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Abstract
Knowing the importance of predicting acting forces during the formation process, our research has conducted 27 SPIF experiments in hyperboloid format,
followed by Finite Element Method (FEM) simulations to validate the measurements found in order to determine regression equations to estimate maximum
axial force in the SPIF process according to material type, sheet initial thickness and tool radius. With that data, we created a general multiple regression
model and three other independent models (one for each material). After the experiments, we were able to identify that the maximum axial force increases
according to increase in tool radius, plate initial thickness and yield constant values, as well as according to the decrease in strain-hardening exponent. The
FEM simulations are in accordance with the experimental values found, and the general regression model has proven to be e�cient to describe results, with a
maximum percentage error of 11.5% in the regression equation. In the independent regression models, precision was increased and the maximum percentage
error in the equations was of 10.9%.

1 Introduction
In Incremental Sheet Forming (ISF), the �nal shape of the piece being manufactured is de�ned by the hemispheric-tipped tool’s trajectory, which progressively
deforms a plane sheet [1]. This is a �exible process that does not require dedicated tools [2] and can be used in the fabrication of individual parts or small lots
of parts [3].

Compared to conventional sheet formation processes, in ISF the necessary conformation force is reduced due to localized and successive deformations that
occur during the process [4]. Nevertheless, it is fundamental to be able to predict the acting forces during the process in order to select the equipment that will
be used, such as a CNC milling machine [5, 6], a CNC lathe [7, 8], a robotic arm [9, 10], or a machine designed for this purpose [11, 12].

The process parameters in�uence the ISF acting forces, and as such, with an increase in tool radius [13], initial sheet thickness [14], or step-down [15], there is
also an increase in the force required to achieve the deformation. Materials with greater yield strength [14, 15] also require greater force for the deformation to
occur. However, as tool rotation increases [16], and with it the process temperature [17], there is a decrease in the required force. The feed rate on the other
hand presents little in�uence over the forces applied to the ISF process [18].

Du�ou et al. [19] have veri�ed that compared to the tool radius, the sheet’s thickness and the wall angle, the step-down is the least relevant factor among the
acting forces in the ISF process.

In the ISF process, the axial force component is the one that presents the greater intensity when compared to radial and tangential components [20, 21].
Depending on the shape of the piece that is being conformed by the ISF, the force versus time graph presents different characteristics [22]. However, in the
most common shapes (truncated cone and hyperboloid), it is possible to observe that the axial force component shows a peak during the tool’s axial
movement against the sheet, followed by a lower level during the tool’s circular interloping [14, 23].

Li et al. [24] have developed an analytical model based on the superior limit approach to predict tangential forces in SPIF, applying truncated cone
conformation with different wall angles and step-downs. This model showed greater accuracy for step-down values lower than 0.5 mm.

Du�ou et al. [23] and Aerens et al. [14] have developed regression equations to estimate mean axial force, radial force and tangential force for the truncated
cone shape, according to different process parameters and different materials.

Bansal et al. [25] and Chang et al. [4] have also developed analytical models to predict ISF force based on stress and contact area between the piece and the
tool. Their models presented greater accuracy when compared to the ones proposed by Aerens et al. [14].

Despite there being several models that allow an estimation of ISF’s mean forces, there is still the need to estimate maximum force, which has a fundamental
role in the selection of appropriate equipment to perform the conformation. Therefore, our work aims to evaluate the in�uence of material properties, sheet
thickness and tool diameter in the axial force applied to the conformation tool using the Single Point Incremental Forming (SPIF) process.

2 Materials And Methods
In this study, 27 SPIF experiments were conducted testing the fabrication of hyperboloids with different materials, sheet thicknesses and tool radii in order to
evaluate what in�uence these parameters exert on the maximum axial force Fzmax. To validate the force results found in the experiments, three FEM
simulations were made. In addition, multiple regressions were also conducted to introduce a prediction method for maximum axial force for each process
condition. In Table 1, we have indicated the symbology and the measuring units of the parameters used during the course of this work.
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Table 1
Parameters

Symbol Parameter Unit

C Yield Constant MPa

Fz Axial force N

Fzmax Maximum axial force N

h Maximum deep mm

n Strain-hardening Exponent -

PE Percentage error %

PEmax Maximum percentage error %

Rt Tool radius mm

s Final thickness mm

s0 Initial thickness mm

θ Final wall angle rad

θ0 Initial wall angle rad

For the experiments, the materials used were AA1200-H14 aluminum, SAE1008 steel and C268 brass sheets, with mechanical thicknesses and properties as
indicated in Table 2. The mechanical properties of the materials presented in Table 2 were based on studies by Schreiber et al. [26] for AA1200-H14, Haag and
Ferranti [27] for SAE1008 and Maximiliano et al. [28] for C268.

Table 2
Material Properties

Material Initial thickness, s0
(mm)

Yield Strength
(MPa)

Tensile Strength
(MPa)

Elongation
(%)

Modulus of Elasticity
(GPa)

Yield Constant, C
(MPa)

Strain-
hardening

Exponent,

n (-)

AA1200-
H14

0.50 / 0.80 / 1.20 97 117 3.6 70 181.45 0.1080

SAE1008 0.60 / 0.75 / 0.90 265 359 41.5 190 619.86 0.2163

C268 0.50 / 0.81 / 1.06 296 413 37.5 105 734.28 0.2624

2.1 SPIF Experiments with Force Measurement
For this research, the pieces were conformed in a hyperboloid shape (Fig. 1a) using the SPIF process. The hyperboloid shape allows variation in the piece’s
wall angle (between θ0 and θ) and thickness (between s0 and s) according to h depth. All experiments were conducted until the piece reached maximum wall
angle and presented a crack. Figure 1b shows a hyperboloid conformation in the �nal experiment, indicating the location of the crack and the support parts
used to �xate the sheet, constituted of a rig, backing plate and blank-holder.

Unidirectional strain gauges, brand Excel and model PA-06-060BA-350L were installed in the conformation tool to measure the axial force during the process,
since this is the most intense force in the SPIF process [14]. Figure 2 presents how the link between the strain gauges (Wheatstone bridge circuit), in which four
strain gauges (R1 a R4), are presented and where bridge exciting voltage is indicated with a Vs, and bridge exit voltage with a V0. Data acquisition was made
using a microcontroller board Arduino MEGA 2560 R3 connected to a computer.

Experiments were made in a Nardini LOGIC 195VS CNC lathe. Figure 3a presents the con�guration used for the CNC lathe experiments, indicating the tool, the
sheet (�xated on a support system), as well as a turret, chuck and the z axis force measuring system, constituted of strain gauges and microcontroller board.

Figure 3b indicates the tool trajectory and of the part in the CNC lathe, considering that the tool’s linear trajectories were conducted by the turret (with a feed
rate of 100 mm/min), and the circular trajectories were made by the sheet �xed on the chuck (with a rotation speed of 2 rpm). The step-down used in the
experiments was of 1 mm and lubrication was added with a thin layer of VG100 oil. The tool used in this study were fabricated in SAE 1045 steel, quenched
and tempered, with radii of 3, 5 and 7.5 mm.

A general equation was determined to estimate the maximum axial force in a SPIF process using multiple regressions according to material property (yield
constant C and strain-hardening exponent n), initial sheet thickness and tool radius.

We were also able to determine maximum axial force equations for each material used, in order to verify the sheet’s initial thickness and tool radius’ in�uence.
Statistical analyses of this work were made using the RStudio software.
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To validate the regression models obtained in this work, we used Eq. 1, where PE is the percentage error, X is the data obtained by the regression model and
Xexp is the data obtained in the experiments.

PE =
X−Xexp

Xexp
100

(1)

2.2 FEM Simulation
Aiming to validate the axial force data obtained in the experiments using strain gauges, three simulations were made using the Finite Elements Method (FEM)
with the Simufact Forming software. The results obtained in the simulations were compared to the experimental data, and the maximum axial force
percentage error was calculated for each simulation using Eq. 1. The experiments selected for comparison with the simulation were numbers 7, 14 and 25
(Table 3), in order to compare axial force values in different materials and validate the measurements.

Table 3
SPIF conformability experimental results

Exp. Material C

(MPa)

n

(-)

Rt

(mm)

s0

(mm)

Fzmax

(N)

1 AA1200-H14 181.45 0.1080 3.0 0.50 323.4

2 AA1200-H14 181.45 0.1080 3.0 0.80 515.0

3 AA1200-H14 181.45 0.1080 3.0 1.20 939.6

4 AA1200-H14 181.45 0.1080 5.0 0.50 471.5

5 AA1200-H14 181.45 0.1080 5.0 0.80 745.1

6 AA1200-H14 181.45 0.1080 5.0 1.20 1205.3

7 AA1200-H14 181.45 0.1080 7.5 0.50 638.9

8 AA1200-H14 181.45 0.1080 7.5 0.80 918.6

9 AA1200-H14 181.45 0.1080 7.5 1.20 1595.0

10 SAE1008 619.86 0.2163 3.0 0.60 1485.9

11 SAE1008 619.86 0.2163 3.0 0.75 2157.0

12 SAE1008 619.86 0.2163 3.0 0.90 2508.8

13 SAE1008 619.86 0.2163 5.0 0.60 2000.7

14 SAE1008 619.86 0.2163 5.0 0.75 2668.5

15 SAE1008 619.86 0.2163 5.0 0.90 3203.7

16 SAE1008 619.86 0.2163 7.5 0.60 2947.9

17 SAE1008 619.86 0.2163 7.5 0.75 3567.3

18 SAE1008 619.86 0.2163 7.5 0.90 4508.8

19 C268 734.28 0.2618 3.0 0.50 1071.1

20 C268 734.28 0.2618 3.0 0.81 2067.6

21 C268 734.28 0.2618 3.0 1.06 3378.4

22 C268 734.28 0.2618 5.0 0.50 1450.2

23 C268 734.28 0.2618 5.0 0.81 2619.8

24 C268 734.28 0.2618 5.0 1.06 3566.6

25 C268 734.28 0.2618 7.5 0.50 2110.8

26 C268 734.28 0.2618 7.5 0.81 3672.7

27 C268 734.28 0.2618 7.5 1.06 5413.8

Simulations were made with a 3D simulation type and with solid-shell type elements, available within the Sheet Metal Forming module in the software. The
mesh created for each sheet was con�gured with edge length of 1.0 mm. Figure 4 presents the assembly of the simulation, constituted of tool, sheet, backing
plate and blank-holder. In order to reduce the simulation’s total time, the initial hyperboloid diameter was decreased from 95 mm to 65 mm, and all other
dimensions were kept the same to the ones used in the experiments.

| |
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The friction coe�cient selected was of 0.1 (Coulomb Law) and the materials used were considered isotopic in the simulation. The tool’s trajectory was
con�gured by tabular motion and the temperature of the tool and the sheet were kept at 20 ºC.

3 Results And Discussion

3.1 Experimental Results
We have listed in Table 3 the maximum axial force values for each SPIF experiment according to material, tool radius and initial thickness. Maximum axial
force was obtained for the highest peak point in the force versus time graph for each experiment. The C and n parameters listed in Table 3 refer to the
Ludwik–Hollomon equation.

In Fig. 5a we present a graph for axial force versus time considering SAE1008 steel with s0 = 0.75 mm and using different tool radii (Rt = 7.5, 5 and 3 mm). In
this �gure, we were able to verify the force peak points in places where the tool moved on the z axis, followed by a lower force level due to circular trajectories.

For the experiment with Rt = 7.5 mm, we have indicated the point of maximum axial force (Fzmax), considering that after that point the force gradually reduces
until an abrupt reduction in force occurs (also indicated in the Fig. 5a). The abrupt reduction point in axial force indicates that a crack was initiated during the
experiment. Figure 5a indicates that the bigger the tool radius the greater the axial force required by the machine. This tendency is in accordance with other
studies [4, 14, 25, 29] and can be explained as a consequence of contact area [13, 25].

Figure 5b presents a comparison between the axial force graphs for different initial thicknesses (s0 = 0.90, 0.75 and 0.60 mm) for SAE1008 steel, using an Rt =
5 mm tool radius. In this Figure, we can see that the bigger that sheet’s thickness, the greater the axial force required by the machine to perform the
conformation process, as was reported in other studies [4, 14, 19, 25]. This tendency is related to the fact that with an increase in thickness, more material will
have to be deformed by the tool, requiring more force [30].

In Fig. 5c we present a comparison of the axial force required according to material: C268 with s0 = 0.81 mm, SAE1008 with s0 = 0.75 mm and AA1200-H14
with s0 = 0.80 mm, in which all experiments used tool radius Rt = 5 mm. It is possible to note in this Figure that the materials with greater tensile strength
(Table 2) require greater force to be deformed, as was veri�ed in the studies by Aerens et al. [14].

The force graphs presented in Fig. 5 present similar tendency to the one presented in other studies using the hyperboloid shape [23, 31, 32], and as such it is
possible to observe that the axial force increases until it reaches a peak point, followed by a decrease in axial force intensity until a crack occurs in the sheet.

3.2 FEM Results
The axial force versus time graphs obtained in the FEM simulations were compared to the experimental graphs. The percentage errors in the maximum axial
force estimates varied between 4.6 and 9.5%, as indicated in Table 4. This low percentage error margin allows us to conclude that the force data obtained in
the FEM simulation were in agreement with the data seen in the experiments.

Table 4
FEM results

Exp. Experimental outputs   FEM model predicted outputs   Percentage error (%)

Fzmax (N)   Fzmax (N)  

7 2110.8   1995.2   9.5

14 2668.5   2790.0   4.6

25 638.9   699.6   5.5

Figure 6 indicates the experimental graph and the FEM simulation for the 25th experiment. This Figure also indicates the point where the beginning of the
crack appears (experimental graph), and shows the maximum force point in the previous step-down, which was used as a comparison measure between the
two graphs. In Fig. 6 it is also possible to identify the same tendency for force elevation in both graphs, even if the peak points are better described by the
simulation than the mean force points (inferior level).

As indicated in Fig. 6, the force is overestimated by the model of �nite elements when compared to the data found in the experiments, mainly at the beginning
of the graph. This difference was also veri�ed in the studies by Neto et al. [21], which attributed this fact to a possible slide between the sheet and the blank-
holder, something that was not considered in the simulation.

3.3 Prediction of Force by Multiple Regressions
After constructing a multiple linear regression model, we were able to obtain Eq. 2, which related maximum axial force according to tool radius, initial sheet
thickness, yield constant, material strain-hardening exponent and the interaction between these parameters. The R² obtained in these multiple regressions was
of 98.85% and the maximum percentage error obtained by Eq. 2 in the experiments was of 11.5%, as indicated between square brackets beside the equation.

Fzmax = 416.7 + 172.8Rt + 275s0 + 0.1479C − 5555n + 225.5Rts0 + 0.8436RtC + 5.189s0C − 2929Rtn − 6284s0n + 1.585Rts0C − 3727Rt
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As indicated in Eq. 2, the increase in tool radius, initial thickness and yield constant have resulted in an increase of maximum axial force. However, the strain-
hardening exponent had an inverse effect, since with its increase there is a decrease in maximum force. The same effect can be observed in every interaction
with the strain-hardening exponent, which presents negative sign constants.

Unlike Aerens et al. [14]’s model, who used tensile strength in the force equation, in this work we have used the yield constant and the strain-hardening
exponents in Ludwik–Hollomon’s equation, because they allowed for the creation of a regression equation that better described the experimental results.
Furthermore, Eq. 2 has also not taken into consideration the step-down, since, according to Du�ou et al. [19], that is the parameter that least in�uences the
force.

From the multiple quadratic regressions, we were able to elaborate maximum axial force equations for every material (Equations 3 to 5), in order to obtain
estimated values with lower percentage error. The R² value for AA1200-H14 was of 99.75%, for SAE1008 was of 99.43% and for C268 was of 98.9%. The
maximum percentage error in each regression equation per material varied between 3.7% and 10.9%, and is indicated beside each equation between square
brackets.

FzAA1200−H14 = 231.3 + 32.84Rt − 622.8s0 + 110.6Rts0 − 2.206Rt
2 + 676.3s0

2[PEmax = 3.7%] (3)

FzSAE1008 = − 491.4 − 251.4Rt + 3574.8s0 + 401.7Rts0 + 29.62Rt
2 − 961.9s0

2[PEmax = 4.3%] (4)

FzC268 = 1940.8 − 652.4Rt − 1223.8s0 + 413.5Rts0 + 64.04Rt
2 + 2362.9s0

2[PEmax = 10.9%] (5)

Figure 7 indicates response surface graphs for each multiple quadratic regression according to the materials. In these graphs it is possible to observe that
Fzmax maximum axial force’s tendency to increase varies according to Equations 3 to 5, and this variation occurs differently for each material since they
present different mechanical properties.

4 Conclusions
In this study, we evaluated the in�uence of the tool radius, the initial thickness and the sheets’ material properties (C and n) on the maximum axial force
required for the SPIF process. After concluding the experiments, FEM simulations and multiple regressions, it is possible to conclude that:

1. The increase in tool radius, initial sheet thickness and yield constant, as well as reduction in the strain-hardening exponent, results in an increase of
maximum axial force required for the SPIF process;

2. The FEM simulation presented good accuracy in predicting maximum axial force, validating the experimental values with a maximum percentage error of
9.5%;

3. Maximum axial force could be estimated by multiple linear regression equation according to C, n, s0 and Rt, with a maximum error of 11.5%;
4. The elaboration of multiple quadratic regression equations for each material has allowed a reduction in percentage error to predict maximum axial force,

with PEmax of 3.7% for aluminum, 4.3% for steel and 10.9% for brass.
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Figure 1

a Hyperboloid shape used in the experiments

b Experiments’ con�guration
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Figure 2

Wheatstone bridge circuit in the tool

Figure 3

a Experiment con�guration in a CNC lathe and b Tool trajectory in the experiments

Figure 4

Assembly of SPIF test to FEM
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Figure 5

Graph comparing forces: a Between different materials with Rt = 5 mm, b Between different tool radii for SAE1008 and s0 = 0.75 mm and c Between different
thicknesses for SAE1008 and Rt = 5 mm 
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Figure 6

Graph comparing forces between experimental and FEM simulation values for C268 with s0 = 0.50 mm and Rt = 7.5 mm 
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Figure 7

Graph for Fzmax response surface according to s0 and Rt for

a AA1200-H14, b SAE1008 and c C268


