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ABSTRACT

Due to the lack of universal machines on the market, this paper presents a new technology and a dedicated machine
for manufacturing sheet metal products with various geometries using a single set of tools. The study reports the
results of numerical simulations of incremental forming of thin-walled products. The numerical analysis was per-
formed on S355 steel sheets with thicknesses ranging from 1 to 5 mm. The bending line followed an arc-shaped
trajectory. In the analyzed process, the sheet was deformed using two rollers: a shaping roller and a support roller.
Simulations were carried out using Simufact Forming software. Process force parameters, as well as strain and
stress distributions, were determined. The maximum forming forces obtained from the numerical simulations
ranged from 2 kN for a sheet thickness of 1 mm to 24.5 kN for the maximum analyzed thickness of 5 mm. Pre-
liminary numerical simulations indicate that wrinkling may occur in sheets with thicknesses of 1 mm and 2
mm, whereas for thicker sheets this instability was not observed in the simulations. The maximum effective
plastic strain recorded for the 5 mm sheet was 1.15, while the maximum von Mises stress reached 724 MPa. Based
on the simulation results, it can be stated that the proposed technology shows potential for industrial applications,
particularly for single-unit production and prototyping. However, experimental validation is required.

Keywords: sheet metal forming, incremental forming, thin-walled components, numerically controlled machine,
FEM.

INTRODUCTION

Thin-walled components formed from sheet
metal find applications in numerous industrial sec-
tors. In recent years, many studies have focused
on improving existing methods for forming thin-
walled components, as well as on developing new
manufacturing approaches. Sheet metal forming is
primarily carried out using bending and stamping
methods. This paper discusses existing technolo-
gies for manufacturing thin-walled components.
An innovative method for producing thin-walled
components, developed at Lublin University of
Technology, is also described.

Currently, stamping is the primary technol-
ogy for manufacturing thin-walled components.
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This process is most commonly carried out using
rigid tools (a punch and a die), which determine
the quality of the formed components. Research
indicates that such a process can be disturbed
by a number of undesirable phenomena, includ-
ing fracture of the wall along the perimeter of
the drawn part and the formation of wrinkles on
the flange [1]. However, methods for prevent-
ing these adverse phenomena are well known.
The stamping process should be carried out with
appropriately selected drawing ratios and with the
use of a blank holder [2]. Abe et al. [3] propose
coating the working surfaces of the tools, which
has a beneficial effect on the quality of the formed
products. Using flexible tools [4] allows avoid-
ing the unfavorable limitations of the stamping
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process. This approach also reduces both the cost
and the tooling preparation time, while enabling
the production of drawn parts with complex
geometries. However, tool deformations can
make it difficult to achieve a product with specific
dimensional tolerances. Sheet metal forming can
also be performed using high-energy methods,
including electromagnetic forming, electrohy-
draulic forming, and explosive forming. Accord-
ing to Gronostajski et al. [5], during electromag-
netic forming, the forming of large components
is limited by the capacitor capacity and the coil
dimensions. Electromagnetic forming can only be
applied to materials with good electrical conduc-
tivity. Another method of sheet metal forming is
electrohydraulic forming. Maris et al. [6] reported
that this method allows for higher sheet deforma-
tion and the forming of hard-to-deform materials.
Tong et al. [7] indicate that explosive forming can
be used to produce thin-walled products of large
dimensions, up to several meters in size.
Thin-walled components can also be pro-
duced using rotary forming processes, which
include conventional spinning and flow form-
ing. Research conducted under the supervision
of Gadek [8] focused on selecting the technologi-
cal parameters for conventional spinning. Key
parameters affecting the quality of thin-walled
products formed by this method include: (1) the
spindle rotational speed, (2) the feed rate of the
forming tool, (3) the distance between the form-
ing tool and the mandrel, and (4) the trajectory of
the forming tool movement. Wisniewski et al. [9]
demonstrated that spinning can be combined with
flow forming. Xia et al. [10] emphasize that spin-
ning technology can also be applied to form non-
axisymmetric products. For single-unit or small-
batch production, incremental sheet forming is
advantageous. Both single-point incremental
forming (SPIF) and two-point incremental form-
ing (TPIF) methods can be employed, using either
a CNC machine or a robotic arm. In his review
of incremental sheet forming, Trzepiecinski [11]
highlights several advantages of this process,
including: the ability to form products of various
geometries using a single tool, rapid modifica-
tion of product geometries, low forming forces,
and achieving higher limit strains. However, this
technology also has drawbacks, including longer
forming times, lower product quality and accu-
racy, and limited suitability for mass production.
Another technology enabling the form-
ing of thin-walled components is bending. The

phenomenon of sheet springback must be consid-
ered during bending. Factors influencing spring-
back include tool geometry, sheet and tool mate-
rial properties, friction conditions, anisotropy, and
bending parameters [12]. Typically, press brakes
allow for V-bending, U-bending, and combina-
tions of these methods [13]. The resulting products
exhibit a bend line along a straight path, which
constitutes a limitation of the process. Schiller [14]
states that rotary bending can replace some stamp-
ing methods due to lower tool production costs, the
ability to bend along curved paths, and the rela-
tively fast change of product assortment. During
bending, less expensive tools made of plastics or
plastic inserts mounted in die bodies can also be
used [15]. Sheet bending operations with large
bend radii are typically performed on roll bend-
ing machines using three- or four-roll configura-
tions [16, 17]. Sheets can also be formed longi-
tudinally using roll forming [18]. An interesting
method for forming thin-walled components is
multi-point forming. Davoodi and Zareh-Desari
[19] conducted research on the parameters of this
method. Similar products with various curvatures
can be shaped using flexible rollers (typically two
or three), as demonstrated by Cai, Li, and Lan [20].
Similarly, Chang et al. studied sheet rolling using
rigid tools — convex and concave rollers [21]. Fu et
al. [22] investigated incremental bending of prod-
ucts with an elliptical shape. However, this method
is not suitable for forming elements with more
complex geometries. Jin and Murata [23] pro-
posed a method for incremental sheet bending in
a plane using a CNC machine. Another approach,
described by Singh and Agrawal [24], involves
shaping the product with a mandrel while the sheet
is partially clamped. This method is thus similar to
single-point incremental forming (SPIF), with the
main difference being the clamping technique.
Among the mentioned sheet metal form-
ing methods, incremental forming techniques
deserve particular attention. Incremental forming
has attracted significant research attention due to
its numerous advantages. The main advantage of
incremental forming over conventional manufac-
turing technologies is the versatility of the tool-
ing. A single set of tools can produce multiple
components differing in shape and size, thereby
reducing the costs associated with tool produc-
tion. Changes can be implemented by modifying
the CNC program without replacing the tools.
Because the tool in incremental forming exerts
only a localized force on the sheet, the forming

495



Advances in Science and Technology Research Journal 2026, 20(7), 494-504

forces are relatively low, making the process less
energy-intensive. Typically, the incremental form-
ing process takes longer than conventional bend-
ing or stamping operations. Incremental forming
is carried out using CNC machines, requiring
adequately trained personnel. The dimensions
of the formed products are limited only by the
working area of the machine. Tool contact marks
may be present on the formed product. As with
conventional methods, springback must be con-
sidered and compensated for. Due to the advan-
tages of incremental forming and the lack of
dedicated machines for streamlining thin-walled
component production, an innovative incremen-
tal forming technology was developed. Accord-
ing to the authors’ assumptions, the proposed
method enables the forming of steel sheet prod-
ucts with thicknesses of up to 5 mm. It should
be noted that in the case of thinner sheets, wrin-
kling may occur. These products can feature not
only straight bending lines but also bending lines
following an arc-shaped trajectory. This technol-
ogy was implemented on a special CNC machine
constructed at Lublin University of Technology.
It enables the forming of thin-walled products of
various sizes using a single set of tools, consisting
of two rollers: a support roller and a shaping roll-
er. The proposed solution demonstrates consid-
erable potential, particularly for single-unit and
small-batch production, where frequent changes
in the geometry of formed products are required.

METHODOLOGY

Due to the lack of dedicated machines on
the market, an incremental forming technology
for thin-walled components was developed. This

a)
support roller sheet metal

“machine worktable
shaping roller ¢ :

technology enables the shaping of sheet metal
products with various geometries and dimen-
sions. Figure la presents the initial positioning
of the tools and the sheet metal blank, while Fig-
ure 1b shows the final stage of the process. For
shaping, the sheet metal blank is mounted on a
base fixed to the machine worktable. The shap-
ing roller is positioned below the blank, and the
support roller above it. The worktable can move
along two horizontal axes and rotate. Both rollers
can rotate and move along the vertical axis, either
independently or as a result of friction with the
sheet metal. Additionally, the shaping roller can
move horizontally, allowing adjustment of the
distance between the rollers. It can also be tilted.
After the tool trajectory is programmed into the
controller, the forming process begins. The work-
table follows the defined path while the rollers
shape the sheet metal. Initially, only the shaping
roller moves along the vertical axis, gradually
forming the sheet edge, while the support roller
remains stationary. After a set number of passes,
the support roller also moves along the vertical
axis. From this stage onward, both rollers move
simultaneously with the same feed until the end
of the process. This represents the first proposed
tool kinematics strategy. In future research, alter-
native strategies, kinematic parameters, and tool
geometries will be investigated.

In the present study, the shaping of thin-
walled products with a bending line along an arc
was analyzed. Preliminary simulations indicate
that this technology can also be applied to pro-
duce sheet metal products with more complex
geometries. Consequently, elements with straight
bending lines, bending lines along arcs, as well as
vessel-shaped products can be formed. Examples
of such products are shown in Figure 2.

b)

support roller sheet metal

.\ machine worktable

shaping roller

Figure 1. Proposed incremental forming technology: (a) initial stage of the process, (b) final stage of the process
with the shaped product visible
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RESULTS OF ANALYSIS

Numerical analysis using the finite element
method (FEM) was conducted in the sheet metal
forming module of Simufact Forming software
2025. The incremental forming was simulated
on S355 sheet metal with dimensions presented
in Figure 3a. Figure 3b presents the sheet metal
product. Sheet metal of various thicknesses, rang-
ing from 1 mm to 5 mm, was analyzed. Five vari-
ants of thin-walled products with a bending line
along an arc were studied, differing in sheet thick-
ness. The parameters used in the numerical simu-
lations are presented in Table 1. For the numeri-
cal simulations, geometric models of the tools
were created, including two rollers (shaping and
support) and the sheet metal blank. The shaping
and support rollers were modeled with identical
dimensions, as shown in Figure 4.

The material of the sheet metal was described
using the model in Equation 1, obtained from the
Simufact Forming software material library.

Op = 853.1 X @~0.0012T 5 011291 5
-0.0106 (1)
xe & x £00186

where: T —temperature (C°), ¢— strain effective,
& — strain rate.

For the numerical simulations, the semi-fin-
ished product was modeled as an elastic-plastic
body, while the tools were assumed to be rigid
and undeformable. The forming process was
carried out under cold conditions, with an ini-
tial semi-finished product temperature of 20 °C.
Temperature variations during the process were
not considered. Coulomb friction was assumed
between the rollers and the semi-finished prod-
uct, with a friction coefficient of p = 0.15 for

~
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both the shaping and support rollers. The semi-
finished product was discretized into cuboidal
elements with a size of 1.75 mm, resulting in a
total of 48,000 elements. It was fixed to the sup-
port using the “glued” option, except for the por-
tion undergoing shaping, which remained free.
The tool kinematics implemented in the simula-
tions corresponds to the strategy planned for the
experimental study. Figure 5a shows the initial
positioning of the tools and the semi-finished
product, while Figure 5b shows the final stage of
the simulation. The shaping roller was positioned
below the semi-finished product, and the support
roller above it. The support and the semi-finished
product moved along a predefined trajectory an
arc — rotating about an axis located 275 mm from
the edge of the support. The rotational speed
was set to 3.3 rpm for 3 seconds, after which
the movement continued in the opposite direc-
tion (Figure 6). After each pass along the arc, the
shaping roller was fed vertically by 3.75 mm at a
speed of 7.5 mm/s. The displacement of the sup-
port roller is shown in Figure 7, and that of the
shaping roller in Figure 8.

In the initial stage of the simulation, the sup-
port roller remained stationary in the vertical axis,
serving to hold the semi-finished product against
the support and partially participating in shaping.
In the final stage, both rollers moved along the
vertical axis with the same feed rate. In all simu-
lation variants, the support roller was positioned 9
mm below the shaping roller at the final stage, as
shown in Figure 9. The shaping roller rotated due
to contact with the semi-finished product, while
the support roller rotated at a constant speed of
11 rpm, reversing its direction in accordance with
the movement of the support and semi-finished
product. The overall course of the numerical sim-
ulation is illustrated in Figure 10a—h.

S
S

Figure 2. Examples of thin-walled products that can be obtained using the proposed incremental forming
technology
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a)
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145 ]

b)

119 ]

Figure 3. Dimensions: (a) semi-finished product, (b) final product

Figure 11 shows the effective plastic strain dis-
tributions obtained during the incremental form-
ing of thin-walled products. Analysis of the strain
distributions indicates that effective plastic strains
appear at the beginning of the process in the zone
where the sheet bend is formed and at the contact
point between the semi-finished product and the
shaping roller, i.e., at the edge of the sheet. This

Table 1. Parameters used in the numerical simulations

Process parameter Value
Range of sheet thicknesses 1-5 mm
Number of FEM mesh elements 48000
Friction coefficient (shaping roller — sheet) 0.15
Friction coefficient (support roller — sheet) 0.15
Rotational speed of the working table 3.3 rpm
Rotation time of the working table 3s
Feed of the shaping roller 3.75 mm
Feed rate of the shaping roller 7.5 mm/s
Number of passes of the shaping roller 15
Inclination angle of the shaping roller 0°
Rotational speed of the support roller 11 rpm
Activation time of the support roller 385s
(start of the first feed)
Initial feed of the support roller 2.75 mm
Initial feed rate of the support roller 5.5 mm/s
Feed of the support roller during the process 3.75 mm
Efoectl;e;te of the support roller during the 7.5 mm/s
Distance between the rollers in the plane
perpendicular to the roller symmetry axis at 9 mm
the final stage of forming
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effect is particularly pronounced for thicker semi-
finished products, which require higher form-
ing forces. In the subsequent stage, the greatest
deformations occur in the forming zone, when the
semi-finished product is simultaneously shaped
by both rollers. It should be noted that at a certain
point, the shaping and support rollers are at the
same height along the vertical axis. Towards the
end of the process, the shaping roller is positioned
higher, resulting in intermediate material defor-
mations. For products with thicknesses of 1 mm
and 2 mm, the strain distribution is uneven due to
sheet wrinkling. Moreover, the deformations are
not uniform across the cross-section. The highest
values are concentrated near the surface, which
can be explained by the kinematics of the process,
where tangential strains are generated at the tool —
material contact surface. Cross-sectional analyses
allow the identification of minor shape defects,
such as a slight S-shaped bend at the sheet edge.
However, this analysis serves primarily to prelim-
inarily assess the potential of incremental form-
ing for thin-walled products. In future work, the
authors plan to investigate tool movement strate-
gies and modify tool geometries to achieve higher
dimensional and shape accuracy.

Figure 12 shows the distribution of von Mises
equivalent stress. The highest equivalent stresses
occur in the deformation zone of the semi-fin-
ished product along the trajectory followed by
the tools. This distribution is more uneven for
thinner semi-finished products, due to folding at
the edges, which prevents the forming tools from
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Figure 4. Roller tool dimensions

a) sheet metal
support roller

shaping roller

b)

support roller

sheet metal

shaping roller

support

Figure 5. Geometric model of the incremental forming process: (a) initial positioning of the tools and semi-
finished product, (b) final stage of the process

maintaining full contact along the prescribed
tool path. The equivalent stress reaching a value
of 724 MPa occurs directly in the forming zone
and represents a resultant of stresses induced
by tool interaction, associated with bending and

N w
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Time, s

Figure 6. Changes in the rotational speed of the
worktable with the sheet metal over time

compression of the material, as well as residual
stresses that remain after unloading. Outside the
forming zone, only residual stresses remain in the
material, and their values are significantly lower
than those observed in the direct tool-material
interaction zone.

Figure 13a shows the distribution of the mini-
mum principal stresses, while Figure 13b presents
the distribution of the maximum principal stresses
for a product formed from a 5 mm thick sheet.
Based on these distributions, it can be concluded
that on the outer surface of the formed component
the stresses take negative values, whereas on the
inner surface they take positive values. Therefore,
the process is characterized by the occurrence
of both compressive and tensile stresses. These
stresses result from the final geometry of the prod-
uct. A different stress distribution would occur in
the case of bending along a straight line or along
an arc, where the center of the arc (i.e., the point
about which the working table rotates) would be
located on the opposite side relative to the rollers.
The principal stress distributions are presented for
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Figure 7. Vertical displacement speed of the support
roller during the incremental forming process
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Figure 8. Vertical displacement speed of the shaping
roller during incremental forming

shaping roller

support roller

sheet metal

e
support

Figure 9. The method of setting the tools when the
support roller starts moving in the vertical axis
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only one variant in order to highlight the occur-
rence of stresses with different signs.

Table 2 presents a summary of the maximum
values of forces, strains, and stresses for the
individual sheet thicknesses. These results were
obtained from numerical simulations. Based on
the obtained results, it can be seen that the maxi-
mum forming force of 24.5 kN and the maximum
stress of 724 MPa were reached during the form-
ing of the 5 mm thick sheet. In the case of sheets
with thicknesses of 1 mm and 2 mm, wrinkling
affects the resulting stress and strain values. The
maximum value of effective plastic strain is 1.42
and occurs during the forming of the 2 mm thick
sheet. However, the final results indicate that the
2 mm sheet exhibits better surface quality (no
pronounced wrinkles at the edge) compared to
the product with a thickness of 1 mm. There-
fore, it can be assumed that this high strain value
results from the final stage of the forming pro-
cess, where the rollers form the product in the
presence of previously generated wrinkles. Such
high strain values are not observed in the 1 mm
sheet due to its lower stiffness. Due to the occur-
rence of wrinkling, higher maximum von Mises
stress values are observed for products formed
from sheets with thicknesses of 1 mm and 2 mm
compared to the 3 mm sheet. Therefore, this
phenomenon should be considered when com-
paring numerical simulation results for different
sheet thicknesses. The obtained results indicate
that forming components from semi-finished
products with thicknesses close to the wrinkling
threshold leads to an increase in both strain and
stress in the material. This can be explained by
additional bending induced by the tools, acting
on small distortions that represent the initial
stage of wall wrinkling. In the case of forming
thicker semi-finished products, such distortions
do not occur, which contributes to lower strain
levels in the material.

One of the design assumptions of the devel-
oped machine was the ability to shape sheet
metal products using a maximum force of 50
kN. Analysis of the force curves obtained from
numerical simulations indicates that this limit
is not exceeded (Figure 14). Each temporary
increase in force occurs during the vertical move-
ment of the shaping roller. The highest force
values are observed just before the midpoint of
the process. Initially, only the edge of the semi-
finished product is in contact with the shaping
roller, explaining the low forces at the beginning
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Figure 10. Incremental forming simulation process
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Figure 11. Distribution of effective plastic strain in thin-walled products with different thicknesses

of the simulation. Simultaneous contact of the
forming roller with the sheet metal through its
conical and cylindrical surfaces results in a sig-
nificant increase in force up to the maximum
value. Subsequently, the force decreases with
each successive tool pass. At the end of the sim-
ulation, forces may assume negative values due
to undesired bending of the semi-finished prod-
uct, forming an S-shaped cross-section. At this

stage of the process, the support roller is locat-
ed below the shaping roller in the vertical axis.
During the vertical movement of the support
roller, it interacts with both the sheet and the
shaping roller. As a result, negative values of the
vertical force acting on the shaping roller occur.
Therefore, if the shaping roller were not moved
during the final stage of the simulation, the nega-
tive force values would not appear. As expected,
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Figure 12. Von Mises equivalent stress distribution
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Table 2. Results obtained from the numerical simulations

Thickness t, Strain €. - Stress Force
mm ! 6, MPa F, kN
1 0.85 654 2.5
2 1.42 697 7.3
3 0.99 615 13.2
4 1.09 710 19.1
5 1.15 724 24.5

higher forces are required when forming thicker
components. Thicker sheets are characterized by
higher stiffness. Additionally, cold plastic defor-
mation leads to material strain hardening.

Sheet metal forming machine

Preliminary numerical analyses confirmed
the feasibility of applying incremental forming
technology to thin-walled products. To imple-
ment this technology, a dedicated machine was
designed. Figure 15 shows the machine developed
for incremental forming of thin-walled products.
The machine worktable is mounted on the frame
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Figure 14. Forming forces during incremental
forming of thin-walled products with different
thicknesses

and is driven by stepper motors, enabling precise
positioning. Vertical movement of the spindles,
to which the rollers are attached, is achieved via
electric screw actuators. The distance between
the spindles can be adjusted using a drive unit for
transverse feed, also powered by a stepper motor.
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unit

b)

sliding spindle
unit

machine worktable
base of a machine
frame

Figure 15. Numerically controlled machine designed at Lublin University of Technology for incremental
forming of thin-walled products: (a) isometric view, (b) side view

Table 3. Parameters of the numerically controlled

machine
Parameter Value
Machine worktable dimensions 600 x 600 mm
X-axis travel 700 mm
Y-axis travel 700 mm
Z-axis travel 150 mm

Maximum product dimensions

600 x 600 x 100 mm

e The force values obtained from numerical
simulations confirm the applicability of the
designed machine for forming steel thin-
walled products with thicknesses up to 5 mm.

e In prototype production, the production time
may be reduced due to the lack of need to
change tools when changing the sheet metal
product type.

e In prototype production, the production time may
be reduced due to the lack of need to change tools
when changing the sheet metal product type.

Maximum spindle speed 50 mm/s
Maximum worktable speed 50 mm/s
Stepper motor power 4.5 kW
Induction motor power 4.0 kW
Overall machine dimensions 2100 x 2100 x 2600 mm
Machine weight 2500 kg

The rollers are independently rotated by induc-
tion motors. The spindle included in the sliding
spindle unit can be mechanically tilted by 0-10°
relative to the vertical axis. The movement of the
worktable and spindle units is controlled by an
industrial controller. Therefore, in order to carry
out the forming process, the tool movement tra-
jectory must be entered into the controller. The
basic machine parameters are listed in Table 3.

CONCLUSIONS

Based on the conducted studies, the following
conclusions can be drawn:
e During the forming of steel sheets with thick-
nesses of 1 mm and 2 mm, there is a risk of
unfavorable wrinkling.

e Due to the incremental nature of material
deformation, forming forces are expected to
be lower than in conventional stamping and
bending processes.

e The cost of changing the manufactured prod-
uct range is low, making the process a univer-
sal and economical forming method.

e The forming tools (rollers) feature a relatively
simple design.

Based on the preliminary numerical analy-
ses, the incremental forming of thin-walled com-
ponents may serve as a potential alternative to
conventional bending and stamping processes,
offering the possibility of reduced manufacturing
costs and increased production flexibility. Further
research is required to experimentally validate the
numerical simulations and to assess the feasibil-
ity of industrial implementation using a numeri-
cally controlled machine. The technology was
developed in response to the needs of the domes-
tic industry, where universal machines for sheet
metal forming are currently lacking.
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