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ABSTRACT 

Single Point incremental forming (SPIF) is a die-less sheet metal manufacturing process for producing 

components used for rapid prototyping and a small batch production. Its ability to form a part is based on different 

process parameters like wall angle, step depth, tool diameter, spindle speed, etc. In this research work these 

parameters were examined on Stainless steel sheet grade 316(AISI) 0.8mm thick using frustums of pyramid size 

100X100X55 mm. To determine the optimum parameters in SPIF Taguchi method of Design of Experiments with 

Grey multi responses optimization used and L9 orthogonal array was developed for various process variables such 

as spindle speed, step depth, feed rate and wall angle. The response study was performed on average surface 

roughness, time, and accuracy of the process. Microstructure study was studied to find the microstructural behavior 

of the grains for the process on the material.  

Keywords: AISI316, federate, orthogonal array, Single point incremental forming, spindle speed, time, wall angle. 

INTRODUCTION 

Incremental sheet forming: Forming is a broad term, covers many different manufacturing processes.  It refers to 

change in the shape of material by mechanical work without additional or deletion of materials in solid or semi-solid 

condition without wastage.  Necessary deformation in a metal can be achieved only by applying large amount of 

mechanical force or by heating the metal, and then applying a small force. Die and punch moulding, drawing and roll 

bending are the most popular sheet metal forming processes. These methods have been discovered to fulfil the 

requirements of mass production.  In these types of Sheet forming processes, design of die, punches played important 

roll.  But now, with the social and industrial growth, transformation of mass production era has happened into Quality 

Production era, which largely depends on the small batch production as well as the prototype of Customized design.  

For small batch production, say of a few units, conventional sheet metal forming process seems inadequate.  Design 

of dedicated heavy die and punches for small batch production and for prototype production is nothing but the waste 

of material, time, and money.  To compensate cost, time, and production, new Production method is being developed 

called Incremental sheet metal forming.   The last decade has shown an increased interest in this new class of forming 

processes known as incremental sheet forming 

Principle of SPIF operation: In sheet incremental forming blank edge is usually strictly clamped and the sheet is 

deformed by a hemi-spherical tool following the required shape in space by a CNC controlled incremental tool 

movement. ISF is defined as a family of sheet forming processes where the deformation is highly localized, without 

drawing in of material from the surrounding area and using a fully clamped blank, where the final shape is determined 

by the XYZ movement of some tool part without the need for a die. Incremental sheet forming can be done on any 

universal milling machine having at least 3-axis CNC control system.  Thus, the basic elements of incremental 

forming processes are the material to be formed, a blank holder clamping the blank, the very simple, universal 

forming tool and the forming machine with the CNC Control. 

Y.Fang et al presented an analytical and experimental study of the deformation mechanism and fracture 

behaviour in the single point incremental forming process.Sa’id Golabi et al predicted by finite element technique 

andconfirmed by experimental study for developing applicable curves for determining the depth of frustums and 

angles made from 304 stainless steel (SS304)sheet with various cone angles, thickness from 0.3 to 1mm and major 

diameters from 50 to 200mm using incremental forming knowing its thickness and major diameter. Gabriel Centeno 

et al revisited failure in SPIF by means of an experimental analysis of the influence of process parameters, such as 

the tool diameter, the spindle speed and the step down, on the formability of SPIF (spifability) of AISI 304 metal 

sheets, studied in the light of circle grid analysis. G.Centeno et al analysed experimentally the formability of AA2024-

T3 metal sheets under different forming proceses : stretching, Stretch-bending and single point inremental forming. 

M.Ham et al presented two designs of experiments which formalise the forming parameters critical in SPIF and the 

degree to which they affect formability. J.Leon et al In this research work, the influence of different desgn factors 

that are involved in the single point incremental forming (SPIF) process have been studied by finite elements 

simulations and using the design of experiments (DOE) technique in order to plan and to optimize the study. 

F.C.Minutolo et al studied for the evaluation of the maximum slope angle of frustums of pyramid and cone  from 

aluminium alloy 7075T0 sheets: the experimental tests program has led to evaluate a maximum angle, respectively, 
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of 63° and 66°. L.C.C. Cavaler et al studied to verify the resulting surface roughness of parts formed by the Single-

Point Incremental Forming (SPIF) process for an AISI 304 austenitic stainless steel. 

 

 
Figure.1.Principle of SPIF for a non-axisymmetric shell, originally realized by Iseki etal. (1989) 

 

Requirement of Taguchi-grey multi-response optimization: The incremental sheet forming involves many 

correlated process parameters for forming of a good component and it is very essential requirement to optimize these 

parameters due to their randomness in quality. Conventional Taguchi method can be used for only single response 

optimization. But for the incremental forming we require multi-response optimization hence Taguchi-grey multi-

response optimization used. In this approach the multi responses can be converted into single normalized response 

and then it is easy to obtain the optimal set of process parameters. While reviewing the literatures it has been found 

that this technique was not applied till now and multi-response optimization can only give optimal set of process 

parameters, hence this technique is used in the project work. In this paper work major effects between process 

parameters were considered for designing L9 orthogonal table based on Taguchi design of experiments with grey 

relational analysis methodology to perform multi-response optimization in incremental forming. 

The main aim of this project work is  

1. To analyse the effects of process parameters on the forming characteristics of the sheet metal. 

2. To find the optimal combination of input process parameters for getting better multiple response parameters. 

MATERIALS AND METHODS USED 

The work material used for this study was AISI 316   0.8 mm thick austenitic stainless steel sheet metal which is 

highly corrosive resistant andused in industries like textiles, food processing, chemicals, and surgical equipment. The 

chemical composition of the material is shown in Table 1. Since, Stainless steel has high hardness, tungsten carbide 

has been chosen as the tool material for this study and the diameter has been chosen to be 10 mm and the tip of the 

tool has been made in hemispherical ball shape in order to press the work material. The experimental work has been 

carried out in V-150 Vertimach CNC milling machine under constant supply of coolant in Rana Engg Works, 

Ekkattuthangal, Chennai. Factors such as Step depth, Spindle speed and Feed rate plays an important role in 

incremental sheet forming. These three factors alone with wall angle has been chosen as the input parameters for this 

process. The time taken for the forming process (T), surface roughness (Ra) and the accuracy of the process has been 

chosen as the output responses. The surface roughness was measured using RUGOSURF 90G. The formed specimen 

has been subjected to CMM inspection using CMM TESA MICROHITE 3D. The wall angle of the formed specimen 

has been measured which is used to determine the accuracy of the process. 

  

Fig.2.Vertical CNC milling machine Fig.3.Sheet metal operation 
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Fig.4.Fixture for sheet forming 

 

Table.1.Working conditions of the machine 

Working conditions Description 

Work piece 0.8 mm AISI316 SS sheet 

Tool Bit Tungsten Carbide ϕ10mm 

Wall angle 600,630,660 

Step Depth 0.2,0.3,0.4 mm 

Spindle speed 100,200,300 rpm 

Feed Rate 500,1000,1500 mm/min 
 

Table.2.Chemical composition of AISI 316 

Elements Composition% 

Carbon 0.08 

Manganese 2 

Phosphor 0.045 

Sulphur 0.03 

Silicone 0.75 

Chromium 18 

Nickle 12 

Molybdenum 2 

Iron Remaining 

 

Table.3.Chemical composition of Tungsten carbide tool 

Element Carbon Chromium Tungsten Vanadium 

% composition 0.5 1.7 2 1 

 

 

Fig.5.Tungsten carbide tool 

 

3. Taguchi method 

Design of experiments: Taguchi method is adopted for optimizing the process variables as it is simple and easy. 

This methodprovides the required information from minimum number of experiments with different number oflevels. 

The least number of experiments can be calculated as per the following equation DOF= (L-1)(F)+(L-1)2(Q)+1for the 

average (1) where DOF is degree of freedom, F is the number of  independent variables, L is their levels, and  Q is 

the number of interactions.. For any process, number of experiments to be conducted must be greater than or equal 

to the DOF value. Since, four factors and three levels have been considered, L9 orthogonal array has been chosen. 

Orthogonal array is statistical method of defining parameters that converts test areas into factors and levels .The 

control parameters at three levels and three different response parameters considered for multiple performance 

characteristics in this work is shown in Table 4 
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Table.4.Control and response parameters 

Response Parameters Time min Accuracy % Surface Roughness Ra µm 

Control parameters Levels 

1 2 3 

Wall angle 600 630 660 

Step Depth 0.2mm 0.3mm 0.4mm 

Spindle speed 100 rpm 200 rpm 300 rpm 

Feed Rate 500 mm/min 1000 mm/min 1500 mm/min 

 

Table 5 shows the L9 orthogonal array for the selected process parameters and the corresponding output responses 

in design matrix. 

Table.5.Design Matrix of L9 Orthogonal Array 

Exp no 
Parameters 

A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

Experimental Details: A truncated pyramid (fig 5) with a base of 100X100 mm2 and to a depth of 55mm was formed 

on a 0.8mm thickness stainless steel of AISI316 grade for each combination of parameters as per Orthogonal array. 

The response parameters Time (T) was noted for each experiment by stop watch. The wall angle accuracy was 

calculated and the surface roughness Ra measured by using measuring machine RUGOSURF 90G.The measured 

values are tabulated in the below Table 6. 

 
Fig.6.Truncated Pyramid 

 

Table.6.Experimental results 
trail no. Wall angle step depth spindle speed Feed rate Time Ra Accuracy 

1 60 0.2 100 500 100 1.652 95.8167 

2 60 0.3 200 1000 40 1.906 96.3667 

3 60 0.4 300 1500 20 2.723 95.7500 

4 63 0.2 200 1500 43 1.729 99.3175 

5 63 0.3 300 500 83 1.698 99.3651 

6 63 0.4 100 1000 32 1.751 99.6825 

7 66 0.2 300 1000 68 1.864 99.6515 

8 66 0.3 100 1500 35 1.856 99.4545 

9 66 0.4 200 500 89 2.035 99.6894 
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4. Grey relational optimization 

 Grey relational optimization technique is used for solving interrelationships among multiple responses. This 

analysis consists of the following rules. 

Step.1: Transform the responses into the S/N ratio Ynj using the equation depending on the quality characteristics. 

Since the time and surface roughness has to be minimised which is considered as smaller the better is given by the 

equation 

S/N ratio = (-10)*log (1/m) ∑Y2
nj  (2) 

The accuracy of the process has to be maximised which is considered as larger the better is given by the equation 

S/N ratio = (-10)*log (1/m) ∑ (1/Y2
nj)            (3)             

Where m is the number of experimental replication and Ynj is the response of nth trial of jth dependent level  

Step.2: Normalize the S/N ratio to distribute the data evenly and scale it into acceptable range for further analysis by 

the following equations 

Znj = (Ynj-min Ynj)/(max Ynj- min Ynj) (for larger the better case)    (4) 

Znj = (max Ynj-Ynj)/(max Ynj-min Ynj) (for smaller the better case)    (5) 

where Znj is the normalized value of the nth trial for the jth dependant response. 

Step.3: Compute the grey coefficient (GC) for the normalized S/N ratio values as per the following equation 

GCnj = (Smin +δSmax)/(Snj+δSmax)  (6) 

where GC is the grey coefficient for nth trial of the jth dependant response is the quality loss and S is the distinctive 

coefficient ranges from 0 to 1,δ is taken as 0.5 for smaller values. 

Step.4: The Grey relational grade was determined by averaging the grey relational coefficient corresponding to each 

performance characteristic. Compute grey relation grade by following equation 

Gn = (1/Q) ∑GCnj    (7) 

Step.5: Utilize response graph method to select optimal levels of the input factors based on maximum average Gn 

value. 

5. RESULTS AND DISCUSSION 

Computation of S/N ratio and grey relational grade: The Tables 7 and 8 show signal to noise ratio and their 

normalized values for various response parameters. Time and Surface roughness were assumed as lower the better 

quality characteristic and the accuracy assumed as higher the better quality. Since this study contains both the quality 

characteristics, the distinguishing coefficient value is taken as 0.5. 

 The values of grey relational components with their rank of all the experiments are shown in Table 10. The 

higher value of grey relational grade indicates the better multi response characteristics during the forming process. 

Therefore it was observed that the experiment no:3 as the optimal parameter setting among the existing input process 

parameter combination for the better multi-response characteristics such as time(T),Surface roughness(Ra) and 

Accuracy. Table 11shows the average of grade scale for all the levels of input parameters. 

Identification of Process Parameters and their significance: The average grey technique grade was computed by 

taking the average grey technique grades by each factor level in the array which gives the correlation between the 

comparable and reference values. Therefore the optimal value of each parameter is the highest average grey relational 

value in the process. Wall angle (level 1), step depth (level 3), spindle speed (level 3), Feed rate (level) are the better 

optimal values. The max-min indicates the most influencing factors of the input process parameters on determining 

the forming characteristics. The Figs 15-18 shows the effects of process parameters on machining characteristics. It 

is noted that wall angle and spindle speed are most influencing factors in the forming process as the deviation from 

the horizontal line from the plot indicates. 

6. MICROSTRUCTURE ANALYSIS 

 
Fig.7.Cross section of the truncated pyramid 
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Fig.8.Region 1 Fig.9.Region 2 

 

  
Fig.10.Region 3 Fig.11.Region 4 

 

 

 

Fig.12.Region 5 Fig.13.Shows the final parent metal zone with well-

formed austenite grains 

 

Figure 8 shows the sectioned incremental formed sheet in the top horizontal location where the process is 

not initiated or processed. The microstructure shows equi-axed grains of well-formed austenite grains throughout the 

matrix. Figure 9 shows the first location of the starting of incremental forming. Marginal variation in thickness is 

observed. The edges does not show any transformation of austenite due to stress Figure10 shows the effect of forming 

lead to thinning of the sheet. The grains have elongated and the edge of the sheet partially transformed austenite due 

to forming stress. Figure 11 shows the further inside the forming zone where more transformation of austenite has 

taken place at the edge. The sheet further thinned down but no crack observed. The austenite grains in the matrix is 

elongated along the direction of forming. Figure 12 shows the bottom most zone of the forming process. The thinning 

of the sheet is remained constant while the formation of austenite increased. 

7. CONCLUSION 

 The table 10 shows the highest grey relational grade, indicating the initial process parameter set of 

A1B3C3D3 for the best multiple performance characteristics among the nine experiments. The response values 

obtained are wall angle 600, step depth 0.4mm, spindle speed 300 rev/min and feed rate 1500 mm/min. 
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Table.7.Signal-to-Noise ratios 

Exp 

no 

Response values S/N ratios 

Time 

(min) 

Surface 

Roughness 

Ra ( µm ) 

Accuracy 

of 

Wall 

angle 

(%) 

Time 

(dB) 

Surface 

Roughness 

(dB) 

Accuracy 

of 

Wall 

angle 

(dB) 1 100 1.652 95.82 -40 -4.3602009 39.628821 
2 40 1.906 96.37 -32.0412 -5.6024579 39.678537 
3 20 2.723 95.75 -26.0206 -8.7009528 39.622776 
4 43 1.729 99.32 -

32.669369 

-4.7558999 39.940512 
5 83 1.698 99.37 -

38.381562 

-4.5987537 39.944676 
6 32 1.751 99.68 -30.103 -4.8657229 39.972382 
7 68 1.864 99.65 -

36.650178 

-5.4089182 39.969678 
8 35 1.856 99.45 -

30.881361 

-5.3715594 39.952493 
9 89 2.035 99.69 -38.9878 -6.1712883 39.972979 

 

Table.8.Normalised Signal-to-Noise ratios 

Exp 

no 

Wall 

angle 

(0) 

step 

depth 

(mm) 

spindle 

speed 

(rev/min) 

Feed rate 

(mm/min) 

Normalised S/N ratios 

Time (dB) 

Surface 

Roughness 

(dB) 

Accuracy 

(dB) 

1 60 0.2 100 500 1 0 0.017261417 

2 60 0.3 200 1000 0.430676567 0.286184751 0.159224792 

3 60 0.4 300 1500 0 1 0 

4 63 0.2 200 1500 0.4756119 0.091159092 0.907290914 

5 63 0.3 300 500 0.884226934 0.054956562 0.919181161 

6 63 0.4 100 1000 0.292029701 0.116459547 0.998295274 

7 66 0.2 300 1000 0.760374408 0.241598074 0.990574038 

8 66 0.3 100 1500 0.347708843 0.232991547 0.9415025 

9 66 0.4 200 500 0.927593459 0.41722896 1 

 

Table.9.Grey Relational coefficient 

Exp 

no 

Wa

ll 

ang

le 

(0) 

step 

dept

h 

(mm

) 

spindle 

speed 

(rev/mi

n) 

Feed 

rate 

(mm

/min

) 

Grey Relational 

coefficient 
Time 

(dB) 

Surface 

Roughn

ess (dB) 

Accur

acy 

(dB) 
1 

 
60 0.2 100 500 0.3333

33 
1 0.9666

27 2 60 0.3 200 1000 0.5372

44 

0.63598

3 

0.7584

67 3 60 0.4 300 1500 1 0.33333

3 
1 

4 63 0.2 200 1500 0.5124

99 

0.84579

6 

0.3552

93 5 63 0.3 300 500 0.3612

12 

0.90097

1 

0.3523

16 6 63 0.4 100 1000 0.6312

89 

0.81108

3 

0.3337

13 7 66 0.2 300 1000 0.3967

08 
0.67422 0.3354

41 8 66 0.3 100 1500 0.5898

25 

0.68213

6 

0.3468

61 9 66 0.4 200 500 0.3502

4 
0.54512 0.3333

33  
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Table.10.Grey relational coefficient with grade and rank 

Exp 

no 

Wall angle 

(0) 

step 

depth 

(mm) 

spindle 

speed 

(rev/min) 

Feed rate 

(mm/min) 

Grey 

Relational 

Grade 

RANK 

 1 1 1 1 0.766653 2 

2 1 2 2 2 0.643898 3 

3 1 3 3 3 0.777778 1 

4 2 1 2 3 0.571196 5 

5 2 2 3 1 0.538167 7 

6 2 3 1 2 0.592028 4 

7 3 1 3 2 0.468789 8 

8 3 2 1 3 0.539607 6 

9 3 3 2 1 0.409564 9 

 

 

Table.11.Average grey relational grade for each input parameter 

Input Factor Average grey relational grade Max-

min 

RANK 

Level 1 Level 2 Level 3 

Wall angle 0.729443 0.567130 0.472653 0.25679 1 

Step depth 0.602213 0.573891 0.593123 0.02832 4 

Spindle speed 0.632763 0.541553 0.59491 0.09121 2 

Feed rate 0.571461 0.568238 0.629527 0.06129 3 

 

 

 

Fig.14.Grey Relational Grades for 

minimum time (T),minimum roughness 

value Ra and maximum accuracy 

Fig.15.Wall angle 

 

 
Fig.16.Step depth 
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Fig.17.Spindle speed Fig.18.Feed rate 
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