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Abstract 

Single point incremental forming (SPIF) is an economical and fast sheet metal forming technique, 

which does not require a set of specified and complicated dies and a press machine. A finite element 

method (FEM) model of an incremental sheet metal formed conical cup is developed using ABAQUS 

software. The geometric shape and processing parameters for the punch of the tool path on the 

thinnest (T) and uniformity (U) of the sidewall thickness of a finished conical cup are measured by 

SPIF. The SPIF variables for the experimental design include the punch diameter (D), the Z-axis feed-
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down distance (Z), the rotational speed of the punch (R) and the feed rate (F). The experiment uses 

25 sets of analogs and a Box-Behnken design (BBD). Minitab software is used for a regression 

analysis and to develop the prediction equations for T and U for a finished conical cup. The FEM 

model and response surface methodology (RSM) are used to determine the optimum design for T and 

U for a finished conical cup. Compared with the prediction equations for T and U for a finished 

conical cup that are calculated using RSM, the results for the FEM demonstrate excellent accuracy. 

 

Keywords: Single point incremental forming, Finite element analysis, Box-Behnken design 

 

1. Introduction 

The need for environmentally friendly manufacturing processes have seen the development of 

government regulations and customer perceptions of environmental issues effect buying decisions. 

Sheet metal processing, which does not produce chips during forming, is a traditional machining 

process. However, the quantity and quality of finished products that are produced using sheet metal 

processing has gradually become small, diverse, customized and requires precise manufacturing and 

development. Single point incremental forming (SPIF) is used in industry to decrease the 

manufacturing cost and to increase machining efficiency. A round-tipped punch moves along a pre-

defined path to produce an open-formed surface product, as shown in Fig. 1. SPIF studies focus on 

the forming method [1-8], the tool path [9-16] and the finished wall thickness for a product [17-20]. 

However, an uneven sidewall thickness that results from the complex forming stresses between the 



punch and the workpiece is a defect of SPIF. Petek et al. [5] demonstrated that the rotational speed of 

the punch and the state of the lubricant have little effect on the maximum stress, but have a significant 

effect on surface quality. Li et al. [8] used finite element analysis (FEA) for SPIF for cones and 

showed that the deformation of the plate during the forming process is mainly affected by the 

combined stress of stretching, bending and shearing. Ham and Jeswiet [10] determined the maximum 

limit of the inclination angle for the finished product for different processing conditions, in terms of 

the sheet thickness, the step-size and the punch diameter and showed that for the same processing 

conditions, a thicker sheet allows a greater inclination limit for the finished product and that the 

inclination limit for forming is reduced if a larger punch is used. Yamashita et al. [12] used FEA to 

determine the effect of step-size, punch path and feed rate on sheet forming for SPIF and showed that 

if the feed rate is too fast, a stepped pattern is produced on the inner wall of the finished product. Lu 

et al. [15] used path planning to calculate the contour density using the scallop height and then 

interpolated the contour line to create a continuous spiral oblique path. The pits and tracks that are 

generated also produce a more accurately sized finished product. Ambrogio et al. [17] used finite 

elements (FEs) to determine the distribution of the thickness for products that are produced using 

SPIF and showed that increasing the step-size decreases the thickness of the finished product. Duflou 

[18] and Verbert et al. [19] showed that the thickness of the sheet after SPIF can be roughly estimated 

using the sine law to determine an average approximate value. During SPIF, the sheet-metal is firmly 

clamped between the back-plate and the pressure plate to prevent plastically sliding, so the thickness 

of the finished sidewall after SPIF can be uneven [10, 12, 17-20]. 



 

Fig.1  Diagram for SPIF: (i) the undeformed stage of the initial unprocessed sheet; (ii) the punch 

contacts the sheet and feeds to the depth of the first incremental point; (iii) the punch is horizontally 

fed in the longitudinal and latitudinal directions at each increment in depth and (iv) the final product 

is formed 

 

Response surface methodology (RSM) is used for analysis and for solving procedures [21-24]. 

It is used to produce the optimal product design or process parameters for scientific systems or 

industrial applications, especially if the system characteristics are affected by a large number of 

variables. A Box-Behnken design (BBD) is commonly used in combination with RSM to produce the 

optimal quality for a target. Song et al. used an analysis of variance (ANOVA) with a BBD to 

determine the significance of independent parameters and interactions [25]. To produce a greater 

value of T and U for the SPIF process, this study uses a finite element method (FEM) and a design of 

experiment to optimize the design for an axisymmetric conical cup for SPIF. The experiment uses 25 

sets of analogs and a BBD. Minitab software is used for regression analysis and to develop the 

prediction models for T and U. The FEM model and RSM are used to determine the optimum design 



that produces the best value for T and U. 

 

2. Method and experiment 

2.1 FEA 

This study uses the experimental results for the SPIF axisymmetric conical cup from a previous 

study [20] as verification data. The design of the fixture for SPIF is shown in Fig. 2. The diameter of 

the punch is 15 mm. The inner diameter is 150 mm and the thickness of the back-plate and the pressure 

plate is 10 mm. The sheet is aluminum alloy (Al-5251-H22) and the workpiece measures of 170

1701 mm3,.Young’s modulus is 70 GPa and the Poisson ratio is 0.34. The plastic behavior of the 

material is assumed to be isotropic, with a stress-strain curve of 𝜎 = 390(𝜀)̅0.19 (MPa), where 𝜎 is 

the flow stress and 𝜀 ̅ is the plastic strain. The initial yield stress is 165 MPa and the density of the 

sheet material is 2,700 kg/m3. For simplicity, anisotropic, thermal and rate effects are not included in 

the current model. The final product has an upper diameter of 90 mm, a lower diameter of 20 mm, a 

height of 35 mm and a wall angle of 45°. The SPIF axisymmetric conical cup is produced using a 

clockwise stepped tool path, as shown in Fig. 3. The starting position for the punch is at coordinates 

(45, 0, 0), the rotational speed of the punch is 0 rpm, the feed rate is 30 mm/s, the step-over length is 

0.25 mm and the step-down distance in the Z-axis direction is 1 mm. The Coulomb friction coefficient 

(μp) between the punch and the workpiece is 0.05. The workpiece is firmly fixed between the bearing 

plate and the pressing plate to prevent sliding. 



 

Fig.2 (a) Punch and (b) Back-plate and pressure plate (mm) 

 

 

(a) Isometric projection 

 

(b) X-Y Front view 

Fig.3 Punch using a clockwise stepped tool path 

 



Many studies show that a product that is produced using SPIF has an uneven distribution the 

thickness F [10, 12, 17-20]. The upper half sidewall of the finished conical cup is the thinnest. To 

determine the sidewall thickness for the finished conical cup, the result of the ABAQUS analysis is 

used to cut the formed conical cup along the X-axis through the center point, as shown in Fig. 4. 

When a conical cup section is produced, the path that is formed by all grids from the sheet boundary 

to the center point is determined and the measurement function of ABAQUS is used to calculate the 

thickness distribution data for the sheet section, as shown in Fig. 5. Fig. 5 shows that the cross-

sectional thickness of the finished conical cup is not uniform between 100 to 118 mm in the X-axis 

direction on the right sidewall. The sidewall is thinnest at 118 mm in the X-axis direction, which is 

shown as point A in Fig. 4. The uniformity of the cross-sectional thickness of the finished conical cup 

is calculated using the covariance of variation (CV), which is defined as: 

CV = 𝑆�̃�             (1) 

where 

s = √∑ (𝑥𝑖−�̃�)2𝑁𝑖=1𝑁−1   

�̃� = ∑ 𝑥𝑖𝑁𝑖=1𝑁   

where 𝑥𝑖 is the sheet thickness of point i, N is the number of statistical samples, s is the standard 

deviation and �̃� is the average value of the sheet thickness. The smaller the value of CV in Eq. (1), 

the more uniform is the thickness of the cross-section. 



 

Fig. 4  X-axis sectional view 

 

 

Fig. 5  Sheet thickness for the X-axis section 

To determine the values of T and U for the finished conical cup, this study begins by using 

5,000 grids and this number is increased in increments of 5000. The convergence of the numerical 

calculation results is used to select the most suitable grid for the FE simulation. As shown in Figs. 6 

and 7, the values of T and U converge if 25,000 grids are used, so this study uses 25,000 grids for the 

FEA and the experimental regression analysis. Fig. 8 compares the theoretical and experimental 

results for the thickness and profile of a finished conical cup for this study with those for a previous 

study. [20] on. The thickness and profile of the finished conical cup for the previous study [20] are in 

good agreement with the values that are obtained by this study. However, this study uses a FEA model 

and RSM to determine the optimal parameters for predicting the thinnest and most uniform sidewall 

that is possible for SPIF. 



 

Fig. 6  Mesh convergence analysis to determine the thinnest possible sidewall  

 

Fig. 7 Mesh convergence analysis for uniformity of sidewall thickness 
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(a) Thickness distribution 

 

(b) Profile plot 

Fig. 8 Numerical and experimental values for thickness distribution and profile for the sidewall 

 

2.2 BBD 



This study determines the quality characteristics (T and U) for the SPIF of finished conical cups. 

The punch diameter D (mm), the rotational speed of the punch R (rpm), the Z-axis feed-down distance 

Z (mm) and the feed rate F (mm/s) are the factors for forming. To obtain the values for T and U, a 

four-factor design with three distinct levels is used, as shown in Table 1. The levels for the factors are 

represented by the coding variables -1, 0 and 1, which values represent the punch diameter and 

processing parameters for the study by Essa [20]. The maximum value for each factor level is 1, the 

minimum value is -1 and the median value is 0. 

Table 1 Quality factor variables and natural variables 

Level Punch diameter 

D (mm) 

Punch rotational 

speed R (rpm) 

Z-axis step-down 

distance Z (mm) 

Feed rate F 

(mm/s) 

1 19 2,000 2.0 40 

0 17 1,000 1.5 35 

-1 15 0 1.0 30 

 

2.3 Experiment 

This study uses a workpiece (Al-5251-H22 aluminum alloy) that is 1.0 mm thick. The 

confirmation experiments for SPIF were conducted three times, using a Tongtai TMV-850QII 

machining center. A photograph of the experimental setup is shown in Fig. 9. The punch tool is 

clamped in the CNC tool holder and controlled using G-code. The Z-axis loads during SPIF were 

measured using a Kistler 9170A rotary piezoelectric dynamometer, measures the Z-axis load that 

is exerted by the punch tool on the workpiece. The dynamometer outputs the tiny voltage that is 

generated by the punch tool as an analog signal. The charge is transferred to the charge amplifier 



(Kistler Type 5238B) through the proximity sensor (Kistler Type 5236B) and the data acquisition 

device (Kistler Type 5697). A charge amplifier then converts this value into a voltage signal using 

an analog/digital interface. The card converts the voltage signal into the Z-axis load and stores it 

in the computer hard disk and uses the application software to calculate the Z-axis load for SPIF. 

The thickness of the workpiece changes only slightly after SPIF so it is measured using a base 

liquid crystal dial indicator (accuracy of 0.001mm). 

 

Fig. 9 Photograph of the experimental setup 

 

3. Results and Discussion 

The relationship between the coding variables and the natural variables and the simulation results 

is shown in Table 2. Statistical software (Minitab 14) is used to calculate the regression coefficients 

and for the ANOVA. The significance of the coefficients is tested at a 95% confidence level to 

determine the model terms that have the greatest effect on the model. The regression models for T 

(𝑦1𝐵 ) and U (𝑦2𝐵 ) use a full second-order polynomial in terms of four input variables and the 

significance is determined using the T-value. The larger the T-value, the more significant is the model. 

Eqs. (2) and (3) show the respective regression equations for 𝑦1𝐵 and 𝑦2𝐵. 



 

𝑦1𝐵 = 0.5918 − 0.031225𝐷 − 0.02015𝑅 − 0.029167𝑍 − 0.023392𝐹 − 0.008196𝐷2
− 0.014758𝑅2 − 0.004583𝑍2 − 0.005096𝐹2 + 0.01175𝐷 × 𝑅 + 0.017425𝐷 × 𝑍
+ 0.0179𝐷 × 𝐹 + 0.02085𝑅 × 𝑍 + 0.0127𝑅 × 𝐹 − 0.000975𝑍
× 𝐹                       (2) 

𝑦2𝐵 = 0.1451 + 0.010792𝐷 + 0.001025𝑅 + 0.005967𝑍 − 0.0051𝐹 − 0.001125𝐷2
+ 0.001725𝑅2 − 0.000038𝑍2 + 0.01562𝐹2 + 0.00375𝐷 × 𝑅 + 0.00425𝐷 × 𝑍 

  +0.00188𝐷 × 𝐹 + 0.00375𝐷 × 𝑅 + 0.00425𝐷 × 𝑍 + 0.001875𝐷 × 𝐹 − 0.002425𝑅 × 𝑍 

 +0.00275𝑅 × 𝐹 − 0.002025𝑍 × 𝐹      (3) 

Table 2 Results for the BBD 

No D R Z F T (mm) U 

1 1 1 0 0 0.5319 0.1605 

2 1 -1 0 0 0.5531 0.1503 

3 -1 1 0 0 0.5746 0.1325 

4 -1 -1 0 0 0.6428 0.1373 

5 1 0 1 0 0.5421 0.1651 

6 1 0 -1 0 0.5625 0.1461 

7 -1 0 1 0 0.5604 0.1333 

8 -1 0 -1 0 0.6505 0.1313 

9 1 0 0 1 0.5324 0.1528 

10 1 0 0 -1 0.5434 0.1603 

11 -1 0 0 1 0.5646 0.1281 

12 -1 0 0 -1 0.6472 0.1431 



13 0 1 1 0 0.5401 0.1521 

14 0 1 -1 0 0.5621 0.1411 

15 0 -1 1 0 0.5279 0.1584 

16 0 -1 -1 0 0.6333 0.1377 

17 0 1 0 1 0.5278 0.1489 

18 0 1 0 -1 0.5691 0.1528 

19 0 -1 0 1 0.5491 0.1385 

20 0 -1 0 -1 0.6412 0.1534 

21 0 0 1 1 0.5484 0.1438 

22 0 0 1 -1 0.5733 0.1578 

23 0 0 -1 1 0.6025 0.1384 

24 0 0 -1 -1 0.6313 0.1443 

Centre 0 0 0 0 0.5918 0.1451 

 

Fig. 10 shows the effect of the four input variables at various levels on T. It can be seen from 

Fig. 10 that D is the most important influencing parameter in SPIF, followed by Z, F and R. The 

decrease in D causes the contact stress increase. Decreasing the R can avoid excessive frictional 

contact between the punch and the workpiece, which causes the temperature of the material at the 

punch contact point to rise, and the material to quickly soften locally. Hence, a decrease R in both 

punch and workpiece increases forming quality on T. However, it is observed that as Z and F decrease, 

the forming quality on the T continues to increase, because this is due to the less energy input during 

SPIF.  



 

Fig. 10  Effect of the four input variables at various levels on T 

 

The regression analysis and ANOVA results for the value of T for a 95% confidence level are 

shown in Table 3. The determination coefficient for the model for T is R2=0.955 and the F-ratio is 

15.19. The value of R² shows that the control factors account for 95.5 % of the variation in the value 

of T and only 4.5 % of total variation cannot be described by the quadratic model. This result shows 

that the model is largely significant.  

Table 3 shows that all of the input variables (D, R, Z and F) have a P-value of less than 0.05, so 

all input process parameters are significant for the value of T. The results in Table 3 also show that 

the first-order interaction factors ( ZD , FD  and ZR ) have a significant effect on the value 

of T. Fig. 11 shows a 3D surface view of the first-order interaction factors ( ZD , FD  and ZR ). 

The maximum value of T occurs for the lower values of these first-order interaction factors at D=15 

mm (-1), Z=1.0 mm (-1), F=30 mm/s (-1) and R=0 rpm (-1). Therefore, as D, Z, F and R decreases, 

the value of T increases and changes in the first-order interaction factors for T are nonlinear. 
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Table 3 Regression analysis results for the value of T using a BBD 

R2 0.955 𝑅𝑎𝑑𝑗2  0.892 

Standard error 0.0147843 

Number of observations 25 

ANOVA Degrees of 

freedom 

Variance Square 

error 

F-ratio P-value 

Regression 14 0.039564 0.002826 15.19 6.69E-5 

Residual 10 0.001860 0.000186  

Sum 24 0.041424  

 Coefficient Standard error T-value P-value Significance 

Constant 0.5918 0.013639 43.389 0.000 Significant 

D -0.031225 0.003937 -7.930 0.000 Significant 

R -0.02015 0.003937 -5.118 0.000 Significant 

Z -0.029167 0.003937 -7.408 0.000 Significant 

F -0.023392 0.003937 -5.941 0.000 Significant 𝐷 × 𝐷 -0.008196 0.008117 -1.010 0.336  𝑅 × 𝑅 -0.014758 0.008117 -1.818 0.099  𝑍 × 𝑍 -0.004583 0.008117 -0.565 0.585  𝐹 × 𝐹 -0.005096 0.008117 -0.628 0.544  𝐷 × 𝑅 0.001175 0.00682 1.723 0.116  𝐷 × 𝑍 0.017425 0.00682 2.555 0.029 Significant 𝐷 × 𝐹 0.01790 0.00682 2.625 0.025 Significant 𝑅 × 𝑍 0.02085 0.00682 3.057 0.012 Significant 



𝑅 × 𝐹 0.01270 0.00682 1.862 0.092  𝑍 × 𝐹 -0.000975 0.00682 0.143 0.889  

 

(a)  (b)  

(c)  

Fig. 11 3D surface view of the first-order interaction factors: (a) ZD ,(b) FD  and (c) ZR  

 

Fig. 12 shows the effect of the four input variables at various levels on U. D is the parameter 

that has the greatest effect on SPIF, followed by Z, F and R. The effect of the four input variables on 

the value of U is similar. An increase in D increases the contact zone between the punch and the 

workpiece so the values of Z and R increase and more energy is input. This produces a decrease in 

the value of U, which increases the processing quality of SPIF products. However, R does not have 

an insignificant effect on the value of U for SPIF. A decrease in the value of F results in an increase 



in the value of U. The smaller the value of F, the greater is the value of U for SPIF. A smaller value 

for F also decreases the input energy for the punch. The results in Table 4 show that the first-order 

interaction factors ( RD , ZD and FR ) have a significant effect on the value of U. Fig. 13 

shows a 3D surface view of the first-order interaction factors ( RD , ZD and FR ). Figs. 13 (a) 

and (b) show that the minimum value for U occurs for values of these first-order interaction factors 

( RD  and ZD ) of D=15 mm (-1), Z=1.0 mm (-1) and R=2,000 rpm (1). Fig. 13 (c) shows that 

the minimum value of U occurs for values of the first-order interaction factors ( FR ) of R=0 rpm 

(-1) and F=40 mm/s (1). Therefore, as F increases and R decreases, the value of U decreases and 

changes in these first-order interaction factors for U are also nonlinear. 

 

 

Fig. 12  The effect of the four input variables at various levels on U 

 

The regression analysis results for the value of U are shown in Table 4. The determination 

coefficient for the model for U is R2=0.978 and the F-ratio is 31.03. The factor confidence level is 
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95%, so a P-value of less than 0.05 means that a factor is insignificant. The value of R² shows that 

the control factors account for 97.8 % of the variation in U and only 2.2 % of the total variation is not 

described by the quadratic model. These results for the model are largely significant. The results in 

Table 4 show that all of the input variables have a P-value of less than 0.05 so all input process 

parameters have a significant effect on the value of U. 

 

Table 4 Regression analysis results for U using a BBD 

R2 0.978 𝑅𝑎𝑑𝑗2  0.946 

Standard error 0.0023541 

Number of observations 25 

ANOVA Degrees of 

freedom 

Variance Square error F-ratio P-value 

Regression 14 0.002408 0.000172 31.03 2.38E-6 

Residual 10 0.000055 0.000006  

Sum 24 0.002463  

 Coefficient Standard 

error 

T-value P-value Significance 

Constant 0.14510 0.002354 61.638 0.000 Significant 

D 0.010792 0.000680 15.880 0.000 Significant 

R 0.001025 0.000680 1.508 0.162  

Z 0.005967 0.000680 8.780 0.000 Significant 

F -0.005100 0.000680 -7.505 0.000 Significant 𝐷 × 𝐷 -0.001125 0.001401 -0.803 0.441  



𝑅 × 𝑅 0.001725 0.001401 1.231 0.246  𝑍 × 𝑍 -0.00038 0.001401 -0.027 0.979  𝐹 × 𝐹 0.001562 0.001401 1.115 0.291  𝐷 × 𝑅 0.003750 0.001177 3.186 0.010 Significant 𝐷 × 𝑍 0.004250 0.001177 3.611 0.005 Significant 𝐷 × 𝐹 0.001875 0.001177 1.593 0.142  𝑅 × 𝑍 -0.002425 0.001177 -2.060 0.066  𝑅 × 𝐹 0.002750 0.001177 2.336 0.042 Significant 𝑍 × 𝐹 -0.002025 0.001177 -1.720 0.116  

 

(a)  (b)  

 

(c)  

Fig. 13  3D surface view of the first-order interaction factors: (a) RD , (b) ZD  and (c) FR  



 

3.4 Optimization analysis 

This study uses four input variables to determine the optimal quality characteristics (response T 

and U) for a finished conical cup. The value of T has a larger-the-better characteristic and the value 

of U has a smaller-the-better characteristic. The optimum parameter settings for T and U are shown 

in Table 5. The optimum settings are contradictory for the two responses so a different method of 

optimization is required. 

 

Table 5 The optimum parameters settings for T and U 

Response Optimal parameters 

T D-1Z-1R-1F-1 

U D1Z1R0F-1 

 

It is easier to determine the value of T than to determine the value of U, so the value of T is used 

to optimize the quality characteristic (response) to produce a lesser value for U. The geometry (D) 

and the forming process parameters (Z, R and F) that are shown in Table 1 are used to optimize the 

value of T. The optimal solution must satisfy the limiting condition for an objective function, which 

is: 

{Objective function: Max 𝑦1𝑆Limiting condition: Min 𝑦2𝑆       (4) 

where 𝑦1𝑆 is the regression model for T (Eq. (2)) and 𝑦2𝑆 is the regression model for U (Eq. (3)). 

Using Eq. (4) to determine the conditions for the input variables for the values of T and U, the optimal 



conditions for the quality characteristics that are calculated by Minitab software are shown in Table 

6. The optimized rotational speed for the punch is 1.70 rpm. However, the servo motor encoder in the 

machining center machine does not generate speed of less than 100 rpm so the optimum rotational 

speed for the punch of the confirmation experiment for this study is 0 rpm. Using the modified optimal 

values in Table 6, the simulation and confirmation experiments were performed to verify the accuracy 

of the prediction model and the results are shown in Table 7. The respective values of T and U for the 

FEM are 0.6398 and 0.1331. A comparison of the theoretical simulation value and the predictive and 

experimental results using the regression models (Eqs. (2) and (3)) and the confirmation experiment 

shows that the respective percentage errors for the T and U are 1.72 % and 1.88 %, and 2.26 % and 

3.01%. Fig. 14 shows a photograph of a finished conical cup. Fig. 15 shows the correlation between 

the Z-axis load and the forming time. As the Z-axis load increases to 1,100N during forming, a stable 

is achieved for SPIF. The period of the fluctuation on the Z-axis load also decreases gradually because 

the SPIF path for each pass decreases as the Z-axis step-down distance increases so the contact area 

between the punch tool and the workpiece also increases as the Z-axis step-down distance increases. 

Fig. 16 shows the optimized solution for this study, which gives a significantly greater value for U 

for SPIF. 

 

Table 6  Ideal and modified optimal settings for the input variables 

Mode 

Punch diameter 

D (mm) 

Punch rotational 

speed 

R (rpm) 

Z-axis step-down 

distance Z (mm) 

Punch feed rate 

F (mm/s) 



Ideal 
15 

(-1) 

1.70 

(-0.9983) 

1.0 

(-1) 

38.77 

(0.7534) 

Modified 

15 

(-1) 

0 

(-1.0) 

1.0 

(-1) 

38.77 

(0.7534) 

 

Table 7 Comparison of the FEM, predicted and experimental values for T and U 

Type T (mm) Error (%) Type U Error (%) 

FEM 0.640 - FEM 0.133 - 

Predicted 0.651 1.72 Predicted 0.130 2.26 

Experiment 0.652 1.88 Experiment 0.137 3.01 

 

(a)    (b)  

Fig. 14  A photograph of a finished conical cup (a):upward view and (b) downward view 

  



 

Fig.  15 Correlation between the Z-axis load and the forming time 

 

 

 

Fig. 16  Thickness distribution using optimal settings for the input variables 

 

4. Conclusion 

    This study uses FEM to simulate the processing conditions for SPIF. RSM is used to establish 

two optimized mathematical models for T and U. The results of this study allow the following 

conclusions to be drawn: 

1. The values of D, Z and F have a more significant effect and the value of R has the smallest effect 

on the value of T for a conical cup that is produced using SPIF. The smaller the values of D, R, 
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Z and F, the better is the value of T. 

2. In terms of the thickness uniformity for a finished conical cup that is produced using SPIF, the 

values of D, Z and F have a more significant effect and the value of R has the smallest effect. 

The larger the values of D and Z and the lower the value of F, the better is the value of U. 

3. The value of R at the center point of the punch is 0 so it is easy to produce the least uniform T. 

However, the values of T and U for the section are better in the diagonal direction. 

4. The modified optimization factor coding variable levels are a punch diameter (D)=-1 (15 mm), a 

punch rotational speed (R)=-1 (0 rpm), a Z-axis feed-down distance (Z)=-1 (1.0 mm) and a feed 

rate (F)=0.7534 (38.77 mm/s) in SPIF. The respective values of T and U for the FEM for the 

finished product are 0.6398 mm and 0.1331. The percentage error for the regression models and 

the confirmation experiment for the values of T and U are 1.72 % and 1.88 %, and 2.26 % and 

3.01%. 
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