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The single point incremental forming process (SPIF) is materialized to form the desired shapes in low-cost sheet metal processing and 
well suited for low batch components and customized designs. Many modifications have been attempted in recent years to maximize the 
formability, geometric accuracy and quality of the SPIF formed parts. In this work, an attempt has been made to analyse the influence of 
process parameters namely ball tool diameter, step size, spindle speed and sheet thickness on final wall thickness, forming force and surface 
roughness. The optimized results exhibit the desirable formability  when the roller ball tool diameter of the tool is 12 mm. The results also 
project that formability of the sheet metal is minimized when the spindle speed is increased and the ball diameter maximizes the accuracy 
and surface roughness. Also minimizing the step size increases the product quality features. Upon conducting this multi-response optimization 
by grey based response surface methodology (RSM) technique It is identified that 12 mm ball diameter of the tool, 0.25 mm step size, 
2445 rpm spindle speed, and 2 mm sheet thickness are the obtained optimized SPIF process parameters as confirmed through confirmation 
experiments.
Keywords: grey based RSM, single point incremental forming, roller ball tool, surface roughness

Highlights
•	 Roller ball tool with different diameter is employed in SPIF process of Al 6061 sheets. 
•	 Implementing a hybrid approach and a grey-based RSM technique, the process optimization is achieved. 
•	 This study examines the correlation between the roller ball tool and the surface roughness of the resultant component over 

different ball tool diameters.

0  INTRODUCTION

Single point incremental forming process (SPIF) 
is a manufacturing process which does not require 
a dedicated die for producing three dimensional 
(3D) manufacturing parts. SPIF is well-known 
for rapid prototyping and customized sheet metal 
components. SPIF process has better formability 
than conventional forming processes due to localized 
plastic deformations and through-thickness shearing 
deformations. This SPIF process employs a modest 
hemispherical tool to deform the sheet metal step by 
step (incrementally) by allowing in the generated tool 
path. A ball tool is utilized in incrementally forming 
sheet metal components. The ball rotates itself during 
the tool rotation in the prescribed tool path to achieve 
the deformed shape [1]. Tool diameter, step depth, 
feed rate, spindle speed, wall angle, and tool path are 
the influencing parameters that affects the mechanics 
of SPIF process [2]. High processing duration with 
less geometric accuracy than conventional process 
are the few significant restrictions in the SPIF process 
[3]. The response surface methodology (RSM) 
with neuro-fuzzy was developed to identify the 
response parameters based on the central composite 
design of experiments along with inverse analysis 

[4]. Honarpisheh et al. studied multi-response 
optimization to predict the process parameters and 
the authors validated through experiment reporting 
that 95 % of confidence interval between responses 
obtained and input parameters using RSM [5]. Chang 
et al. [6] developed an analytical model to predict 
the force related components in both axial and radial 
directions with maximum accuracy and reported that 
the deviations in force components are produced by 
varied elastic deflection of the sheet metal. Kumar 
and Gulati [7] optimized the process parameters of 
SPIF process and analysed the effect of forming force 
and thickness reduction of frustums using Taguchi 
method.

Sbayti et al. [8] experimented the optimization 
of geometric accuracy using hybrid grasshopper 
optimization algorithm and reported that changes 
in geometric shapes and defects with obtained 
geometry and geometry generated by computer 
aided design (CAD) can be obtained by simulations 
and optimization techniques. Taherkhani et al. [9] 
studied four process parameters using artificial neural 
network (ANN) and evaluated using genetic algorithm 
to obtain the prompt values for parameters. Ahiri et al. 
[10] optimized the SPIF process parameters in forming 
Al 5052 using ANN. The effect of ball nose tool upon 
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optimizing the process parameters results in expected 
quality in forming sheet metal parts. 

In this study, a hybrid approach is used to 
combine Taguchi grey relational analysis (TGRA) 
and RSM in order to find the best possible set of input 
process parameters, including sheet thickness, roller 
ball tool diameter, spindle speed, and vertical step 
size, that will produce the best possible results.

1  DESIGN OF FORMING TRIALS AND EXPERIMENTATION

The SPIF sheet metal experiments were conducted 
using a five-axis MAKINO CNC vertical milling 
center (Fig. 1a). The aluminum 6061 sheet metal of 
dimensions 400 mm × 400 mm is employed in the 
fixture as shown in Fig. 1b. 

a) 

b) 
Fig. 1.  a) Three-axis CNC milling for incremental forming,  

and b) three dimensional fixture of SPIF process

The aluminum 6061 has several applications in 
aerospace industries and possesses good formability 
towards the desired shape. The fixture consists of 
base plate, supporting plate and roller ball tool. The 
Al 6061 sheet metal blank is detained in the fixture 
with the backing of a supporting plate and a holding 
plate to eliminate the blank’s movement during 
SPIF process. Since no specific lubricant has been 
adopted in this experiment, the usual water diluted 
lubricant is applied to minimize the excessive friction 
generated within the roller ball tool and Al 6061 
blank material. The novel developed roller ball tool 
of HcHcr tool steel is considered in these experiments 

with diameters of 8 mm, 10 mm, and 12 mm which is 
vacuum hardened and achieve average hardness of 56 
MPa as shown in Fig. 2. 

Fig. 2.  Roller ball tool and tool path rotation

The significant attribute of the ball tool is its 
ability to generate minimum friction and achieve a 
high surface polish. This is attributed to its unrestricted 
rotational movement within its formed cavity.

SPIF process parameters are chosen which can 
produce a reasonable response value and impact on 
output parameters. The trials for experimentation are 
designed with Taguchi L27 orthogonal array (OA). 
It allows the parameter combination study among 
the other forming parameters. The trial count in L27 
is less than the actual trial count essential in central 
composite design. The forming force, final wall 
thickness and surface roughness are measures of 
quality features in SPIF process of sheet metals and 
it are measured using a micrometer and Mitutoyo SJ-
410 portable surface roughness tester respectively. 
The process parameters are varied at three significant 
levels responses on the impact on quality features are 
presented in Table 1.

2  GREY-BASED RESPONSE SURFACE  
METHODOLOGY (g-RSM)

Sheet metal forming components are expected to have 
a sufficient final wall thickness which can withstand 
the product functioning requirement and good 
aesthetics which can be produced by surface finish of 
the formed parts. This Taguchi method employs signal-
to-noise (S/N) ratio to quantify the activity of the 
system [11]. The g-RSM uses the grey relational grade 
(GRG) to quantify. The multi-objective optimization 
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problem reduced to optimization of a single response 
is achieved using the GRG calculation.

Step 1: Estimate the S/N ratio (ηij) and carry out 
normalization as a portion of data pre-processing. Eqs. 
(1) and (2) were utilized to determine the S/N ratio 
and normalized S/N ratio (zij)  [12].
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where r is the number of replication, n is the number 
of response, yij is the observed response value, m is 
the number of observation, i = 1, 2, .., m, k = 1, 2, …, r 
and j = 1, 2, .., m.

Step 2: Compute the grey relational coefficient 
(GRC), γij using Eq. (3) [13].
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where ξ is the distinctive coefficient.
Step 3: Estimate the GRG by means of Eq. (4). 

The GRG converts multi into a single response [13].
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Step 4: Construct a quadratic equation and 
perform analysis of variance (ANNOVA) on GRG 
values to study the impact of SPIF factors on the 
responses [14].

Step 5: Create a 3D response graph to learn the 
effects of response parameters.

Step 6: Find the ideal combination of parameters 
and validate the response [15].

4  RESULTS AND DISCUSSION

4.1  Computation of GRG Values

The data pre-processing is finished to keep the 
responses on a common scale, and the responses are 
normalized for additional analysis [13]. The S/N ratio, 
normalized S/N ratio and the GRCs are computed 
by means of the suitable equations defined above. 
The GRG values were suggestive of the system 
presentation [9]. The values of GRC and GRG are 
presented in Table 2. The GRG values are single 
representatives of multi-responses (forming force, 
final wall thickness and surface roughness) noticed 
during the forming trials. For better responses, a larger 
value of GRG is desirable. The ultimate value of GRG 
was found as 0.876 (trial number 21), exhibiting the 
optimal functioning condition. The GRG values for 
distinct trials are exhibited in Fig. 3. The disparities 
in the GRG values are by reason of the change in 
the process parameter deployed during trialling. 
The noteworthy discrepancies in GRG values for 
the different trials demonstrate the important effect 
of diverse levels of single point incremental process 
parameters. 

Convergence in the plot specifies the smaller 
effect of parameter levels active during adjacent 
trials. Convergence in the plot indicates the minimum 
influence of parameter levels employed during 
adjacent testing. The absence of convergence in GRG 
values (Fig. 3) explicit the significant effect of process 
parameters levels preferred for this study.

Table 1.  Responses obtained during experimental trials

No. of 
experi-
ment

Tool 
diameter 

[mm]

Step 
size

[mm]

Sheet 
thickness

[mm]

Spindle 
speed
[rpm]

Forming 
force
[N]

Final wall 
thickness

[mm] 

Surface 
roughness

[µm]
1 8 0.25 1 1500 420.0 0.69 0.28
2 8 0.25 1.5 2000 780.0 1.46 0.32
3 8 0.25 2 2500 1080.0 1.62 0.35
4 8 0.5 1 2000 610.0 0.96 0.28
5 8 0.5 1.5 2500 730.0 0.97 0.32
6 8 0.5 2 1500 980.0 1.26 0.39
7 8 0.75 1 2500 460.0 1.45 0.36
8 8 0.75 1.5 1500 635.0 1.59 0.41
9 8 0.75 2 2000 760.0 1.46 0.38

10 10 0.25 1 1500 460.0 0.73 0.32
11 10 0.25 1.5 2000 620.0 1.50 0.34
12 10 0.25 2 2500 740.0 1.73 0.37
13 10 0.5 1 2000 720.0 0.99 0.31
14 10 0.5 1.5 2500 730.0 1.02 0.36
15 10 0.5 2 1500 980.0 1.31 0.43
16 10 0.75 1 2500 460.0 1.48 0.40
17 10 0.75 1.5 1500 635.0 1.63 0.45
18 10 0.75 2 2000 760.0 1.51 0.41
19 12 0.25 1 1500 483.7 0.80 0.36
20 12 0.25 1.5 2000 843.7 1.51 0.37
21 12 0.25 2 2500 1143.7 1.75 0.41
22 12 0.5 1 2000 673.7 1.03 0.34
23 12 0.5 1.5 2500 793.7 1.07 0.40
24 12 0.5 2 1500 1043.7 1.36 0.47
25 12 0.75 1 2500 523.7 1.55 0.44
26 12 0.75 1.5 1500 698.7 1.70 0.46
27 12 0.75 2 2000 823.7 1.55 0.48



Strojniški vestnik - Journal of Mechanical Engineering 70(2024)9-10, 507-514

510 Thangavel Karthik, T. – Srinivasan, N.– Rajenthirakumar, D. – Sridhar, R.

4.2  Adequacy of Regression Model

The calculated GRG values are used as sole 
representatives of multiple responses. The 
identification of relationship among the SPIF 
process parameters are achieved by developing a 
mathematical model through RSM. Usage of L27 
OA for conducting experiments authorize the study 
of contact amongst the SPIF process parameters with 
minimum experiments. A second order (quadratic 
model) polynomial equation is established with the 
aid of Design Expert software V12.0 that generates 
the coefficients of model using QR factorization 
method [16] and [17]. Eq. (5) represents the developed 
mathematical model.

GRG = 0.630133 – 0.154830 × Tool dia + 0.442984 × Step size
         + 0.477371 × Sheet thickness – 0.000089 × Spindle speed
         + 0.020063 × (Tool dia × Sheet thickness)
         – 0.838938 × (Step size × Sheet thickness)
         + 0.007715 × Tool dia2 + 0.983983 × Step size2 (5)

The model existing in Eq. (5) is devoid of 
insignificant relationships. ANOVA is performed 
in the GRG to explain the percentage contribution 
among the factors [16]. 

The model F value was detected to be 65.43 
demonstrating its significance as shown in Table 3.

Table 2.  Normalization of responses and GRG values

S/N Ratio Normalized values Grey relational coefficient
GRG grade RankForming 

force
Final wall 
thickness 

Surface 
roughness

Forming 
force

Final wall 
thickness 

Surface 
roughness

Forming 
force

Final wall 
thickness 

Surface 
roughness

–52.46499 –3.223018 11.056839 0.087 0.057 0.198 0.3333333 0.3333333 0.3333 0.3333333 27
–57.84189 3.2870571 9.8970004 0.618 0.805 0.248 0.5668587 0.7197618 0.3993 0.5619663 16
–60.66848 4.1903003 9.1186391 0.943 0.917 0.414 0.8973336 0.8577227 0.4604 0.7384869 5
–55.7066 –0.354575 11.056839 0.373 0.355 0.000 0.4434767 0.43662 0.3333 0.4044767 25

–57.26646 –0.264565 9.8970004 0.552 0.366 0.248 0.5273225 0.440907 0.3993 0.4558359 22
–59.82452 2.0074109 8.1787079 0.846 0.647 0.615 0.764294 0.5861855 0.5648 0.6384341 12
–53.25516 3.22736 8.87395 0.091 0.798 0.466 0.354814 0.7121908 0.4837 0.5168957 19
–56.05547 4.0279425 7.7443229 0.413 0.897 0.708 0.4598294 0.8291552 0.6310 0.63998 11
–57.61627 3.2870571 8.4043281 0.592 0.805 0.567 0.5506707 0.7197618 0.5357 0.6020313 14
–53.25516 –2.733543 9.8970004 0.091 0.061 0.248 0.354814 0.347355 0.3993 0.3671491 26
–55.84783 3.5218252 9.3704217 0.389 0.834 0.360 0.4499547 0.7511654 0.4387 0.5466001 18
–57.38463 4.7609221 8.6359655 0.565 0.988 0.517 0.5349855 0.9758944 0.5087 0.6731923 8
–57.14665 –0.087296 10.172766 0.538 0.388 0.189 0.5197746 0.4496011 0.3813 0.4502389 23
–57.26646 0.1720034 8.87395 0.552 0.420 0.466 0.5273225 0.4629542 0.4837 0.4913196 20
–59.82452 2.3454259 7.3306309 0.846 0.689 0.796 0.764294 0.6164025 0.7101 0.6969461 7
–53.25516 3.4052343 7.9588002 0.091 0.820 0.662 0.354814 0.7352344 0.5965 0.5621738 15
–56.05547 4.2437521 6.9357497 0.413 0.924 0.880 0.4598294 0.8675634 0.8068 0.711395 6
–57.61627 3.5795389 7.7443229 0.592 0.842 0.708 0.5506707 0.7593096 0.6310 0.6469786 9
–53.69152 –1.9382 8.87395 0.141 0.159 0.466 0.367907 0.3728388 0.4837 0.4081427 24
–58.52376 3.5795389 8.6359655 0.696 0.842 0.517 0.6221307 0.7593096 0.5087 0.6300458 13
–61.16624 4.860761 7.7443229 1.000 1.000 0.708 1 1 0.6310 0.8769852 1
–56.56933 0.2567445 9.3704217 0.472 0.430 0.360 0.4862374 0.4674917 0.4387 0.4641364 21
–57.99313 0.5876756 7.9588002 0.635 0.471 0.662 0.5782532 0.4860976 0.5965 0.5536079 17
–60.37151 2.6707782 6.5580428 0.909 0.729 0.961 0.8455445 0.6485835 0.9275 0.8072226 2
–54.38165 3.806634 7.1309465 0.220 0.870 0.839 0.3907088 0.7931469 0.7559 0.646597 10
–56.88581 4.6089784 6.7448434 0.508 0.969 0.921 0.5040668 0.9413596 0.8636 0.7696809 4
–58.31538 3.806634 6.3751753 0.672 0.870 1.000 0.604129 0.7931469 1.0000 0.7990919 3

Fig. 3.  Variation of GRG for different experimental trials
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Table 3.  ANOVA on GRG values

Source
Sum of 
squares

DoF
Mean 
square

F value
P value 

Prob > F
Model 0.5125 8 0.0641 65.43 < 0.0001 sign.
A-Tool 
diameter

0.0630 1 0.0630 64.29 < 0.0001

B-Step size 0.0320 1 0.0320 32.64 < 0.0001
C-Sheet 
Thickness

0.3008 1 0.3008 307.16 < 0.0001

D-Spindle 
speed

0.0222 1 0.0222 22.72 0.0002

AC 0.0048 1 0.0048 4.93 0.0394
BC 0.0825 1 0.0825 84.23 < 0.0001
A² 0.0057 1 0.0057 5.84 0.0266
B² 0.0227 1 0.0227 23.18 0.0001
Residual 0.0176 18 0.0010
Cor Total 0.5302 26

4.3  Study of Three-Dimensional Response Surfaces

The 3D surface response plots are generated to 
connect the GRG values with SPIF process parameters 
as shown in Fig. 4. 

It is observed that the increase in sheet thickness 
necessitates an increase in tool diameter. It is evident 
that an increase in step size increases the irregularity 
in sheet thickness distribution irrespective of the 
sheet thickness. It is perceived from the plot that 
the step size and spindle speed show independence, 
because the increase in spindle speed and step size 
does not produce any additional force in stretching 
or material uniformity. Also, the increase in ball tool 
diameter doesn’t generate significant effect on plastic 
deformation produced in the thinning effect on the 
sheet thickness. Considering the forming force, it 
increases with increase in ball tool diameter and sheet 
thickness.

The effect of various SPIF process parameters and 
their relations is evidenced by the value of probability 
(p value < 0.05). The model fitness is revealed by the 
closeness of R-squared value (0.9668) to unity [16].

a)           b) 

c)           d) 
Fig. 4.  3D response surfaces and contour plots of input parameters; a) and c) GRG grade, s) and d) 3D surface
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a)        b) 

c)        d) 
Fig. 5.  Effect of SPIF parameters on the responses

4.4  Effect of SPIF Process Parameters on Responses

Fig. 5 shows the effect of SPIF process parameters 
on the response parameters. It is noted from the 
Fig. 5a that the increase in roller ball tool diameter 
increases the surface roughness of the formed sheet 
metal component. Also it supports uniform material 
distribution by maximizing the wall thickness [7]. 
The average surface roughness is achieved by plotting 
various spots of tool path. A decrease in step size 
encourages the increase in quality features like surface 
roughness and wall thickness as shown in Fig. 5b. Step 

size variation affects the surface roughness directly: 
minimum step size provides the maximum surface 
roughness and also the final wall thickness [18]. 

Considering the spindle speed in Fig. 5c, the plot 
displays that increase in spindle speed can produce 
good surface roughness and final wall thickness 
including minimum forming force. So, identifying 
the optimized spindle speed in SPIF process has a 
significant role in quality features of the components. 
From Fig. 5d, it exhibits that the increased sheet 
thickness produces good quality features and reduces 
the machine utilization like forming forces.

Fig. 7.  Plot of the predicted versus actual GRG values Fig. 6.  Desirability analysis
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4.5  Desirability Analysis

The design Expert software is utilized to accomplish 
the desirability analysis [16]. The conclusions of 
desirability analysis are recorded. 

Table 4 with optimal response parameters.  The 
SPIF condition which exhibits the highest desirability 
value is opted as the ideal condition. The ideal 
condition of tool diameter is 12 mm, step size is 
0.25001 mm, sheet thickness is 2 mm, spindle speed 
is 2445.2 r/min and GRG grade is 0.854741 is shown 
in Fig 6. The predicted vs. actual graph (Fig. 7) shows 
the unvarying form which are close to a straight line, 
ensures the correctness of the predicted values.

Table 4.  Confirmation test

Parameter  
setting

GRG
Responses

Forming 
force

Final wall 
thickness

Surface 
roughness

Optimal setting 0.33333 420.0 0.69 0.28
Optimal setting 
using g-RSM

0.876985 1143.7 1.75 0.41

Improvement 0.543655 723.7 1.06 0.13
Improvement [%] 61.99 63.28 60.57 31.71

4.6  Experiments of Confirmations

The optimized parameters are experimented to 
validate and approve the g-RSM approach. The 

responses attained with the initial settings of SPIF 
parameters are compared with those obtained with 
the optimal operating condition predicted by g-RSM 
method. It is noted that good agreement between 
confirmation experiments, GRG optimized values 
and the formed components are found to be accurate 
as shown in Fig. 8. The scanning electron microscope 
(SEM) fractography outputs are presented in Fig. 
8 which infers that the sheets developed under an 
evolution from shear to inter-crystalline separation 
with a considerable amount of plastic deformation 
along with inter-crystalline fracture. Based upon the 
optimization technique and SEM results, it can be 
determined that forming two sheet blanks in SPIF 
process would be idyllic.

5  CONCLUSIONS

The process parameters of SPIF have been optimized 
using grey based response surface methodology and 
the optimized parameters have been identified. The 
effect on optimized parameters is studied on response 
parameters. The experiments of confirmation are 
conducted to validate the optimized parameters. Based 
on this, the following conclusions are made:
1. Increase in roller ball tool diameter increases 

the surface roughness of the formed part 
and increases the uniformity in sheet metal 

           

          
Fig. 8.  Confirmation test results and its fractography
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optimum tool diameter for 2 mm sheet thickness. 

2. Reducing the step size increases the material 
formability and quality features and supports 
thickness distribution. It is found that 0.25 mm 
step size is an optimal value for the present 
process condition. 

3. Increase in spindle speed promotes the 
augmentation of surface roughness and final 
wall thickness while simultaneously limiting the 
exertion of forming force which is identified as 
2445.5 r/min. 

4. It is evident that the increased sheet thickness 
produces good quality features with an increase in 
the forming force. From this study it is identified 
that the optimal sheet thickness is  2 mm.
The practice of the single point incremental 

forming technology can greatly assist in the fabrication 
of non-identical indigenous components.
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