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A B S T R A C T   

The multistep incremental forming is a complex process that requires good control of process parameters to 
create parts without fractures or cracks. In general, the failure prediction in this process is restricted to exper
iments and applications in finite element simulations. This paper presents an approach to real-time failure 
prediction in multistep incremental forming from step-by-step strain analyses. Previous single point incremental 
forming (SPIF) studies have been applied to BH180GI steel at various thicknesses to obtain data on maximum 
strain, critical wall angles, and the fracture forming limit line for the material. These data were used as a basis for 
preventing and predicting failure. The experiments were carried out with steps from 30◦ to 90◦ in increments of 
every 10◦, totaling 7 steps achieving higher forming heights. From the angle of 60◦ onwards, measurements of 
strain were performed step by step and compared with the fracture forming limit line for each material thickness. 
When the strain was equal or exceeded the fracture forming limit line and the critical fracture thickness, ge
ometry parts, and path corrections were imposed to minimize local strain ensuring a product without fracture. 
The results showed that the methodology and the corrections imposed prevented the failure and ensured greater 
formability of the material. This leads to a minimum thickness of 0.098 mm in the wall of the material, in 
addition to indicating the presence of a maximum limit of the deformed surface area of the material. This 
indicated a limit for which it is possible to apply the distribution of strain in the material at different forming 
heights and radius of the part. For the computer simulations, the mechanical properties, constitutive laws, 
isotropic hardening and a ductile damage criterion based on fracture forming limit line (FFL) with the fracture 
energy of the material for failure prediction were applied. These data were fed to the numerical model using an 
explicit integration approach, with a shell element (S4R) with reduced integration and adequate refining. The 
simulations in multistep incremental forming were efficient and were able to demonstrate the efficiency of this 
methodology with the application of corrections in geometry and the path in real-time.   

1. Introduction 

Many countries are focused on manufacturing simple products, 
making on large productions as their business goal. In recent years, 
strong market competitiveness has brought the need for change for new 
ways of manufacturing products, faster, less costly, better quality, and 
sustainable production. To achieve all the current needs of 
manufacturing, companies are strengthening their horizons by making 
their factories smart, autonomous, flexible, iterative, and independent 
[1]. Along with these advances, new technologies are being researched 

and applied to make them viable for the industrial sector. In this context, 
the studies on the incremental sheet forming process have been growing 
due to its flexibility and easy application. Its basic concept is completely 
different from the traditional deep drawing processes. In the incre
mental forming process, the final geometry is generated by the trajec
tory of a small and simple tool, which deforms the sheet metal fixed by a 
clamping tool. The fact of not needing dies, differentiates this process 
from any other, shortening the waiting time and guaranteeing quick and 
positive answers in industrial productions due to the flexibility of the 
process, focus on the customer's product, creation of differentiated 
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products with low industrial costs [2]. This technology requires lower 
forming force, reducing the size and capacity of machines and equip
ment, and exhibits higher conformability compared to conventional 
deep drawing processes, which is related to its type of application and 
the strain hardening mechanism, which retards the sheet necking that 
usually occurs in deep drawing processes [3] [4]. 

In the single point incremental forming (SPIF) process, according to 
reviews by [5] the choice of optimal process parameters (mainly: tool 
radius, spindle speed and step down) help to improve the conformability 
according to the applied path strategy. According to [6], the path stra
tegies applied by the tool in this process can be of the stepped circular 
type, varying the pass depth; of the alternating circular type, which 
follows a stepped movement but alternates the initial tool contact po
sition eliminating the scarring generated by the stepped process; and of 
the helical path type, where the tool follows a downward spiral-shaped 
path outlining the shape of the part geometry. Depending on the process 
parameters selected the helical path results in better surface quality and 
better geometric accuracy [7]. If the surface finish of the part is an 
important aspect of the process, especially for free-form parts and/or 
parts with variable wall angles, the path with constant steps is not the 
best. In this case, the spiral path with a constant radial step can generate 
better results [8]. Generally, the size of the vertical pass depth is defined 
by the Dz increment, with typical values between 0.1 mm to 2 mm, with 
smaller values promoting better strain and surface quality [9]. However, 
in the SPIF process steep wall angles are impossible to form in a single 
step. The nature of material strain occurs only in a small area that 
contacts the tool, and the surrounding material cannot be moved into 
the strain zone to compensate for the local material insufficiency, and 
failure occurs. 

To overcome this problem, in the multistep incremental forming 
process (MSIF), if the forming strategy is well designed, a more uniform 
thickness distribution can be obtained and parts with steeper wall angles 
can be produced [10]. According to [11] the multistep path for product 
realization is mainly based on the developer's experience. For [12], the 
tool paths can be classified into two types, the out-in (OI) and in-out (IO) 
strategies. The OI process was implemented by [13] with a five-steps 
strategy for wall angles up to 90◦. And the OI and IO process in 
various configurations (down-down (DD) and down-up (DU)) was 
analyzed by [10] in a strategy consisting of five stages to form a cylin
drical cup, starting with a cone design, and increasing the wall angle 
with each step without changing the maximum depth of the part [14]. 
evaluated the stepped path characteristic for creating parts in MSIF. The 
study reveals that type (OI) and (IO) result in some degree of rigid body 
motion (RBM), which is reduced if the yield stress or sheet thickness 
increases. To improve geometric accuracy [15] presented three strate
gies for application in MSIF, in their study the third strategy proved 
more advantages, which consists of forming a cone or pyramid at a lower 
wall angle and initial height than the final part, and in subsequent steps, 
the cone wall angle and forming height is gradually increased until the 
final step. This strategy generated lower RBM and less shape deviation. 
The concept applied by [10,14] was extended and improved into a 
mixed OI and IO path strategy to compensate for RBM elaborated by 
[16]. Although there are several possible strategies, easily computa
tionally applicable paths are still the most widely used, in agreement 
with works by [17,18] applying DDDD-type (down-down-down-down) 
OI strategies as reported by [10]. In work of [19] on MSIF, reports that 
the strain is minimized with the number of intermediates steps up to the 
maximum wall angle formed. Due to the number of subsequent steps in 
the process, the tool path, forming parameters, and effects such as rigid 
body movement, geometric accuracy, conformability, and improved 
thickness distribution play a vital role during product development. 

Therefore, to evaluate and optimize the tool path, analyze the 
thickness distribution at different parameters and predict the fracture, 
applications using finite element method (FEM) are commonly used to 
promote better decision making. The process presents a large local 
plastic strain gradient, in a region much smaller than the blank area, so 

for a good discretization generated by FEM, a very fine mesh is required, 
which generates a large central processing unit (CPU) processing time. 
For this purpose, integration models explicit and implicit have been 
tested by researchers in different simulation cases. The implicit method 
uses an iterative and more stable procedure, although it usually has 
convergence problems for a large number of elements in addition to 
increasing computational time [20]. The explicit method, on the other 
hand, is fast, easy to parallelize, easy to achieve convergence, and stable 
under certain modeling conditions [21]. The researchers [22] presented 
an FEA using an explicit scheme to investigate the wall angle limitation 
and the occurrence of geometric deviations. To study the failure, the 
Gurson-Tveergard Needleman (GTN) model of ductile damage was 
implemented to study the influence of tool radius and vertical pitch on 
damage evolution in the incremental sheet forming (ISF). The data were 
close to the experimental ones and the damage evolution qualitatively 
confirmed that higher forming limits can be achieved with smaller tools. 
The work of [23] presented simulations using an explicit dynamic 
method on different tool paths to test the effect of the path on the strain 
of the sheet and reduce the time by the implicit method. The use of 
standard/implicit method with the shell- (code lagamine) and block- 
type elements and concluded after several studies that the use of block 
elements with isotropic von Mises/Voce hardening generated better 
approximations with the experimental strength data [24]. The shape 
accuracy at different strain paths were studied in [25]. The simulations 
were performed using dynamic code in LS-DYNA software, and the 
result showed satisfactory. A mesh defined by 8 layers of 3D solid ele
ments coupled with a damage model to predict fracture in SPIF were 
performed with LS-Dyna explicit code [26]. The model was validated 
and used in 70◦ wall angle cone tests and a funnel-type cone. The results 
presented data on damage accumulation, thickness, fracture, and the 
effects of bending on fracture [27]. studied different damage models for 
application to different parts in SPIF via Abaqus/Explicit. The result 
showed a low error percentage with good approximations. A mixed 
(isotropic/kinematic) hardening model was used with a VUMAT sub
routine in Abaqus/Explicit to validate the model and predict the damage 
evolution in the plate [28]. The simulation results were compared with 
experimental data and applied to the SPIF process revealing the effect of 
triaxiality. 

However, although many efforts have been made in toolpath studies 
to improve geometric accuracy and thickness uniformity in the multi
step incremental forming (MSIF), there is no approach for failure pre
diction, being left to trial-and-error experimental studies or FEM 
simulations, which, according to [29], is very time-consuming, pre
venting rapid product creation. In this sense, focusing on establishing 
the forming limit and predicting failures in MSIF, to ensure greater gains 
in productivity, competitiveness, speed in part creation and stability in 
the process, this paper discusses a methodology for real-time analysis, 
step by step, analyzing the strain and proposing toolpath adjustments 
and minor changes in part geometry, to ensure the integrity of the final 
product without the occurrence of failures. This innovative methodol
ogy proposes to determine the forming limit height for cylindrical cup 
parts at different radius of curvature of the part, which can also be 
correlated with the maximum deformed surface area of the blank 
without fracture. 

2. Materials 

In this study, sheets of low-carbon, thin-gauge steels with good 
conformability at room temperature were used. The material used in the 
multistep incremental forming was cold-rolled BH180GI steel with 
galvanized coating, in thicknesses of 0.43 mm and 0.8 mm. For material 
characterization, chemical composition analyses of the uncoated sub
strate were performed with the TASMAN Q4 optical emission spec
trometer, shown in Table 1. 

The mechanical properties of the material were obtained with the 
WDW-100E equipment employing a strain gauge attached to the 
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specimens in the rolling directions (R.D.) of 0◦, 45◦, and 90◦, with the 
speed set at 0.02 mm/min, according to the standard type 1 of NBR ISO 
6892-1:2013. The averages of the mechanical properties of the material 
are presented in Table 2. 

The anisotropic properties of the materials were measured according 
to ASTM E-517 and the normal anisotropy coefficient (r) and the planar 
anisotropy coefficient (Δr) were calculated from the averages of the 
anisotropy coefficient in each rolling direction (r0, r45, r90). The 
average data are presented in Table 3. 

Because the material has a yield plateau, for the plastic region of the 
curve in the strain range ε < 0.1 a polynomial approximation was used, 
and for the strain range ε > 0.1, the power-law was applied. Each of the 
equations for the experimental curve over the entire strain range was 
obtained by the method of least squares. However, the transition region 
and the large strain plastic regions were combined without significant 
degradation, with R2 > 0.95. For 0.43 mm thick steel sheet, Eqs. (1) and 
(2) were joined and presented the average true stress shown in Fig. 1. 
Fig. 2 shows the average true stress for 0.8 mm thick steel sheet using 
Eqs. (3) and (4). 

σ = 226.865ε3 − 33.632ε2 + 4917.005ε − 21577.057, for ε < 0.1 (1)  

σ = 453.296ε0.267, for 0.1 < ε < 0.39 (2)  

σ = 325.734ε3 + 534.737ε2 − 6204.801ε + 46382.831 for ε < 0.1 (3)  

σ = 461.831ε0.258 for 0.1 < ε < 0.39 (4)  

3. Experimental tests 

For the experimental tests a ROMI D600 CNC machining center 
(Fig. 3a) was used; an ISF device made of heat-treated SAE 4140 steel 
was used to fix the specimens (Fig. 3b). This device is composed of a base 
and a clamping fixture. The base of the device is fixed to a lathe chuck, 
which is then fixed by screws on a sheet adapted for locking the 
machining center table, giving the device rigidity and reliability. As a 
tool, a stainless-steel extension rod and a High-speed steel round bar 
punch were used, with a TiAlCN (titanium aluminum carbonitride) 
coating, made by PVD (Physical Vapor Deposition). The hardness of the 
coating is in the order of 2600 HV (Fig. 3d). For the experiments, 
specimens with dimensions 70 × 70mm were cut, with a diameter of 50 
mm useful for incremental forming, and the rest of the sheet between 50 
mm and 70 mm was used for attachment to the device (Fig. 3c). For 
strain study, a 2 mm square mesh was created and printed on the sheet. 
Measurement of the deformation and thickness on the sheet during the 
MSIF process was performed using an Olympus BX53 microscope and a 
millesimal scale digital thickness gauge. 

The tool path has a significant effect on dimensional accuracy, sur
face roughness, processing time, and thickness variation. In this work, a 
staggering path of the DDDD out-in type was applied in agreement with 

[14], with a sequence starting from smaller cones to larger cones [15]. 
The use of CAD/CAM software was required to perform the tool paths, 
and a post-processor was configured to generate the numerical code in 
NC and APT format for machine and FEM applications. 

All experimental tests were performed with abundant lubrication of 
Lubrax GL 5 90 mineral oil on the part placed manually, keeping the 
tool/part contact region immersed in oil. 

For experiments, the sought parameters that would improve the 
conformability of the material, with the use of low tool diameter and 
step down and spindle speed [5], thus, a tool of radius (Rf) 4 mm, step 
down (Dz) of 0.2 mm and spindle speed of 600 RPM was used. Initial 
studies in SPIF and MSIF showed that the use of feed rate at 150 mm/ 
min improved conformability and delayed fracture at wall angles greater 
than or near critical angles in agreement with [30–32]. The MSIF pro
cess was performed in 7 steps, starting at the 30◦ angle up to 90◦ with a 
jump every 10◦ with a feed rate of 600 mm/min up to 60◦ angles and a 
feed rate of 150 mm/min for higher angles. The experiments, were fixed, 
forming heights of 11 mm, 13 mm, 15 mm, and 17 mm for the 0.43 mm 
thick sheet, and forming heights of 11 mm, 13 mm, 15 mm, 17 mm, and 
19 mm for the 0.8 mm thick sheet. The experimental design is presented 
in Table 4. 

From the forming heights, the intermediate geometries and the step- 
by-step forming path were established as shown in Fig. 4 for the ex
periments in Table 4. 

3.1. Real-time failure analysis methodology 

For the product failure study at MSIF, the experimental FFLs were 
obtained from previous tests at SPIF, generating cones of various wall 
angles from 30◦ to 90◦. The minimum sheet thickness, average fracture 
thickness, and plane strain data on the sheet metal were stored for each 
test. The thickness data were important to establish the critical thickness 
region, the region where there is maximum strain and minimum thick
ness without failure. In addition to this region, thicknesses measured in 
the failure region helped to establish the fracture thickness region for the 
materials (later presented in Figs. 9 and 11). The plane strain data in the 
sheet was used to generate the experimental FFL functions at the two 
sheet thicknesses analyzed. Since ε1 strains are larger, and ε2 strains are 
smaller in the SPIF experiments, the FFL was extrapolated to larger ε2 
strains for the MSIF studies. During the MSIF experiments, to avoid 
premature product failure, starting at the 60◦ wall angle, the largest 
strains (ε1 and ε2) and the smaller thickness located on the surface of the 
part were measured. These data were stored and compared with the FFL 
and the critical thickness region obtained in the SPIF experiments. At 
each pass angle, in plane strain data (ε1 and ε2) and thickness were 
measured, and when equal or exceeded the limits of experimental FFL 
and the critical thickness region, changes to the part radius and toolpath 
were imposed to minimize local stretching. 

4. Numerical simulation 

The ABAQUS® 6.12.11 software was used in the simulation. To 

Table 1 
Chemical compositions of BH 180 GI steel.  

% C % Mn % P % S % Si % Nb % Cu % B % Al % Fe 

0.03 0.378 0.0321 0.02 0.026 0.018 0.012 0.007 0.054 99.423  

Table 2 
Mechanical proprieties of BH 180 GI steel.  

Parameters 0.43 mm 0.8 mm 

E - Modulus of Elasticity (MPa) 210,000 210,000 
υ - Poisson's ratio 0.33 0.33 
ρ - Density (g/cm3) 7.87 7.87 
US – Ultimate Strength (MPa) 244.490 255.572 
YS – Yield Strength (MPa) 220.101 219.162 
EL - Elongation A50 (%) 45.179 47.413  

Table 3 
Normal and planar anisotropy of the material.  

Material Thickness (mm) r0 r45 r90 r Δr 

BH 180 GI  0.43  0.964  0.996  0.992  0.987  − 0.018 
BH 180 GI  0.8  1.182  0.973  1.046  1.043  0.141  
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approximate the experimental tests performed, a similar model applied 
by [33] was used in this work (Fig. 5). For simulations, the explicit 
integration method and application of a shell type element S4R with 9 
integration points along with the thickness of the sheet by the standard 
integration method of the application were used. 7 to 15 number of 
integration points (NIP) proved adequate in the study [34]. The inte
gration points of 3, 5, 7, 9, 15, 25 and 31 during sheet forming simu
lation were studied [35] and showed that the results are stabilized at 
around 5 and 7 NIPs. In summary, 3 integration points are not enough, 5 
integration points are the minimum acceptable and 7 integration points 
can provide the best solution - increasing the number of integration 
points also increases the CPU time. 

The true stress-strain data were assigned to the model together with 

the isotropic hardening of the Voce/Swift material from the data of [36] 
after the cyclic test of similar material. (Eqs. (5) and (6)). The Voce/ 
Swift model was implemented to simulate the change of the equivalent 
stress during the promoted springback by the process after the tool 
passes. 

σ = σ0 +Q∞

(
1 − exp− b*epl

)
(5)  

σ = σ0 + 131.63
(

1 − exp− 15.14*epl
)

(6)  

where, σ0 is yield stress at zero plastic strain; Q∞ is the maximum change 
in the size of the yield surface; b defines the rate at which the size of the 
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Fig. 1. Tensile true stress-strain for sheet metal thickness 0.43 mm.  
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Fig. 2. Tensile true stress-strain for sheet metal thickness 0.8 mm.  
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yield surface changes as plastic straining develops and epl equivalent 
plastic strain. 

The sheet was drawn according to the physical experiment and 
modeled as a deformable element, and the tool and die were modeled as 
a rigid analytical body (Fig. 5). 

‘ 
Because the friction between the tool and the sheet metal is un

known, for the studies, it was used the coefficient of friction according to 

)

(d)

(b) (c)

(a)

Fig. 3. (a) ROMI D600 machining center; (b) ISF device; (c) specimen and thickness gauge; (d) Forming tool and ISF device attached to the machining center table.  

Table 4 
Experimental design in multistep incremental forming.  

Experiments Angle 
(o) 

Thickness 
(mm) 

Feed 
Rate 
(mm/ 
min) 

Rf 
(mm) 

Dz 
(mm) 

A11 30-40-50-60- 
70-80-90  

0.43 600/ 
150  

4  0.2 

A13 30-40-50-60- 
70-80-90  

0.43 600/ 
150  

4  0.2 

A15 30-40-50-60- 
70-80-90  

0.43 600/ 
150  

4  0.2 

A17 30-40-50-60- 
70-80-90  

0.43 600/ 
150  

4  0.2 

B11 30-40-50-60- 
70-80-90  

0.8 600/ 
150  

4  0.2 

B13 30-40-50-60- 
70-80-90  

0.8 600/ 
150  

4  0.2 

B15 30-40-50-60- 
70-80-90  

0.8 600/ 
150  

4  0.2 

B17 30-40-50-60- 
70-80-90  

0.8 600/ 
150  

4  0.2 

B19 30-40-50-60- 
70-80-90  

0.8 600/ 
150  

4  0.2  

A11 B11 A13 B13 A15 B15 A17 B17 B19

P30 (mm) 8.5 8.5 9.25 9.25 10 10 10.5 10.5 11

P40 (mm) 9.5 9.5 10.5 10.5 11.75 11.75 12.5 12.5 13.25

P50 (mm) 10 10 11.5 11.5 13 13 14 14 15.25

P60 (mm) 10.25 10.25 12 12 13.75 13.75 15 15 16.5

P70 (mm) 10.5 10.5 12.5 12.5 14.25 14.25 16 16 17.75

P80 (mm) 10.75 10.75 12.75 12.75 14.75 14.75 16.5 16.5 18.5

P90 (mm) 11 11 13 13 15 15 17 17 19

Fig. 4. Geometries of the multistep incremental forming process.  

Rigid Analytical Element

Deformable Element 

Rigid Analytical 

Fig. 5. Model for computer simulation in MSIF.  
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Coulomb's Law with a value of 0.2 according to the work of [37] and 
studies on similar material conducted by [38]. The friction value was 
formulated using the penalty method assuming an isotropic 
directionality. 

From the experimental trajectory, the CAM-generated trajectory was 
converted to cartesian coordinates from the APT extension file, for 
application via Abaqus® CAE. 

To analyze the simulated failure prediction in the process, the ductile 
damage model was applied. This initiation criterion of ductile damage is 
a model for predicting damage initiation due to nucleation, growth, and 
coalescence of voids in ductile metals. The model assumes that the 
equivalent plastic stress at damage initiation is a function of the stress 
triaxiality and the strain rate. As input data, the FFL of the material was 
added, generated from the strain data measured in the previous physical 
experiments in single-point incremental forming (SPIF). In addition, an 
average of the fracture energy values calculated by Eq. (7) from the 
tensile test data was added to the software. The average fracture energy 
obtained was 20.788 MPa for the 0.43 mm thick sheet and 22.257 MPa 
for the 0.8 mm thick sheet. 

Gf =

∫ epl
f

epl
0

L(σu) depl (7)  

where, Gf is the fracture energy; L is the length of the global mesh 
element; σu is the strength stress of the material and epl equivalent plastic 
strain [39]. 

4.1. Global mesh size 

For the selection of the global mesh size (GMS) or mesh refinement to 
be considered efficient in this work, equivalent strain data at mesh 
density 0.7, 0.5 and 0.3 were evaluated on SPIF in truncated cone parts 
at the 60◦ wall angles for both sheet thicknesses. Equivalent strain data 
was taken from a mesh line on the cone wall to create the comparison 
plots. As presented in Fig. 6a–b, little change in the equivalent strain 
data along the stamping height was observed. The 0.7 global mesh size 
model showed 6231 number of elements and an average processing time 
of 17.34 h. The 0.5 global mesh size model had 12,100 element numbers 
and an average processing time of 45.31 h. The 0.3 global mesh size 
model had 22,489 number of elements and an average processing time 
of 214.617 h. 

Although higher refinement can lead to better data, for MSIF studies 

computational time is a concern, which can range from simulation days 
to simulation weeks. Thus, based on the refinement data studied and in 
accordance with [31], the selected mesh density was a global mesh size 
of 0.7, combining good results and lower computational time for both 
sheet thicknesses. 

5. Results and discussions 

Following the methodology, the experiments were performed with 
no occurrence of fracture. Fig. 7 shows the results for experiments A11 
to A17. 

Fig. 8 shows the results for experiments B11 to B19. As expected, in 
thicker sheets, the corrections due to larger strains and thinning 
occurred later. In experiment B19 the appearance of rigid-body 
displacement was more pronounced. 

Table 5 shows the changes made to the part radius at each wall angle 
and step, starting at the 60◦ angle. Experiments A11 to A17, because it is 
a thinner sheet, presented a greater need for corrections to geometry and 
toolpath. Experiment A11 did not need any corrections. The corrections 
started from experiment A13 with increasing change until experiment 
A17 with a corrected radius of 12 mm. The experiments performed with 
the thicker sheet showed little correction. From experiment B11 to B19, 
corrections were only necessary for experiment B19. 

Based on the strain measurements made in the plane of the sheet, in 
experiment A11 there was no need for corrections because the strain did 
not exceed the fracture limit curve, in the following experiments it was 
necessary to apply corrections. In experiment A13 the radius of the part 
was changed to 6 mm for steps larger than 80◦. In experiment A15 the 
correction occurred after the 70◦ step, the radius was changed to 6 mm, 
and after, again another correction for subsequent passes with a change 
of the radius to 8 mm. In experiment A17, the most critical forming for 
this sheet thickness, the correction occurred after the 70◦ step, the wall 
formation and thinning were so great that larger corrections based on 
the strains measured in the previous tests were applied. The correction 
was applied with a 10 mm radius, and then again, another correction for 
subsequent passes with a change in radius to 12 mm for 90◦. Fig. 9 
demonstrates the growth of the greater strain over the steps. 

Fig. 10 shows the maximum thinning found in the part after each 
step. As it is possible to observe, similarly to the biaxial strain, the final 
thickness exceeded the critical region of thinning, and the average value 
of thinning was close to the fracture region reported in the SPIF tests. At 
the heights that the corrections occurred, it is possible to observe a 
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Fig. 6. Global mesh size studies. a) thickness 0.43 mm, b) thickness 0.8 mm.  
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reduction in the thinning rate, which was most evident in experiment 
A15. In experiment A17 it is possible to observe that at angles of 80◦ and 
90◦ the thinning was so severe that it exceeded the fracture limit 
thickness obtained in SPIF. However, it can be concluded that the 
applied process parameters helped to ensure a quality part with a min
imum final thickness of 0.099 mm, without fracture. 

In the experiments performed with the thicker sheet, in experiments 
B11 through B17 there was no need to perform corrections because the 
strains did not exceed the FFL and the critical thickness. In the next 
experiment, experiment B19, it was necessary to apply correction to the 
geometry and tool path, changing the radius of the part to 6 mm. Fig. 11 
shows the growth of greater strain along with the passes. 

In Fig. 12 the thinning generated in the process was more controlled. 
In the biaxial strain, only in experiments B17 and B19 did the thinning 
exceed the critical region found in previous SPIF experiments. In 

experiment B19 the radius of the part was corrected to 6 mm, which 
greatly reduced the rate of thinning on the surface of the part. From 
these experiments, it can be concluded that the process parameters and 
strain-based corrections helped to ensure a quality part with controlled 
thickness. 

Based on the tests performed and the corrections applied in real- 
time, we can conclude that the biaxial strain measurements and the 
use of the FFL as an input parameter for process corrections along the 
passes helped to ensure fracture-free parts. The interactive analysis 
procedure together with the strain data from the experiments stored 
later provided better corrections to produce the following parts, exem
plified in experiment A17 performed after experiment A15, which 
required more expressive corrections. 

A11 A13 A15 A17

Fig. 7. Multistep experiments in 0.43 mm thick sheet metal.  

B11 B13 B15 B17 B19

Fig. 8. Multistep experiments in 0.8 mm thick sheet metal.  

Table 5 
Corrections generated in the radius of the part.  

Experiments Wall angle 
(◦) 

R60 (mm) Wall angle 
(◦) 

R70 (mm) Wall angle 
(◦) 

R80 (mm) Wall angle 
(◦) 

R90 (mm) 

A11  60  4  70  4  80  4  90  4 
A13  60  4  70  4  80  4  90  6 
A15  60  4  70  4  80  6  90  8 
A17  60  4  70  4  80  10  90  12 
B11  60  4  70  4  80  4  90  4 
B13  60  4  70  4  80  4  90  4 
B15  60  4  70  4  80  4  90  4 
B17  60  4  70  4  80  4  90  4 
B19  60  4  70  4  80  4  90  6  
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5.1. Analysis of deformable surface area in multistep incremental forming 

The measured strains and the corrections applied to the geometry 
and tool path gave satisfactory results, which proved the need for real- 
time corrections to reduce the strain rate. Based on the paths created a 
relationship between the deformable surface area in the MSIF process 
and the estimated deformable surface area of the blank was analyzed. 

In Fig. 13, a schematic drawing is presented showing in gray the 
undeformed region that is located at the top edge and in the central 
region of the blanking. The region in orange is the deformed surface area 
in MSIF (DAS_MS). The region in yellow is the area estimated as the 
deformable blanking surface area (DSA_BL). In both images, the central 
undeformed area is of the same size. 

Fig. 14 shows the plot of deformed surface area in MSIF for tests A11 
to A17, at forming wall angles of 60◦, 70◦, 80◦, and 90◦. The graph shows 
that with the increased height in MSIF, the geometry and tool path 
corrections led to stagnation of the DSA_MS at the maximum value of 
3257 mm2, which generated great thinning in the sample. Through the 
image, it is verified that with the increase in DSA_MS, there was also an 
increase in the thinning of the sheet, leading to the understanding that 
by controlling the surface area one can control the strain. In experiment 
A11, the 4 mm radius was applied up to the 90◦ wall angle. It is possible 
to verify that with the increase of the forming height the same radius 
could only be applied at smaller angles. As an example, there is exper
iment A13, 4 mm radius at 80◦ wall angles, and experiment A15, 4 mm 
radius at 70◦ wall angles. The surface area is 2852 mm2 for experiment 
A11, 2975 mm2 for experiment A13, and 2972 mm2 for experiment A15. 
The maximum variation of 123 mm2 in surface area is equivalent to a 
gain of only 0.9 mm in forming height. 

In Fig. 15 the graph of deformed surface area in MSIF is presented for 
the tests from B11 to B19, at the forming wall angles of 60◦, 70◦, 80◦, and 
90◦. As it was observed in the thinner sheet, the graph also shows that 
with the increase in height in MSIF, the geometry and tool path 
correction led to a DSA_MS of 3991 mm2, with a correction for the radius 
of 6 mm. In experiment B17, the 4 mm radius was applied up to the 90◦

wall angle. With increasing forming height, the same radius could only 
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Fig. 9. Biaxial strain in experiments A11 to A17.  

Fig. 10. Thinning in experiments A11 to A17.  
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be applied at smaller angles, as shown in experiment B19 i.e., 4 mm 
radius at 80◦ wall angle. The surface area is 3612 mm2 for B19 and 3789 
mm2 for B17. The maximum variation of 177 mm2 in surface area, is 
equivalent to a gain of 1.3 mm in forming height. 

As in the tests, there was a small variation in the blanking surface 
area, which promoted a better distribution of the strain along with the 
passes, an analysis between the ratio of DSA_MS and DSA_BL, can help to 
better understand the limits of multistep incremental forming. 

Fig. 16 shows the graph of the ratio of DSA_MS by DSA_BL for tests 
A11 to A17. As observed in the graph the heights are related to the wall 
angles according to Fig. 6. The graph shows that the forming surface 

ratio for a 4 mm radius part is between 1.60 and 1.67, on average the 
ratio obtained for the experiments A11, A13, A15, and A17 with a 4 mm 
radius is 1.637. Knowing this data, it is possible to define the forming 
height for any angle >65◦ with this radius and apply it to any other 
larger radius for the part. Looking at the ratios of radius 4 mm, where the 
possible fracture is shown, it is observed that from a height of 11 mm 
onwards it would not be possible to apply this radius, since the ratio for 
possible failure in experiments A13 and A15 averaged 1.723, and with 
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Fig. 11. Biaxial strain in experiments B11 to B19.  

Fig. 12. Thinning in experiments B11 to B19.  

Fig. 13. Undeformed region, blank region, and deformed region in multistep 
incremental forming. 
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the increase of the forming height, the maximum ratio for experiment 
A17 with radius 12 mm was equal to 1.753, higher than the previous 
ones. For the forming surface ratios, it is observed that in experiment 
A11 a more linear growth tends to the strain limit, while in the other 
experiments a small decline to the right is presented, which leads to 
understanding the need to properly distribute the strain and know the 
forming limits at the beginning of the studies to produce the product. 

Fig. 17 shows the graph of the ratio between DSA_MS and DSA_BL for 
tests B11 to B19. As observed in the graph, the heights are related to the 
wall angles as shown in Fig. 6. The graph shows a maximum forming 
surface area ratio of 2.039 (experiment B17), for the use of the 4 mm 
radius, which is impossible for realizing parts with the thinner sheet. 
Based on the results of the experiments with the thinner sheet, in ex
periments B17 and B19 it can be concluded that the best forming surface 
ratio is between 2.039 and 2.088, on average 2.064. Regarding the 
forming surface ratios, in experiments B11 to B17, there is an expressive 

growth of the forming surface ratio, tending to the strain limit. In 
experiment B19 the growth of the forming surface ratio is minimized 
through imposed corrections, reducing deformation in the region, and 
ensuring product integrity. 

From the surface area analyses, it can be concluded that the tests 
applied with measurement and correction in real time helped to estab
lish the limits of multistep incremental forming. Concerning the 
deformed surface area and the analyzed DSA_MS and DSA_BL forming 
surface ratio, it is possible to define the initial process parameters based 
on the forming height and the best corrections to be applied to the part 
radius to ensure greater reduction of local deformation during MSIF 
manufacturing. Based on this data presented a DSA_MS to DAS_BL 
forming surface ratio of 1.637 was established for use on a 0.43 mm 
thick sheet and 2.064 for use on a 0.8 mm thick sheet. 

Fig. 14. Deformed surface area by forming height for experiments A11 to A17.  

Fig. 15. Deformed surface area by forming height for experiments B11 to B19.  
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5.2. Computer simulation in multistep incremental forming 

According to the model described in Fig. 4, the simulations were 
performed in MSIF for comparison and prediction purposes. To feed the 
data into the software, the mechanical properties of the materials and 
mesh and friction parameters, described in topic 4, were used. To 
analyze the results of the computational model and the fracture pre
diction, the ductile damage evolution method was applied based on the 
FFL generated from the previous data measured in the SPIF experiments. 
The image of the experiments performed for plate 0.43 mm and for plate 
0.8 mm are presented in Figs. 18 and 19. Fig. 18 shows that the simu
lation like what occurred in the practical experiments without the 
appearance of failure for experiments A11, A13, A15, and A17. The 
contour values shown in the figures represent the difference in thickness 
on the surface of the part, explaining clearly deformed and undeformed 
area. The energy value applied to the ductile damage mechanism was 
efficient in predicting the fracture, only for experiment A17 - R4, 
without applying correction, where the fracture nucleated at the 80◦

wall angle. In the experiment A13 - R4, without the application of 
correction, the failure did not occur, this may be related to the slope of 
the FFL curve extrapolated from the experiments in SPIF, as can be seen 
in Fig. 19, where the strains were below the FFL. In Fig. 19 like what 
happened with the thinner plate, the correction data were efficient for 
experiments B11, B13, B15, B17, and B19, preventing the possible 
fracture of the material. The energy value applied to the ductile damage 
mechanism helped to identify a possible failure in experiment B19 - R4 if 
the correction was not applied to the geometry. 

From the material properties data applied to the simulations in MSIF, 
the biaxial strain responses had similar behavior to the strains per
formed in the practical experiment. The strain ε1 was less expressive, 
and on the contrary, the strain ε1 was more expressive than the samples 
tested, however, the thinning of the sheets as close to the tested data. 
Fig. 20 shows the biaxial strain for experiments A11, A13, A15, and A17, 
showing maximum strain data below the FFL, different from that ob
tained in the experimental tests, which indicates a need for correction of 
the FFL slope to improve the prediction of simulated failure. Fig. 21 
shows the biaxial strain for experiments B11, B13, B15, B17, and B19. 
The maximum strains were close to or exceeded the FFL in experiments 
B15, B17, and B19, showing good prediction. In all simulated tests, the 
final sheet thickness exceeded the experimentally measured values. 

Figs. 22 and 23 shows simulation images of the response to the 
damage evolution mechanism for both sheets. The first image from left 
to right is the beginning of crack nucleation or fracture, in simulation, 
where the first mesh element is deleted. Fig. 22 shows the failure 
response in experiment A17 - R4, without correction of the part radius. 
The failure occurred at the second-to-last step with a wall angle of 80◦. 
Fig. 23 shows the failure response of experiment B19 - R4, without 
correction of the part radius. The failure occurred in the last pass at an 
angle of 90◦. In both tests, the possible fracture was predicted, indicating 
that the corrections and the relationship between deformed surface area 
are valid for use in the MSIF study. The contour values shown in the 
figures represent the evolution damage on the surface of the part, pre
senting the most fracture-prone region. 

The response to the damage evolution performed by applying the 
ductile damage method in Abaqus® software is presented in Fig. 24. The 
damage data together with thinning in experiments A17 - R4 and B19 - 
R4, without correction of the part radius, presented as a decreasing 
exponential function. In the simulated experiments, failure occurred 
between 0.10 mm and 0.13 mm thick. This thickness is within the 
bounded fracture region in experimental studies. 

Although the data were of good quality for the MSIF case, with no 
change in the mass scale to reduce computational time, the computa
tional time for performing the simulations using the explicit integration 
method is shown in Fig. 25 and is between 3.58 and 4.45 processing 
days. This increased computational time is related to the increased 
forming height, which requires a longer tool path. 

In the simulations presented, it was verified that the corrections 
generated by the FFL and critical thickness analysis, as well as in the 
physical experiments provided fracture-free parts, ensuring the effec
tiveness of the method. However, although the failure prediction was 
efficient, the computational cost is high, and performing several simu
lations to analyze a product is unsustainable. Thus, performing experi
mental testing with real-time correction application and determining a 
forming surface ratio for the material in question can help in digitizing 
the various data applied to the process, being possible to relate process 
parameters, thickness sheet, tool path, and strain to establish the best 
choice for producing parts by the MSIF process. 

6. Conclusions 

The method applied in studies on multistep incremental forming 
showed that the use of a mixed feed rate ensured higher strain and the 
production of fracture-free parts with a tool radius of 4 mm. Based on the 
data and results presented, the multistep strategy with the application of 

Fig. 16. Forming surface ratio between DSA_MP/DAS_BL for experiments A11 
to A17. 

Fig. 17. Forming surface ratio between DSA_MP/DAS_BL for experiments B11 
to B17. 
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part radius correction and real-time tool path correction ensured an 
intact part following the procedure. The methodology use of the cor
rections promoted a reduction of the strain rate in the bend region of the 
part, which enabled a conformability gain and gain in forming height. 
The corrections helped to compare and establish a forming limit 
parameter based on the deformable surface area of the blanking and the 
deformed surface area of the part, for each sheet thickness, being 
indispensable in future research, as well as the application of computer 
simulation, although the computational time is still a concern. 
Regarding the MSIF simulation, as well as the computational model 
behaving like the practical experiments, the ductile damage evolution 
mechanism applied to the program, predicted the failure at the same 
forming height and wall angle, except for experiment A13. The 
computationally applied and simulated corrections also resulted in 
reduced strain rate and thinning. The simulated and experimental data 
also suggest that MSIF can result in lower final sheet thickness and with 
the application of corrections to the geometry, can generate a more 
uniform thickness distribution, like that found in SPIF. With the data of 
surface area or forming surface ratio, it is possible to assist the previous 
studies of the product to determine the multistep incremental forming 
paths, besides establishing limits for forming height and radius of the 
part, since these parameters are correlated. 
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Fig. 18. Simulation of multistep incremental forming for experiments A11 to A17.  
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B11 B13 B15

B17 B19 B19 – R4

Fig. 19. Simulation of multistep incremental forming for experiments B11 to B19.  

Fig. 20. Simulated biaxial strain for experiments A11 to A17.  

P.S.O. Filho et al.                                                                                                                                                                                                                               



Journal of Manufacturing Processes 85 (2023) 246–261

259

Fig. 21. Simulated biaxial strain for experiments B11 to B19.  

Fig. 22. Response of the damage evolution mechanism for experiment A17 - R4 without part radius correction.  

Fig. 23. Response of the damage evolution mechanism for experiment B19 - R4 without part radius correction.  
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