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Multi-Step Tool Paths
Development for Reducing
Geometric Deviation and Pillow
Effect in the Single-Point
Incremental Forming

Single-point incremental forming (SPIF) process represents a good candidate in the Indus-
try 4.0 panorama, whose paradigms of customized and small batch production require
quick and cost-effective reconfigurations of manufacturing systems. SPIF enables the pro-
duction of sheet components using simple equipment, consisting of a blank fixture and a
hemispherical forming tool, without the need of dies. Despite its flexibility, this process pre-
sents springback-related drawbacks, which can limit its accuracy. Consequently, optimizing
process parameters (such as feed rate, step-down size, and tool trajectory) is essential to
mitigate these limitations. This study investigates how multi-step tool path strategies
affect the geometric precision of walls and the occurrence of pillow defects during the incre-
mental forming of AA1050 H24 aluminum alloy frustum cones. The findings from a compre-
hensive experimental campaign, which evaluated achievable geometry, applied loads,
strain field, and thickness distribution, permitted the identification of best practices for
improving the overall accuracy of the final product. As a result, a novel multi-step tool tra-
Jjectory, concerning both a variable wall angle roughing phase and a finishing phase, has
been identified as the optimal approach. This approach not only allows force reduction but
also contributes to achieving a uniform thickness distribution. The results are encouraging,
confirming the suitability of the proposed methodology and suggesting its diffusion at an
industrial level. [DOI: 10.1115/1.4068238]
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Introduction

With the advent of the actual industrial revolution, known as
Industry 4.0, new manufacturing paradigms were defined, moving
companies from mass production to customized batch production
[1]. This latter is characterized by greater flexibility, where
generic tools and low investment costs are mandatory [2]. In this
panorama, incremental sheet forming (ISF) process represents a
suitable shaping alternative, due to its intrinsic characteristics. ISF
concerns the deformation of blanks of different materials [3]
using a generic forming tool, usually hemispherical. The process
is performed by moving the tool on a sequence of predetermined
paths, which are a function of the desired geometry, incrementally
increasing the axial penetration in the workpiece up to the final
depth. For this reason, the contact area between the tool and the
blank is small, leading to a localized deformation zone, which in
turn reduces forming forces [4] and increases the formability of
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the material [5], defined as the maximum wall angle obtainable
without breakage. Even though dedicated machines have been
developed for ISF, this process can be performed using common
three-axis computer numerical control (CNC) machines [6]. At
the same time, several variants of the process, concerning the
usage of a counter die or a counter forming tool (two-point incre-
mental forming), employing quickly reconfigurable dies (multi-
point incremental forming), implementing heating systems for
increasing the ductility of difficult-to-form materials (hot ISF),
and applying contactless tools specifically designed for allowing
the blank deformation by the application of high-pressure fluids
[7], are available. In its simplest variant, defined as single-point
incremental forming (SPIF), the process is characterized by the
absence of counter dies, and the workpiece geometry is merely
modified by contact with the forming tool [8]. Despite the numerous
alternatives and the advantages of the ISF process, several questions
related to product’s quality remain still open [9]. Even in the case of
simple geometry parts, in fact, the dimensional accuracy results are
limited, showing deviations from the nominal computer-aided
design in the order of millimeters [10]. This can be ascribed to
the springback effect generated by the material twisting, related to
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Fig. 1 Schematic representation of the pillow or bulge effect

the SPIF intrinsic uneven tool-blank contact, or occurring at the end
of the process when the sheet is removed from the blank holder [11].
As a consequence, geometrical tolerances are affected as well,
resulting in bulged surfaces rather than planar. This lack of flatness
defined as pillow effect and represented in Fig. 1, results to be dele-
terious for subsequent assembly process [12] and generates preci-
sion issues in further applications, i.e., thin-walled molds for
thermoplastics and composite materials [13]. Aimed by investigat-
ing the effects of the different parameters of the ISF process, a great
number of scholars can be found in the literature. With the intent of
studying how the material strength could impact the geometrical
deviations of the formed part with respect to the nominal one, a
comparison between the ISF of AA1050 and AA6160 aluminum
alloys was proposed by Choudhary and Mulay [14], observing
higher deviations for low strength alloy (AA1050). In regard to
the influence of the shape and dimensions of the tool, the part
accuracy and the material formability were studied by Najm and
Paniti [15], where the use of a flat-end tool allowed a reduction in
the pillow effect and an increase in the precision of 43% with
respect to the hemispherical tool. On the contrary, an increased
formability was observed when working with large-diameter hemi-
spherical tools. The effects of the tool diameter, in addition to feed,
spindle speed, and step-down (defined as the axial incremental pen-
etration), were analyzed by Dai et al. [16], revealing the former as
the only parameter influencing the springback. In particular, by
reducing the tool diameter, a lower springback was observed. The
authors implemented then a multi-step tool path strategy allowing
a 60% decrease in the geometric deviation. A multi-pass strategy
was applied by Liu et al. [17] as well, where a more homogenous
thickness distribution and a reduction in the twisting effect were
demonstrated, when an alternation in the direction of movement
of the tool was employed. A reduction of thinning, forces, and devi-
ations, in the production of circular variable angle axisymmetric and
inner concave square cup parts, was accomplished by Chang et al.
[18], by generating the tool path with a quadratic interpolation
amongst consecutive points. Furthermore, different tool trajectories
were explored by Prasad and Nagarajan [19], concerning the pure
spiral or the combination of spiral and helical in different percent-
ages, demonstrating the increase of the helical percentage in main-
taining a greater thickness, while decreasing the springback. With
the aim of increasing the formability of the material and achieving
vertical surfaces (90 deg wall angle) in the production of AA1050
aluminum alloy square cup, three different tool path strategies
were proposed by Buffa et al. [20]. These involved two monodirec-
tional approaches, in which material failure was observed at a wall
angle of 80 deg, and a multidirectional one that was able to produce
vertical walls with improved accuracy due to better material redis-
tribution. In general, a significant influence of multi-step tool path
on formability and accuracy, especially when tool compensation
methodologies were employed [21,22], was demonstrated [23,24].
However, the problem related to the pillow or bulge effect persists,
and the associated bibliography is currently scarce. A deep analysis
of this problem was proposed by Al-Ghamdi and Hussain [25],
identifying the hardening exponent of the material together with
the tool diameter as the most influencing factors. When the
former is high, a more uniform deformation was observed with an
increase in the height of the pillow, while a high value of the
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latter imposes a normal compressive stress on the sheet leading to
a decrease in bulge. The same conclusion was achieved by
Isidore et al. [26] where, in addition, the positive impact of the
bottom-flat tool was underlined. The application of a vacuum
system was proposed by Murugesan et al. [27] and showed an
encouraging influence on pillow reduction. Nevertheless, there is
a lack of studies concerning how bulges can be affected by tool
path trajectories.

Therefore, the present article aims to individuate reliable SPIF
multi-step tool path strategies capable of producing high-accuracy
parts, without the need for further post-process and tool compensa-
tion operations. Oriented to the pillow effect and wall deviation
minimization, by providing a uniform material thickness distribu-
tion, the influence of multi-tool passages is investigated. In consid-
eration of this, four new multi-step tool path strategies, intended to
improve product accuracy, in terms of geometric wall deviation and
pillow effect reduction, were developed and analyzed. The different
trajectories were tested through an extensive experimental cam-
paign consisting of the ISF of frustum cones made of AA1050
H24 aluminum alloy. The resulting geometries were then acquired
and compared with the nominal one to evaluate the geometric accu-
racy achievable from each proposed methodology. Moreover,
forming forces, deformation field, and sheet thickness were mea-
sured. A single-step trajectory, concerning the same process param-
eters, was performed, as well, for comparison. Although some
limitations related to the employed experimental parameters were
present, the research outcomes are reliable. The reason of this
will be pointed out in a dedicated section. The analyses of the incre-
mentally formed parts allowed the identification of a peculiar path
methodology, consisting of a first roughing step, in which a variable
wall angle from the top to the bottom of the cone is described, fol-
lowed by a finishing step, treading at the desired wall angle. This
strategy yields high pillow precision and homogeneity of the thick-
ness distribution, identifying it as the most suitable solution for the
production of high-quality parts.

Materials and Methods

To evaluate the effects of the tool path trajectories on the dimen-
sional accuracy of the final part, an extensive experimental cam-
paign consisting of incremental sheet-forming operations was
performed. The tests were executed on an MC 60 evolution
three-axis CNC machine, equipped with a GE Fanuc Series
18i-M numerical control. Aimed to analyze the mechanics of the
ISF process, several scholars employed simple geometries, such
as truncated conicals or pyramidal prisms. Therefore, in this
work, a truncated cone geometry, characterized by a major diameter
D of 125 mm, a height H of 50 mm, and an internal wall angle a of
60 deg, was selected. Figure 2 reports a sketch of the analyzed
geometry where the radius r connecting the conical and the
bottom surfaces, equal to the radius of 10 mm of the employed
hemispherical tool, together with the adopted reference system,
are reported as well.

The starting workpieces were squared-shaped blanks made of
AA1050 H24 aluminum alloy, with an edge length of 210 mm
and a thickness of 1 mm. The chemical composition and mechanical

| D |

1,

X

|
|
|
Ry < i
|

Fig. 2 Dimensions of the truncated cone geometry selected in
this study
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Table 1 Chemical composition and mechanical properties of the blank material
AA1050 H24 chemical composition
Element Al Si Cu Fe Mg Mn
Percentage in weight 99.50 <0.25 <0.05 <0.40 <0.05 <0.05
AA1050 H24 mechanical properties
Elastic modulus (GPa) 68 % elongation 6.8 UTS(MPa) 110 YS (MPa) 84

Fig. 3 Initial blank with the reported circle grid
properties of the alloy are reported in Table 1, where ultimate tensile
stress (UTS) and yield stress (YS) are shown as well.

For detecting the deformation field by visioplasticity, a circle grid
(5 mm in diameter) was reported on the blanks before the ISF
process (Fig. 3).

For supporting the metal sheet and acquiring the working forces
during the incremental forming operations, a dedicated fixture was
realized (Fig. 4). This consisted of a lower plate where four threaded
bars were screwed. At the top of the bars, the clamping system of
the blank could be vertically regulated by means of nuts. The
clamping system involved bottom and top blank holders having a
square-shaped cavity with a 150 mm edge length. The sheet could
be positioned directly on the bottom holder, or by interposing a
support. This latter consisted of an aluminum plate with a thickness

~_{Top blank holder,

Support

Bottom blank holder|

Fig. 4 ISF equipment and setup
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of 4 mm, where a rounded circular cavity with a diameter of
132 mm was realized for reducing the upper blank bending. The
lower plate was fastened to a load cell that in turn was secured on
the machine working table.

For each performed ISF test, the three components of the forming
force were acquired during the whole process. To do this, a Kistler
9257BA load cell, with a range of +5 kN for the x and y compo-
nents and from —5 kN to +10 kN for the z one, was employed.
The load cell was cabled to a Kistler Type 5233A control unit con-
nected, in turn, to the Hottinger Briiel & Kjaer® CATMAN DATA ACQUI-
siTioN software. By means of this latter, a dedicated interface was
designed permitting the recording of three component signals
with a frequency of 200 Hz.

The geometrical accuracy achievable from five different tool path
strategies was investigated and described in detail in the section
“The Proposed Tool Path Strategies.” For each strategy adopted,
the ISF process was performed with and without the application
of the support, for a total number of ten experiments. No spindle
speed was assigned to the tool that was free to rotate. All the tests
were conducted in lubricated conditions (grease lubricant), by
keeping a constant feed rate of 600 mm/s, and a step-down Az of
1 mm. A hemispherical tool with a diameter of 20 mm (r=
10 mm), made of AISI 1045 steel, was employed in all the ISF
tests. The values of the process parameters kept constant along
the totality of the test are in accordance with the ones available in
the SPIF literature [12,25], and their selection was oriented to an
increased accuracy and a uniform thickness distribution. Since, as
reported by Dai et al. [16], feed rate and step down have a negligible
effect on the material springback and accuracy, for reducing the pro-
cessing time by maintaining the reliability of the CNC machine, the
feed rate was set to half of the maximum machine speed, while a
step-down value equal to the sheet thickness was selected. The
tool diameter value was selected to decrease the pillow defect,
since it was demonstrated that high values have beneficial effect
in this sense [25]. The choice of working in lubricated conditions
with an unlocked spindle was applied to avoid blank scratches.

The numerical control (NC) programs were developed by the
cAD/caM interface of AUTODESK FUSION 360® software, according to
the selected geometry, tool path mode, and tool diameter.

To measure the geometrical accuracy, at the end of each ISF
operation, the formed frustum cone was first cleaned with acetone
and then its geometry was acquired using the Hexagon®
RA-8525-7 scanning system. This system consists of a scanner
(model AS1), coupled to a seven-axis arm, permitting to acquire
the scanned geometry in the form of a cloud of points. The collec-
tion of the points was devoted to the dedicated software POLYWORKS
nspECTOR®, from which the visual representation of the acquired
geometry was obtained. This latter was then managed by the poLY-
WORKS MODELER® environment, allowing the conversion of the cloud
of points in a tri-dimensional mesh, the mesh fixing (e.g., by hole
filling or by the removal of fake points), and to export it in an
STL file. The geometry of the generated STL file was then com-
pared with the nominal one using the Gom INsPECT® software.
After the alignment of the geometries, this software is capable of
showing and measuring the deviations between them providing in
addition their distribution.
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Fig. 5 Schematic of major and minor strain calculations

The strain field distribution was derived by measuring the lengths
of the diameters of the deformed circles of the grid after the ISF
tests. The major (e;) and minor (&) strains were calculated accord-
ing to Eq. (1), as indicated by ASTM E2218-15 [28].

<delX>
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d )
& =In i

]

where d represents the value of the undeformed diameter, while
dmax and dy;, are respectively the maximum and the minimum
diameters in deformed conditions, as shown in Fig. 5.

Once the deformed grid was acquired, the component was cut
along the diametric section to allow the measurement of the thick-
ness distribution.

The Proposed Tool Path Strategies

As previously reported, the selection of a determined tool path
heavily influences, amongst other properties such as mechanical
strength and roughness, the geometrical accuracy of the incremen-
tally formed product. This is attributable to the fact that each tool
trajectory is associated with a certain material displacement, empha-
sizing determined deformation mechanisms, and causing a specific
work-hardening of the material. Consequently, the related spring-
back effect leads to a deviation of the geometry from the nominal
one reducing accuracy.

For investigating the influence of the tool path on the dimensional
accuracy of the conical wall and on the pillow effect, different strat-
egies were developed as reported in Fig. 6. Moving from the first
proposed strategy to the last one, material springback, the correlated
accuracy, and thickness distribution, result to be influenced by dif-
ferent deformation mechanisms. These are briefly discussed for
each methodology aimed to individuate the mechanism combina-
tion ensuring the best quality.

The tool trajectory defined as ModeS (Fig. 6(b)) is a widely
spread single-step strategy concerning the so-called helical tool
path. For this reason, ModeS was selected as a reference to be com-
pared with the ones subsequently described. According to this strat-
egy, the tool starts to move following a 3D circular path with a fixed
axial displacement Az, called step down, up to reaching a predeter-
mined axial depth (entering the phase in Fig. 6(a)). At this point, the
tool starts to cover a series of complete circumferences in the x—y
plane whose diameters depend on a and Az (penetration phase in
Fig. 6(a)). These movements are repeated until the final depth is
reached. It was demonstrated [29] that the deformation mechanism
induced by this strategy is a bending under tension state. In this con-
dition, a membranal stretching, causing a thickness reduction, com-
bined with a through-the-thickness compression is experienced by
the blank. At the removal of the tool, the material springback
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causes a recovery of wall tension and bottom compression, promot-
ing pillow formation and conical wall internal deflection.

With the intent of reducing residual bottom compression,
ModeMA and ModeMB were developed. The ModeMA
(Fig. 6(c)) represents a multi-step tool path strategy in which a
first step similar to ModeS is performed up to a cone depth equal
to H¢ (point C in Fig. 6), followed by a second phase characterized
by a lower wall angle  up to the final depth H (from point C to point
D). All the passes are carried out in the X—Y plane considering cons-
tant step-down (4z) values. In the CD segment, the step down is
reduced according to the tan(f)/tan(a) ratio. During the CD move-
ment, a membranal stretching is experienced with a resulting hard-
ened material. Once the tool reaches the bottom, it moves from
point D to point B by following a spiral path with a radial pitch
of 1 mm. This redistributes part of the hardened material
(deformed in the CD movement) on the bottom, while further reduc-
ing its compressive state. Finally, the tool moves from point B to
point C following the wall slope a according to circular movements
with increasing radius (rise phase). In the BC movement, the final
redistribution of the material on the wall is performed. This last
phase is characterized by wall membranal compression but, due
to the increased strength of the material induced by the previous
cold deformation path, the buckling phenomenon results to be mit-
igated, limiting material distortion and enhancing accuracy.

A light modification of ModeMA is represented by ModeMB
(Fig. 6(d)) where, once reached the cone depth Hc, the tool
moves toward the cone center (point E), at a constant z quote,
and then it axially penetrates up to the final H (point D). Form
this position, the tool moves along D-B and B-C segments as
described of ModeMA. In terms of the deformation mechanism,
the difference of ModeMB is represented by the lack of membranal
stretching with respect to the one applied in the CD movement of
ModeMA. However, this is compensated by an increased bending
under tension in the ED movement.

In ModeMC strategy (Fig. 6(e)) a first step equal to ModeS, pre-
senting the same deformation mechanism, is realized considering a
wall angle a smaller than a. This step is associable to a roughing
operation and it terminates at the final H depth (point F). From this
position, the tool enlarges the lower surface to the desired bottom
diameter (point B) following a spiral movement and inducing mem-
branal stretching along the bottom. At this point, the tool moves
from B to A with circular trajectories with constant Az, considering
the desired wall angle a. This second step, which can be considered
as a finishing operation, permits a total redistribution of the material
along the conical wall while enforcing membranal stretching due to
the enlargement of the wall angle. Also in this case, the buckling
phenomenon caused by the membranal compression, results to be
limited by the increased strength of the wall material induced by
the previous cold work operation.

The last multi-step strategy (ModeMD in Fig. 6(f)) can be seen
as a sequence of roughing and finishing operations. ModeMD
involves the same deformation mechanisms experienced by
ModeMC, except for membranal stretching resulting from the
partial working of the bottom. In this case, the roughing process
is performed by realizing a cone with a variable wall angle increas-
ing from a value ay at the top (point A) to the wall angle a at the
bottom (point B). The cross section of the resulting lateral surface
is the internal curve in Fig. 6(f). The finishing passage is obtained
by a series of circular passes at constant @ and Az, from the bottom
to the top (point A), as in ModeMC. This strategy permits to achieve
the desired dimension of the bottom part of the frustum cone (in the
correspondence of the flat bottom), yet at the end of the roughing
phase. In this manner, the direct deformation of the bottom is
avoided, limiting its membranal compression and the related
pillow effect during material springback. Moreover, the finishing
path works only on the conical wall, redistributing blank thickness,
merely affecting the bottom area.

Moreover, it is worth pointing out that the proposed tool path
strategies can affect tool wear evolution and surface roughness
[30,31], as well. These aspects were not taken into
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consideration in the present work, limiting the analysis to achiev-
able part accuracies and thickness distributions. Nevertheless, due
to their importance, a preliminary discussion on them is proposed
in the section “Limitations of the Study.”

Results and Discussion

Figure 7 shows the comparisons between the acquired and the
nominal geometries for ModeS (reference strategy, Fig. 7(a)), and
for the strategies giving the worst and the best geometric results,
ModeMA (Fig. 7(b)) and ModeMD (Fig. 7(c)) respectively. The
thinner lines represent the measured profiles, while the thicker
ones are the reference geometries. The distributions of the
deviations are reported in the legend. In addition, deviation labels
in the correspondence of the maximum deviation on the conical
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Fig. 6 Graphical representation of the analyzed tool path strategies

surface, at the conjunction between the radius and the bottom
surface, and in the bottom center, have been placed. The values for
all the performed tests are reported in Table 2, where “Total wall”
is the summation of “Wall I” and “Wall 2” (Eq. (2)), representing
the maximum diametric deviation, while “Pillow” is the difference
between the average of “Bottom 1” and “Bottom 2” and “Bottom
center” (Eq. (3)), indicating the amount of pillow defect. The nega-
tive and positive deviation values indicate that the acquired geometry
is smaller and greater than expected, respectively.

Total wall = Wall 1 + Wall 2 2)

Bottom 1 + Bottom 2

Pillow =
illow 5

+ Bottom Center 3)

JULY 2025, Vol. 147 / 071005-5
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Fig. 7 Geometric deviation for (a) ModeS, (b) ModeMA, and
(c) ModeMD strategies

The comparison between the same strategy, applied with and
without the usage of support, underlines a slight accuracy improve-
ment when this is present. Considering the squared hole dimensions
of the blank holders (150 mmx 150 mm) in the absence of the
support, the minimum unconstrained length of the sheet is placed
in the correspondence of the square middle, with a cantilever
length on the radius of (150—125)/2=12.5 mm. The maximum
unconstrained length corresponds, instead, to the square diagonal,
with a cantilever length of (212—125)/2 =43.5 mm. In supported
conditions, this is reduced to (132—125)/2=3.5 mm. Despite
the difference in the cantilever length between supported and
unsupported conditions, which ranges from a minimum of 9 mm
(at square middle) to a maximum of 40 mm (at square diagonal),
its effect is merely appreciable at the top of the frustum

cone. Moving toward the bottom, in fact, this effect becomes neg-
ligible, leading to a marginal influence of the support on the final
accuracy.

The measurements of the sectioned parts demonstrate how
directly working the bottom of the cone (ModeMA, ModeMB,
and ModeMC) negatively affects the pillow effect. Moreover,
totally working the bottom surface (ModeMA and ModeMB)
removes any trace of flatness leading to the formation of an unde-
sired small angle conical surface. This can be due to the rigid
motion of the material not directly in contact with the tool, as con-
sidered in Ref. [20]. In fact, when the tool penetrates and starts to
move radially from the center, the radial (F,) and vertical compo-
nents (F,) of the force are directed outward and downward respec-
tively (Fig. 8). In this condition, at beginning of the spiral
movement of the tool, the desired cone depth at the bottom center
is reached. However, as the tool increases its radial position, only
the localized deformation area maintains the requested axial
quote, while the bottom part previously worked is subjected to
rigid translation. This effect is enhanced by the fact that the cone
bottom results to be the least constrained are, being it the furthest
one from the fixture. Moreover, as in the case of ModeMA, all
the material of the bottom results to be work-hardened by the pre-
vious deformation, further promoting rigid motion. As a conse-
quence, the spiral tool path permits the enlargement of the bottom
diameter up to the desired radial quote but, shows a counter effect
on bottom depth and planarity.

A partial rigid motion is observable on the bottom of the part also
for the ModeMC strategy, where a small angle of the conical surface
in the correspondence of the starting point of the spiral movement is
noticeable. In this case, the bottom area is not subjected to deforma-
tion resulting flat and only shifted at an increased depth.

Referring to the accuracy of the conical wall, it is evident how it
results to be lower for ModeS and in the upper part of ModeMA and
ModeMB. Small geometric deviations are visible, instead, in the
bottom part of ModeMA and ModeMB and on the walls of
ModeMC and ModeMD, where a finishing passage was performed,
underlining the positive influence of a roughing and finishing
sequence.

The pillow values of ModeMD and ModeS are comparable and
noticeably lower being 0.46 mm and 0.66 mm. These deviations
result to be lower respect to the ones that are typically achievable
by SPIF processes, ranging between 2 mm and 4 mm [13]. More-
over, even considering the request of tolerances correlated to the
applications of components produced by SPIF, which is 0.5 mm
[32], these are respected by the deviations ensured by ModeMD.
Even though the highest conical wall accuracy is ensured by
ModeMC, the analysis of the distribution of the deviations indicates
less dispersed values for the ModeMD strategy, suggesting this
latter as the best solution.

Concerning the loads generated during the ISF process, Figs. 9
and 10 report the values of forces’ components along the process
time for ModeS and ModeMD, respectively. Related to the

Table 2 Geometrical deviations of the wall and bottom surface for the applied tool path strategies

Deviation value (mm)

Mode Wall 1 Wall 2 Total wall Bottom 1 Bottom 2 Bottom center Pillow
S -0.67 —0.48 -1.15 +0.48 +0.44 +0.66 -0.20
S with supp. —0.60 -0.55 -1.15 +0.50 +0.50 +0.67 -0.17
MA —0.85 —1.06 -1.91 —-0.12 —0.16 +2.10 —-2.24
MA with supp. -0.78 -0.74 -1.52 +0.14 +0.22 +2.40 —-2.22
MB —0.68 -0.74 —-1.42 +0.28 +0.29 +2.53 -2.25
MB with supp. —0.88 —0.64 -1.52 +0.28 +0.27 +2.55 —2.28
MC +0.08 +0.08 0.16 +0.42 +0.41 +1.73 —-1.32
MC with supp. -0.02 +0.03 0.01 +0.50 +0.49 +1.78 -1.29
MD -0.20 -0.20 —0.40 +0.25 +0.17 +0.45 —-0.24
MD with supp. -0.15 -0.14 -0.29 +0.30 +0.30 +0.47 -0.17

071005-6 / Vol. 147, JULY 2025
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Fig. 8 Rigid motion of the material on the bottom part (red segment) due to the acting forces

x-component (F,) (in Figs. 9(a) and 10(a)) and y-component (F,) (in
Figs. 9(b) and 10(b)), a typical oscillatory behavior [33], due to the
sinusoidal nature of the signal, is visible. After an initial transitory,
where F, and F), rapidly increase due to the increment of the tool—-
blank contact area, these components show a slightly increasing
trend of positive and negative peaks’ values during the descendent
phase (linear AB movement for ModeS in Fig. 6(b) and the curve-
linear one for ModeMD in Fig. 6(f)). Along this trend, fluctuations
due to the dynamics of the measurement system are detectable. A
quick force rise at the beginning of the SPIF process is observable
for z-component F, (in Figs. 9(c) and 10(c)) as well. After this, as
reported in Ref. [33], F, shows a drop before reaching a constant
value that is maintained until the end of the descendent phase.
Along this phase, low valleys of F,, corresponding to the tool pen-
etration phases, are visible. In addition, Fig. 10 underlines that the
finishing path of ModeMD is characterized by lower values of force
components, since in this stage the tool-blank contact surface is
reduced. At the end of this finishing phase, the tool is getting
closer to the upper part of the fixture. Therefore, due to the close
proximity to the blank holder, the displacement of the blank is
limited, causing a final force increase. For all the proposed

Journal of Manufacturing Science and Engineering

strategies, a maximum value of around 400 N for both F, and F,,
and around 600 N for F,, were recorded. The only exception was
found for ModeMB during the penetration from point E to
point D (Fig. 6(d)), where a peak value of F, equal to 1050 N
was found. As visible in Figs. 9 and 10, the use of the support
only influences the force behavior at the beginning (for ModeS
and ModeMD) and at the end (for ModeMD) of the SPIF
process. Its influence is instead neglectable in the rest of the defor-
mation process. Again, this is ascribable to the proximity of the
localized deformation area of the blank with the upper part of the
equipment. As reported in Ref. [33], when the process is performed
close to the blank holder, the forming mechanism is similar to a
wiper bending, leading to higher force development. This effect is
increased by the presence of the support that further limits the
blank displacement. On the contrary, at the end of the finishing
path, the force components are higher in supportless conditions.
This can be explained considering the fact that, due to the higher
material freedom in the absence of support, the roughing step
results in the conical part having a lower diameter with respect to
the supported structure; hence more material needs to be finished,
leading to increased forces. Moving away from the upper part,
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Fig. 9 Evolution during time of F,, F,, and F, for ModeS with and without applied support

the wiper bending mechanism is gradually transformed in the
steady-state incremental forming regime, making the effect of the
support presence negligible.

Figure 11 reports the F, behavior for all the analyzed strategies
when support is applied. Except for ModeMC, where a smaller
wall angle is performed along the roughing stage, a good superposi-
tion of F, is detectable for all the other methodologies. This happens
until the end of the primary helical tool path phase, underlining the
repeatability of the tests from the force point of view. Despite the
forces to process the bottom surface for ModeMA and ModeMB
(from point D to point B) being the same, the one related to
ModeMA results to be shifted due to the intermediated phase
from point C to point D.

Table 3 reports the process times for all the tool path strategies
applied, and their percentages referred to ModeS. As expected,
multi-step modalities present higher times. Moreover, finishing
plus roughing paths (ModeMC and ModeMD) result to be the
most time consuming, characterized by a duration greater than the
double of ModeS. Despite this, a substantial product quality
improvement was detected (Table 2) at the expense of almost neg-
ligible forces required for performing the finishing step (Fig. 11).

Starting from the deformed grids reported in Fig. 12 it was pos-
sible to evaluate the major and minor strains according to Eq. (1)
reported in Fig. 13. The material twisting due to the asymmetrical
mechanics of the ISF process, especially in the correspondence of
the major diameter (lower parts in Fig. 12), is visible. Moreover,
the trace related to the rising phase of ModeMB and the excessive

Forming loads components evolution for ModeMD
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Fig. 10 Evolution during time of F,, F,, and F,
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Fig. 11 Comparison of F, for all the analyzed strategies in supported conditions

Table 3 Process times and percentages referred to ModeS for
the applied tool path strategies

Mode Process time (s) Percentage time referred to ModeS
S 1676 100
MA 2380 142
MB 2078 124
MC 3452 206
MD 3737 223

pillow effect for ModeMB and ModeMC, are highlighted. As
expected, the material in the wall and at the bottom is subjected
to a biaxial stretching condition (Fig. 13). The strain results for
ModeS, ModeMA, and ModeMB are more concentrated in the
upper part of the graph corresponding to a minor strain &, lower
than 0.1, indicating a condition closed to the plain strain. On the
contrary, ModeMC and ModeMD strains are positioned at higher
&, values, causing a more uniform deformation. All the strains on
the cone bottom are located at very low values of both ¢, and &,

ModeMC
supp

and closed to the bisector of the first quadrant, revealing, as
expected, an almost equi-biaxial stretching. In addition, the qualita-
tive representation of the forming limit diagram (FLD) for
Al1050-H24 achieved by Bouziane et al. [34] is reported. In all
the performed tests, ruptures of the aluminum sheets were not
reached, meaning that FLD curves obtainable for SPIF processes
are positioned at higher &, values. This confirms again the increased
formability of materials when processed by means of incremental
forming operations.

The described strain fields are representative of the thickness dis-
tribution in the sheets reported in Fig. 14, where the theoretical
thickness is calculated according to the sine law (Eq. (4)) as
reported in Ref. [32].

t=t;- sin(g - a) 4)

where ¢ is the thickness depending on the wall angle « and ¢ is the
initial thickness. ModeS, ModeMA, and ModeMB show variable
thickness in the wall zone, where values lower than the ones
expected from Eq. (4) are observable as well. Moreover, a thinner
and non-uniform bottom zone has been obtained from ModeMA

Fig. 12 Deformed grids with highlights of material twisting and pillow effect
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and ModeMB due to the thinning effect related to the bottom
working phase applied in these strategies. A more uniform thickness
distribution of the wall zone is detectable when exploiting ModeMC
and ModeMD, where in addition a thicker wall than nominal was
obtained. The high variability of the thickness in the bottom zone
for ModeMC enforces the detrimental effect of directly processing
the lower part, even if only partially. The uniformity of the thick-
ness in the bottom zone and the lowest geometric error for
ModeMD indicate this strategy as the most accurate one.

Limitations of the Study

Despite the outcomes of this study allowed to individuate a
remarkable multi-step tool path strategy (ModeMD) in terms of
part accuracy and thickness distribution, it is worth emphasizing
some limitations in the performed experimental campaign.
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As previously reported, there were no variations in tool shape,
tool radius, step-down size, feed rate value, and only a single mate-
rial was tested. Concerning the effects of step-down, it has been
demonstrated in Ref. [27] that it does not affect the part accuracy.
On the contrary, a reduction of the tool diameter leads to an
improved accuracy [16], while increasing the amount of positive
bulge effect [25]. Considering the influence of the tool shape, a
flat-end tool decreases the geometrical deviation of both wall and
bottom surfaces with respect to the nominal ones [15]. Moreover,
a material showing high strength [14] and low hardening exponent
[25] is characterized by a better accuracy.

Taking into account the tool path direction, no alternate trajecto-
ries were applied along the deep of the cone (z-direction) and only
the helical methodology was employed. Nevertheless, their varia-
tions do not affect either accuracy or pillow [17,19].

Additionally, this study does not consider the effect of the applied
tool path strategies on tool wear and surface roughness. In this
sense, several scholars observed that by increasing feed rate, step
down, and blank thickness, individuated as the most influencing
factors, the tool wear rises [30,35,36]. On the other hand, tool dia-
meter and step down appear to have significant and opposite effects
on the surface roughness. When the former increases and the latter
decreases, the surface roughness is reduced [30,31]. However, even
when multi-stage SPIF is concerned, there is a lack in the bibliogra-
phy directly correlating multiple deformation passages with tool
wear and roughness. Hence, based on the literature at the time,
the effect of the proposed tool path strategies can only be hypothe-
sized. In consideration of the increased process time and material
hardening experienced during the first deformation stage, an aug-
mentation of tool wear for multi-stage strategies can be expected.
In particular for ModeMC and ModeMD where longer rising
paths and higher process times are required. As reported in
Ref. [31], the second tool passage (finishing path) in ModeMC
and ModeMD should reduce wall waviness, causing a better
surface quality.

In this preliminary analysis, each experimental test was per-
formed once, without any repetition. Even if during the helicoidal
tool path, the forces show a good repeatability, it is not ensured
from a geometrical point of view, possibly undermining the
improvements of results achieved by the implementation of
ModeMD.

In consideration of the aforementioned gaps, further tests
should be carried out, by varying the material and the tool, to eval-
uate their effects on the validity of the proposed multi-step strategy,
by monitoring tool wear and surface roughness, to assess the strat-
egy influence on them, and by adding repetitions for repeatability
purposes.

Conclusions

This article presents the analysis of different multi-step tool path
strategies, aimed to improve the accuracy of frustum cones manu-
factured by the SPIF process. In particular, the accuracy was
assessed concerning the geometrical precision of the conical wall
and the reduction of the pillow effect. Five tool trajectories were
investigated: a single step one, two multi-step methodologies
regarding the total deformation of the truncated cone bottom, and
two multi-step strategies where a sequence of roughing and finish-
ing passes were implemented. An extensive experimental cam-
paign, consisting of SPIF operations were performed on AA1050
H24 alloy blanks on a three-axis CNC machine. The tests were per-
formed with and without a support structure aimed to reduce the
sheet bending. Forming forces, realized geometries, strain fields,
and part thicknesses were measured. Despite the reported limita-
tions of this study, the analysis of the experimental results leads
to the following outcomes:

o The supported employment has negligible effects on the whole
accuracy and merely influences the three components of
forming loads.

Journal of Manufacturing Science and Engineering

e The total or partial work of the bottom surface (ModeMA,
ModeMB, ModeMC) negatively affects the pillow effect,
causing an increased deviation from the nominal geometry.
This is due to the formation of a conical surface on the
bottom as a consequence of the rigid motion of the material.

e The application of a roughing-and-finishing multi-step strat-
egy (ModeMC, ModeMD) allows to achieve a uniform distri-
bution of thickness and a thicker conical wall.

e Employing a roughing step with a variable wall angle that
avoids the need of directly working on the bottom surface
(ModeMD), allows a substantial reduction of pillow defect.

e The exploited roughing-and-finishing trajectories take a
double process time with respect to the single-step approach.
Nevertheless, the loads in the finishing step, and in particular
the vertical component, are considerably lower than the rough-
ing ones.

Following these considerations, ModeMD has been individuated
as the best solution for the selected geometry manufacturing. Con-
cerning the time-consuming nature of a roughing-and-finishing
methodology, further studies will be carried out by increasing
tool feed to evaluate its effect on part quality, forces, and eventual
failures, aimed to reduce process times. Moreover, the effect of the
proposed strategies on different materials and of varying process
parameters will be supplementary investigated.
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Nomenclature

QU

= diameter of the undeformed circle in visio-plasticiy grid,

mm

forming tool radius, mm

local sheet thickness, mm

frustum cone top diameter, mm

= frustum cone height, mm

dnax = maximum diameter of the grid circle in deformed
conditions, mm

dmin = minimum diameter of the grid circle in deformed

conditions, mm

LTSS
I

t; = initial sheet thickness, mm
F, = radial component of forming force, N
F, = component of the forming force along the x-axis, N
F, = component of the forming force along the y-axis, N
F, = component of the forming force along the z-axis (axial
component), N
a = frustum cone wall angle, mm

Az = step down, mm
& = major strain
£ = minor strain
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