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Abstract

Single point incremental sheet forming (SPIF) is a process of manufacturing parts that leads to low prices of manufactured parts
and high productivity. However, surface finish and forming time are responses that still need to be optimized to get better surface
quality and less forming time. In the present paper, two techniques, the Taguchi grey relational analysis (TG) and response
surface methodology (RSM), are combined together in order to get an optimal combination of several process parameters, such as
the step increment, the feed rate, the rotation speed, the lubricant, and the sheet material. The cost function takes into account the
response parameters such as the forming time, the axial, and the radial force, as well as the surface roughness in the sheet plane.
The obtained results of this combination of techniques predict the grey relational grade by an empirical model that could be used
in further experiments. Furthermore, the analysis of variance (ANOVA) for the grey relational grade is conducted to obtain the

best levels of input process parameters.

Keywords SPIF - RSM - TG - DOE - ANOVA

1 Introduction

The single point incremental sheet forming (SPIF) is a
recent technology for manufacturing sheet parts considered
as a rapid prototyping process. The principle of this pro-
cess is to deform locally and successively a blank sheet
using a hemispherical tool following a tool path which
controlled by a 3-axis CNC machine. This process is used
in many areas to manufacture parts for small series and
prototypes, and it covers various fields such as biomedical,
aeronautics and micromechanical applications. In previous
studies [1-4], two classes of incremental sheet forming
processes have been presented. SPIF has attracted the in-
terest of several researchers worldwide [5—7]. Several
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authors have chosen this technique for its simplicity and
rapidity for applications. It optimizes the forming compo-
nents served to stamp sheets, which leads to cost reduc-
tions [8, 9]. Some authors like Kim et al. [10] have studied
the effect of tool geometries on formability and they have
shown that the best formability is achieved by an optimal
tool diameter of about 10 mm, which results in using a
hemispherical tool in this work with a 10-mm diameter.
In the above studies, many techniques have been used
for multi-response optimization. The most commonly tak-
en methods include the response surface methodology, the
fuzzy logic, the relational analysis, and the artificial neural
networks [11-13]. For the present work, the response sur-
face methodology is chosen, which is applied to explore
the relationships between the input variables and the re-
sponses resulting from an experiment, i.e., to propose an
analytical equation of responses taking into account uncer-
tainty, hazards and error. It is used to study the interaction
effect of input factors on response parameters. It deter-
mines, as well, the optimal combination to get the best
performance characteristic. For a different manufacturing
process, the impact of various process parameters on sur-
face roughness has been studied by a lot of authors
[14-16]. However, it has not been treated well in the
forming process. Among the small number of authors,
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who have worked on the piece roughness formed by SPIF,
Kurra et al. [17] analyzed the impact of multiple factors on
the surface roughness and the forming time using the Box-
Behnken design. They optimized the process by minimiz-
ing the response values using the NSGA-II algorithm and
they found that the response parameters could be improved
by the NSGA-II algorithm. Moreover, they identified the
most significant factors that would influence the surface
roughness and the manufacturing time. Several authors
have utilized a Taguchi L18 orthogonal array and have
determined the levels of the studied factors to find the
optimal response parameters combining two techniques:
the response surface methodology and the grey relational
analysis [18, 19]. In many other studies [18, 20], there have
been more than one response parameter. Some authors
have sought to optimize multi-responses at one time using
a grey relational grade. Raju et al. [20] employed a hybrid
optimization technique in the SPIF of copper sheets to
determine an optimal combination of input process param-
eters, where they combined the response surface method-
ology and the grey relational grade. In addition, they de-
veloped an empirical model that predicted the grey rela-
tional analysis. Moreover, they utilized the Analysis of

Forming tool

Sheet

Variance (ANOVA) to determine the dominant parameter.
Mulay et al. [21] conducted an experimental investigation
in which they studied the effect of such process parameters
(feed rate, step increment, tool diameter, and sheet thick-
ness) on surface roughness and formability by using the
Box Behnken design with the response surface methodol-
ogy. Many authors have used the grey relational analysis
and ANOVA analysis for the grey relational grade in order
to reach the optimal combination parameters [22—-24]. For
example, Selvarajana et al. [25] designed the experiments
using the Taguchi orthogonal array. They determined the
optimal input process parameters via the grey relational
coefficient. Then, they identified the significant parame-
ters by the analysis of variance. Sarraji et al. [11] identi-
fied the significant factors that affected the forming time
in the negative incremental sheet forming using the
Taguchi method with the Design of Experiments (DOE)
and the ANOVA analysis. Ambrogio et al. [26] used the
same type of material and showed with the ANOVA anal-
ysis that the thickness had an impact on the shape accu-
racy and the formability of produced parts. Kurra et al.
[27] studied the effect of different process parameters of
single point incremental sheet forming on thickness
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Table 1 Mechanical and

hardening properties of the Material Mechanical properties Hardening low of Swift
specimen materials
Young’s Yield Ultimate Poisson KMPa) ¢ n
modulus (MPa) strength (MPa) strength (MPa)  ratio v
AA 1050 69,000 28 170 0.33 705 0.018 0.28
DCO1 210,000 173 311 0.35 619 0.003  0.24
CuBe2 120,000 333 220 0.31 515 0.002 041

distribution and maximum wall angle using the Taguchi
orthogonal arrays. Thus, Pandivelan et al. [28] carried out
an L9 orthogonal array with the design of experiment in
order to determine the optimal combination of process
parameters for improving the formability of produced
sheets. Adalarasan et al. [29] applied the grey Taguchi
in an L18 array and utilized the response surface method-
ology to predict the optimal condition process.

Little work has studied the effect of input process factors on
output parameters. The response surface methodology has
been used with the Taguchi L18 grey relational analysis to
determine the optimal response factors for the experimenta-
tion process. Thus, in this paper, an optimization of the
multiple-responses for SPIF is performed utilizing the grey
relational grade with the response surface methodology.
Therefore, the output parameters to be optimized are the
forming forces in two directions, the forming time, and the
surface roughness in two directions.

2 Materials and methods
2.1 Experimental work

In the present work, the blank sheets are cut in a square
shape with 200 mm x 200 mm and a thickness of about
I mm. The experiments are carried out on a 3-axis
Heindenhein CNC machine as shown in Fig. 1(a). The
experimental device is fixed on the machine table. In order
to form a sheet metal to the desired shapes with complex
geometries using a SPIF process, the desired shape is de-
signed and developed by CAD/CAM software (Catia V5).
In this part, the tool path is defined, where the step

Table 2 Chemical properties of used lubricant
Designation ~ Lubricant Density (g/l)  Viscosity
at 40 °C (Cst)
Oil 1 Oil Jelt 0.93 136
0il 2 Slide Oil 0.894 100
0il 3 88% Water +12% Oil ~ 0.891 -

increment is introduced. For all experiments, a truncated
pyramid with a circular generatrix is chosen to be
manufactured increment by increment using a hemispheri-
cal tool with 10 mm diameter, as shown in Fig. 1(a). The
large and small bases of this pyramid are square bases with
respective values: L =100 mm and a =40 mm, as depicted
in Fig. 1(b). Then, the height of the pyramid is H=20 mm
and the radius of the generatrix is R =50 mm. The speci-
men materials used for the experimentation are AA1050,
DCO1, and Cu-Be2. The mechanical properties and the
hardening low of Swift for these materials are illustrated
in Table 1.

During the experiments, three types of lubricants are used
to minimize the friction between the tool and the sheet. In
Table 2, are summarized the chemical properties of used
lubricants.

The input process parameters are the sheet material, the
spindle speed, the feed rate, the step increment, and the
lubrication. DOE, with three levels, is performed with an
L18 orthogonal array, as presented in Tables 3 and 4. The
output responses are the forming time, the axial force (Fa),
the radial force (Fr), and the surface roughness (Ra) in two
directions: 0° and 45°, regarding the forming direction,
defined by Ra pro and Ra pir4s. The methodology used
in this work is illustrated in Fig. 2, as follows:

i. Identification of input process parameters and their levels
and the response parameters to be optimized,

ii. Achievement of test campaigns based on adopted DOE,

iii. Computation of S-N ratio of each response parameter,

iv. Normalization of each response,

Table 3 Factors and levels of L 18 array
N°  Factors Levels
Factors Notations 1 2 3
1 Materials A AA1050 DCO1 CuBe2
2 Rotation speed (tr/mn) B 500 1000 1500
3 Feed rate (mm/mn) C 300 600 900
4 Step depth (mm) D 0.25 050 075
5 Lubricant E Oil 1 Oil2 Oil3
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Table 4 Input process parameter

values and response values ° Factors Response values
A B C D E Fa(N) Fr(N) Ra pro (Lm) Ra pirys (LM) Forming
time (s)
1 1 1 1 1 1 656.28 0.50 2.60 3.10 59.26
2 1 2 2 2 2 842.71 11.47 2.80 323 16.23
3 1 3 3 3 3 911.71 9.63 2.20 1.90 7.83
4 2 1 1 2 2 3021.63 20.70 7.20 7.10 30.63
5 2 2 2 3 3 3071.01 6.53 3.40 3.90 12.05
6 2 3 3 1 1 1696.26 7.16 5.00 3.40 21.86
7 3 1 2 1 3 1797.39 2.84 1.10 1.10 31.48
8 3 2 3 2 1 1976.27 7.04 1.28 1.14 11.85
9 3 3 1 3 2 1550.36 30.97 1.60 1.60 20.40
10 1 1 3 3 2 995.791 1.19 1.25 1.12 7.96
11 1 2 1 1 3 793.98 14.28 1.76 1.51 59.28
12 1 3 2 2 1 907.787 7.69 1.32 1.21 16.21
13 2 1 2 3 1 3331.01 23.75 1.95 2.00 11.20
14 2 2 3 1 2 2591.95 6.46 1.77 1.80 21.88
15 2 3 1 2 3 1676.11 3.39 3.76 3.40 15.31
16 3 1 3 2 3 2242.11 2.63 3.99 4.81 11.48
17 3 2 1 3 1 1704.38 20.10 1.60 1.97 20.48
18 3 3 2 1 2 1815.98 430 3.51 4.59 31.00

v. Calculation of grey relational coefficients from nor-
malized values for each output process parameter
and the computation of grey relational grade,

vi. Performance of variance ANOVA analysis and de-
termination of contour plots, main effects plot and
interaction plots between input processes, thanks to
Minitab 18 software,

vii. Selection of optimal levels of input factors.

2.2 3D altimeter

The obtained forming surfaces are not perfectly smooth. After
the incremental forming process, they present micro geomet-
ric defaults. As a consequence, for analyzing and measuring
roughness, a 3D altimeter is used, as it is observed in Fig. 3.
This device constitutes an optical metrology tool that makes it
possible to study the specimen surface topography. Indeed, it
is utilized to establish relationships between surface states,
micro dimensions, coatings, and functionality and qualities
expected of a product.

In this work, the roughness measurements are taken on the
inside of the test piece along the x-axis in two directions: 0°
and 45°, as shown in Fig. 4. The programmed measuring area
is 4 mm x 4 mm, defined by (a), (b), (c), and (d) in the same
figure. The test parameters are performed as dimensions area,
pitch, and speed. The sensor is focused on the specimen. After
that, the laser probe for the sensor comes into contact with the
supporting surface for measurement. It sweeps the entire
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surface step by step according to the parameters set by
collecting the roughness parameters.

2.3 Methods

To make the best of process parameters, the signal-to-noise S-
N is computed [25, 30]. In this research, all responses need to
be minimized using the smaller-is- the- best equation.
Therefore, the formulae used to determine the SN_Ratio for
the forming time, the forming forces, and the surface rough-
ness is presented in Eq. (1):

1 n
SN_Ratio = ~10log, - ; X (1)

where x;; is the observed response value in the i test, i is the
response value in the j” trial, and j correspond to the number
of experiments. To normalize the S N ratio for the experimen-
tal results [30], eq. (2) is used to minimize the performance
characteristics:

maX(X1/7i = 1,2, ...,n)*x,-,-

X, xSN_Ratio

(2)

i max(xz-,.,i =1,2, ...,n)—x,,-—min(xi,,i =1,2, ...,n)—x,-/-

where Xj; is the normalized value of x;;.
The grey relational coefficient of each experiment that
illustrates the relationship between the best and normalized
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Fig. 2 Used methodology
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values of the SN_Ratio [25] using eq. (3) is calculated as
follows:

5. = Amin—® Amax
U A() j(Z) + ®Amax
Ao j(z) = [Xo(2)=X (2)|

(3)

where [3; is the grey relational coefficient, A, ;is the devi-
ation sequence between the reference sequence and the
comparability sequence Amin and Amax are the smallest
and largest values of the deviation sequence, and ®is the
distinguishing coefficient chosen in the meantime [0, 1].
The grey relational grade G, is computed by eq. (4) [30]. It
is the average of the grey relational coefficients in each trial:

1 m
G, =— Zﬂy

m j—

(4)

where (3; is the grey relational coefficients, m is the number of
performance characteristics.

|

Optimization by using RSM method

3 Results and discussion

The experiments were carried out according to the run order
for the design of experiment. The arithmetical mean rough-
ness profile is determined for all trials. From the obtained
results of roughness in Table 4, Ra is very important in case
of mild steel DCO1 as material sheet. A slight variation in
surface roughness was observed between the copper and alu-
minum sheets obtained by the SPIF process.

The optimization problem is a multi-objective. It consists
to minimize the forming time, the roughness Ra pro and Ra
DIRr4s, the axial forces and radial forces. The determination of
the objectives makes possible to determine the best combina-
tion of levels for factors.

Table 5 presents the computed SN_Ratio and the nor-
malized SN_Ratio of the response values. The deviation
sequences, the grey relational coefficients, the grey grade
and the rank of each experience are provided in Table 6.
The grey relational grade varies from 0.397 to 0.939. The
highest grey relational grade implies that the
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Fig. 3 3D altimeter

corresponding experimental result is closer to the ideal
normalized value. In other words, for a good grey rela-
tional quality, better will be the multiple performance
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Fig. 4 Roughness programmed measuring area
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characteristics. The highest grey grade corresponds to
the 10 ™ trial where the sheet material is aluminum, the
feed rate is 900 mm/min, the rotation speed is 500 rpm,
the step increment is 0.75 and the lubricant is Oil2.
Experiment N° 12 has the second highest value of the
grey grade for the same material.

To identify the significant input process parameters,
ANOVA is conducted. The confidence level in ANOVA
is about 95%. Table 7 shows the Sum of Square (SS), the
Mean Square (MS), the F value and the P value of each
factor for the grey relational grade. The F value is equal to
the MS of each factor divided by the MS of the error and
the P value. Furthermore, the MS of each factor Adj MS
is obtained by dividing the Adj SS by a degree of freedom
for each factor. Afterwards, the percentage contribution
for each parameter is illustrated in Table 7. Else, Table 5
illustrates the results of the analysis ANOVA for the grey
relational grade. It consists to study the significant factors
that affect the grade. The significant parameters that affect
the performance are presented too in the Pareto chart in
Fig. 5.

We can deduce that the material sheet (A) and the lu-
bricant (E), as well as the interactions (B)*(C), (B)*(D),
(A)*(D) and (E)*(E), are statistically significant factors.
They affect the performance characteristics “Grey rela-
tional grade”. They pass through the line reference. It
indicates that the P value of the material sheet and the
lubricant are smaller than 0.005. As a result, these terms
are the most important terms on the quality of the rela-
tional gray rank. They have a percentage contribution in
of 15.79% for the interaction (B) * (C), 6.22% for the
factor (A), 0.12% for the lubricant (E), 16.21% for the
interaction (B)* (D), 1.68% for the interaction (A) *
(D), and 5.64% for the interaction (E) * (E).

They have an important effect on the grey relational
grade. We consider also that the model has an impact on
the grey relational grade results. For that reason, we ap-
plied a full quadratic response surface model for the grey
grade via Minitab software in order to analyze the exper-
imental results. The model will have the following form

(Eq. (5)):

k k k
Grey grade = ap + Y, a;X; + . aiiX? + Y a;XiX; (5)

i=1 i=1 ij

Where k, the number of factors; a;,a;;, a;;, regression coef-
ficients; X;, X ?, and X;X; represent respectively the linear ef-
fect of factors, the quadratic effect of factors, and the linear
effect by linear for the interaction of factors.

The predicted GRG regression equation for this experimen-
tation is as follows. It contains linear factors, square factors,
and an interaction between 2 factors:
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Table 7 Analysis of variance for

grey relational grade Source DF Seq SS Contribution Adj SS Adj MS F value P value
Regression 14 0.244565 96.80% 0.244565 0.017469 6.48 0.075
Linear 5 0.057023 22.57% 0.106485 0.021297 7.89 0.060
A 1 0.016539 6.55% 0.063783 0.063783 23.64 0.017
B 1 0.000000 0.00% 0.003867 0.003867 1.43 0317
C 1 0.034454 13.64% 0.001203 0.001203 0.45 0.552
D 1 0.005720 2.26% 0.006374 0.006374 2.36 0.222
E 1 0.000309 0.12% 0.050119 0.050119 18.58 0.023
Square 3 0.091272 36.12% 0.062107 0.020702 7.67 0.064
A*A 1 0.069406 27.47% 0.000009 0.000009 0.00 0.956
D*D 1 0.007621 3.02% 0.010230 0.010230 3.79 0.147
E*E 1 0.014244 5.64% 0.029480 0.029480 10.93 0.046
Interaction 6 0.096270 38.10% 0.096270 0.016045 5.95 0.086
A*B 1 0.002294 0.91% 0.002229 0.002229 0.83 0.430
A*D 1 0.004254 1.68% 0.042291 0.042291 15.68 0.029
A*E 1 0.002319 0.92% 0.019714 0.019714 7.31 0.074
B*C 1 0.039891 15.79% 0.081335 0.081335 30.15 0.012
B*D 1 0.040957 16.21% 0.046192 0.046192 17.12 0.026
B*E 1 0.006555 2.59% 0.006555 0.006555 243 0217
Error 3 0.008093 3.20% 0.008093 0.002698
Total 17 0.252658 100.00%

DF degree of freedom, Seq SS sequential sums of squares, Adj SS adjusted sums of squares, Adj MS adjusted mean

squares

Grey = Grey = 0.728 + 0.268 A + 0.083 B + 0.3745 C-0.290 D-0.371 E (6)
+0.0022 A*A + 40.0633 D*D + 0.1306 E*E + 0.0356 A
*B-0.1408 A*D-0.0805 A*E~0.1796 B*C + 0.1437 B
*D-0.0510 B*E

In Fig. 6(a), the experimental GRG vs the number of the
trials is plotted. Moreover, the experimental GRG Vs ana-
lytical GRG is plotted too in Fig. 6(b). It can be seen that

Fig. 5 Pareto chart for the
standardized effects

Term

the coefficient correlation is equal to 96.79%. Hence, the
experimental GRG is in good correlation with the analyti-
cal one.

Using Minitab18 software, the main effect plot and the
interaction plot of data means for the grey grade are
depicted in Figs. 7 and 8. According to the ANOVA anal-
ysis, Fig. 7 shows the main effect segments of the grey
relational grade, where the average horizontal line is the

(response is GREY Grade; a = 0,05)

3,182

Factor Name
A

2 3 4 5 6
Standardized Effect
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total average value of the gray relational grade. Based on
the slope values, the importance of the input factors can
be judged. If the line is horizontal, we deduce that the
factor no longer has a main effect. In our case, all factors
have major effects. But, the degree or intensity of each
factor depends on the slopes. When the value of the slope
is higher, the factor has a significant effect. So, the big-
gest is the gray relational grade, and the best is the per-
formance characteristics. Then, the best combination of
parameters levels optimizing simultaneously the perfor-
mance characteristics “grey grade” is obtained at level 1
of sheet material and at the same level for rotation speed,
the feed rate is at level 3 and at the same level for the step
depth, the lubricant is at level 2. The maximum value of
Grey grade is recorded to the factor A in which it presents
the material sheet at the smaller level “1.”

Using the method of Grade Taguchi, the best combination
of factor levels that allows the simultaneous optimization of
performance characteristics is as follows:

e Level 1 of the sheet material
* Level 1 of the rotation speed
* Level 3 of the feed rate

Fig. 7 Main effects plot for grey
grade

0,78
076
0,74
0,72

0,70

Mean

0,68
0,66
0,64
0,62

0,60
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» Level 3 of the step depth
* Level 2 of Lubricant

The results of the optimal combination obtained by the
Grade-Taguchi method are consistent with those obtained
by the effects analysis with Minitab except for the level of
factor E. Instead of having level 2, the factor E takes level
1 in the main effects graph.

The first highest interaction is noted between A and B,
where A is the material sheet and B is the rotation speed.
The second highest interaction is between the rotation speed
and the lubricant. Regarding the main effect plot, all the
input process parameters expect the feed rate has the same
gait. It decreases and then it increases. There is a large and
slight deviation by means of the grey grade GG of the ma-
terial sheet and the feed rate, respectively. For the material
sheet, it varies from 0.67 to 0.59.

Figure 9 presents the surface the surface plots of grey grade
for different outputs. Figure 9(a) shows the surface plots of
GG vs the material sheet and the other predictors and Fig. 9(b)
shows the surface plots of grey grade vs lubricant and the
other factors. For example, the highest GG values in Fig.
9(a) is obtained when A and B reach their lower values. The

Data Means

B (& D E
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Fig. 8 Interaction plot for grey

d
grade 1 2 3
Pl W Y
A Ph
g
B

other parameters, C, D, and E, are considered constant by
Minitab18 software. Similarly, for the variation in the grey
grade with respect to the lubricant and various input parame-
ters is given in Fig. 9(b).

Thanks to the response optimizer, the combination of the
input process parameters that optimize one or more responses
is determined. In this work, the grey grade is the only chosen
response to be optimized using Minitab 18. It should be max-
imized utilizing the desirability function approach. According
to the desirability value, as illustrated in Fig. 10, the optimal
levels of process parameters are a copper sheet, 500 rpm ro-
tation speed, a 900 feed rate, a 0.25 mm step increment, and an
oil 3 lubricant. In this case, the desirability is ideal. It is de-
fined by the following formulae (Eq. (7)):

D : overall desirability

d: individual desirability
Y : response

(7)

T : target value

The optimal values presented in red brackets are considered
for the optimal combination.

To validate the optimal combination of input parameters, a
test is carried out using the optimal forming process. The
estimated value of GRG and the obtained one from the exper-
iment are 1.2864 and 1.3174, respectively. The improvement
in the grey grade is equal to 2.4%. Consequently, the results
are validated, and the used optimization and the developed

987
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1 2 3 1 2 3 1 2 3
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*-- "‘: tT—F‘.‘\“ \\\’//’. —n— 2
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N 060 | - 4. 3
w

equation of GRG can be used in further experimentation with
respect to the input parameters.

4 Conclusions

This work combines two methods Taguchi grey relational
analysis and the response surface methodology in which an
optimization of multi-response parameters are made by com-
puting the grey relational grade. By the analysis taken from
the obtained results, some conclusions are illustrated in the
following:

e The experiment N °10 has the greatest value of the grey
relational grade when the sheet material is aluminum, the
rotation speed is 500 rpm, the feed rate is 900 mm/min, the
step depth is 0.75 mm, and the lubricant is Oil 2. The
levels of this experiment are close to the best performance
in the SPIF process by utilizing a hybrid optimization.

* The coefficient correlation and the adjusted one are in
harmony and consistency in the prediction of GRG.

* Based on the ANOVA analysis, the material sheet and the
lubricant are the most significant factors that affect the
surface roughness, the forming forces, and the
manufacturing time.

* The main effect plots show that the high main effect for
grey grade is obtained with the material sheet at level 1.

»  With the desirability approach, an optimal parameter con-
dition of the SPIF process is obtained when the sheet ma-
terial is copper, the rotation speed is 500 rpm, the feed rate

@ Springer
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Fig. 9 (a) Surface plots of grey grade vs material sheet and various input factors; (b) Surface plots of grey grade vs lubricant and various input factors

Fig. 10 Optimization plot of grey
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is 900 mm/min, the step increment is 0.25 mm and the
lubricant is Oil 1. This combination will offer good results
for the surface roughness, the axial and radial forces, and
the forming time.
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