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Abstract 

 
Incremental Sheet Metal Forming (ISMF) is a modern sheet metal forming technology which offers the possibility 

of manufacturing 3D complex parts of thin sheet metals using the CNC milling machine. The surface quality is a very 

important aspect in any manufacturing process. Therefore, this study focuses on the resultant residual stresses by 

forming parameters, namely; (tool shape, step over, feed rate, and slope angle) using Taguchi method for the products 

formed by single point incremental forming process (SPIF). For evaluating the surface quality, practical experiments to 

produce pyramid like shape have been implemented on aluminum sheets (AA1050) for thickness (0.9) mm. Three types 

of tool shape used in this work, the spherical tool gave higher residual stresses than other types, also three levels for 

each of step over and feed rates utilized. It found that residual stresses was raised up with increasing the step over and 

feed rate values, the effect of these variables studied on two slope angles. By using analysis of variance method 

(ANOVA) found that the most influential parameter is step over with (59.18%) and (65.42%) for both slop angles; 
(α=45°) and (α=55°) respectively.    

 

Keywords: Incremental Sheet Metal Forming, Residual stresses, Taguchi, single point incremental forming.  
 

  
1. Introduction 

 
Incremental sheets metal forming is a high 

flexible forming process, which can forming the 

sheets through the motion of non-traditional tool 

to manufacture the complicated products shapes, 

and the equipments of forming is appropriate for a 

wide variant products without expensive 

investments or matched tools through the 

movement of the tools onto certain tool path [1, 

2]. The small plastic deformation zone that occur 

in the incremental sheet forming mechanism 

produced higher strains compared to conventional 

forming operations and it required low forces to 

implement the forming process [3]. So a different 

and complex 3D shapes can be produced through 

the tool movement along accurate designed paths, 

so there are no needs for manufacturing special 

tool [3].  

Single point incremental forming (SPIF) is a 

comparative sheets forming technique that allow 

forming of complex shape without a specific die 

using single point tools 3-axis CNC milling 

machine [4]. The technology of (SPIF) uses layer 

manufacturing concepts. It implements the part 

geometry details in to a group of parameters by 2D 

layers, and later the local plastic deformations are 

occurred layer-by-layer using the motion of 

computer numerical control of a simple forming 

tools to manufacture products which have 

complicated shapes as shown in figure (1) [5, 6]. 
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Fig. 1. Schematic representation of the SPIF process  
 

 

 

In 2013 Radu Crinaa, et al. [7]: Investigated 

the residual stresses distribution through parts 

produced by single point incremental forming 

(SPIF) made by AA1050 pure aluminum. 
Operation variables were variants to find out their 

effect on residual stress values and distributions: 

diameter of tool (d), tool vertical step (Δz), and 

spindle speed (ω). He found that increasing the 

tool diameter decreasing the residual stresses, 

contrariwise with using large values of spindle 

speed and vertical step which gave high amounts 

of residual stresses.  

Bogdan Chirita, et al. (2014) [8]: studied the 

distribution of residual stresses through the part 

formed by (SPIF) operation as a work parameters 

function and to find out its influence on part 

quality using the same parameters above, it was 

found a favorable residual stress state and 

implying a suitable quality of the samples could 

be given using low diameter of the tool and step 

size as well, with higher values of spindle speed.   

This study focuses on the resultant residual 

stresses by forming variables, namely; (tool 

shape, step over, feed rates, and slope angle) using 

Taguchi method for the samples formed by (SPIF) 

single point incremental forming method.  
G. Vigneshwaran et al. (2015) [9], 

implemented an optimization task by discovering 

the influence of operation variables such as tool 

diameter, step size, spindle speeds and feed rates 

on the wall angle. Aluminum sheets (Al 6063‐ O) 

with 1 mm thickness has been used as a sheet 

metal. An L9 (34) Taguchi orthogonal array has 

been used for designing the experiments and 

analyzing the result. Using the (ANOVA) 

technique, the results have been examined and it 

showed that the tool diameter, step size, spindle 

speeds and feed rates contribute (4%, 57%, 10% 

and 29%) respectively, provide a higher wall 

angle of (55°).  

 

 

 

2. Residual Stress 

 
Residual stress is an unavoidable concomitant 

with every manufacturing processes and 

fabrication operations and could also grows 

through the service, it can occurs with any sets of 

circumstances that lead to differential expansions 

or contractions among the adjacent pieces on a 

body in which the local yield strength is exceeded. 

There are two types of Residual stresses tensile 

and compressive that depend on locations and the 

non-uniform volumetric type that occurs due to 

localizing the stress through the forming process 

as in shot peening, contoure rolling, etc. [10]. 

The determining of precise for residual stress 

is difficult using analytical methods. Usually the 

value of residual stress is determined through 

experimental process. Most of these processes are 

destructive. So the (XRD) X-rays diffraction 

method is the main non-destructive techniques in 

residual stresses measurements. [11]. 

X-ray emitted through a particular x-rays tube 

concentrated to a fixed pattern on the 

spectrometer axes (goniometer). Diffracting X-

rays on samples in an overall angle of diffractions 

equal to (2θ).  Through a detector device the 

diffracting x-ray is computed. Figure (2) clarify 

the principles of the process for the (XRD) 

method. 

 

 
 

Fig. 2. Principles of (XRD) process. 

 
Assessment of residual stresses by X-rays 

diffraction depends on calculating the changes of 

inter-planar spacing of crystal lattice. 
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3. Taguchi Experimental Design Method 
 
 

 
This technique depends on two groups; the 

first one is a special type of matrix called 

"orthogonal array (OA)" includes number of tests 

based on the number of levels for the controlling 

parameters, and the second one is (S/N) the 

signals to noise ratio. The expression ‘signal’ 

indicating to the required values (mean) of the 

outputs characteristics, beside that the expression 

(noise) indicating to the unrequired values. The 

calculation of (S/N) ratios is varying depending 

on objectives functions, i.e., a characteristics 

amount. [12]. 

Designing the method using MINITAB16 

program as follow: 

 

 
 

 

4. Variance Analysis  
 

The experimental work results could be 

investigated by (ANOVA) variance analysis to 

discover the effecting of forming variables on 

residual stresses through the entire process. In the 

analysis, the ratio between mean square errors and 

residual called F- ratio and it utilized for 

determining the importance of a parameter.  F 

ratio correspondent to 95% reliable levels in 

calculations of the operation variables. P values 

are the report of importance levels of each 

parametr (appropriate and inappropriate) [13]. 

 

 

5. Machines and Tools 

 
The experimental equipment includes: CNC 

milling machine, forming frame, sheet metal and 

the tools for forming. 

The incremental sheet metal forming is normally 

implemented on CNC milling machine, where it’s 

capable for assigning and controlling the 

movement of the forming tool through a certain 

3D path. 

The experimental work has been implemented 

on 3-axes CNC machine (C-tek) model (KM-

80D), that locates in University of Technology/ 

workshops and training center for carried out 

forming process on the samples. The 

specifications of milling machine clarified in 

Table (1) 

Table 1, 

The CNC milling machine Specification  

 
 

  

The hollow cylindrical frame is manufactured 

from medium carbon steel by metric turning 

machine with outer diameter (200 mm) and inner 

diameter (170 mm) and height of (200mm). A 

ring with radii equals to the radii of the forming 

frame has been used as a blank holder. As shown 

in Figure (3) 

A piece of wood is utilized as a backing plate 

between the sheet metal blank and the forming 

frame in order to support the blank while forming 

and to compensate the lack of shape matching 

between the square top-view of the truncated 

pyramid product and the circular opening of both 

the forming frame and the blank holder. The 

backing plate is illustrated in figure (3) 

 

 
 

Fig. 3. Forming framework, (a) schematic 

illustration, (b) physical blank holder and forming 

frame. 

Aspect  Specification Units 

Type (KM-80D)   

Travel (x, y, z) 1500 x 600 x 400 mm 

Max. Spindle Speed 8000 rpm 

Number of Axis Three  

CNC Controller CNT Series  

Other Specifications Off Line Program. Movable 

Head 



Mustafa Mohammed Abdulrazaq    Al-Khwarizmi Engineering Journal, Vol. 15, No. 2, P.P. 50- 59 (2019)  

 

53 

 

Three types of tool shapes have been utilized 

in this work: (spherical, hemispherical and 

toroidal heads) of 12 mm diameter for each one 

illustrated in Figure (4). The lengths of all these 

types are (110 mm) manufactured from tool steel 

materials DIN-1530 with hardness of (60 HRC). 
 
 
 
 

 
 

 

Fig. 4. The three types of forming tools. 

 

 
The sheet metal material which is used in this 

work is Aluminum AA1050 alloy. Table (2) 

clarifies the chemical compositions of the sheet 

metal. 

 
Table 2, 

Chemical compositions of Aluminum sheets (AA 

1050). 
Elements Al  Si Fe  Cu 

exp.  99.3 0.096 0.33 0.035 

Mn Mg Ti V Zn 

0.026 0.025 0.013 0.018  0.042 

 

 
The original dimensions of the sheets are 

(250×250×0.9) mm, and the work area diameter is 

170 mm according to the inner size of the blank 

holder as shown in Figure (5). 

 

 
 

Fig. 5. Size of Aluminum blank used. 

The CAD model of the products created by 

using Siemens (UGS-NX9) program, for applying 

the incremental sheet metal operation on a 

pyramid like shape with depth (40) mm. Two 

different angles for the inclined walls (45o and 

55o), each two facing walls are equal as shown in 

figure (6). This geometry is kept constant for all 

the nine samples.  

 

 
 

Fig. 6. Dimensions details for the CAD model of the 

product. 

 

 

In Incremental Forming, the tool motion is 

controlled numerically. Consequently, a tool path 

of (Z-level) type with constant vertical step called 

"Iso-planar" tool path is generated for all 

products. 

The tool path starts from the outside of the shape 

towards the inner sides and incrementally goes 

down in the Z-direction by a constant (∆Z) value 

as shown in Figure (7). NC codes are obtained 

from the generated tool path and transferred to the 

CNC machine. 

 

 
 

Fig. 7. Iso-planar tool path generation using UGS-

NX5 software. 

 

 

6. Design of Experiments 

 
The designing of experimental tests has a great 

influence on the required experimental tests 
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numbers. Accordingly, the experiments of (ISMF) 

required an appropriate design. The overall 

number of experimental tests is (9) experiments, 

on the basis of (3) levels and (3) variables (33) for 

partial design, the parameters levels are listed in 

table (3). The constant variables are: 

• Tool path: Iso-planer 

• Spindle speed: 1000 r.p.m 

• Lubricant: paraffin based gear oil SAE 140 

 
Table 3, 

(ISMF) parameters and levels. 

 

 

7. Implementation ISMF Process 

 
The experimental work for implementing the 

nine experiments that selected by designing of 

Taguchi have been carried out on 3-axis CNC 

milling machine, fig (8) clarify the nine 

specimens produced by (ISMF) process using the 

concern forming parameters on linear 

interpolation. This process is followed by 

measurement process using XRD method to 

clarify the effect of the parameters on the process.    

 

 
 

Fig. 8. Specimens after ISMF Process. 

 

 

8. Result and Discussion 
 

The resultant residual stresses for the samples 

have been measured using x-ray diffractometer of 

type "Shimadzu XRD-6000". This part 

demonstrates and discusses the results values of 

the tensional residual stresses depending on (3) 

forming variables; tool shape, feed rates and 

stepover, and using analysis of variance 

(ANOVA) technique. The results will be 

performed to determine the contribution 

percentage of these parameters in the process, and 

obtaining the optimum values by using Minitab 

program, when the experiments of the nine 

samples have been implemented. Table (4) 

clarifies these variables and the resultant residual 

stresses over the parts regions.   

 
Table 4, 

Experimental work readings with residual stresses 

 

 

8.1 The Influence of Forming Parameters on 

Residual Stress  

 

Figures (10) and (11) clarify the influence of 

tool shape, stepover and feed rate on the 

residual stresses for (α= 45°), while the figures 

(12) and (13) show the effect of these parameters on 

the residual stresses for (α= 55°). From these 

figures, it is obviously noted that the raise in step 

over leading to raise the amount of residual stresses, 

because of the high energy generated through the 

pressure that obtained higher stretch. Also, 

increasing the feed rates leads to raise the residual 

stresses values because of increasing the friction at 

the interface between the tool and sheet leads to 

poor quality for the parts of. On the other hand, 

using spherical tool shape gives higher residual 

stresses than utilizing hemi-spherical or flat-end tool 

shape.  

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

Level   3 Level   2 Level   1 Parameter  No. 

Spherical Toroidal 
Hemi-

Spherical  
Tool Shape 1 

0.7 0.5 0.3   
Step over 

(mm) 
2 

1200 1000 800 
Feed rate 

(mm/min) 
3 

No. 

 

Tool 

Shape 

 

  

Step 

over  

(mm) 

Feed 

rate  

(mm/

min) 

Residual stresses 

(Mpa) 

α = 45o α =55o 

1  Flat-end 0.3 800 11.327 15.786 

2  Flat-end 0.5 1000 25.353 27.845 

3  Flat-end 0.7 1200 33.258 53.789 

4  
Hemi-

spherical 
0.3 1000 27.902 21.634 

5  
Hemi-

spherical 
0.5 1200 35.770 36.990 

6  
Hemi-

spherical 
0.7 800 37.927 57.049 

7  Spherical 0.3 1200 26.180 45.779 

8  Spherical 0.5 800 33.767 47.837 

9  Spherical 0.7 1000 45.925 62.528 

3 2 1 

4 5 6 

9 7 8 
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Fig. 10. X- Surface plot of residual stresses vs. Tool 

shape and step size for (α= 45°). 

 

 
 

Fig. 11. X- Surface plot of residual stresses vs. Step 

size and feed rate for (α= 45°). 

 

 
 

Fig. 12. X- Surface plot of residual stresses vs. Tool 

shape and step size for (α= 55°). 

 

 
 

Fig. 13. X- Surface plot of residual stresses vs. Step 

size and feed rate for (α= 55°). 

 

 

8.2 Analysis of Variance 
 

The aim of the analysis of variance (ANOVA) 

in this work is for determining the significant 

operation variables and for measuring their 

influences on the residual stress. Table (5) and (6) 

show the result of ANOVA of factors influencing 

on the residual stresses.  

Table 5, 

ANOVA results for Residual stresses (α=45°). 

 
 

 

Source of variance DOF Sum of squares Variance F ratio P(%) 

Tool Shape 2 256.9 128. 5 45.09 33.90 

Step over (mm) 2 448.4 224.2 78.67 59.18 

Feed rate (mm/min) 2 47 23.5 8.25 6.24 

Error, e 2 5.7 2.85  0.68 

Total 8 758   100 
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Table 6, 

ANOVA results for Residual stresses (α=55°). 

 

Source of variance DOF Sum of squares Variance F ratio P(%) 

Tool Shape 2 602 301 15.05 27.96 

Step over (mm) 2 1409 704.5 35.23 65.42 

Feed rate (mm/min) 2 103 51.5 2.58 4.80 

Error ,e 2 40 20  0.68 

Total 8 2154   100 

 

 
The F ratio of 78.67 for the step over is greater 

among the variables (see Table 5). Accordingly, 

the mostly effected variable at (α = 45°) is stepover 

(59.18%) which is about twice of tool shape 

(33.90%). The feed rate has a less influence with 

(6.24%). 

On the other hand, the most influential 

parameter at (α=55°) is also the step over with F 

ratio value (35.23), and the percentage of 

contribution is equal to (65.42%), superior to the 

first slope angle and it reached to three times of 

tool shape (27.96%) and several times of feed rate, 

which has the smallest effect on the process with 

(4.80%). Through analyzing, F- ratio is the mean 

square error ratio to residual, and it is 

conventionally utilized to compute the importance 

of factors 

 

 

8.3 Optimal Design Conditions for Residual 

Stresses 
 

The optimum design conditions have been 

determined using the main effect plots to obtain the 

low values of residual stresses. Increasing these 

kinds of residual stresses (tensile type) raises the 

availability of cracks and the possibility of failure 

through. And hence, the better forming parameters 

were selected using the SPSS software. Figures 

(14) and (15) show the main effects plot for 

residual stresses with the process inputs. This plot 

shows the individual variation response of the 

three variables, i.e. Stepover, Tool shape and Feed 

rates separately. The results showed that optimum 

conditions to the best residual stresses are: Tool 

shape at level- 1(Flat-end), step over on level- 

1(0.3 mm), and feed rate on level- 1(800 mm/min).

 
 

Fig. 14. Mean effects plot for Residual stress at (α = 45°). 
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Fig. 15. Mean effects plot for Residual stress at (α = 55°). 

 

 

9. Conclusions 

 
To summarize the concluded influences that 

deduced from these experiments, they could be 

sum up in: 

 

• The experimental results showed the main 

effects of process parameters on the residual 

stresses for Al-alloy. The residual stresses 

increased with the increasing in step over and feed 

rates for both slope angles.  

• Using spherical tool gives higher residual 

stresses than utilizing hemi-spherical or toroidal 

types. 

• The optimal conditions for best residual stresses 

were Tool shape at level-1 (Flat-end), step over at 

level-1(0.3 mm), and feed rate at level-1(800 

mm/min). 

• From analysis of variance, the most influential 

parameter is the step over of (59.18%) and 

(65.42%) for both slop angles (α=45°) and (α=55°), 

respectively which is greater than tool shape and 

feed rate. 

 

List of Abbreviations 

 
No. Symbol Meaning 

1 ISMF 
Incremental sheet metal 

forming 

2 SPIF 
Single point incremental 

forming 

3 CNC Computer numerical control 

4 XRD X-ray diffraction  

5 OA Orthogonal array 

6 S/N Signal to noise ratio 

7 ∆Z Step over 

8 P(%) Percentage of contribution 
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  خلاصةال

  
) هي عملية حديثة في تقنيات تشكيل المعادن، حيث توفر امكانية تصنيع الاجزاء ثلاثية الابعاد المعقدة للصفائح ISMFعملية التشكيل التزايدية للصفائح (

. جودة السطوح المنتجة هو جانب مهم جداً في عمليات التصنيع، لذا فأن هذه الدراسة تركز على حصيلة CNCالرقيقة بأستخدام مكائن التفريز المبرمجة 
ية من متغيرات عمليات التشكيل وهي (شكل العدد، مسافة الانتقال، معدل التغذية ودرجة ميلان السطح) والتي تم تحديدها بأستخدام طريقة الاجهادات المتبق

على اشكال تشبه نفذت التجارب العملية لعملية التشكيل  ،تاكوشي للأجزاء المنتجبة بواسطة عملية التشكيل التزايدية احادية التماس. وذلك لتقييم جودة السطوح
ملم. ثلاث اشكال من العدد تم استخدامها في البحث، حيث ان العدة الدائرية اعطت  )٠٫٩بسمك ( AA1050الشكل الهرمي لصفائح من سبيكة المنيوم نوع 

م استخدامها، و وجد ان قيم الاجهادات اعلى قيم للأجهادات المتبقية عن باقي اشكال العدد. كذلك ثلاثة مستويات من قيم مسافة الانتقال ومعدلات التغذية ت
ريقة تحليل العناصر المتبقية ارتفعت بزيادة قيم مسافة الانتقال ومعدلات التغذية. ان تأثير هذه المتغيرات تم دراسته على درجتي ميلان للسطح. بأستخدام ط

)ANOVA ) لكلا درجات ميلان الاسطح ) %٦٥٫٤٢و(  )%٥٩٫١٨) وجد ان اكثر متغير تأثيراً هي مسافة الانتقال بـ(α=45°)  و(α=55°)  على
  التوالي.

  

  

  

  

  


