 
From FLD, it can be inferred that Trial 18 and Trial 
11 exhibit the maximum and minimum formability 
window respectively. The maximum major and minor 
strains achievable in AA5052 under selected 
parameter setting are 1.447 and .6889 respectively 
inferred from figure 9(b). Similarly, the minimum 
major and minor strains achievable are 0.9401 and 
0.0112 respectively inferred from figure 9(a). 
 

 

 
Figure 9 (a) FLD for trial 11 (b) FLD for trial 18 

 
IX. RESULTS AND DISCUSSION 
 
A detailed experiment of 27 runs has been conducted 
to determine the maximum wall angle in AA 5052 
sheet. The optimised parameter setting has been 
established as tool diameter 8mm, feed rate 
900mm/min, Vertical step size 1mm, Spindle speed 
600rpm and lubrication – oil for the maximised wall 

angle 71.6. Figure 10a, shows the estimated response 
surface plot for wall angle formed in AA 5052  sheets 
with oil as lubricant and varying values of tool 
diameter and feed rate keeping vertical step size and 
spindle speed constant. It can be seen from this figure 
that wall angle decreases with increase in tool 
diameter. This may be because increase in tool 
diameter leads to lager contact area resulting in 
reduction in concentrated zone of deformation. It can 
also be seen that increase in feed and decrease in 
vertical step size increases wall angle from figure 
10(a) and (b) 

 
 

 
Figure 10(A): Effect of Tool Diameter and feed rate on wall 

angle with vertical step size 1.5mm, Spindle speed 450 rpm, oil 
as lubricant (b) Effect of vertical step size and spindle speed on 
wall angle Tool Diameter 10mm  and feed rate 600 mm/min oil 

as lubricant. 
 
Figure 11a, shows the estimated response surface plot 
for wall angle formed in AA 5052  sheets with  white 
grease as lubricant and varying values of tool 
diameter and feed rate keeping vertical step size and 
spindle speed constant. It can be seen from this figure 
that wall angle increases with increase in tool 
diameter upto certain point and then decreases. This 
is because larger tools have a bigger contact zone and 
tend to support the sheet better during forming. 
Furthermore, in case of larger tool diameters there is 
an increase in the amount of forming forces due to the 
increase in contact area between the tool and the 
metal plate. But, in case of small diameter tools there 
is a highly concentrated zone of deformation which 
results in high strains resulting in better formability.  
 
So, a trade-off is achieved between tool diameter of 8 
and 12mm with white grease as lubricant. It is 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,    Volume- 2, Issue- 5, May-2014 

Modelling and Optimization of Process Parameters of The Single Point Incremental Forming of Aluminium 5052 Alloy Sheet Using 
Genetic Algorithm-Back Propagation Neural Network 

 
62 

generally believed that formability increases with 
feed which is further proved by the figure 11(A). 
From, figure 11(b), it can be seen that by increasing 
the step size there is a decrease in the wall angle. 

 
 

 
Figure 11(A): Effect of Tool Diameter and feed rate on wall 
angle with vertical step size 1.5mm, Spindle speed 450 rpm, 
white grease as lubricant (b) Effect of vertical step size and 

spindle speed on wall angle Tool Diameter 10mm  and feed rate 
600 mm/min white grease as lubricant. 

 
Figure 12a, shows the estimated response surface plot 
for wall angle formed in AA 5052  sheets without any 
lubricant and varying values of tool diameter and feed 
rate keeping vertical step size and spindle speed 
constant. It can be seen from this figure that wall 
angle decreases with increase in tool diameter. This 
may be because increase in tool diameter leads to 
lager contact area resulting in reduction in 
concentrated zone of deformation. It can also be seen 

that increase in feed and decrease in vertical step size 
increases wall angle from figure 12(a) and (b). 

 
 

 
Figure 13(A): Effect of Tool Diameter and feed rate on wall 
angle with vertical step size 1.5mm, Spindle speed 450 rpm, 
without lubricant (b) Effect of vertical step size and spindle 
speed on wall angle Tool Diameter 10mm  and feed rate 600 

mm/min dry lubricant. 
CONCLUSION 
 
The research work developed in this project was 
aimed to analyze the formability limits and maximum 
wall angle feasible in aluminium metal sheets AA 
5052 during SPIF. For that 2 kind of tests were 
performed namely Limited Multiple wall angle test 
and Straight groove test for the purpose of 
determination of the maximum forming limit or 
maximum forming angles for the material tested. In 
this study, a second-order mathematical model using 
ANN was developed to predict the maximum wall 
angle formed in AA5052 alloy sheets. The developed 
model was further coupled with GA to find the 
optimum forming conditions leading to maximum 
wall angle. Further, it is concluded that using oil as 
lubricant has much higher positive impact on wall 
angle than using white grease. In terms of formability 
of the material, high level of formability are achieved 
as compared to conventional forming processes using 
SPIF and a 11% increase in wall angle has been 
marked. 

 
 
 

 


