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Abstract 
Incremental forming is a flexible sheet metal 

forming process which performed by utilizes 
simple tools to locally deform a sheet of metal 
along a predefined tool path without using of dies. 
One limitations of single point incremental 
forming (SPIF) process is the error occur between 
the CAD design and the product profile. This 
work presents the single point incremental 
forming process for produced pyramid geometry 
and studied the effect of tool geometry, tool 
diameter, wall angle, and spindle speed on the 
dimensional accuracy. Three geometries of 
forming tools were used in experimental work: 
ball end tool, hemispherical tool, and flat with 
round corner tool. The sheet material used was 
pure Aluminum (Al 1050) with thickness of (0.9 
mm). The experimental tests in this work were 
done on the computer numerical control (CNC) 
vertical milling machine. The products 
dimensions were measured by utilized the 
dimensional sensor measuring instrument. The 
extracted results from the single point incremental 
forming process indicated the best acceptance 
between the CAD profile and product profile was 
found with the ball end tool and diameter of (10 
mm), wall angle (50°) and the rotational speed of 
the tool was (800 rpm).  

 

Keywords: SPIF process, CNC milling 
machine, Dimensional accuracy. 
 
1 Introduction 

Single Point Incremental Forming (SPIF) 
process has been produced from sheet metal 
content spinning, sheet metal shear moving and 
hammering with included CNC system to control 
the forming tool motion [1]. SPIF is a 
comparatively recent bed sheet forming process 
which enables forming of complicated shapes 
without specific dies utilizing only a single point 
tool and a standard three-axis CNC machine [2]. 

SPIF is a progressive and adaptable bed sheet 
metal-forming technology that utilizations layered 
manufacturing basis. That changes the part 
geometry data for a several parameters of 2D 
layers, and after that the plastic-local deformation 
is done layer-by-layer over the CNC machine 
motions of the simple forming tool to 
manufacture products with complicated shapes as 
demonstrated in figure (1) [3, 4]. The main 
limitations of single point incremental forming 
process are bending of sheet occurs as a result of 
tool drawing effect; it can be minimized by using 
a backing plate, but this increases the costs of the 
operation, geometrical errors occur such as spring 
back, pillow effect and sheet bending as shown in 
figure (2) [5]. 
 

 
 

Figure 1: Representation of SPIF process [3]. 

108 
 



NJES Vol.21 No.1, 2018                                                          Bedan & Habeeb, pp.108-117 
 

 
Figure 2: Geometrical errors during the SPIF process [6]. 

 
 Many researchers studied the effect of SPIF 
process parameters on the dimensional accuracy; 
William L. Edwards et al [7] studied the influence 
of the SPIF processes parameters on the spring 
back of the polycarbonate sheet. The processes 
parameters were contained heat, feed rate, spindle 
speed, and vertical step. The results were 
indicated the increase in the feed rate and the 
spindle speed lead to decrease in spring back. And 
when applied the heat, the spring back was 
reduced. Halil Bayram and Nurullah Sinan Köksal 
[8] presented the forming of AA2024-T3 sheets 
by SPIF process and obtained the geometry of 
products. The processes parameters were vertical 
step, tool path, and lubrication type. And the 
rotational spindle speed, feed rate, wall angle, tool 
diameter, and coating of tool were constant. The 
dimensional accuracy were obtained used the 3D 
Laser Scanning method. The results are showed 
the spiral tool path was successful. Mariem 
Dakhli et al [9] studied the influenced of two 
geometries of the truncated cone on the 
geometrical accuracy. The sheet metal used was 
mild steel. The process parameters were 
thickness, vertical depth, feed rate, and spindle 
speed. The hemispherical tool with diameter (10 
mm) was used and the tool path type was spiral. 
Three-dimensional scanner was used to generate 
the profile of the manufactured surface and 
compared with the CAD profile. Zhengfang Li et 
al [10] presented the SPIF process for three types 
of the materials (1060 aluminum, Q235, and 
DC04 steel) and the influence of that on the 
geometrical accuracy. The height of specimens 
was different. The results showed that the strain 
strength coefficient and stepping rate are more 
effective factors on the geometrical accuracy. 
Zimeng Yao et al [11] studied the influence of 
vertical depth, thickness, wall angle, and tool 
diameter on the surface roughness, energy of 
deformation, and the geometrical accuracy in 
SPIF process. Cone parts were performed with the 
box-behnken design. The results indicated the 

optimum values of surface roughness (0.97 µm), 
deformation energy (1522.4 J), and the 
geometrical error was (1.939 mm). The data were 
optimized with vertical depth (0.5 mm), thickness 
(0.57 mm), wall angle (65°), and tool diameter 
(16 mm).  
  

2 Experimental Work 
2.1 Geometry Construction of Products 

The geometry of the formed products is 
pyramid shape with total depth of (35 mm) and 
with three different wall angle (45º, 50º, and 55º) 
as shown in figure (3). The CAD model of the 
products illustrated in figure (3) is created by the 
following steps: 
• Drawing the desired geometry of product by 

AutoCAD program and save the drawing in 
the extension format (dwg) for example (file 
name.dwg). 

• Opening the saved drawing in the Solid 
Work (2013) program and then save the 
drawing in the extension format (part) for 
example (file name.prt). 

• Opening the file name with the extension 
format (part) in the CAD/CAM package 
(Siemens UGS-NX9). 

 
2.2 Sheet Material 

The sheet material used in this work is pure 
Aluminum (Al 1050) with thickness of (0.9 mm). 
The initial dimensions of the blank were 
(225×225 mm). The chemical composition test 
was carried out in “State Company for Inspection 
and Engineering Rehabilitation (SIER)” and the 
results of this test are illustrated in the table (1). 
And the tensile test was performed at “University 
of Technology-Production Engineering and 
Metallurgy to obtain the mechanical properties, 
the dimensions of the tensile specimen are taken 
according to ASTM EM8 and the results are 
illustrated in the table (2). 
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Figure 3: The CAD geometry and tool path of products. 

 
Table 1: Chemical composition of the sheet material 

Material Al% Si% Fe% Cu% Mn% Mg% Cr% Ni% Zn% 

Al 
1050 

Measured 99.5 0.142 0.315 0.013 0.013 0.001 0.001 0.003 0.006 
ASTM 

Standard 
[12] 

≤99.5 ≤0.25 ≤0.4 ≤0.05 ≤0.05 ≤0.05 ≤0.03 ≤0.03 ≤0.05 

 
Table 2: Mechanical properties of the sheet material 

Material Yield Stress 
(MPa) 

Tensile 
Strength 

(MPa) 

Modulus of 
Elasticity 

(GPa) 

Elongation 
% 

Poisson’s 
Ratio 

Al 
1050 

Measured 71 86 72 4.1 

0.33 ASTM 
Standard 

[12] 
65-78 80-100 70-75 3.5-4.2 

 
2.3 Forming Frame and Forming Tools 

Forming frame was utilized to fixate the blank 
on the CNC milling machine table. Forming 
frame is consisting of several components as 
shown in the figure (4). The Forming tools were 
used in this work were three different geometries 
with different sizes to study the effect of these 
tools on the dimensional accuracy. The first type 
was ball end with three diameters of (8, 10, and 
12) mm. The second type was hemispherical 
shape with three diameters of (8, 10, and 12) mm. 
And the last type was flat end with round corner 
of different radius of (3, 4, and 5) mm. figure (5) 
was illustrated these tools.  

2.4 Design of Experimental 
In this work Taguchi’s (L9) orthogonal array 

was used for three types of tools. The processes 
parameters and levels for the ball end, 
hemispherical and the flat with round corner tools 
are illustrated in the tables (3, 4, 5, 6 and 7).  
2.5 Forming Tests 

The SPIF processes of this work were 
performed utilized the 3-axis “C-Tek” CNC 
milling machine as shown in figure (6). The feed 
rate of (800 mm/min) and vertical depth of (1/3 
mm) was used with all the tests. In this work, the 
lubrication type was used is PENNZOIL (SAE 
5W-30), which is selected according to literatures 
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researches. Figure (7) is shown the products, 
which was produced by the ball end, 
hemispherical, and the flat with round corner 
tools. 

 
3 Geometrical Accuracy Test 

In SPIF process, there is error between the 
product geometry and the desired geometry. This 
error is the distance between the designed profile 

and the experimental profile. Therefore, the 
measurement of the experimental profile is 
important. In this work, the experimental profile 
was measured by dimensional sensor which fixed 
on NC milling machine as shown in figure (8). 
The specifications of milling machine and 
MarTest device are illustrated in the tables (8 and 
9). 

 

 
 

Figure 4: Assembly view of the forming frame. 
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Figure 5: The tools used (All dimensions are in mm). 

 
Table 3: Forming parameters and their levels for ball end and hemispherical tools  

 Units Level 1 Level 2 Level 3 
Diameter mm 8 10 12 

Angle degree 45 50 55 
Spindle Speed rpm 0 400 800 

Table 4: Forming parameters and their levels for the flat with round corner tools 
 Units Level 1 Level 2 Level 3 

Radius mm 3 4 5 
Angle degree 45 50 55 

Spindle Speed rpm 0 400 800 
 

Table 5: Experimental layout using L9 orthogonal array and machining time for ball end tool  

Experimental 
No. 

Process Parameters Machining 
Time (min) Diameter (mm) Angle 

(degree) Spindle Speed (rpm) 

1 1 1 1 32.09 
2 1 2 2 34.16 
3 1 3 3 36.26 
4 2 1 2 31.01 
5 2 2 3 32.58 
6 2 3 1 34.59 
7 3 1 3 29.54 
8 3 2 1 31.41 
9 3 3 2 33.32 
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Table 6: Experimental layout using L9 orthogonal array and machining time for hemispherical tool  

Experimental 
No. 

Process Parameters Machining 
Time (min) Diameter (mm) Angle 

(degree) Spindle Speed (rpm) 

1 1 1 1 32.09 
2 1 2 2 34.16 
3 1 3 3 36.26 
4 2 1 2 31.01 
5 2 2 3 32.58 
6 2 3 1 34.59 
7 3 1 3 29.54 
8 3 2 1 31.41 
9 3 3 2 33.32 

 
Table 7: Experimental layout using L9 orthogonal array and machining time for the flat tool 

Experimental 
No. 

Process Parameters Machining 
Time (min) Radius (mm) Angle 

(degree) Spindle Speed (rpm) 

1 1 1 1 28.11 
2 1 2 2 30.25 
3 1 3 3 32.46 
4 2 1 2 28.36 
5 2 2 3 30.44 
6 2 3 1 32.58 
7 3 1 3 29.02 
8 3 2 1 31.04 
9 3 3 2 33.09 

 

 
Figure 6: CNC milling machine utilized in experimental work. 
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Figure 7: The products. 

 

  
Figure 8: Dimensional accuracy measurement. 

 
Table 8: Technical specifications of milling machine  

KNUCH MF1 Milling Machine 
Table Set up Area (1800×400) mm 

Table Load Capacity 1000 Kg 
Travel (X, Y, Z) Axis (1250, 540, 470) mm 

Overall Dimensions (Length×Width×Height) (3×2.54×2.05) m 
Weight 3200 Kg 

Resolution (0.01/0.005) mm 
 

Table 9: Dimensional measurement sensor specifications 
MarTest 802 EW Digital 3D-Touch Probe  

Working Areas X, Y, Z Axis (-2 To 4) mm 
Display Ranges +/-2 mm 

Repeatability at Zero Point, Unidirectional ± 0.005 mm 
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4 Results and Discussion 
The results of the dimensions accuracy which 

measured by utilized dimensional sensor 
measuring instrument as shown in figure (8). The 
table (10) is illustrated the dimensions measured 
for the ball end, hemispherical, and the flat with 
round corner tools. And the figure (9) presents the 
comparison between the CAD profiles with the 

measured profiles of the pyramid wall. The results 
indicated the rotational speed of the tool was 
increased, the heat generated in product was 
increased which leads to decrease the spring back 
and also when the wall angle was increased leads 
to increase in spring back. From figure (9) the 
best experimental run was 5th with using ball end 
tool because it was less error between the CAD 
profile and the run profile.  

Table 10: The dimensions measured for profiles 

B
al

l e
nd

  t
oo

l 

Exp. 
Run The dimensions 

1 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.965 -7.76 -13.405 -19.96 -26.8 -33.22 -33.217 

2 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -2.725 -7.265 -13.56 -19.5 -25.89 -32.612 -32.605 

3 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -2.765 -8 -14.075 -21.06 -28.745 -31.85 -31.847 

4 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.79 -7.855 -13.72 -20.37 -27.08 -33.408 -33.405 

5 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -2.385 -8.22 -14.56 -20.89 -27.19 -34.26 -34.1 

6 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -3.385 -8.09 -14.615 -21.215 -28.905 -31.17 -31.175 

7 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.795 -7.805 -13.68 -20.365 -26.9 -33.045 -33.041 

8 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -3.005 -6.505 -12.46 -18.51 -24.94 -32.515 -32.5 

9 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -3.385 -8.96 -14.73 -21.475 -28.485 -31.055 -31.061 

H
em

is
ph

er
ic

al
 to

ol
 

Exp. 
Run The dimensions 

1 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.5 -7.555 -13.35 -19.615 -26.45 -33.777 -33.776 

2 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -2.345 -7.17 -13.26 -19.125 -25.22 -32.225 -32.223 

3 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -2.315 -8.955 -14.97 -21.85 -28.92 -32.525 -32.513 

4 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.66 -7.84 -13.665 -20.46 -27.095 -33.67 -33.665 

5 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -2.92 -8.17 -14.52 -20.665 -27.18 -33.99 -33.92 

6 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -3.25 -8.455 -14.99 -21.86 -28.91 -31.645 -31.62 

7 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.645 -7.2 -13.05 -19.58 -26.435 -33.422 -33.42 

8 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -3.3 -6.715 -12.33 -18.505 -24.84 -32.153 -32.2 

9 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -3.34 -8.45 -14.595 -21.415 -28.925 -31.9 -31.91 

Fl
at

 w
ith

 r
ou

nd
 c

or
ne

r 
to

ol
 Exp. 

Run The dimensions 

1 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.875 -7.485 -13.525 -19.81 -26.05 -33.177 -33.175 

2 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -3.015 -7.115 -12.05 -17.895 -24.77 -31.98 -32.01 

3 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -2.495 -8.545 -14.79 -21.53 -28.105 -31.12 -31.1 

4 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.85 -7.66 -13.385 -20.01 -26.785 -33.006 -33.005 

5 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
z-depth (mm) 0 -2.88 -8 -14.055 -20.31 -26.76 -32.72 -32.68 

6 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -3.165 -8 -14.67 -21.305 -28.54 -31.62 -31.62 

7 x-distance (mm) 0 6 12.4 18.8 25.2 31.6 38 46 
z-depth (mm) 0 -2.64 -7.19 -13.29 -19.135 -26.115 -33.521 -33.52 

8 x-distance (mm) 0 6 11.28 16.56 21.84 27.12 32.4 46 
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z-depth (mm) 0 -2.845 -6.88 -12.425 -18.695 -24.75 -31.74 -31.56 

9 x-distance (mm) 0 6 10.9 15.8 20.7 25.6 27.5 46 
z-depth (mm) 0 -2.975 -8.82 -14.525 -21.005 -28.155 -31.655 -31.658 

Figure 9: The comparison between CAD and measured profiles. 
 

5 Conclusions 
In this research, Al 1050 sheet were 

incremental formed under different forming tool 

geometry and their effects studies, the following 
conclusions were drawn from the study: 
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1- The dimensional accuracy was acceptable 
when using the tool with small diameter and 
high speed of spindle.  

2- The effect of tool diameter was more than 
the effect of rotational speed of tool on the 
dimensional accuracy. 

3- The best profile obtained from measured 
was found with ball end tool at 2nd level of 
tool diameter (10 mm) parameter and wall 
angle (50º) parameter and 3rd level of 
rotational speed (800 rpm) parameter.  
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 النقطي التشكیل عملیة في بعادالا دقة على العدة شكل ھندسیة لتأثیر عملیة دراسة
 التزایدي

 ھالھ علي حبیب
والمعادن الانتاج ھندسة قسم  

التكنولوجیة الجامعة  

 عقیل صبري بدن
 قسم ھندسة الانتاج والمعادن

 الجامعة التكنولوجیة
 الخلاصة

ات بسیطة والتي فیھا تتعرض الصفیحة المعدنیة لتشویھ تعتبر عملیة التشكیل التزایدي عملیة مرنة لتشكیل الصفائح المعدنیة باستخدام ادو
ل منتظم على طول مسار عدة محدد مسبقاً وبدون استخدام القوالب. التفاوت الذي یظھر بین التصمیم والمنتج ھو احد المحددات لعملیة التشكی

زایدي المستخدمة لإنتاج شكل ھرمي ودراسة تأثیر شكل العدة، قطرھا، زاویة النقطي التزایدي. یستعرض ھذا العمل عملیة التشكیل النقطي الت
بھ الجدار وسرعة الدوران على دقة الابعاد. أستخدم ثلاثة اشكال للعدد المستخدمة في الجانب العملي: عدة ذو نھایة كرویة، عدة ذو نھایة ش

ملم). وأجریت  0.9بسمك ( (Al 1050) مستخدمة ھي الالمنیومكرویة، وعدة مسطحة مع تقوس في نھایاتھا.  الصفیحة المعدنیة ال
تائج الاختبارات العملیة في ھذا العمل على ماكینة التفریز العمودیة المبرمجة. أبعاد المنتج تم قیاسھا باستخدام جھاز متحسس الابعاد. الن

ذج الھندسي وابعاد المنتج كانت عند استخدام عدة ذو نھایة المستخرجة من عملیة التشكیل النقطي التزایدي بینت ان افضل تطابق بین  النمو
 .) دروة بالدقیقة800درجة) والسرعة الدورانیة للعدة ( 50ملم)، زاویة الجدار ( 10كرویة قطرھا (

 .عملیة التشكیل النقطي التزایدي، ماكینة التفریز المبرمجة، دقة الابعاد الكلمات الرئیسیة:
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