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Manufacture of Bead-Stiffened PanelS uSing the Single Point increMental  
Sheet forMing technique

this paper presents the results of experimental research on the fabrication of thin-walled panels with longitudinal stiffening 
ribs by the single point incremental sheet forming technique. the bead-stiffened panels were made of alclad 2024-t3 aluminium 
alloy sheets commonly used in aircraft structures. the influence of forming parameters and tool strategy on surface quality and 
the possibility of obtaining stiffening ribs with the required profile and depth was tested through experimental research. two tool 
path strategies, spiral with continuous sinking and multi-step z-level contouring, were considered. the results of the experiments 
were used to verify the finite element-based numerical simulations of the incremental forming process. it was found that the main 
parameter which influences the formability of test sheets is the tool path strategy; the tool path strategy with multi-step z-level 
contouring allowed the rib to be formed to a depth of 3.53 mm without risk of cracking. However a greater depth of rib equal of 
5.56 mm was achieved with the continuous tool path. the tool path strategy was also the main parameter influencing the surface 
finish of the drawpiece during the single point incremental forming process.
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1. introduction

incremental sheet forming (isF), also known as single 
Point incremental Forming (sPiF), is a manufacturing technique 
where a piece of thin sheet metal blank is shaped into a product 
by a series of small incremental realised deformations [1]. isF 
is carried out by using a rotational spherical forming tool with 
a rounded tip, controlled by a CNC machine-tool. Because isF 
is a slow process compared to conventional forming technique 
such as stamping, it is an especially attractive process for small 
batch production. isF allows the set-up time of element manu-
facturing and the cost of manufacturing to be reduced. the main 
advantages of single point incremental forming are that much 
less forming force is required compared to conventional deep 
drawing and that it provides the ability to shape elements on 
a conventional CNC milling machine [2,3].

the essence of the process is to form the element by the in-
tegration of two tool movements: a horizontal one along a closed 
trajectory; and an inward transition to the next horizontal forming 
path. in isF processes there is local contact of the forming tool 
with the sheet so that the degree of sheet deformation can be con-

trolled in those areas exposed to excessive forming limit strains. 
in most methods of incremental sheet forming, the rotational 
speed of the forming tool is in the range of 200 to 800 rpm. the 
linear motion of the forming tool depends on the technological 
characteristics of the process and the geometry of the drawpiece, 
and they are usually in the range of 300-2000 mm·min–1 [4,5]. 
with increased production of thin-walled structures for auto-
mobiles and aircrafts, isF inevitably encounters challenges in 
processing so-called ‘lightweight’ materials which are hard-to-
form in cold working conditions. in order to improve material 
formability, a series of studies have been conducted to carry out 
frictional stir-assisted sPiF without using heating equipment. the 
frictional stir-assisted isF processes show advantages in terms 
of equipment cost and process flexibility [6].

the application of lightweight components is a challenge 
in modern transportation engineering. Mass reduction in aircraft 
is necessary for ecological and economic reasons, as well as to 
improve product properties [7]. aerospace components are com-
posed of lightweight materials such as titanium, magnesium, and 
aluminium alloys. the 2024-t3 aluminium alloy which is the test 
material in this paper, is typically used in the aircraft industry ow-
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ing to its high formability and high fatigue resistance. the form-
ability of annealed and pre-aged 2024 aluminium alloy sheets 
in the isF process is investigated by Hussain et al. [8]. they 
found that the interaction of feed pitch and tool radius is very 
significant for formability. it was also noted that a variation in 
the forming speed does not affect the formability of the annealed 
2024 sheet. Furthermore, an increase in forming speed decreases 
the formability of a pre-aged 2024 alloy sheet. ambrogio et al. 
[9] studied the formability of 2024-T3 aluminium alloy sheets by 
supplying a continuous current in order to generate local heating. 
it was found that local heating of the sheet and induced strain 
lead to changes in the microstructure. li et al. [10] studied the 
formability of 2024-t3 aluminium alloy sheets in single-point 
incremental forming. it was found that surface roughness can 
be reduced by increasing tool diameter. wang et al. [11] studied 
the effects of different process parameters on the incremental 
forming limit of 2024 aluminium alloy sheets in different heat 
treatment conditions through tensile and warm incremental 
forming experiments. it was found that a lower pitch value, and 
larger feed rate can make a component with a greater forming 
limit. Formability of 2024-t3 aluminium alloy sheets in sPiF 
were also investigated by Centeno et al. [12]. they concluded 
that the bending effect in sPiF, controlled by the ratio of sheet 
thickness to tool tip radius, might not be enough to explain the 
enhanced formability registered in incremental forming. Bayram 
and Köksal [13] formed 2024-t3 sheets using the sPiF method. 
among the forming process parameters, tool path, step size and 
lubrication parameters were changed. the tool diameter, feed rate 
and spindle speed parameters were kept constant. it is clear from 
the results that a tool path that spirals and always keeps in touch 
is more successful than a tool path that makes it an incremental 
process. ruszkiewicz et al. [14] demonstrated how incrementally 
forming a stiffener of the desired geometry on the outside will 
manipulate the stress concentrations in the metal, and effectively 
reduce the amount of global springback of 2024-t3 aluminium 
alloy drawpieces. By stiffening the workpiece with formed 
stiffeners it was possible to move these stress concentrations 
allowing for greater control of global springback. duflou et al. 
[15] investigated the influence of process parameters as well as 
the lubrication and geometry of the 3000 series aluminium alloy 
part on the forming forces. it was found that vertical step size 
has the least significant impact and can therefore be increased 
without great penalty in favour of shorter part production times. 
it is necessary to know the magnitude of the forming forces 
when trying to determine if the equipment available is capable 
of Forming sheet using sPiF [16]. Mohammadi et al. [17] es-
tablished general guidelines for minimising the number of test 
required to determine the optimum process parameters in terms 
of formability of an automotive aluminium alloy (aa5182-o) 
for laser assisted sPiF. it was found that the partial stress-relief 
annealing of the deformed geometry during the approach of the 
forming tool, is responsible for formability enhancement. adams 
and Jeswiet [18] used electrically assisted sPiF to improve form-
ability of 6061-t6 aluminium alloy sheets. spalling and surface 
roughness are shown to be directly affected by current threshold 

density. duflou et al. [19] and Jeswiet et al. [20] provided an 
overview of the body of knowledge with respect to sPiF and of 
corresponding conclusions on scientific progress and the outlook 
for further expected developments.the research presented in the 
literature is mainly based on the sPiF of sheets which are not 
covered with a soft anti-corrosion coating. the sPiF parameters 
should ensure the continuity of the protective layer after forming. 
this is especially important when forming sheets of high-strength 
eN aw-2024-t3 alclad aluminium alloys commonly used in 
aircraft structures. the change in the thickness of the soft alclad 
(technically pure aluminium) is related to the deformation of the 
core material and the mechanical interaction of the spherical end 
of the tool. alclad 2024-t3 aluminium alloy material is difficult 
to form in conventional cold forming. therefore the sPiF process 
of alclad sheets is different from that commonly studied in the 
literature and in this paper an analysis has been carried out of the 
change in surface roughness during the forming of rib-stiffened 
panels made of aluminium alloy alclad sheets. the article also 
examines the experimental verification of the possibility of us-
ing incremental sheet forming to form stiffened ribs in alclad 
2024-t3 aluminium alloy panels. Moreover, Fe-based numerical 
computations of the sPiF process have been carried out. the 
numerical results have been verified based on the experimental 
results of the thickness distribution in the stiffened rib. 

2. experimental work

alclad 2024-t3 precipitation-hardenable aluminium alloy 
sheets with a thickness of 0.4 mm were used for the fabrication 
of bead-stiffened panels. the nominal chemical composition of 
2024 aluminium alloy is listed in taBle 1. the values of the 
basic mechanical parameters (taBle 2) were determined by ten-
sile testing according to the iso 6892-1:2016 standard [21]. The 
test specimens were cut at an angle of 0º, 45º and 90º with respect 
to the rolling direction of the sheet metal. the main mechanical 
parameters determined through tensile tests are: the yield stress 
Rp0.2, ultimate tensile strength Rm, elongation A50 and young’s 
modulus E. three samples were tested for each direction, and the 
average values of basic mechanical parameters were determined.

taBle 1

Nominal chemical composition (wt.%) of 2024-t3  
aluminium alloy [16]

cr cu Si fe Mg Mn ti Zn al
max. 
0.1 3.8-4.9 max. 

0.5
max. 
0.5 1.2-1.8 0.3-0.9 max. 

0.15 0.25 rem.

taBle 2

Mechanical properties of the 2024-t3 aluminium alloy sheets

Sample orientation Rp0,2, MPa Rm, MPa A50 E, gPa
0° 302.8 449.8 17.0 73.9

45° 287.6 437.9 19.8 73.2
90° 291.4 440.2 17.8 73.7
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the sheets, which were tested in this study by shaping 
with the incremental sheet forming technology, had previously 
been subjected to cupping tests using the erichsen method. the 
tests were performed using a dedicated erichsen test device 
with a manual drive. the test parameters were in line with 
the guidelines set out in the standard [23]. three repetitions 
were carried out. in accordance with the guidelines specified by 
the standard, the sheet specimen was fixed with a pressure ring, 
and then the punch was slowly pressed until a crack appeared 
in the sheet. the diameter of the spherical end of the punch was 
20 mm. the value of the linear punch offset was then read, this 
quantity is standardised and is designated as the erichsen cup-
ping index (ie).

Measurement of the surface roughness parameters was 
carried out using a Contour Gt 3d optical microscope. the 
main standard 3d parameters determined by this measurement 

(taBle 3) are the root mean square roughness parameter Sq, 
the average roughness Sa, surface kurtosis Sku, surface skewness 
Ssk, the 10-point peak-valley surface roughness Sz, the highest 
peak of the surface Sp, the maximum pit depth Sv and the root 
mean square gradient Sdq. Fig. 1 shows the surface morphology 
of the original sheet and directional profiles.

taBle 3

Basic surface roughness parameters of 2024-t3 aluminium alloy

Sa, μm Sq, μm Ssk Sku Sz, μm Sp, μm Sv, μm Sdq, deg
0.335 0.436 –0.017 3.794 5.961 3.231 –2.73 14.99

trials of the forming of longitudinal u-shaped stiffening 
ribs (Fig. 2) by sPiF were conducted on the CNC Haas tM1P 
3-axis milling machine using a special fixture (Fig. 3) mounted 
on the bed of a machine tool. to reduce the contact forces on 
the tool tip – sheet metal interface a fully synthetic 75w85 oil 
(Castrol ltd., uK) was applied. the basic properties of the oil 
used are: viscosity 74.0 mm2·s (at 40°C), density 874 kg·m–3 
(at 15°C), freezing point –45°C. a sheet is placed in the tool-
ing, and is clamped at the edges. then the tool moves following 
the required shape in the space under CNC control, so that the 
part is obtained as the result of accumulated, localised, plastic 
deformations. 

Fig. 2. shape and dimensions of the rib-stiffened panel

Fig. 3. incremental sheet forming equipment

the tool with a rounded tip with a radius R = 3.5 mm was 
made of high-speed steel. the clamping of the tool in the head 
of the machine was achieved through the “er” collet system, 
which allowed the tools to be mounted with a cylindrical shank. 

Fig. 1. surface morphology of the specimen: (a) the original sheet, (b) 
and (c) are directional profiles of the surface topography
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the aim of the investigations was to determine the influence of 
the forming parameters and tool path strategy on the quality of 
the surface of stiffened ribs and the maximum depth of the rib 
prior to cracking of the sheet metal. the parameters of the sPiF 
process are listed in taBle 4.

taBle 4

Parameters of sPiF

test 
no.

feed rate,  
f (mm/min)

tool rotational speed, 
n (rpm)

Vertical pitch  
ap (mm)

t1 800 36 –0.5
t2 1500 96 –0.5
t3 800 96 –0.5
t4 1500 36 –0.5

two tool path strategies were considered. in the first case, 
the tool moves downwards to the final position along a continu-
ous path with linear vertical pitch (Fig. 4a). in the second strategy, 
the tool moves along multi-step paths with z-level contouring 
(Fig. 4b). the profile of the tool-path trajectory (Fig. 5) for the 
desired geometry was generated using the edgeCaM software. 
after the control program was created, the forming device and 
the tool were mounted on the milling machine. then the con-
trol program created in the simulation mode was validated in 
the test mode. three specimens were fabricated for each set of 
parameters.

the surface morphology of the specimens was measured 
with a talysurf CCi lite 3d optical profiler and a tescan model 
veGa3 scanning electron microscope.

Fig. 4. tool path strategies: (a) spiral with continuous sinking and (b) 
multi-step z-level contouring tool path

Fig. 5. Generated tool paths performed in edgeCaM software

3. numerical modelling

a 3d finite element (Fe) model was built using the com-
mercial Fe-package aBaQus/standard. this section describes 
the FeM model in terms of geometry, mesh type, boundary condi-
tions and material model. the results of numerical modeling of 
sPiF of bead-stiffened panels are presented in the next section.

the blank, die and forming tool were modelled in accord-
ance with the experimental set-up. as the forming tool and die 
were considered to be rigid, no deformation was assumed in those 
parts during the forming process. the blankholder has not been 
modelled. However, the displacement of the nodes of the blank 
lying on the surface that is in contact with the blankholder has 
been fixed (Fig. 6).

an implicit time integration scheme is used to simulate 
the sPiF process. it is often preferred in terms of accuracy, 
for example, predicting the geometry achieved [24] and sheet 
thinning [25]. the major advantage of the implicit method is 
its unconditional stability. However, the major drawback of the 
explicit time integration algorithm is that it is conditionally sta-
ble. the size of the increment in the implicit integration scheme 
is only limited by the accuracy requirement and the robustness 
of the Newton procedure [26]. the time lapse in sPiF is of the 
order of minutes to hours leading to a minimum of 107-108 
increments, which is a prohibitively large number [27]. For this 
reason, explicit simulations need more computing time than the 
implicit method [28].

Fig. 6. Model of the tools and blank in the Fe analysis
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the blank was modelled with 8-node reduced integra-
tion, doubly curved shell elements called s4r in aBaQus 
terminology [29]. s8r is a quadrilateral, stress/displacement 
shell element with reduced integration, 6 doF per node and 
a large-strain formulation. local densification of the Fe mesh 
has been applied to the middle part of the workpiece in the area 
of working of the forming tool. this mesh density is chosen 
after testing different mesh sizes in order to achieve stability 
and convergence of the numerical results. the results obtained 
with a reference model of the layout and size of elements in the 
operating area of the forming tool in the range from 0.6 to 1.8 
mm showed the deformation values clearly coinciding with the 
reduction of element size. the relative differences were less than 
5% in the mesh size range of 0.5 to 0.9 mm. however, the cpU 
computation time in the case of element size 0.5 mm increased 
several times over the same range. the larger the mesh size, 
the smaller the time step must be to ensure adequate contact 
between the nodes of the workpiece and surface of the forming 
tool. The size value was set at 0.9 mm as a compromise between 
CPu time and model quality. die and tool surfaces are modelled 
with 4-node bilinear discrete rigid elements r3d4. the blank 
model was composed of 6766 elements, while the tools consisted  
of 5387 elements.

the elastic behaviour in the numerical simulations is 
specified by the value of young’s modulus, E = 72230 MPa, 
and Poisson’s ratio, ν = 0.33. the numerical simulations have 
been performed with plasticity behaviour described by the von 
Mises yield criterion. the isotropic hardening behaviour im-
plemented in the FeM model uses the true stress- strain curve 
determined experimentally. the friction properties of the alclad 
2024-t3 aluminium alloy sheets used in the experiments have 
been described by penalty formulation with coefficient of fric-
tion μ = 0.15.

4. results

this section presents the results of the experimental 
research on rib forming in metallic sheets made of alclad 
2024-t3 aluminium alloy using the sPiF method. Firstly, the 
effect of the forming parameters and tool path strategy on the 
possibility of forming the ribs and on the surface roughness in 
sPiF is presented. secondly, the results of the formability test-
ing are shown. and finally, the distributions of sheet thickness 
determined experimentally and simulated using the Fe-based 
model are presented.

as the tool continued its movement along the tool path, 
a crack is not propagated to the longitudinal part of the rib 
(Fig. 7a). a different behaviour of the sheet was observed for the 
multi-step z-level contouring strategy. in this case, when the tool 
reached a depth of 3.53 mm (taBle 5), a crack was formed in 
the corner of the rib which is the most strained region of the sheet 
due to the complex stress state. in contrast to the spiral strategy 
with continuous sinking, the crack was propagated along with 
the moving tool (Fig. 7b).

Fig. 7. Fracture at the bottom of the rib formed with (a) the spiral strat-
egy with continuous sinking and (b) the multi-step z-level contouring 
strategy

taBle 5

effect of tool strategy on the height of rib when fracture occur

test no.
Strategy

spiral with continuous 
sinking

multi-step z-level 
contouring

t1 5.53 (±0.15) mm 3.36 (±0.25) mm
t2 5.4 (±0.2) mm 3.53 (±0.15) mm
t3 5.56 (±0.11) mm 3.36 (±0.15) mm
t4 5.16 (±0.15) mm 3.4 (±0.17) mm
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the character of the fracture mechanism of 2024-t3 alu-
minium alloy sheets has been studied using the erichsen test. the 
ei of the sheets tested was equal to 4.8 mm (±0.14 mm). Figure 
8b shows the top view of a deformed specimen after the erichsen 
test and the fracture morphologies. at a certain distance from 
the apex of the dome, the surface topography is characterised 
by distorted dimples (Fig. 8a) which increase with deformation 
of the sheet metal. a clear macroscopic crack is visible on the 
deformed specimen at a certain distance from the apex of dome 
where the orange peel effect (Fig. 8e) was created. the failure 
mechanism for alclad material as a result of biaxial stretching 
becomes obvious. the alclad layer can comprise up to 4% of 
the total plate thickness [30] and is assumed to carry no load, 
reducing the overall material specific strength by increasing the 
weight without contributing to the strength [31]. as stated in 
various studies on clad material [32], cracks are observed to be 
initiated at the surface of the cladding and subsequently grow 
to the interface (substrate/cladding). Cracks in the alclad layer 
occur at various locations on the cladding surface (Fig. 8f). 
if the surface is riblet-structured as a result of the accumulation 
of alclad (Fig. 8c), the cracks are exclusively initiated in the 
riblet valleys due to the notch effect (Fig. 8d) [33].

the interaction of the sPiF tool results in a poorer surface 
finish (fig. 9) than in the case of the strategy with continuous 
sinking. the most suitable parameter with which to characterise 
the surface roughness in sPiF is the maximum peak to valley 
height (Rz) [34]. as the feed rate and tool rotational speed 
increased, the roughness of the surface increased and reached 
Rz = 11 μm (fig. 10) to a maximum value for the combination 

Fig. 8. dome surface images after the appearance of a crack: a) magnification of the appearance of the lateral surface of the dome free surface; 
b) appearance of the dome free surface; c), d) magnification of the crack propagation region; e) magnification of the dome apex; f) magnification 
of the fracture region in the vicinity of the dome apex

fig. 9. view of external (a) and scratch bands (b) on the rib surface; 
depth of rib 5.5 mm, multi-step z-level contouring tool path
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of the highest value of tool rotational speed and speed rate. this 
is almost a two-fold increase in the maximum peak to valley 
height compared to the original surface. the examination of 
topography profiles revealed the existence of cyclic grooves 
separated from each other by a surface that was not in contact 
with the tool (Fig. 10).

the high temperature produced by the tool operation may 
cause severe delamination of alclad (Fig. 11), thus causing 
deterioration of the clad sheet. No clear deterioration of the 
alclad was observed. as also shown in Fig. 10, the final surface 
morphology is a combination of two effects: pile-up and sink-in. 
the pile-up effect causes the bulging of material around the tool 
tip. By contrast the sink-in effect causes the pushing of material 
in the direction of vertical load of the tool.

the numerical model does not take into account the crite-
rion of crack initiation. Because the corner of the rib undergoes 
an excessive reduction in sheet thickness, the effectiveness of 
numerical simulation was validated by the results of thickness 
variation in the section a-a (fig. 9a). while the tool tip moves 
along the desired path, there is local stress intensification. Fig. 12 
shows a view of the external side of the panel thus formed. the 
region of local stress intensification in the workpiece material 
(under the tool tip) moves with the tool (Fig. 12). so, the bottom 
of the rib is locally deformed during tool movement.

although, the numerical model overestimates the sheet thin-
ning, it was observed that the sheet material is characterised by 
a large margin of safety in the middle part of the rib length. while 
the corner of the rib blank was cracked at a rib height equal to 
5.5 mm, the thinning in the middle cross-section a-a (fig. 9a) 
for a rib with a height of 5 mm does not exceed approximately 
5.5% (Fig. 13). this gives positive premises for changing the 
rib profile without a reduction of panel stiffness. the mesh size 
value was a compromise of quality and CPu time, while assum-
ing the deformation difference (below 6%) as an uncertainty 
added to the model. the deformation of the sheet in the corner 
of the rib may be reduced by increasing the deformation in the 
profile a-a. it is clear that in the case of difficult-to-deform  

Fig. 11. seM micrographs of the original sheet surface (left) and the sheet after forming on the lateral surface of the rib formed with the parameters 
of the t1 test with the spiral strategy (right)

Fig. 10. surface morphology of the specimen: (a) sheet after forming at 
bottom of the rib formed at parameters of t1 test with spiral strategy, 
(b) and (c) are directional profiles of the surface topography
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2024-t3 aluminium alloy sheets the greatest deformation oc-
curred in the vicinity of the contact of the tool tip with the 
workpiece. in the bottom of the rib the sheet deformation is 
smaller than in its rounded edge.

5. discussion

alcad is an effective way to improve the corrosion resist-
ance of aluminium alloys. However, the forming of alclad 
aluminium alloy sheets causes surface quality problems due 
to galling. the alclad layer is very soft and in the case of high 
tool rotational speed, the tool removes a considerable amount 
of the workpiece resulting in poor surface quality. experimen-
tal tests did not show discontinuities in the anticorrosive layer 
of the specimens despite the fact that the surface of the ribs at 
the point of impact of the forming tool exhibited cyclic scratch 
bands. in single point incremental forming processes, one of 

the most important features is localised deformation. the sheet 
is deformed locally around the contact area of the tool and 
sheet. as the contact area around the tool and sheet is small, 
high contact pressure and consequently high friction may oc-
cur [35]. this may result in poor surface finish or small linear 
scratch bands. thus detailed investigation of the friction effect 
is necessary to improve sheet surface quality and enhance the 
appeal for industrial applications [36].

tool path generation is one of the key topics in the develop-
ment of isF [37]. the results of the experimental tests allow one 
to conclude that the change of forming parameters within the 
strategy considered do not significantly affect the deformation 
process (taBle 5). the use of the sPiF process with the highest 
feed rate would be economically justified. However, significant 
differences were observed between the tool paths examined. in 
the case of the spiral strategy with continuous sinking, the heights 
of the rib when fracture occurs were greater than in the case of 
multi-step z-level contouring. the region of crack initiation of 

Fig. 12. distribution of the von Mises equivalent stress in the panel formed with the parameters of the t1 model (spiral with continuous sinking)

Fig. 13. distribution of wall thickness (a) and macrograph of the cross-section of the rib (b) with height 5 mm
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the sheet metal in the rib region is independent of the tool path 
strategy used. However, the tool path strategy influences how the 
crack that is initiated develop. it should be noted that the sheet 
metal cracking occurred in the corner of the rib, where the stress 
concentration occurs. a forming strategy using more material in 
the forming as well as the addition of a small amount of bending 
can greatly improve the formability [38].the fractured surface is 
characterised by tearing edges and deep dimples, which confirms 
that plastic deformation occurs during the tensile/shear test [39]. 
on the fracture surface a clear dimpled features are visible which 
confirmed a ductile fracture mode. ductile fracture is the most 
common failure mode in aerospace metal alloys [40]. the ductile 
fracture was associated with areas of a shallow dimpled structure 
and cleavage of flattened grains in the proximity of oxides. the 
growth of micropores dominates ductile fracture which is also 
observed by toda et al. [41].

6. conclusions

the results of the numerical simulations and experimental 
investigations allow it to be stated that sPiF is a developmental 
technique for forming stiffened ribs in hard-to-form alclad 
2024-t3 aluminium alloys sheets. the following conclusions 
are drawn from the research:
– the main parameter which influences the formability of the 

sheets tested is the tool path strategy; the tool path strategy 
with multi-step z-level contouring allowed the formation of 
a rib with a depth of 3.53 mm without the risk of cracking; 
however the spiral strategy with continuous sinking allowed 
a rib with a depth of 5.56 mm to be formed,

– the change of tool rotational speed and feed rate within 
the strategy considered does not significantly affect the 
deformation process of sheet metal,

– experimental tests show that the crack initiation was ob-
served in the vicinity of the rib corner and propagates along 
the bottom edge of the rib,

– the main parameter influencing the surface finish of the 
sheet during the sPiF process is the tool path strategy,

– localised plastic deformation in the sheet metal deforms 
the workpiece with higher intensity than the conventional 
stamping process.
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