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Abstract

The benchmark 2024 project on Incremental Sheet Forming (ISF), involving 15 research institutes in 13 experimental con-
tributions, provided a unique opportunity to compare experimental outputs from various setups and forming strategies in
ISF. This collaboration led to the development of uniform data exchange formats, measurement guidelines, and standardized
nomenclature, fostering efficient future collaborations. The project addressed challenges in geometric accuracy when form-
ing a relatively large part (400 X400 mm) using Single Point Incremental Forming (SPIF) and focused on multiple common
pitfalls in ISF, in particular the tent effect and pillow effect. Additionally, some experiments have been conducted using Two
Point and Double Sided Incremental Forming (TPIF and DSIF). By combining the knowledge and experience of all partici-
pating institutes, this project aimed to provide insights into effective parameter choice and toolpath strategies, and shows the
importance of multi-stage processes to increase the geometric accuracy. Despite the theoretical simplicity of SPIF setups,
such multi-stage toolpath strategies directed toward improved geometric accuracy also add some new challenges. The study
highlighted the need for multi-stage strategies that focus on local effects, as well as geometric compensation techniques to
enhance ISF's industrial applicability. Alternative process variants like TPIF and DSIF, showed promising results, but they
also had limitations and presented challenges, emphasizing the importance of predictive simulation tools to further increase
geometric accuracy. The scalability of ISF experiments remains a significant challenge, necessitating further research into
scale laws for process optimization.

Keywords Single point incremental forming - Geometric accuracy - Benchmark

Introduction tooling costs. Over the past two decades, moreover, many

of ISF’s initial limitations have been rectified: contributions

Incremental sheet forming (ISF)

Incremental sheet forming (ISF) has been the subject of
rather intensive research for more than two decades, driven
by the seemingly low complexity of this flexible forming
technology [1]. In its most primitive form of implementa-
tion, known as Single Point Incremental Forming (SPIF), the
limited hardware requirements can easily create the impres-
sion that the process can be accommodated without substan-
tial investments while entirely avoiding workpiece-specific

Extended author information available on the last page of the article

like multi-stage forming allowed to extend the process win-
dow, enabling the capacity to create steep forming angles,
while heat-supported process variants facilitated forming
of materials with limited strainability at room temperature
[2]. Remaining process limitations in terms of geomet-
ric shape complexity and achievable workpiece accuracy,
however, have tempered the enthusiasm for exploring the
limited complexity of the applied hardware configurations.
In response, many complex variants that facilitate counter
pressure, either by using well-designed static support struc-
tures (Two Point Incremental Forming, TPIF) or additional
programmable tool capabilities (Double Sided Incremental
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Forming, DSIF), have been conceived and demonstrated.
The original attractiveness of the low cost, low complexity
of the pure SPIF implementation is, however, largely lost in
these developments, and the question is often raised whether
a well-optimized use of smart SPIF toolpaths could obvi-
ate the need for new and sophisticated hardware configura-
tions. The attractiveness of low-cost hardware requirements
and the absence of workpiece-specific tooling are obviously
major advantages of SPIF that should be considered in a
possible trade-off with the superior process control capabili-
ties of the TPIF and DSIF variants. The complexity of the
process planning efforts required to optimize the output of
SPIF in terms of shape complexity and workpiece accuracy
is an important consideration in such a trade-off exercise.
This study aims to conduct an in-depth exploration of the
capabilities and limitations of SPIF as a versatile forming
process according to the present state of knowledge. For this
purpose, a challenging workpiece geometry has been identi-
fied that is impossible to produce in a straightforward way
with conventional toolpath strategies. A broad international
team of researchers with expertise in ISF has been invited
for this in-depth benchmark exercise. They have contributed
by exploring the limited degrees of freedom of SPIF through
well-optimized process planning strategies and imagining
different approaches. To ensure a systematic comparison of
the effectiveness of the respectively proposed approaches,
the same grade, thickness, and sizes of the sheet material, as
well as well-documented and reproducible toolpath specifi-
cations and standardized measuring procedures, have been
applied. This effort has resulted in a valuable repository
of process data and derived measurement results that are
reviewed in this benchmark report. The major aim of this
joint effort by 15 participating institutes contributing to 13
experimental inputs, see Table 1, is to assess the state-of-
the-art in mastering the versatility of SPIF as a seemingly

simple ISF process variant. In addition to reporting the
results obtained from a wide variety of processing strategies,
the authors also have the ambition to derive conclusions and
recommendations with respect to advisable process plan-
ning strategies and toolpaths for a broad spectrum of pos-
sible geometries to be produced with this flexible forming
process.

Goal of the benchmark study
ISF knowledge building

The flexibility of ISF is one of its key advantages. However,
this advantage is unfortunately challenged by its inherent
complexity. The process has a multitude of degrees of free-
dom in process control and encompasses a vast range of
potential component geometries. However, the accumulated
process understanding and empirical knowledge are still
insufficient, especially for geometrically complex compo-
nents. Preventing undesired geometric deviations requires
considerable process planning and often numerous trial-and-
error tests. This is particularly detrimental in low-volume
production, where the planning and testing costs can only
be allocated to a small number of components. If a fast and
economical pathway is to be realized, from a designed com-
ponent to an as-specified sheet-metal part, it will emerge by
systematically gathering knowledge and experience about
the ISF process, especially regarding the large number of
possible component geometries as well as possible process
setups and parameter settings. Because individual research
teams struggle to build up this broad knowledge and experi-
ence on their own, a collaborative learning approach was
chosen. The idea was to use an online database for an inter-
national knowledge exchange between the world’s leading
research teams and ISF users.

Table 1 Overview of the

A . Participating institutes Role Acronym
participating institutes and their
acronyms used in this work 1 AGH University of Krakow Organizing committee AGH Krakow
2 Fraunhofer IWU Participant Fraunhofer IWU
and Chemnitz University of Technology
3 KU Leuven Organizing committee KUL
4 Lucian Blaga University of Sibiu Participant LBUS
5 National University of Singapore Participant NUS
6 Northwestern University Participant Northwestern
7 RWTH Aachen Organizing committee RWTH
8 Shandong University Participant SDU
9 University of Calabria Participant UNICAL
10 University of Lisbon Participant ULisboa
11 University of Michigan Organizing committee UMICH
12 University of Palermo Participant UNIPA
13 University of Sheffield Participant TUOS
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Fig. 1 The different zones of x=0 x= 100
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ISF database platform

The documentation of experience requires the systematic
and comprehensive collection of data regarding the compo-
nents, corresponding processes and process results. Experi-
ments and processes must be recorded in a structured man-
ner to ensure their reproducibility by other ISF researchers
and users. The shared data indicate which components have
been successfully manufactured and which process param-
eters were instrumental in achieving this. In addition, the
aim is also to document which components could not yet
be produced and, ideally, to identify the underlying reasons
for this.

In order to collect and exchange knowledge and experi-
ence on a very large scale with many ISF users, a web-based
database' [3] has been developed to facilitate the documen-
tation of users'own component and process data, the analysis
of data from other users, and the comparison of different
experiments in an accessible and systematic manner. The
database enables the structured and visually responsive
processing of documented data. A major challenge in the
optimization of ISF is the complexity of the input and output
variables inherent in the process. The part geometry, tool-
path, and resulting accuracy are complex three-dimensional
data that cannot be simplified to individual parameters with-
out a significant loss of information. This issue is not exclu-
sive to process optimization; it even poses a challenge in the
pure documentation of processes. Other complex parameters
include the (partial) supporting dies and the occurrence of
intermediate geometry data in multi-stage processes and
potential preliminary process steps. All of these need to be
documented as three-dimensional data.

The database and the integrated forum function allow
for an efficient and accurate exchange of knowledge and

! https://www.isf-exchange.com

400

experience between researchers and end users, where the
data can also be directly referenced in discussions. This
collaborative exchange platform tool can bridge the gap
between different research teams and PhD research gen-
erations. The database can also be used to systematically
document and moderate benchmark studies, such as the
study described in this paper. Such benchmark studies
are a perfect trigger for collaborative learning and help
to effectively advance the process knowledge. Regarding
the prevailing development of data-driven methods, the
described detailed collection of process data and annotated
metadata can enable machine learning to extract process
boundaries for a wide range of geometry-material combi-
nations. Ultimately, the shared ISF data on the platform
will be used to generate novel insights into the underlying
causes of geometric deviations and potential compensa-
tion measures.

Approach of the benchmark study
Benchmark part

A single benchmark geometry, identified by consensus
among the organizing committee members, provides an
excellent way to combine the research experience built-
up in incremental forming over the last two decades. This
geometry is shown in Fig. 1 and contains a combination of
features that proved to be challenging in ISF. The geometry
consists of four flat surfaces with a discrete angle change, a
slightly curved area with a low wall angle, and a small waist
section between two ellipsoidal segments, which is prone to
instability in larger constructs. The geometry is provided to
the participants in different data formats (STL, IGES, STP,
and PRT), and can be downloaded from https://www.isf-
exchange.com/aboutEsaformBenchmark/.

The designed geometry looks simple, but it has been
shown to present five critical challenges:
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e Tent effect. A zone of discrete angle change (Fig. 1
between flat zones B and C) leads to underforming of
the surface prior to the angle change (B) when process-
ing the area after the angle change (C). This effect is
called the tent effect and has been extensively studied [4]
and is discussed in Sect."Geometric accuracy". Common
remedies for this inaccuracy are to compensate for the
expected deviations prior to forming or to employ a die
support through two-point incremental forming.

e Wall angles. A wall angle reaching the forming limit
of the material (zones A and B). High wall angles are
associated with severe sheet thinning or even fracture.
Designing a part with wall angles close to the maximum
achievable wall angle limits the solution space for com-
pensation when the part is underformed due to the tent
effect. Also, flat areas with large wall angles are prone to
inward bulging (see Sect."Geometric accuracy").

o Pillow effect. Shallow angled areas (zones C, D, E) are
susceptible to the pillow effect, where the material in
the center of the designed part bulges upwards due to
compressive strains in the sheet.

¢ Instability at the waist. The narrow waist in zone D can
cause instability in the sheet during forming. Especially
in large parts, the sheet will tend to rotate around this
small waist as the tool moves around the sheet.

¢ Residual stresses. A part with relatively low geometric
stiffness, due to the size and the limited curvatures in the
part, is particularly sensitive to elastic deformation due
to residual stresses released during unclamping.

Materials and methods

The part is made of Aluminium 5754 (AA5754), an alloy
commonly used in automotive applications, with the
blank sheets having a thickness of 1.5 mm. The benchmark
dimensions are chosen to be 400 x 400X 55.7 mm, which are
as large as possible while being manufacturable by most of
the benchmark consortium members, so that the deviations
are clearly visible and the differences between the forming
strategies are clearly distinguishable. The exact computer-
aided design (CAD) files are available on the ISF database
platform described above. The sheet metal was purchased
at KU Leuven and distributed to all participating institutes,
to ensure the same material properties for all experiments.

In this work, the main forming side of the shape is
referred to as the front side. In SPIF and DSIF, this cor-
responds to the interior of the part, see Fig. 2, even if some
backside forming steps (see Sect."Reducing overforming in
concave areas") are applied. In TPIF, however, the forming
side is flipped, hence, the exterior shape is called the front
side (see Sect."Two Point Incremental Forming").

The challenging benchmark CAD geometry has been
provided to the participating institutes with as objective to
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Fig. 2 ISF setup for this benchmark study

form the target geometry as accurately as possible. To ensure
comparability of the results and to provide a common basis
for exchanging experiences, the process boundary conditions
have been fixed for the first round of experiments. In this
first"basic trial,"only SPIF was allowed for forming, with-
out the use of additional (supporting) tools or heat, except
for a suitable backing plate to clamp the contour of the part.
In addition, no post-treatment other than the trimming pro-
cess was allowed before the resulting part was uploaded to
the database. Many other platform and process parameters
remain open for optimization, as shown in Fig. 3. Here, the
parameters marked in yellow have been fixed for the basic
trial.

In a second “open experiment,” the participants were
free to choose the boundary conditions and forming strate-
gies according to their individual preferences for the best
possible results. The only remaining requirement was the
use of Incremental Sheet Forming as the main forming
operation.

A detailed set of measurement guidelines was drafted for
the participants to ensure the same modus operandi, as the
alignment parameters and comparison parameters between
CAD and measured part greatly influence the results. These
guidelines are available in Online Resource 4 and summa-
rized here:

e The parts are intended to be measured after forming
while still clamped.

e Alignment to the CAD is performed using the rigid
clamping system as it is not deformed. Compared to, for
example, a best-fit approach, this type of alignment typi-
cally results in relatively high observed deviations but
provides the ground truth of the forming accuracy and
allows to study over- and underforming.

e The comparison between the CAD and the measured part
is made as the deviations along the normal from the CAD
towards the measured data.
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Incremental Sheet Forming Classification
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Fig.3 Classification of Incremental Sheet Forming parameters. The white boxes are independent parameters that can be combined. The yellow-

colored parameters were fixed for this benchmark study

e Sectional views are taken in the vertical direction at the
center of the geometry (x=0 mm, see Fig. 1), within
the concave areas at one-quarter of the geometry’s width
(x=100 mm) and in the horizontal direction at the nar-
rowest point of the waist (y=—10 mm).

Incremental sheet forming: status quo
ISF processes

ISF is a category of flexible manufacturing processes deter-
mined by a small deformation zone travelling along a pre-
defined path on a metal sheet, superimposing deformations
until a final shape is created [5]. The key benefits of ISF have
been described in a review by Gatea et al. [6] and include (1)
low setup costs and high flexibility, as the process requires
only a machine tool equipped with computer numerical
control (CNC) and an adaptable machine part program; (2)
improved formability compared to conventional processes
such as stamping; and (3) a small contact surface, resulting
in low forming forces. These advantages make ISF particu-
larly suitable for rapid prototyping and the production of

replacement parts without the need for costly dies and tool-
ing. Despite its high potential and two decades of research,
ISF has not yet been adopted by industry on a large scale.
Unfortunately, due to the difficult nature of these processes,
numerous challenges inhibit broadening the application
range. These challenges are further discussed in Sect."ISF
Challenges".

Within the ISF process category, three main forming
methods can be distinguished, as illustrated in Fig. 4 and
the ISF classification scheme in Fig. 3: Single Point Incre-
mental Forming (SPIF), Two Point Incremental Forming
(TPIF) and Double Sided Incremental Forming (DSIF).
Each of these methods is based on a different working
principle and offers unique advantages and limitations.
SPIF involves a single tool that follows a predefined tool-
path, with no support on the opposite side of the sheet,
apart from the clamping and backing. This lack of support
simplifies the setup, reduces tooling costs, and increases
flexibility. This makes SPIF particularly well-suited for
producing complex shapes, low-cost prototypes, and cus-
tom parts without the need for specialized tooling [1].
However, the lack of sheet support also leads to challenges
in achieving geometric accuracy and controlling elastic

@ Springer
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(a) Single Point Incremental Forming (SPIF)

Forming tool

Sheet metal part
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(c) Two Point Incremental Forming (TPIF) with full die

Fig.4 Schematics of (a) SPIF, (b) DSIF and (c, d) TPIF [9]

springback. TPIF incorporates a full or partial support-
ing die at the back side of the sheet, which serves as a
supporting structure and increases the forming stability
[7]. This allows for greater control of the final geometry
and improves the geometric accuracy. However, the main
drawback of TPIF is that it requires a (semi-)custom-made
die and thus leads to increased setup costs and efforts,
which make it less flexible than SPIF. DSIF uses two
dynamic tools operating simultaneously on both sides of
the sheet. This dual-tool approach offers improved control
over the forming process, thereby increasing the geometric
accuracy compared to SPIF while eliminating the need
for custom made dies typical for TPIF. However, DSIF
requires a more complex setup than SPIF and precise syn-
chronization of the two forming tools to prevent collisions
and to ensure uniform deformation. To this point, Lu et al.
[8] conclude that DSIF offers better formability than SPIF
for cones and pyramids with variable wall angles, but with
greater operational complexity and programming require-
ments to prevent the tools from colliding or penetrating
the sheet.

This study primarily focuses on SPIF due to its supe-
rior flexibility, ease of setup, and cost effectiveness. This
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makes it an ideal choice for applications that require rapid
adaptation and low production volumes.

ISF challenges

Five critical challenges in ISF were considered in the design
of the chosen benchmark shape. According to Gatea et al.
[6], the most significant drawbacks of ISF include (1) insuf-
ficient accuracy due to unwanted elastic and plastic defor-
mations, (2) forming limits making it difficult to produce
parts with wall angles close to 90 degrees, (3) local mate-
rial thinning, and (4) poor surface finish. Ajay and Mittal
[5] also highlight (5) low productivity as one of the chal-
lenges. The following section addresses geometric accuracy
(Sect."Geometric accuracy") followed by forming limits and
material thinning (Sect."Formability"), as these two aspects
are closely related.

Geometric accuracy
Achieving sufficient geometric accuracy in SPIF-manufac-

tured parts is a major challenge [1]. The nature of superim-
posing local deformations in combination with the absence
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of a supporting die results in undesired deformations such as
under- and overforming, defined as the deviations between
the produced part and the desired CAD model. Several
deformation mechanisms contribute to these issues, includ-
ing springback, bulging, the pillow effect and the tent effect.

Springback occurs upon removal of the external load:
the geometry of the formed region undergoes deformation
due to the redistribution of residual stresses [10]. Three
types of springback occur: (1) the local springback imme-
diately after the forming tool passes, which occurs during
forming, (2) the springback after unclamping, and (3) the
springback after trimming. Various methods have been pro-
posed to counteract springback. Zhang et al. [11] investi-
gated the influence of the clamping system on the springback
after unclamping by focusing on stress annealing and con-
cluded that a roller clamping system reduces this springback
compared to commonly used fixed clamping systems. Patel
et al. [12] state that five parameters influence the springback
significantly: the sheet thickness, feed rate, spindle speed,
tool size, and step size. Oleksik et al. [13] showed that a
decrease in tool diameter, step size, or initial sheet thick-
ness results in increased springback. Li et al. [10] found

(a) Bulging
target geometry geomelrical
\ i devirahon bulge inwards

2d view

3d view

Fig.5 (a) Bulging and (b) pillow effects in ISF

Fig.6 The tent effect after a
discrete change of wall angle [4]

(a) Tent effect.

increased springback in multi-stage forming compared to
single-stage SPIF and attributed it to the accumulation of
residual stresses in each forming stage.

The bulging effect, another common undesired deforma-
tion in ISF, involves local outwards or inwards curved dis-
placement from the target geometry (Fig. 5 (a). The pillow
effect, a specific type of bulging occurring in flat areas, typi-
cally at the bottom or base of a formed sheet part (Fig. 5 (b),
results from sheet bending due to in-plane stresses, as noted
by Isidore et al. [14]. They state that the material is largely
deformed in the transverse direction, which is in the XY-
plane perpendicular to the toolpath, within the tool vicin-
ity, where the material is pushed towards the center of the
sheet, thereby causing the formation of a pillow-like bulging
effect. This pillow can be reduced by decreasing the step size
[15] or hardening exponent [16], increasing the tool radius
[14, 16], or using a flat-end tool instead of a hemispherical
one [14]. According to Hussain et al. [16], it is particularly
pronounced at smaller wall angles. The pillow effect can be
influenced in the following ways:

The tent effect occurs at discrete changes in wall angle
(Fig. 6). Guzman et al. [4] studied this by forming and

(b) Pillow effect

bulge outwards

target geometry

geometrical
deviation

(b) Scheme of the displacement of point B.
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simulating a two-sloped pyramid and observed that these
deviations occur due to both plastic deformation outside
the tool/sheet contact zone and stress release triggered
by new boundary conditions after the discrete change
in angle. According to Behera et al. [17], its magnitude
depends on the wall angles and on the difference between
them.

Although the authors of this study experienced a dif-
ference in geometric accuracy when scaling geometries
to larger dimensions, to the best of their knowledge, no
systematic studies have been conducted to investigate
the scale effect in larger-scale geometries, despite lim-
ited studies comparing micro- and macro-scale ISF [18].
Although larger workpieces, like automotive component
prototypes [19], have been investigated, no direct analy-
sis of the scale effects on geometric accuracy has been
reported.

Formability

Compared to conventional forming limit diagrams, the
material fracture strain limits observed in SPIF are con-
siderably higher [2]. Montanari et al. [20] identify fail-
ure mechanisms in SPIF, attributing failure to extensive
thinning before necking. Strategies to enhance the pro-
cess window include heat-assisted SPIF, which increases
formability [21]. Heating methods include laser-assisted,
joule heating, and friction heating. Other strategies to
overcome the forming limits include increasing the ini-
tial blank thickness or redistributing the material [22]. In
single-stage forming, thinning can be approximated by the
sine law, where steeper wall angles lead to more thinning
[23]. Consequently, the maximum formable wall angle of
a given material and sheet thickness can be determined
through a cone test [1]. While parameters such as tool
diameter and step size [24] can slightly influence this limit,
increasing the initial sheet thickness is another option.
However, to further extend the maximum wall angle,
material redistribution is necessary, which can be achieved
through a multi-stage approach [23]. In multi-stage form-
ing, the use of preshapes helps equalize strain distribu-
tions across the sheet surface by creating high strains in
areas of the intermediate shape that have low strains in the
final geometry, and vice versa [1]. This technique reduces
localized thinning and thereby extends the forming limits.
Because failure in SPIF is closely related to uneven thick-
ness distributions and excessive thinning in critical areas
[25], accurately predicting and optimizing thickness dis-
tributions — or the minimum thickness of formed parts — is
crucial for process optimization [26]. Multi-stage forming
as an important strategy in this respect is further discussed
in Sect."Multi-stage SPIF".

@ Springer

Single-stage SPIF

The challenges discussed in the previous section can be
addressed by adapting the SPIF process. This can be accom-
plished by modifying the ISF parameters, applying com-
pensation strategies, or using multi-stage forming to obtain
better results. This section, based on the prevailing literature,
focuses on improving single-stage SPIF by adjusting process
parameters and applying compensation. According to Ajay
and Mittal [5], ISF parameters can be categorized in three
groups: (1) workpiece parameters, (2) machine parameters,
and (3) process parameters. An elaborate schematic has
been constructed for this study and is discussed above, in
Sect."Materials and methods". This literature study focuses
mainly on the state of the art regarding process parameters,
as workpiece parameters are kept constant in this bench-
mark study and machine parameters depend on the hard-
ware facilities available in the institutes conducting the
experiments. An overview of the machine parameters per
institute can be found in Online Resource 1. Sect."Process
parameters"concentrates on process parameters such as tool
diameter, step size, and rotational speed. Sect."Toolpath
strategies"delves into different toolpath strategies described
in literature and their influence on the geometric accuracy
of the formed part. Sect."Compensation strategies"discusses
compensation strategies.

Process parameters

This section does not aim for exhaustive coverage of all pos-
sible process parameters but highlights the most intensively
researched ones, as considered relevant to this project.

The tool diameter has a significant effect on geometric
accuracy and thickness distributions, as it affects the form-
ing forces. As discussed in Sect."Geometric accuracy"on
the geometric accuracy, an increased tool size reduces the
unwanted deformations caused by springback [13]. The
forming limits are also influenced by the tool size. Kim and
Park [27] assert that a larger tool increases the deforma-
tion zone, leading to lower strains and hence the possibility
to achieve a higher critical wall angle before failure [12].
Mirnia and Dariani [28] conclude that a smaller tool diam-
eter increases tangential stresses, causing more thinning.
Additionally, Echrif and Hrairi [29] conclude that a larger
tool results in an improved surface finish. Li et al. [30] sug-
gest selecting a tool diameter as large as possible. While a
smaller tool allows producing parts with higher resolution
(features with small radii of curvature), a larger tool is bet-
ter for a more homogeneous thickness distribution, requir-
ing a trade-off. One option is multi-stage forming, where a
larger tool is used initially for better thickness distribution
and formability, followed by a smaller tool for finishing or
reaching zones with low radii of curvature features [31].
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Vertical stepdown Horizontal step size

Fig. 7 Parameters describing the step size between different tool contours

The step size represents the distance between each
toolpath contour and can be defined in several ways: One
approach is using a constant vertical stepdown or horizon-
tal step size, see Fig. 7. Another approach is maintaining a
maximum scallop height or width, also referred to as ste-
pover in computer-aided manufacturing (CAM) software, to
keep the surface roughness constant. Since many different
terms have been used in literature to refer to these step sizes,
the terminology used in Fig. 7 is proposed to avoid confu-
sion. Studies show that larger step sizes result in increased
residual stress, pillow effect, and springback, hence a lower
geometric accuracy [15, 32-34]. Honarpisheh et al. [35] and
Attanasio et al. [36] found that a smaller stepdown or scallop
height results in less thinning. Additionally, a toolpath with
a small and constant scallop is best for a high surface finish,
but this choice increases the forming time [37].

While lower friction, which can be achieved by strate-
gic tooling-material combinations and proper lubrication,
typically improves the formability, elevated temperatures are
often used to improve sheet formability [27, 38]. A higher
spindle speed can induce elevated temperature via contact-
friction heat generation, resulting in increased ductility and
lower forming forces [5]. Apart from the rotation, the form-
ing speed, or feed rate, also has an influence. High-speed
incremental forming raises the sheet temperature as well,
yielding a higher formability while also lowering process
times. Additionally, in materials with a negative strain rate
sensitivity, the formability benefits even more from high

SPIF Tool

Scallop height Scallop width

feed rates [39]. Conversely, a lower feed rate can benefit the
process window and geometric accuracy as well [27, 34].

Toolpath strategies

As the final shape in incremental forming is dictated by the
toolpath, slight alterations in toolpath strategies directly
impact the geometric accuracy. Different terms are often
used to describe the same toolpath principles, often depend-
ing on the software used to construct them. To establish a
clear and uniform terminology, this section provides defini-
tions and defines unambiguous labels for different key tool-
path strategies.

In a Z-level toolpath (Fig. 8 (a)), the CAD model is
sliced into constant Z-levels based on a chosen scallop or
stepdown. The tool forms the outline of the shape at each
level, connecting to the next contour either by following the
shape until the next Z-depth is reached or by lifting the tool
and starting at the next contour. Z-level toolpaths can be
unidirectional or bidirectional. In the second case, the tool
changes direction at the beginning of each level. The spiral
toolpath (Fig. 8 (b)) is a continuous variant of the regu-
lar Z-level toolpath, where the path is interpolated between
two contour starting points, providing smoother transitions
between levels.

Feature toolpaths, unlike the previous 2D-based tool
contours, maintain a constant surface finish by keeping the
scallop constant at all times. Carette et al. [41] described

/ SPIF Tool

(a)

Ceowoveeay

(b)

Fig.8 (a) Z-level and (b) spiral toolpath as the most basic toolpath strategies for ISF [40]
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the feature toolpath, which starts from the outer edges of the
desired geometry and offsets along the part geometry to keep
the scallop width and height constant at all times, resulting
in non-planar tool contours, also called equipotential lines by
Lu et al. [42]. This toolpath strategy is particularly suitable
for forming geometrical features in a multi-stage approach
Fig. 9.

Streamline toolpaths are generated based on a set of
guiding curves or surface features to achieve smooth, con-
tinuous motion with consistent stepover or scallop width.
Unlike Z-level toolpaths, which follow the outline of the
geometry at a certain Z-depth, streamline toolpaths cover
the full surface. This distinction is especially noticeable
on horizontal surfaces, that are covered by streamline tool-
paths but not with Z-level or spiral ones. Zig-zag tool-
paths correspond to streamline toolpaths with alternat-
ing tool directions [43] (Fig. 10) and are mostly used for
non-closed forms [42]. Lu et al. [44] utilized a zig-zag
toolpath to form a groove. Ben Said [45] compared uni-
directional and bidirectional Z-level toolpaths to zig-zag
toolpaths, finding that Z-level toolpaths result in lower
forming forces and stress distributions, while zig-zag

150 View

,\/,.;,,\,/

Left bottom

Right bottom

(a) Geometry to be formed

Fig.9 Feature toolpath compared to the conventional Z-level toolpath [42]

(b) Z-level toolpath

toolpaths offer higher productivity in terms of demands
on a computer’s central processing unit (CPU), particu-
larly important when running and evaluating simulations.

Bremen et al. [43] introduced adding a curvature to
streamline or zig-zag toolpaths. This convex or concave
curvature has a certain amplitude and follows the CAD
surface around the zig-zag lines (Fig. 11). The curvature
is added to prevent the local bending moments from being
parallel to each other. This way, an accumulation of bend-
ing moments around the same axis is prevented, as the
bending moments of the different zig-zag lines reduce the
effects of the other lines instead of amplifying them. Addi-
tionally, they studied superimposed wave shapes on both
linear and curved zig-zag paths, finding that convex tool-
paths with superimposed waves performed best in terms of
geometric accuracy, by significantly reducing deviations
and springback.

Another approach to improve the geometric accuracy
or thickness distribution is a workplane rotation. Rotat-
ing an asymmetric workpiece to minimize the wall angles
relative to the toolpath results in more uniform thickness
distributions [22, 46]. This can be achieved by starting

(c) Feature toolpath

(a) Bidirectional Z-level toolpath Y

(b) Zig-zag toolpath

Fig. 10 Comparison between the (a) bidirectional Z-level and (b) zig-zag toolpath
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Fig. 11 (a) Regular or linear (a)
zig-zag toolpaths versus (b)

convex and concave zig-zag

toolpaths and (¢, d) superim-

posed wave shapes [43]

Linear

Linear
wave-shaped >

Path plane z

(b)
Feed direction Lnl‘l\\t‘\/&‘

Concave
/
F4
y . y
k z A: Convex l
i » wave-shaped
X B: Concave |

R

Fig. 12 Workplane rotation for a pyramid with a single vertical wall by (a) tilting the toolpath in each contour and (b) rotating the entire tool-

path. This figure is based on [46]

from the XY-plane and tilting the toolpath incrementally
in each contour (Fig. 12 (a), or by tilting the entire tool-
path, e.g., in a multi-stage approach (Fig. 12 (b).

Compensation strategies

Even though some of the toolpath strategies specified above
already contribute to improving the geometric accuracy,
achieving industrial qualification levels requires techniques
such as compensation based on the deviations to the CAD
model [47]. Often, the compensation is applied by shift-
ing all target geometry points with the measured deviation,
calculated perpendicular from the target geometry, in the
opposite direction. This method is also known as mirror
compensation [48] and can be applied based on measured
or predicted deviations. Even though compensation signifi-
cantly increases the geometric accuracy, the compensated
geometry still results in new unwanted deformations. Hence,
mirror compensation alone does not yield optimal results

and necessitates multiple iterative steps. Consequently, con-
secutive experiments and iterative compensation steps are
often used. Recent research developments have explored
the use of machine learning models to predict these devia-
tions, enabling compensation strategies without unnecessary
experiments [49]. Behera et al. [50] were among the first to
study compensation strategies and developed a prediction
model based on features and their interactions. Ren et al.
[51] introduced an in-situ springback compensation method
based on online force measurements, leading to continuous
toolpath modifications during forming. However, their pro-
posed combination of offline preparation and online com-
pensation was unable to compensate for the pillow effect, as
it is unrelated to springback. Mollensiep et al. [52] propose a
regression-based compensation method to predict the devia-
tions after SPIF, which are then used to adapt the toolpath
based on mirror compensation. Carette et al. [53] also pro-
pose a prediction framework that applies multiple compensa-
tion steps to account for additional unwanted deformations
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on the modified predicted geometries. Praveen et al. [54]
studied mirror compensation of springback for DSIF, based
on predictions of tool deflection using an empirical model
and sheet deflection using both membrane theory and small-
deflection theory. Bonnardot et al. [55] applied mirror com-
pensation based on measured deviations directly on the tool-
path, rather than adjusting the CAD model and applying a
toolpath on it.

Multi-stage SPIF

Multi-stage forming is a type of ISF where a single tool
incrementally reshapes a sheet throughout multiple sequen-
tial passes. While classifying an ISF forming strategy as
single-stage or multi-stage is usually straightforward, ambi-
guity can sometimes arise. Therefore, in this study, experi-
ments where at least one area of the sheet is formed more
than once are classified as multi-stage experiments. Multi-
stage SPIF has been intensively investigated as a way to
improve the process window [23], but it can also be used to
enhance the geometric accuracy [56]. This section divides
the strategies found in literature into shape-altering and tool-
path-altering categories. The first category involves forming
pre-geometries or intermediate stages before forming the
target geometry, while the second alters the toolpath shape

Path-plane

pm Product /
(square-cup)

15l slep

or process parameters, such as tool size and step size, with-
out modifying the geometry. These two categories can also
be combined.

Shape-altering multi-stage strategies

Forming a workpiece in multiple stages is one way to
enhance the process limits and exceed the material-spe-
cific critical wall angle. Multi-stage forming was first pro-
posed by Verbert et al. [57] and Duflou et al. [23] to extend
the process limits. The authors formed truncated cones
with vertical walls by creating intermediate cones with
increased wall angles in each step. Subsequent research
focused on improving this approach by designing interme-
diate geometries with a smaller base diameter combined
with progressively increasing wall angles [58—60] and by
adjusting the depth of intermediate shapes to compensate
for rigid body motion [61]. Combining these strategies
has also been explored [58, 62], as well as using parabolic
shapes instead of straight walls for intermediate geom-
etries [63].

Tanaka et al. [46] offer a strategy to form a square pris-
matic part by segmenting the part into a square pyramid
(Fig. 13) and progressively forming the four walls using
workplane rotation (see Sect."Toolpath strategies").

Direction of path-pane; t

“Toolpath

4th slep

3rd step

Fig. 13 Multi-stage strategy to form a square prismatic part by segmenting the geometry [64], as first described in [46]
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Forming more complex geometries with multi-stage
forming has been studied as well. Gupta et al. [65] used
intermediate shapes with lower wall angles to form an aero-
space component with steep sides. The authors used meas-
urements to compensate for the rigid body motion but could
not avoid it in the final stage. Li et al. [66] studied forming
a car taillight and concluded that traditional single-stage
or two-stage forming led to failure. Instead, they propose a
multi-stage strategy that splits the workpiece into different
areas and uses backside forming for concave areas that were
overformed in a previous step.

Other applications where the design of intermediate geom-
etries has been studied include medical implants. The strategies
proposed for these shapes include double curved surfaces [67,
68]. However, multi-stage forming does not automatically result
in more uniform thickness distributions, and it can even lead
to increased thinning in critical areas [56, 61]. Hence, careful
design of intermediate shapes and toolpaths is essential.

Compensation strategies for multi-stage forming build on
such strategies used in single-stage forming, which have been
thoroughly researched. For example, compensating stepped
features induced by rigid body motion when forming a vertical-
walled cup have been studied and predicted [61]. Dai et al. [69]
added an additional forming step after multi-stage forming a
complex cavity part with stepped features based on measured
deviations to the CAD model, thereby increasing final geometric
accuracy. However, combining compensation of the full geom-
etry with multi-stage forming adds complexity, as altering inter-
mediate toolpaths also affects the final outcome by introducing
additional unwanted deformations. To the best knowledge of the
authors, no systematic strategies to overcome this complexity
have been reported yet.

Toolpath-altering multi-stage strategies

Not only can intermediate shapes be modified, but toolpaths
can also be adjusted. Similar to adjustments in single-stage
forming, process parameters and toolpath strategies can be
adapted to increase geometric accuracy and enhance the
process window. Skjoedst et al. [63], for example, compared
conventional downwards (D) or out-to-in (OI) toolpaths
on intermediate shapes with upwards (U) or in-to-out (I0)
toolpaths. Malhotra et al. [70] combined IO and OI form-
ing within one stage by splitting the path into upward and
downward movements. Toolpath-altering strategies mostly
focus on different process parameters, reforming specific
areas, and applying backside forming [66].

Simulation of SPIF: finite element modeling
Finite element (FE) simulations of sheet metal forming pro-

cesses have achieved high precision in process modeling
[71]. High-fidelity FE models have significantly improved

the understanding and predictive accuracy of SPIF through
extensive experimental validation. Due to the highly nonlin-
ear nature of SPIF, achieving accurate numerical predictions
requires careful selection of numerical parameters. This sec-
tion outlines critical factors, including integration schemes,
material models, and element formulations, that influence
numerical accuracy. The modeling work for the benchmark
is detailed in Sect."Simulations".

For SPIF numerical modeling, equilibrium equations can
be solved using either implicit or explicit methods, as the
process is quasi-static. Explicit methods are widely adopted
for efficiently handling large deformations, with time incre-
ment adjustments through mass scaling to maintain prac-
tical computational costs [72, 73]. While many studies
favor explicit schemes for SPIF simulations [74—79], some
researchers have explored implicit approaches [§0—-85]. The
NUMISHEET SPIF benchmark [86], which focused on sim-
ulating a 45° cone, found no clear preference for implicit or
explicit methods. Instead, accuracy and computational cost
depend significantly on factors such as the material model
and element type chosen.

The choice of material model is crucial for accurate SPIF
simulations, particularly for predicting tool-load history dur-
ing forming [81]. The isotropic von Mises and Hill 1948
yield functions [87] have been extensively used for SPIF
modeling and remain popular in commercial FE codes due
to their simplicity and ease of parameter identification. More
advanced 3D yield functions, such as Barlat’s Y1d2004-18p
[88], have been developed to capture the complex stress
states in SPIF and have been examined in recent studies [77].
Esmaeilpour et al. [89] compared von Mises, Hill 1948, and
Y1d2004-18p functions in Abaqus/Explicit for simulating
a 67° conical geometry of AA7075-0O. Notably, Y1d2004-
18p required significantly higher computational resources,
with CPU times of 101 h compared to 74 h for Hill48 and
72 h for von Mises (using 24 CPU cores). The influence of
these yield functions on forming force predictions was fur-
ther validated experimentally by Betaieb et al. [90]. Their
study found that Hill’s 1948 yield function, calibrated using
tensile and shear tests, achieved accuracy comparable to
Y1d2004-18p and even provided better force predictions at
high wall angles.

Hardening laws play a key role in defining material
behavior in the plastic regime. Henrard et al. [80] emphasize
that hardening law selection has a more pronounced impact
on forming force prediction than the choice of yield func-
tion. Voce-type and Hockett-Sherby [91] isotropic harden-
ing models, which incorporate saturating formulations, are
particularly effective for aluminium alloys [92-95]. Mean-
while, kinematic and mixed hardening models (isotropic-
kinematic) have been explored in multiple studies to bet-
ter account for the complex strain paths inherent in SPIF
[80-82, 84, 96].
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Given the localized plastic deformation inherent to
incremental forming, element formulation greatly affects
both computation time and result fidelity. Solid elements
are often preferred for capturing thickness variations
and localized strain gradients, as demonstrated in earlier
studies [74, 77, 78, 85, 90]. However, their high compu-
tational cost has led some researchers to explore shell
elements as an alternative [80-82]. Solid-shell elements
have emerged as a hybrid solution, balancing computa-
tional efficiency and predictive accuracy. These elements
effectively predict thickness variations and forming forces
while significantly reducing simulation time [94, 97, 98].
An adaptive mesh refinement strategy, which refines the
mesh near the tool, was introduced by Hadoush and van
den Boogaard [99] and Lequesne et al. [100]. De Sena
et al. [85] further confirmed the benefits of this strategy,
demonstrating significant reductions in CPU times.

From state of the art to benchmark testing

The state of the art in SPIF has been taken into account as
a starting point for the experimental comparative bench-
mark exercise reported in the remainder of this report. The
chosen benchmark geometry was designed to contain the
known challenges in terms of geometrical accuracy, as
summarized in this section. By involving a broad team of
contributing research institutes, it could be assured that the
available experimental infrastructure would be compatible
with the most advisable process strategies as explored in
literature, effectively allowing an in-depth verification of
the SPIF process capabilities anno 2025.

Single-stage SPIF

In single-stage SPIF, the entire benchmark shape is formed
in a single pass, with no area of the sheet undergoing multi-
ple forming steps. This strategy is both straightforward and
efficient in terms of productivity, as the entire part is formed
through a continuous toolpath without revisiting previously
formed areas. The following sections present key observa-
tions from the baseline experiments in single-stage forming
and highlight challenges encountered by multiple institutes.
Strategies to address these challenges, including adjustments
to process parameters and toolpath strategies, are discussed.
These challenges and insights from single-stage SPIF high-
light the need for multi-stage SPIF, which is discussed in
detail in Sect."Multi-stage SPIF".

Observations from baseline experiments

As mentioned, baseline trials of the single-stage strategy
were conducted by various research groups to evaluate

@ Springer

the geometric accuracy of the proposed benchmark part.
The detailed process parameters and toolpath strategies
are listed in Online Resources 2 and 3, respectively. All
the experiments discussed in this section follow the part
dimensions described in Sect."Benchmark part"to ensure
a consistent basis for comparison. As it was not possible
for all institutes to align the measurements based on the
clamping rig, a best-fit approach using GOM Inspect 2019
was employed to ensure comparability of the results. Ide-
ally, measurements should be performed in the clamped
state for accurate comparison. However, due to limita-
tions of the experimental stand, some measurements were
taken in the unclamped state (e.g., UNIPA EXP #1, ULis-
boa EXP #1), as illustrated in Fig. 14. The high deviations
at the shallow wall area (zone E) in Fig. 14 (d) and (e) are
caused by residual stress releasing during unclamping.

As briefly discussed in Sect."Benchmark part", the bench-
mark shape presents several challenges, particularly high
deviations in critical regions (Fig. 14). This section provides
a detailed discussion of some of the dominant inaccuracies
observed in different zones of the benchmark workpiece.
Additionally, strategies to mitigate these inaccuracies, such
as adjustments to process parameters and toolpath strategies,
are explored in Sect."Influence of process parameters"to
improve geometric accuracy within the single-stage form-
ing approach.

Reducing the tent effect

In all single-stage baseline experiments, the tent effect
was observed in zones B and C, particularly at the tran-
sition point where a discrete wall angle change occurs
(see Fig. 15 (a)).The steeper wall in zone B resulted in a
noticeable geometric deviation near the transition region
that emerged after passing of the tool. This effect typi-
cally develops when the tool processes the lower plane
following an angle transition [4], preventing the toolpath
from accurately capturing the intended angle change
between zones B and C. This effect is pronounced in
single-stage forming, as no compensation or multi-step
strategies were applied to mitigate these deviations. Fig-
ure 15 (b) presents the baseline results from different
institutions, aligned using a best-fit approach to ensure
comparability.

Additionally, zones B and C are particularly susceptible
to excessive thinning or even fracture, as their wall angles
approach the forming limit of the material (Fig. 16).

Designing a part with a steep wall angle of 55° (see
Sect."Benchmark part"), which approaches the materi-
al's forming limit threshold, restricts the solution space
for a single-stage strategy, making it quite challenging
to compensate for geometric deviations in these areas.
One solution to mitigate these inaccuracies is to form
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(b) KUL EXP #1 (c) UMICH EXP #1
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(d) ULisboa EXP #1 (e) UNIPAEXP #1

Fig. 14 Surface deviation comparison of baseline single-stage experiments against the target CAD model, aligned using the best-fit approach in
GOM Inspect 2019

_!]-JT-’:'.:'-,‘LI' 4190

— CAD model
~— UMICH EXP #1

— UNIPA EXP #1

— AGH Krakow EXP #1

(a) Z (b)

Fig. 15 (a) Formed part highlighting the transition region with an angle change. (b) Cross-sectional profile comparison (x=100 mm) between
baseline experiments and CAD model

these two walls separately in a multi-stage procedure in  (see Sect."Other ISF techniques"). However, even within
sequential steps (see Sect."Reducing the tent effect”).  a single-stage process, modifying key process parameters
Another common remedy is using die support through  can help mitigate these issues, which is further discussed
TPIF to enhance shape control and minimize deviations  in Sect."Influence of process parameters".
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Fig. 16 (a) Fracture at the
transition zone between steeper
(zone B) and shallow wall angle
(zone C). (b) Severe sheet thin-
ning in zone B leading to failure

(a) ULisboa EXP #1

Fig. 17 The pronounced pillow effect observed in the flat waist area
(zone D)

Reducing the pillow effect and corner folds

Another distinct defect observed was the pillow effect in the
flat waist area, attributed to the accumulation of compres-
sive stresses during forming. This localized material buildup
occurs in the forming direction, whereby the material moves
inward, resulting in a spatial curvature or pillow-like distor-
tion of surfaces that are supposed to be flat (Fig. 17).

As mentioned previously, in single-stage forming, the
entire part is formed through a continuous toolpath without
revisiting previously formed areas, and this approach limits
the ability to compensate for inaccuracies that may arise
during the process. As a result, the compressive stresses gen-
erated during forming can propagate directly into unformed
areas, such as the flat waist section (zone D), compromising
the part's overall geometric accuracy. This challenge resulted
in one of the highest deviations observed across the baseline
experiments. According to the state of the art, the pillow
effect can be mitigated by adjusting process parameters such
as tool diameter or step size. Studies have shown that the
pillow effect decreases with an increase in wall angle or tool
diameter [16, 101]. In this benchmark study, however, the
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Excessive material

stretching

(b) UNICAL EXP #2

wall angle remains fixed unless multi-stage forming using a
preshape is utilized. Similarly, reducing the step size helps
minimize the pillow effect, while materials with a lower
hardening exponent tend to show less pillow effect [8]. Since
the material choice is predetermined in this benchmark, the
primary focus is on process, not material, modifications to
mitigate this issue.

Another distinctive defect observed in the middle of the
waist section is a fold-like deformation that appears at the
edge between the concave and narrow flat areas, propagat-
ing across the flat region. The phenomenon of sharp edges
folded inwards has also been observed at the edges of a
pyramid by Hussain et al. in [16] and [102]. They intro-
duced these observations as corner folds. In this study, the
term corner fold is used to describe all fold-like deforma-
tions observed after forming, even though the underlying
cause might not be the same for all cases. The corner fold
in Fig. 18 primarily results from material accumulation in
the transition zone between these areas. The sharp change
in geometry causes excess material to build up, leading to
buckling or folding when reaching an edge or sharp change
of direction. Additionally, high machine compliance (i.e.,
low stiffness) may further contribute to this defect. As the
tool reaches the final stage of forming the narrow waist area,
deflection can occur due to the restricted geometry, introduc-
ing localized distortions that exacerbate this issue. In severe
cases, this deformation can cause surface fracture or chip-
ping, as seen in Fig. 18.

Reducing overforming in concave areas

In the process of single-stage forming, some of the most
significant deviations were observed in the concave areas
(zones F; and Fg), as shown in Fig. 19. While these large
deviations were somewhat unexpected, they proved to
be one of the most challenging aspects of forming this
benchmark workpiece using single-stage SPIF. This diffi-
culty arises from the distinct curvature transitions in these
regions compared to their surroundings. As the lower adja-
cent sections are progressively formed, the concave areas
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---- Accumulation of material

Fig. 18 Corner folds and chipping due to material accumulation

Z
(a) CAD model with the sectional profile aty =-10 mm

%—DX

Corner folds

— CAD model

— UMICH EXP #1

— UNIPA EXP #1

— ULisboa EXP #1

— AGH Krakow EXP #1
KUL EXP #1

(b) Sectional profile comparison aty = 10 mm

Fig. 19 Comparison of sectional profiles at y=—10 mm between baseline experiments and the target CAD model, highlighting inaccuracies in

the concave zones. The alignment is done with a best-fit

have a tendency to flatten out or even bulge outwards,
preventing them from fully conforming to the intended
geometry.

In the baseline experiments, Z-level and spiral toolpaths
were employed, but these strategies did not adequately adapt
to the nuanced curvature transitions in the concave regions,
indicating the need for improved toolpath adaptation to bet-
ter accommodate concave geometries. As compensation
methods, based on the measured deviations, result in too
steep wall angles that exceed the maximum wall angle, this
approach is not possible in a single-stage approach without
invoking failure. Another possibility can include feature-
separation-based toolpaths, where regions are identified and
formed separately to better accommodate their unique geo-
metric requirements. However, even with such adaptations,
achieving the desired precision might necessitate multi-stage
forming or additional reprocessing steps, allowing for more
controlled refinement and adjustment of the intricate details
found in concave areas.

Influence of process parameters

This section focuses on the effect of process parameters
in single-stage SPIF. The influences of tool diameter, step
size, feed rate, and spindle speed were investigated to estab-
lish guidelines for selecting process parameters to improve
geometric accuracy. The findings help address inaccuracies
discussed in previous sections, such as the tent effect and pil-
lowing. Additionally, some institutions explored modifica-
tions to toolpath strategies within single-stage SPIF, provid-
ing insights that could provide input for future developments
in multi-stage forming strategies.

Tool diameter
As discussed in Sect."Process parameters"”, the tool size
is a key process parameter in SPIF. While all teams were

restricted to the available tool size in their laboratories (see
Online Resources 2 and 3), baseline tests were conducted
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KUL EXP #1 KUL EXP #2
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o

KULEXP #1 KUL EXP #2

Fig.20 Resulting surface deviations from the CAD geometry and corresponding violin plots for the single-stage EXP #1 and EXP #2 from KU
Leuven, conducted with tool diameters of 10 mm and 25 mm, respectively. The alignment is based on the clamping rig

Table2 The calculated maximum and minimum deviations from
KUL EXP #1 and KUL EXP #2, with respectively tool diameters of
10 and 25 mm

Experiment name Max positive ~ Max negative  Dev. Inter-
dev. [mm] dev. [mm] val width
[mm]
KUL Experiment 1 25.50 -9.04 34.54
KUL Experiment 2 9.24 —8.05 17.29

— CAD model
FLAL EXP #1 - @10 men toal
= KUL EXP #2 - 925 mm tool

l—.Y

Fig.21 Comparison of the cross-sectional profile at x=100 mm for
KUL EXP #1 and KUL EXP #2, showing the tent effect between
zones B and C. The alignment is based on the clamping rig

Fig. 22 Pillow effect in the flat
waist area of the formed part for
(a) KUL EXP #1 and (b) KUL
EXP #2 and (c¢) cross-sectional
comparison at y=—10 mm.

The alignment is based on the
clamping rig
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(a) KUL EXP #1

with tool diameters of 10 mm and 25 mm in KUL EXP #1
and KUL EXP #2, respectively. The results highlight key
insights into the influence of tool size for the benchmark
geometry and serve as a basis for evaluating its impact
on geometric accuracy. The surface comparisons from the
measurement to the CAD model, along with deviation dis-
tributions in the form of violin plots, are shown in Fig. 20.

The overall geometric accuracy across the formed
part, including the critical zones mentioned in the previ-
ous section, is significantly improved in KUL EXP #2.
The maximum and minimum deviations are calculated
and listed in Table 2. The deviation interval width of the
entire part decreased by 46.76% when the larger tool of
25 mm diameter was tested. Specifically, the tent effect
was greatly reduced, with the deviation in zone B decreas-
ing from 17.29 mm to 8.14 mm. Figure 21 compares the
cross-sectional profiles and further illustrates this benefit.

In addition to the accuracy improvement on the discrete
angle change, the overall benefit of using a larger tool can be

(b) KUL EXP #2

— CAD model
— KUL EXP #1 - @10 mm tool
— KUL EXP #2 - 825 mm tool

(c) Sectional profile comparsion at y = -10 mm
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directly observed through the improved surface and pillow
effect at the flat waist area. The maximum deviation — after
alignment based on the clamping rig — in this area (zone D)
was 25.50 mm in KUL EXP #1 and reduced to 9.24 mm in
KUL EXP #2. The highlighted view from the backside of
the formed part from each experiment is shown in Fig. 22
(a) and (b), with cross-sectional profiles compared in Fig. 22
(c).

Based on the results of this systematic comparison,
using a larger tool is recommended to limit ironing effects
in zones sensitive to bulging and to improve geometric accu-
racy. Additionally, the measured minimum thickness of the
formed part increased from 0.58 mm (KUL EXP #1) to 0.77
mm (KUL EXP #2), indicating that a larger tool diameter
results in less thinning and may contribute a more uniform
thickness distribution, helping to prevent fracture.

In summary, the tool size directly impacts the geometric
accuracy of the benchmark in a single-stage forming strat-
egy. Using a larger tool is advantageous for minimizing pil-
low effects in zones prone to bulging, as well as to achieve
a more uniform thickness distribution and improved geo-
metric accuracy. However, the tool size did not significantly
affect the accuracy in the two concave regions studied (see
Fig. 22 (c)). This indicates a need for more refined process
parameters, such as toolpath strategies, to improve preci-
sion in these ellipsoidal segments. While a larger tool gener-
ally improves geometric accuracy in single-stage forming,
smaller tools may still play a role in refining specific features
after the overall shaping, allowing better control over fine
details, particularly in a multi-stage strategy.

Step size

Another significant process parameter in ISF is the step size.
As described in Sect."Process parameters", it can directly
impact surface finish, processing time, and geometric accu-
racy (bulging). The surface finish was found to be improved
with a decrease in step size, as this minimizes the scallops
created when the tool locally deforms the sheet. Scallops
represent the residual ridges left behind after each pass of
the tool, and the step size directly influences their height.

Fig. 23 The influence of the
step size on the surface finish
of the benchmark geometry.
Decreasing step size leads to
improved surface finish

With a smaller step size, the tool makes finer passes, which
smoothens these ridges and results in a superior surface fin-
ish, as can be seen in Fig. 23. However, reducing the step
size increases the processing time and may induce excessive
strain hardening, leading to potential fracture.

A set of experiments were conducted to investigate the
influence of the step size on geometric accuracy and surface
finish. The benchmark shape was formed in the ULisboa
experiments using a Z-level toolpath with a 12 mm tool
and a constant vertical stepdown (Az) of 0.5 mm, 0.7 mm,
and 1.0 mm (EXP #1, EXP #2, and EXP #3, respectively).
The smaller values tend to mitigate the pillow effect. How-
ever, no distinct trend was found regarding the independent
impact of the step size on geometric accuracy (Fig. 24). Fur-
thermore, fractures were observed in all three experiments in
the transition between the high wall angle (zone B) and shal-
low wall angle (zone C), as shown in Fig. 25. This suggests
that its effect may vary depending on other process param-
eters (e.g., tool diameter, toolpath) and material behavior.
Therefore, an additional experiment was conducted with a
modified strategy with a larger tool diameter of 25 mm.

Based on the observation, a follow-up experiment was
conducted to assess the combined effect of step size and tool
diameter. In ULisboa EXP #4, a larger tool with a 25 mm
diameter was used, maintaining a constant scallop height
0.2 mm in a spiral toolpath. The results were compared with
ULisboa EXP #1, which utilized a 12 mm tool diameter and
a 0.5 mm stepdown in a Z-level contour toolpath (Fig. 26).

The measurements were performed in an unclamped
setup; therefore, comparing the minimum/maximum
deviations is challenging. While the overall deviation

— CAD madel
- ULisboa EXP #1 (Az = 0.5 mm)
x — ULisbos EXP #2 {Az = 0.7 mm)
r’ Uisboa EXP 43 Az = 1 mmj
Z

Fig. 24 Sectional comparison at y=—10 mm of the influence of step
size on geometric accuracy for the first three single-stage experiments
of ULisboa. The alignment is done with a best-fit on unclamped

measurements
\\
‘I\
\
F

Decreasing step size
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Fig. 25 Fracture (ULisboa EXP
#1) observed at the discrete
angle change between walls B
and C, shown on the outside
(left) and inside (right) of the
formed part

I
i_: g 15
200 g 10
000 5
2.00 g
400 g 0~
-5.00 _5
8.00
b K 2_10 8
ULisboa EXP #1 ULisboa EXP #4 " Wistioa EXP #1 Ulisbos EXP #9
(b)

— CAD model
— ULisboa EXP #1
— ULisboa EXP #4

Y
r
(c)

Fig.26 (a) Resulting surface deviations to the CAD and (b) vio- of 0.2 mm following a spiral toolpath. (¢) Cross-sectional profiles
lin plots for ULisboa EXP #1, the experiment with a 12 mm tool drawn at x=0 mm compared to CAD. The alignment is done with a
following a Z-level toolpath with constant stepdown of 0.5 mm and best-fit on unclamped measurements

ULisboa EXP #4, 25 mm tool diameter with a constant scallop height

Fig. 27 Pronounced pillow effect with visible toolpath marks (left) and fracture at the discrete angle change (right). Results from ULisboa EXP
#1
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Fig. 28 Reduced pillow effect (left) without fracture at the discrete angle change (right). Results from ULisboa EXP #4

from CAD to measured geometry appears to be similar
(Fig. 26), the pillow effect was significantly reduced
in ULisboa EXP #4 compared to ULisboa EXP #1 (see
Fig. 27 and Fig. 28). The smaller stepover used in the
spiral toolpath with constant scallop width reduced inden-
tation between parallel passes and led to less pronounced
pillowing with improved surface finish. Additionally, the
use of a larger tool helped prevent fracture in the transi-
tion at the angle changes (zones B and C) and alleviated
the tent effect, as observed in the previous section. This
approach highlights that the smaller step size can be com-
bined with a larger tool diameter to prevent pronounced
deviation in the critical zones while obtaining a superior
surface finish.

0 rpm

1500 rpm

In conclusion, a smaller step size minimizes scallop
height and improves surface smoothness quality, but it
increases processing time and may induce excessive strain
hardening, leading to potential fractures. The absence of a
universal trend in geometric accuracy suggests that step size
must be optimized in conjunction with other process param-
eters to strike a balance between quality and efficiency.

Feed rate and spindle speed
As discussed in the state of the art overview in Sect."Process
parameters", spindle speed directly impacts the final part’s

dimensional accuracy and surface quality. In this set of
experiments, the influence of spindle speed with a different

3000 rpm

£
E
o
3

(a) AGH Krakow EXP #1 (b) AGH Krakow EXP #2 (c) AGH Krakow EXP #3 0.00

-2.00

-4.00
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E -6.00
8
&

-8.00
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(d) AGH Krakow EXP #4

(e) AGH Krakow EXP #4

(f) AGH Krakow EXP #4

Fig.29 Surface comparison on CAD geometry for AGH Krakow EXP #1 — EXP #6 with feed rates of 1500 mm/s and 3000 mm/s at spindle
speeds of 0 rpm, 3000 rpm, and 6000 rpm. The alignment is done with a best-fit
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feed rate was investigated for six case studies (AGH Kra-
kow EXP #1 — EXP #6). The feed rates of 1500 mm/s and
3000 mm/s were tested in combination with spindle speeds
of 0 rpm, 3000 rpm, and 6000 rpm after applying Teflon
grease (PTFE) spray and lubricating with oil, prior to form-
ing. The geometrical accuracy results, compared with the
defined CAD geometry, are presented in Fig. 29.

As spindle speed increased from 0 to 3000 rpm, the inac-
curacies in the critical zones, as highlighted in Sect."Process
parameters"., were significantly reduced for both feed rates
(1500 mm/s and 3000 mm/s). However, when the spin-
dle speed further increased to 6000 rpm, the reduction in
deviation was much less pronounced than the improve-
ment observed between 0 and 3000 rpm. Additionally, the
increase in linear velocity from 1500 mm/s to 3000 mm/s
resulted in more significant overall deviations. The corre-
sponding surface quality images for the same selected area
are shown in Fig. 30.

In summary, both feed rate and spindle speed must be
carefully selected to avoid extreme behavior. A feed rate

Fig.30 Surface roughness for
feed rates of 1500 mm/s and
3000 mm/s at spindle speeds of
0 rpm, 3000 rpm, and 6000 rpm

0 rpm

1500 mm/s

3000 mm/s

Fig.31 Toolpath generation
scheme of TUOS EXP #2 based
on the differentiated features:
Z-level toolpath for the non-flat
area region combined with fea-
ture toolpath for the flat region
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of 1500 mm/s with a spindle speed of 3000 rpm showed
improved dimensional accuracy and surface quality for this
benchmark study by reducing friction and minimizing tool
marks. For the specific size of the formed part used in this
benchmark, heat effects appeared to be negligible during
forming. However, these effects could become more sig-
nificant in smaller parts or with different material systems.

Toolpath strategies

The definition of single-stage forming leaves some degrees
of freedom for strategy optimization, as long as the entire
benchmark shape is formed in a single pass, with no region
of the sheet undergoing multiple forming steps, as shown
in Fig. 31.

One common limitation of the conventional Z-level tool-
path is its insufficient engagement in the waist region (zone
D). Since the Z-level toolpath follows constant-height con-
tours, it does not effectively process the horizontal surfaces
in this region, leading to increased geometric deviations

3000 rpm 6000 rpm
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as result of the pillow effect. A comparative experiment
was conducted to address this issue, where a conventional
Z-level toolpath with a constant vertical stepdown of 0.2 mm
(TUOS EXP #1) was compared with a modified strategy
that splits up the toolpath depending on geometric features.
In the modified approach, the entire geometry, except for
the horizontal regions in zone D, was first formed using a
Z-level toolpath with a constant stepdown of 0.2 mm. After-
wards, a feature toolpath with a constant scallop width of
1 mm was applied to form the horizontal area in zone D. The
forming dimensions were scaled down to 260 mm X 260 mm
to accommodate the experimental setup. The final formed
parts and geometric deviations are compared and their cross-
sectional profiles shown in Fig. 32.

The modified strategy not only reduced the inaccura-
cies in the critical zones but reduced the overall maximum
and minimum deviations across the part, as can be seen in
Fig. 33. This indicates that toolpath modification is more
effective for achieving geometric accuracy than adjusting
process parameters. Notably, this modification also intro-
duced a star-shaped deviation in the flat area due to cor-
ner folds caused by the feature toolpath. These findings
combined suggest that, while toolpath modifications can
enhance geometric accuracy in critical regions, they may
also introduce unintended shapes or distortions, requiring
further refinement of the toolpath strategy. An alternative
approach to mitigate this issue could be using a zig-zag tool-
path instead of one that follows the outer boundary of the flat

Deviation from CAD to measured [mm]

TUOS EXP #1

TUOS EXP w2

Fig. 33 Deviation distribution between CAD and measured geometry
for TUOS EXP #1 and TUOS EXP #2. The alignment is done with a
best-fit

area (see Sect."Toolpath strategies"). Due to the limitation
of a single-stage strategy to address these issues, a more
advanced approach through a multi-step strategy or another
process variant is relevant and is detailed in Sect."Multi-
stage SPIF".

Conclusion: single-stage SPIF

Multiple single-stage SPIF strategies were systemati-
cally tested and used as a baseline approach for forming
the benchmark shape. Forming the workpiece in one stage
enhances efficiency and simplicity, eliminating the need
to revisit previously formed regions. However, as demon-
strated by experiments across multiple institutions, persistent

[mm]
10.00
8.00

=10.00

(a) TUOS EXP #1 (b) TUOS EXP #2

— CAD model
— TUOS EXP #1
— TUOS EXP #2

l—b X (c) Cross-sectional comparison at y = -60 mm

z

Fig.32 (a) Formed part with resulting deviations to the CAD using
a Z-level toolpath for the whole given geometry (TUOS EXP #1).
(b) Formed part with resulting deviations using a modified strategy:
Z-level toolpath applied to non-horizontal regions, with a separate

toolpath adjusted for the horizontal area in zone D (TUOS EXP #2).
(c) Cross-sectional profiles drawn at x=—60 mm compared to CAD.
The alignment is done with a best-fit
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Table 3 Summary of the observations in the single-stage SPIF baseline experiments conducted for this benchmark study

Effect to be reduced/improvement goal Location

Observations

Tent effect

Pillow effect

Inaccuracies at the edges At the edges

Overforming

(zone E)

Increasing the overall geometric accuracy Full geometry

At areas with low wall angles (zones D and E)

At concave areas (zone F) or close to the back-
ing plate, at low curvatures and wall angles

At discrete changes of wall angles (the transition Zone B and the transition with zone C is very
zone between zones B and C)

susceptible to excessive thinning, even fracture
occurred in some experiments

Due to the buildup of compressive stresses during
forming, a bulge or pillow arises in areas that
are supposed to stay (almost) flat

A fold-like deformation arises at the edges
between concave and convex areas. These corner
folds are also a result of material accumulation
and can be propagated across the waist section

e The concave areas have the tendency to flatten
out or even bulge outwards

e Z-level and spiral toolpaths were not sufficient
for countering this effect, so adaptive toolpaths
might be needed

Applying compensation was not possible, as this
results in too steep wall angles that exceed the
maximum wall angle, which results in failure

geometric inaccuracies remain, particularly in the concave
zones where overforming poses a significant challenge.
These issues highlight the limitations of a single-stage
approach, where the absence of additional forming steps
restricts corrective measures. A summary of the observa-
tions for some of the effects in these baseline experiments
is provided in Table 3.

While modifications to process parameters such as
tool diameter, step size, and spindle speed have led to
improvements in geometric accuracy and surface quality,
these adjustments alone are insufficient for addressing all

deviations in the critical zones across the part. Toolpath
modifications, including splitting up the toolpath and
adjusting parameters based on geometric features, such
as distinguishing between horizontal and non-horizontal
areas, addressed some local inaccuracies but still fell short
of achieving full geometric fidelity across the part. The
influence of these process parameters on the observed out-
comes is summarized in Table 4.

The primary goal of this benchmark study is to collect
and share knowledge on optimizing geometric accuracy
through testing various strategies. The findings emphasize

Table 4 Summary of the observations on the influences of process parameters in the single-stage SPIF baseline experiments conducted for this

benchmark study

Process parameter Observations

Tool diameter

The tool diameter has a very high influence on the geometric accuracy, with a larger tool (25 mm diameter instead

of 10 mm diameter) performed significantly better. The larger tool resulted in a better surface finish and reduced

bulging
Step size

e The surface finish improves when decreasing the step size, as the scallop width and height also decrease

e However, a smaller step size also leads to longer forming times and may induce excessive strain hardening, which

can lead to fracture

e The absence of a universal trend in geometric accuracy suggests that the step size must be optimized in conjunc-

tion with other process parameters

Feed rate and spindle speed e Both feed rate and spindle speed must be carefully selected to avoid extreme behavior
o A feed rate of 1500 mm/s with a spindle speed of 3000 rpm showed improved dimensional accuracy and surface
quality for this study by reducing friction and minimizing tool marks
o Thermal effects were negligible in this study, but could become more significant in smaller parts or with different

materials

Toolpath strategy

o Modified toolpath strategies are needed to ensure good surface finish in the areas with a very low wall angle,

especially when applying a regular Z-level toolpath with constant vertical stepdown
e Modifications include splitting up the toolpath and applying various step sizes based on the geometric features

and wall angles of the part in that area

e Other adaptations include applying a feature toolpath in (almost) flat areas. However, this also leads to corner

folds
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the need for additional processing steps, such as incorpo-
rating multi-stage strategies, which are discussed next, in
Sect."Multi-stage SPIF", or alternative process variants, see
Sect."Other ISF techniques", to achieve the desired level of
accuracy and part quality.

Multi-stage SPIF

Even though multi-stage forming has been extensively dis-
cussed in literature, no clear definition of either single- or
multi-stage forming has been established, as this was consid-
ered implicitly clear to most researchers and authors. How-
ever, in this study some strategies are proposed that cannot
easily be allocated to either of the two categories, leading
to the need for a non-ambiguous definition. Therefore, as
stated in Sect."Multi-stage SPIF", we propose the definition
of multi-stage forming as incremental sheet forming where
at least one area of the sheet is formed more than once.
With such a definition in mind, this section examines
multi-stage forming and its impact on the geometric accu-
racy of the proposed benchmark shape. It focuses on the

/-"'_'“-\

: = T
T i S
T
— CAD modsl ==

F KUL EXP #1 ool 10 mm
r’Y — KUL EXP #2 - slage 1: foal 25 mm
KUL EXP #2 - stage 2! ioal 25 mm + 10 mm
z

Fig.34 Sectional comparison at x=100 mm of the tent effect
between zones B and C by investigating the influence of tool size.
Three strategies are compared: forming the geometry with a single
spiral toolpath using a 10 mm tool (KUL EXP #1), the same tool-
path with a 25 mm tool (KUL EXP #2- stage 1), and a multi-stage
combination with a 825 mm tool in the first stage, followed by apply-
ing the same toolpath with a 10 mm tool in the second stage (KUL
EXP #2 — stage 2). The alignment is based on the clamping rig

rb Y
z
Fig.35 Comparison of the tent effect between zones B and C without

a preshape before forming zones B and C (KUL EXP #5 — stage 7)
and with a preshape, after which these zones are processed again in

effects observed in various zones of the benchmark shape,
as illustrated in Fig. 1. The following sections, moreover,
describe strategies that improve the effects described in
Sect."Benchmark part"and address additional challenges
encountered in multi-stage forming, such as expanding the
process window and enhancing overall geometric accuracy.
Lastly, all multi-stage experiments are compared to each
other and to a single-stage strategy with a basic Z-level
toolpath. While single-stage strategies are discussed in the
previous section, some single-stage experiments are also
revisited below as part of a comparison to a multi-stage vari-
ant. Lastly, recall that a best-fit approach was employed to
ensure comparability of the results across institutes because
not all institutes were able to align the measurements based
on the clamping rig. Consequently, when comparing experi-
ments across institutes, no conclusions can be drawn regard-
ing process characteristics such as over- and underforming
and springback.

Reducing the tent effect

As discussed in literature and in the corresponding section
covering single-stage forming, the tent effect is highly influ-
enced by the tool diameter and significantly decreases with
increasing tool size. Figure 34 shows the influence of tool
diameter on the tent effect, as well as the impact of multi-
stage forming with a different tool size in each stage. Unex-
pectedly, the multi-stage combination of a spiral toolpath
with a large tool, followed by a finishing toolpath with a
smaller tool, leads to additional bulging in the middle of
the flat wall of zone B (see KUL EXP #2 — stage 2 Fig. 34).

The tent effect can be further reduced by reprocessing the
two walls using a workplane rotation, as shown in Fig. 35.
However, this also leads to both more overforming in zone

— CAD model
— KUL EXP #5 - stage 7: without preshape and workplane rotation
— KUL EXP #6 - stage 8: with preshape and workplane rotation

a later step using workplane rotation (KUL EXP #6 — stage 8). The
alignment is based on the clamping rig
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B and a corner fold at the edge between the two walls, as this
edge is now the final forming line of the additional toolpath.

Reducing the pillow effect

As discussed in Sects."Benchmark part"and"Geometric
accuracy", the primary issue in the flat waist section (zone
D) is the accumulation of material, leading to the pillow
effect. The pillow effect is an unintended bulging of flat
areas, typically at the bottom or base of a formed sheet part.
The following sections explore various multi-stage strategies
to mitigate these inaccuracies in zone D, focusing on process
parameters, tool path strategies and intermediate shapes to
achieve better geometric accuracy.

Increasing the tool diameter

As was described in conjunction with single-stage forming
(Sect."Tool diameter"), a larger tool diameter reduces the
pillowing or bulging effect. As can be seen in Fig. 36, a high
deviation can be spotted in the middle of the waist section
for KUL EXP #1 with a tool of 10 mm, where a corner fold
at the edge between the concave and flat area propagated
through the flat area. The experiments shown in this figure
were conducted by means of a robotic arm, which has a

— CAD model

* KL EXP @1 tal 10 mm
; — KL EXP 82 - staga 1 ool 25 mm
z — KLIL EXP #2 - stage 2 food 26 mm + 10 mm

Fig.36 Resulting deviations from the CAD geometry for KUL EXP
#2 — stage 2, a multi-stage experiment using a spiral toolpath with a
25 mm tool, followed by the same toolpath with a tool of 10 mm,
compared to the single-stage experiments that applied these two tool-
paths separately (KUL EXP #1 and KUL EXP #2). The sections are
taken at the location where the waist is the smallest, at y=—10 mm.
The alignment is based on the clamping rig

Fig. 37 Resulting deviations
from the CAD geometry for

(a) the experiment with a 30
mm tool following a spiral
toolpath with different step sizes
(Fraunhofer IWU EXP #1) and
(b) the multi-stage experiment
where, before forming the previ-
ous experiment, an intermedi-
ate stage is performed with a
#60 mm tool and a rubber pad
(Fraunhofer IWU EXP #2). The
alignment is done with a best-fit

(a) Adaptive toolpath with 30 mm tool

@ Springer

lower stiffness than a typical CNC machining center frame.
Due to this difference in stiffness, the propagation of the
corner fold is more prominent with the less-stiff robotic arms
than occurs with a CNC machining center frame.

While the 25 mm diameter tool (KUL EXP #2 — stage
1) improved geometric accuracy compared to the 10 mm
tool (KUL EXP #1), it was too large for the edges and still
resulted in underforming. Therefore, a second finishing
pass with a smaller 10 mm diameter tool was applied after
forming the part with a 25 mm diameter stylus (KUL EXP
#2 — stage 2), as shown in Fig. 36. However, this approach
of applying the same toolpath with a smaller tool in a sec-
ond stage did not significantly reduce the pillow effect and
even led to additional unwanted deviations due to rigid body
motion.

Another approach, where an intermediate stage is added
with a large diameter tool, was investigated by Fraun-
hofer IWU and Chemnitz University of Technology. In
this experiment, the blank is pre-stretched by pushing it
22 mm in the negative Z-direction in the middle of the
geometry (at x=0 and y =0), using a large 60 mm diam-
eter tool with a rubber pad in the contact area between
forming tool and sheet (see Online Resource 3). After this
global pre-stretching stage, the measured depth in the mid-
dle of the sheet due to the stretching step was 5 mm. In
the second stage, the geometry was formed with a 30 mm
diameter tool, as illustrated in Online Resource 3. The
results of this multi-stage experiment (Fraunhofer EXP
#2, Fig. 37 (b)) were compared to a similar experiment
without the pre-stretching stage (Fraunhofer EXP #1,
Fig. 37 (a)). Figure 37 indicates that Fraunhofer EXP #2,
the multi-stage strategy with a pre-stretching intermediate
stage, which also involved changing the toolpath in zone
D from a feature toolpath to a zig-zag toolpath (see Online
Resource 3), enhanced geometric accuracy in zones D and
E. The star-shaped deviations in zone D in Fig. 37 (a) are
corner folds due to the feature toolpath and are discussed

-6.00

-8.00

+2.81) N Abicb

(b) Prestretching with 60 mm tool and rubber pad
+ adaptive toolpath with 30 mm tool
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in Sect."Reducing corner folds and inaccuracies at the
edges", which addresses inaccuracies at the edges.

Adapting the toolpath

In conventional ISF, toolpaths typically follow the con-
tours of the shape at each Z-level, gradually forming the
part by tracing its outer edges. However, in the area-filling
Z-level toolpath, the entire sheet surface within the shape
boundary is progressively formed at each height level,
rather than just the perimeter. This strategy treats the part
as if it were a solid being milled, ensuring that both the
outer edges and the internal regions are incrementally
shaped within the XY-plane at each Z-level and leads to
reduced forming forces compared to regular Z-level or spi-
ral toolpaths. This approach was necessary, as the conven-
tional Z-level or spiral toolpaths in a single-stage approach
led to forming forces that were too large for the setup at
Lucian Blaga University of Sibiu. Using this approach,
instead of relying solely on the vertical stepdown to define
the forming resolution, an additional horizontal step size,
or scallop width, is used to control the spacing between
adjacent tool passes in the XY-plane. By repeatedly form-
ing the entire inner area multiple times at each Z-level, this
approach can be considered a multi-stage forming process,
where each Z-level pass represents an incremental forming
stage. Figure 38 shows that, in this case, slightly larger
values for the vertical stepdown and horizontal scallop
resulted in a higher overall geometric accuracy.

Invoking segmentation for intermediate shapes

Another possibility to avoid the formation of corner folds
caused by material accumulation and to eliminate the insta-
bilities at the waist section is segmenting the part into left
and right sides, thus avoiding the hourglass shape within a
tool contour. The first intermediate shape is designed by cut-
ting two planes through the shape, as shown in Fig. 39 and
detailed in Online Resource 3. This method allows the cor-
ners to be easily formed using a workplane rotation, ensuring
the toolpath starts from the already formed edges and main-
tains contact with the already formed sheet. A small overlap
is chosen to ensure the sharp edges of the first intermediate
shape are reprocessed. In these initial segmentation steps,
a preshape with a lower wall angle between zones B and
C is used to avoid formability issues when compensating
the part in later experiments. After the segmentation (stages
1-5 in Fig. 39) and the additional step to form the two walls
(step 6), backside forming of the concave areas (zone F) is
applied to undo the overforming. Figure 40 shows the result-
ing deviations compared to the single-stage experiment with
the same tool size. Measurements show that the proposed
strategy significantly improves geometric accuracy at the
waist section, primarily by reducing the bulging effect. By
making the tool contours in the first forming step rectangular
instead of the hourglass shape, the bulging or corner folds at
the edges around the concave areas are no longer propagated
to the waist section.

Multiple passes over specific areas

To improve the geometric accuracy at the waist section,
the University of Palermo employed a multi-stage strategy

. [mm]
10.00

(a) Area-filling z-level toolpath

be (b) 1 f‘

and

Fig.38 (a) Area-filling Z-level toolpath and the resulting deviations
from the CAD geometry after forming the sheet with (b) a vertical
stepdown of 1 mm and horizontal stepover of 4 mm and respectively
0.4 and 2 mm in the flat area (LBUS EXP #1) and (c) a vertical step-

0.4 mm vertical stepdown
& 2 mm horizontal scallop

-10.00

(c) 1 & 0.6 mm vertical stepdown
and 5 mm horizontal scallop

down of 1 mm and horizontal stepover of 5 mm up to half the full
depth of the part and respectively 0.6 and 5 mm afterwards (LBUS
EXP #2). The alignment is done with a best-fit
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Step 1-5: segmentation
Step 1: base shape Step 2-5: corners

Step 6: double angled
wall

Step 7-8: forming
from the backside

_—

Fig.39 Strategy for the experiment based on segmentation with backside forming (KUL EXP #6). All parameters and the toolpath strategies are

further described in Online Resource 3

(a) KUL EXP #2: single-stage

— CAD model

Fig.40 Resulting deviations from the CAD geometry for (a) the sin-
gle-stage experiment with a ¢25 mm tool (KUL EXP #2 — stage 1)
and (b) the multi-stage experiment based on segmentation with a 25

consisting of three stages: two spiral toolpaths and one pro-
jected spiral toolpath. The first stage involves a regular spiral
toolpath. After that, a spiral toolpath with an offset in the
negative Z-direction, applied only on zones D and E, and
a projected spiral toolpath on zones B, C, D, and E are
applied. This final, projected spiral toolpath is constructed
as a spiral in the XY-plane, which is then projected along the
Z-axis onto the 3D shape to be formed. This differs from the
regular spiral toolpath as discussed in Sect."Toolpath strate-
gies", as it is not a contouring toolpath based on Z-levels
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-10.00

— KUL EXP #2: single-stage
— KUL EXP #6: multi-stage segmentation

(c) Sectional comparison at y =-10 mm

(b) KUL EXP #86: multi-stage segmentation

mm tool (KUL EXP #6 — stage 8). The cross-sections are taken at the
location where the waist is the smallest, at y=—10 mm and the align-
ment is based on the clamping rig

with interpolation, but a surface covering toolpath that also
forms horizontal areas. Hence, a tool contour does not nec-
essarily stay within a small Z-level interval, but follows the
Z-heights of the shape. Two experiments were conducted to
study this multi-stage strategy: both started with the same
initial spiral toolpath, followed by the two stages described
above, but for the second experiment, stages 2 and 3 were
switched. In the first experiment, the stages were conducted
as outlined above, with an offset of 4 mm in the second stage
to compensate for the springback. In the second experiment,
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(b) UNIPA EXP #3

(c) Sectional comparison aty = -10 mm

— CAD model
— UNIPA EXP #2
— UNIPA EXP #3

(d) Sectional comparison at x = 0 mm

Fig.41 Resulting deviations from the CAD geometry and surface finish for (a) the spiral — spiral — projected spiral (UNIPA EXP #2) and (b) the
spiral — projected spiral — spiral strategy (UNIPA EXP #3) and (c) a sectional comparison at y=—10 mm. The alignment is done with a best-fit

steps 2 and 3 are switched and the offset of the spiral tool-
path focusing on zones D and E was increased to 8 mm
in the negative Z-direction based on the geometric accu-
racy (after a best-fit alignment) observed in the previous
experiments. This strategy and the parameters are detailed in
Online Resource 3. The deviations observed in Fig. 41 indi-
cate improved geometric accuracy in the waist section but
a much higher deviation at the edges of the concave areas.

Other strategies to minimize the pillow effect

Another common issue with flat areas is the high pillow
between the tool contours (see Fig. 17) when using a con-
ventional Z-level or spiral toolpath with constant verti-
cal stepdown. To address this, a constant scallop width or
height can be chosen instead, based on the smallest wall
angle at each Z-level section. Other options include using a
local zig-zag (e.g., Fraunhofer IWU EXP #2 and ULisboa
EXP #8 and EXP #9) or a feature toolpath in the flat area.
However, the latter may result in sharp direction changes
within the flat area, leading to corner folds as a result of
the pillow effect, as discussed later in Sect."Reducing cor-
ner folds and inaccuracies at the edges"on inaccuracies at
the edges. To correct overforming, backside forming can

be applied on specific areas. The University of Calabria,
for example, used an additional backside forming stage to
correct the overforming. Figure 42 shows the geometric
deviations before and after this additional backside form-
ing stage using a zig-zag toolpath on zones D and E. By
this backside forming step, they managed to decrease the
mean absolute deviation (after alignment with a best-fit)
from 1.42 mm to 1.13 mm.

Additionally, a large overforming due to bulging was
observed in all experiments in zone E, more specifically,
the area with a low wall angle and a slight curvature, close
to the clamping. A possible strategy to decrease the devia-
tion is by applying an additional forming stage from the
back. Figure 42 also shows that the backside forming step
significantly increases the geometrical accuracy in the
areas close to the edges of the benchmark shape. RWTH
Aachen used zig-zag toolpaths to reduce the pillow effect
and concluded that forming from flat to steep wall angles
(from zone E towards zone B) helps to guide material dis-
tribution away from areas with low wall angles, which are
prone to the pillow effect, as ISF tools push material in the
forming direction. Their experiments are further described
in Sect."Reducing overforming in concave areas".
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(a) Backside forming
toolpath

— CAD model
— UNICAL EXP #4: before backside forming
— UNICAL EXP #5: after backside forming

Fig.42 (a) Zig-zag toolpath used for the backside forming stage and
resulting deviations from the CAD geometry (b) before and (c) after
applying an extra step of backside forming on zones D and E for,

Fig. 43 Resulting deviations
from the CAD geometry for (a)
multi-stage experiment before
the backside forming step on
the concave areas, zone F (KUL
EXP #4 — stage 5) and (b) the
same experiment after backside
forming (KUL EXP #4 — stage
7). The alignment is based on
the clamping rig

(a) Multi-stage segmentation
before backside forming

Reducing overforming in concave areas

The highest overforming in the single-stage experiments was
always observed in the concave zones and can be tackled
using several strategies. One of the most straightforward
options is adding an additional stage to form these areas
from the backside, as discussed in Sect."Other strategies to

@ Springer

(b) before backside forming

(d) Sectional comparison aty = -10 mm

(e) Sectional comparison at x = 0 mm

[mm]
5.00
4,00

3.00

(c) after backside forming

respectively, UNICAL EXP #4 and EXP #5. (c) and (d) show cross-
sectional comparisons at y=—10 mm and x =0 mm. The alignment is
done with a best-fit

-10.00

(b) Multi-stage segmentation
after backside forming

minimize the pillow effect"and"Reducing overforming in
concave areas". Figure 43 shows the deviations from the
desired shape for KUL EXP #4 before and after backside
forming (respectively stage 5 and 7). As the deviations are
calculated after aligning the measured shape with the clamp-
ing rig instead of using a best-fit, the overforming (blue)
and underforming (red) of the process can be studied. As
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(a) Minimum deviation (overforming)

Fig. 44 Comparison of (a) the maximum overforming, (b) the maxi-
mum underforming, and (c) the interval range between the two maxi-
mum deviations for all zones, before (KUL EXP #4 stage 5, light

can be seen, the backside forming of the concave areas sig-
nificantly reduces the overforming in these areas (zone F).
However, this also leads to more underforming (red) at the
edges of the concave areas. Figure 44 shows the maximal
over- and underforming in each zone, as well as the differ-
ence between the two, the deviation width. These graphs
clearly show a significant reduction of the maximal over-
forming in the affected concave areas, but also an increased
maximal underforming in the formed area and surrounding
areas (zones A, D, E, and F) due to rigid body motion. The
difference between the maximal under- and overforming is
shown as the deviation interval width in Fig. 44 (¢), which
also shows decreased deviations in the reprocessed concave
areas (zone F) but an increase in the surrounding zones
A, D, and E. However, the geometric accuracy of the full
workpiece increases, with a lower deviation interval after
backside forming.

One of the strategies in which the concave areas were
formed from the back used a double-layer toolpath. This
was done to avoid creasing or cracking in this step, as the
maximum overforming before the backside forming stage
was more than 4 mm for a 300 X 300 mm workpiece. After
constructing a streamline toolpath that starts at the waist area
and ends at the sides (zone A), the same path is added with

Double-layer toolpath.
Layer spacing: 2mm

Tool of step.
Diameter: 15mm

(b) Maximum deviation (underforming)

(c) Deviation interval width

green) and after (KUL EXP #4 stage 7, dark green) the backside
forming stage on the concave areas (zone F). The alignment is based
on the clamping rig

an offset of 2 mm in the positive Z-direction (away from the
sheet) and can be seen as an additional intermediate forming
stage with an offset from the desired geometry, see Fig. 45.
Other experiments also applied a backside forming step with
more overforming than the experiment described above, but
these did not experience the cracking or creasing that was
observed here. This might be due to the difference in tooling
or setup, as a larger tool reduces the effect and eliminates the
need for this double-layer toolpath.

Backside forming shows to be an effective way to reduce
the overforming in concave zones. However, not all setups
allow for turning the sheet 180 degrees without unclamping
the part. Another possibility to increase the geometric accu-
racy in the concave areas was investigated at RWTH Aachen.
In one of their experiments, RWTH EXP #12, they formed
the part using three intermediate shapes constructed by off-
setting the geometry towards the inside with 30, 10, and 4
mm and applied a bidirectional Z-level toolpath to them. The
fourth or final forming step was done on the desired bench-
mark geometry with a zig-zag toolpath. In a second experi-
ment, RWTH EXP #13, a fifth finishing stage was added on
top of the strategy of EXP #12 by reprocessing the edges,
which is also discussed in the next section. A third experi-
ment, RWTH EXP #15, was conducted with the addition

Fig. 45 Visualization of the double-layer toolpath for the backside forming stages of SDU EXP #1

@ Springer



72 Page 32 of 57

International Journal of Material Forming (2025) 18:72

i

(a) Preshapes with offset
+ linear zig-zag

Fig.46 Resulting deviations from the CAD geometry for (a) RWTH
EXP #12, (b) RWTH EXP #13 (the same experiment with a finishing
pass of the edges as a fifth step) and (¢c) RWTH EXP #15, a multi-

of a concave curvature on the zig-zag toolpath in the fourth
forming step. The results after aligning the measurements
using a best-fit can be seen in Fig. 46. With mean absolute
deviations of 1.16 mm, 0.90 mm, and 1.53 mm, respectively,
RWTH EXP #13 with an additional finishing step on the
edges performs significantly better than the other two. Even
though EXP #15 led to better results for the concave areas in
zone F, a higher tent effect at the transition between zones B
and C can be observed (Fig. 46 (c)).

Another institute, the University of Lisbon, reduced over-
forming in the concave areas by applying a 10 mm offset
towards the inside of both concave areas (zone F). They
applied this compensation in their first forming stage of
ULisboa EXP #9, using a counterclockwise spiral toolpath.
In the next stage, the desired geometry was formed with
a spiral toolpath in the opposite direction (clockwise), fol-
lowed by a reprocessing (third) stage of the flat area in zone
D with a zig-zag toolpath. The final stage consisted of edge

— CAD model
— ULisboa EXP #8: without offset
— ULisboa EXP #9: with offset

Fig. 47 Cross-sectional comparison at x=100 mm and the surface
finish of the final workpieces for the multi-stage experiment without
(ULisboa EXP #8) and with (ULisboa EXP #9) an offset of 10 mm in
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(b) Preshapes with offset
+ linear zig-zag + edges

without offset

= [mm]

5.00
4.00
3.00

(c) Preshapes with offset
+ concave zig-zag

stage experiment with part-stock in the first three steps and a concave
zig-zag path in the fourth. The alignment is done with a best-fit

finishing with a smaller tool of 12 mm diameter. The effect
of the offset in the concave areas is evident in the cross-
section at x =100 mm (Fig. 47). However, this approach also
resulted in visible edges due to corner folds, a phenomenon
that is discussed further in the next section.

Reducing corner folds and inaccuracies at the edges

This section closely examines two observed problems: edge
inaccuracies and corner folds [14].

Increasing the geometric accuracy at the edges

As mentioned before, the geometric accuracy improves
with increasing tool diameter. The downside, however, is
that this reduces the accuracy at the edges, as the tool radius
is larger than the desired edge rounding. As discussed in
Sect."Reducing the tent effect"and shown in Fig. 34, adding

with offset

the concave areas (zone F) in the first forming stage. The alignment is
done with a best-fit
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(a) Compensated segmentation experiment
before reprocessing the edges

X

Z (c) Sectional comparison aty =-10 mm

Fig. 48 Resulting deviations from the CAD geometry for the multi-
stage segmentation experiment with compensation (KUL EXP #6
Compensated) (a) before (stage 8) and (b) after an edge finishing step

a finishing step on the full shape with a tool of smaller diam-
eter does not significantly improve the final geometry and
even results in more rigid body motion. However, reprocess-
ing only the edges with a smaller tool does help in achieving
higher accuracy. This leads not only to a higher accuracy at
the edges, as can be seen in Fig. 48, but also slightly less
underforming and more overforming in other areas, due to
rigid body motion.

Another creative solution to increase the accuracy of the
edges is by first forming the edges in 2D to crease the sheet.
This strategy is inspired by origami and cardboard form-
ing, as a way to decrease the local stiffness and induce local
deformations by applying the transition lines before form-
ing the workpiece. The experiments were done on a smaller
scale than the proposed one, with dimensions of 200 x 200
mm instead of the default 400 X 400 mm, as well as on a
micro-scale of 20 X20 mm. When comparing the single-
stage spiral toolpath with the multi-stage experiment using
2D sheet creasing, the 2D edge tracing showed an increased
geometric accuracy in the waist area (zone D) on the micro-
scale level, see Fig. 49. On a larger scale of 200 X 200 mm,
no significant effect between the single- and multi-stage
experiments could be observed. Unfortunately, only the
two-stage experiment with edge tracing before forming was
repeated in full scale (400 X400 mm), and no comparison
to the single-stage experiment can be made on this larger
scale. Hence, the micro-forming results show the potential

= [mm]

& 1.00

5.00
400

oo

2.00

(b) Compensated segmentation experiment
after reprocessing the edges

rbY

4 (d) Sectional comparison at x = 100 mm

with a 10 mm tool (stage 9). The alignment is based on the clamping
rig. (¢) and (d) show cross-sectional comparisons at y=—10 mm and
x =100 mm. The alignment is done with a best-fit

of edge tracing before forming the part, but this effect should
be further studied and optimized on a larger scale.

Reducing inaccuracies due to corner folds

As discussed before, this defect results from excessive
material accumulation, resulting in extreme and localized
bulging when systematic directional changes in feature tool-
paths result in discontinuities in the material displacement.
During the experimental campaign of this study, these cor-
ner fold effects were not only observed at the edges of the
formed workpiece, but also at sharp direction changes of the
toolpath in a relatively flat geometrical area, mostly in the
feature toolpaths (Fig. 50 and Fig. 51). Hence, sharp direc-
tion changes induce material accumulation at these toolpath
corners and result in a bulging effect, which shows as sharp
corner folds in areas that have a very low curvature.

Unfortunately, even after applying toolpaths on top of
the formed corner folds, the desired action of completely
unforming them cannot be achieved. Even though the edges
from previous steps are not always clear in the final devia-
tion plots, they are still visible to the human eye (Fig. 52)
and are clearly visible when comparing the thickness distri-
butions (see Sect."Process window").

In conclusion, corner folds are very difficult to remove
and should therefore be avoided. The key to this is
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(a) Single-stage spiral

(b) Multi-stage edge tracing
+ spiral

= [mm]
0.50
040
0.30

— CAD model
— NUS EXP #1 micro: spiral
— NUS EXP #2 micro: edge tracing + spiral

(c) Sectional comparison at x = 0 mm

Fig. 49 Resulting deviations from the CAD geometry for the experi-
ments at NUS on a micro-scale (20X 20 mm) (a) without (NUS EXP
#1 micro) and (b) with 2D edge tracing before applying a spiral tool-

(d) Sectional comparison aty =-0.5 mm

path (NUS EXP #2 micro). (¢) and (d) show cross-sectional compari-
sons at x=0 mm and y=-0.5 mm. The alignment is based on the
clamping rig

(a) Feature toolpath

(b) Zig-zag toolpath

Fig. 50 Corner folds due to the pillow effect showing at sharp tool direction changes in the (a, ¢) feature toolpath strategy versus the (b, d) zig-

zag toolpath for Fraunhofer IWU EXP #1 and #2

minimizing sharp changes of direction (mostly smaller than
90 degrees), both across tool contours and within one tool
pass, as is often the case in feature toolpaths. Hence, alter-
native strategies, such as zig-zag toolpaths, should be used.
In the first stage of the segmentation experiments from KU
Leuven, the corner folds were significantly reduced by hav-
ing a rectangular-shaped tool contour at a certain Z-level
instead of an hourglass shape. By reducing the pillow effect,
for example by increasing the tool size, the corner fold devi-
ations also decrease.

@ Springer

Influence of the scale effect

As a promising experiment on a smaller scale, the strategy
proposed by Shandong University showed successful results
with a part size of 300 X 300 mm. However, when scaling up
to the full dimensions of 400 X400 mm — conducted at KU
Leuven with the same tool size and machine type (a KUKA
robot arm) — failure occurred during the fourth forming
stage. This failure took place at the location of the inward
fold formed in the first forming stage. In the second and third
forming stages, the concave areas (zone F) were respectively
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Spiral toolpath

Feature toolpath

Corner-folds at the feature toolpath

Fig. 51 Corner folds due to the pillow effect arise at sharp tool direction changes in the feature toolpath, compared to the regular spiral toolpath

(KUL EXP #3 — stages 7 and 8)

(a) KUL EXP #6

(b) KUL EXP #6 Compensated

Fig. 52 Edges formed in previous steps are, even after forming the area again, still visible in the final shape

formed from the backside and the waist area (zone D) was
formed again with a zig-zag toolpath. However, in the fourth
forming stage, the steep wall in zone B was also reprocessed
with a zig-zag toolpath, moving from the edges of the CAD
model toward zone C. This approach led to material accu-
mulation and rigid body motion toward zone C, which was
halted at the inward fold due to the stiffness of the already
formed part (Fig. 53). As a result, failure occurred at this
already formed fold.

This experiment highlights that, when scaling up, using
the same toolpath and tool size can amplify unwanted
effects, leading to failure. Therefore, further research is
needed to determine appropriate scaling strategies for tool
size and step size in relation to part dimensions.

Process window

As extensive material stretching results in failure of the part,
a multi-stage approach can be used to enhance the process
limits by improving the material distribution and thereby
avoiding failure. In order to avoid failure in the steep wall of
zone B, or increase the geometric accuracy as discussed in

Sect."Reducing the tent effect"about the tent effect, an inter-
mediate shape with a lower wall angle can be used. Multiple
institutes did this independent of each other. The influence
of this preshape on the wall angle is visualized in Fig. 54,
where the part formed without a preshape showed the high-
est thinning at the wall of zone B, which leads to failure in
this area when applying mirror compensation. When using
an intermediate shape with a lower wall angle and applying
a toolpath with workplane rotation to form the two walls
of zones B and C, however, the thicknesses are much more
uniformly distributed in these areas. Conversely, the two tri-
angular areas at each side of zone A show a high decrease in
material thickness when using the preshape.

Increasing the overall geometric accuracy
with compensation

As described in Sect."Compensation strategies", the most
commonly used compensation strategy, referred to as mir-
ror compensation, is based on mirroring the deviations to
determine a new, compensated shape on which a toolpath
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(a) SDU EXP #1: Full scale: failure in stage 4

<+——— L ocation of failure in stage 4

tool when forming stage 4

-4.00

(b) SDU EXP #1: Small scale

— CAD model
— SDU EXP #1 - stage 1

(c) Sectional comparison at x = 0 mm

Fig. 53 (a) Failure after stage 4 when forming SDU EXP #1 on full
scale and (b) Resulting deviations from the CAD geometry at smaller
dimensions (300x300 mm). (c¢) Cross-section at x=0 mm of the

(a) Multi-stage strategy with preshape
and workplane rotation

CAD model and stage 1 of the full-scale experiment and pictures of
the location of failure after forming stage 4. The alignment is done
with (b) a best-fit and (c) based on the clamping rig

(b) Multi-stage experiment without (c) Multi-stage experiment with 110
preshape and workplane rotation preshape and workplane rotation 0560

Fig. 54 (a) Twofold approach of preshape addition and workplane rotation, with resulting thickness distributions (b) without (KUL EXP #5 —
stage 7) and (c¢) with using a preshape and applying a spiral toolpath with workplane rotation (KUL EXP #6 — stage 8)

can be applied. As an additional challenge in the bench-
mark design, applying mirror compensation in a single-stage
approach does not work for the proposed benchmark shape,
as this leads to exceeding the critical wall angle in some
areas, resulting in excessive strains and failure. Given that
compensation is a well-established method for improving
geometric accuracy, it was applied in a multi-stage setting
at KU Leuven. However, mirror compensation in a multi-
stage process is less straightforward than in a single-stage
approach. To ensure consistency, it is crucial to pursue the
same toolpath strategies for the compensated part as those
used in the original, uncompensated experiment that serves
as the basis for the compensation calculations. The com-
pensation experiment was conducted on the segmentation

@ Springer

experiment KUL EXP #6, described in Sect."Invoking
segmentation for intermediate shapes". In the first forming
stage, mirror compensation was applied based on the meas-
urements of the first stage of the uncompensated experiment.
This approach ensured that (1) zone E was already compen-
sated for in the first step, as it would not be formed again in
later stages, and (2) the cutting planes used for segmentation
remained as flat as possible after forming, ensuring proper
tool contact when forming the next stages with a workplane
rotation aligned with the cutting plane. For all subsequent
forming stages, the final geometry of the uncompensated
segmentation experiment was used and segmented with
the same cutting planes. Figure 55 presents the resulting
deviations for the two segmentation experiments, with and
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(b) KUL EXP #6 Compensated
— CAD model
— KUL EXP #6
— KUL EXP #6 Compensated
1—}\{ (c) Sectional comparison at x = 100 mm

z

Fig. 55 Resulting deviations from the CAD geometry for the multi-
stage experiment with a ¢25 mm tool based on segmentation and
backside forming (a) before (KUL EXP #6—step 8) and (b) after

without compensation, using the same tool and setup and
after aligning the measured geometry based on the clamp-
ing rig. As shown, the compensated multi-stage experiment
significantly enhances geometric accuracy, demonstrating
the effectiveness of this approach.

Comparison of the multi-stage strategies

The comparison of experiments across institutes has been
conducted after aligning the results using a best-fit approach
in GOM Inspect 2019. Experiments conducted on a smaller
scale or measured unclamped are not taken into account in
this figure, as an unscaled comparison would be deceiving.
The deviation distributions are presented in Fig. 56 as violin
plots, illustrating significant differences between the various
experiments.

Single-stage versus multi-stage forming. As discussed
in Sect."Single-stage SPIF", the worst geometric accu-
racy was observed in the single-stage experiment with a
10 mm tool (KUL EXP #1). A noticeable improvement was
achieved simply by using a larger tool diameter (KUL EXP
#2). Overall, the multi-stage experiments generally outper-
formed the single-stage ones, demonstrating the benefits of
using the versatility of incremental forming. However, multi-
stage forming does not inherently guarantee better geometric
accuracy. This is evident when comparing the UNIPA EXP
#2, a multi-stage experiment with a 14 mm tool, to KUL
EXP #2, a single-stage experiment using a 25 mm tool. In

(KUL EXP #6 Compensated—step 8) applying mirror compensation.
The sections are taken at x=100 mm and the alignment is based on
the clamping rig

these two cases, the smaller tool used in the multi-stage
experiment probably contributed to larger deviations.

Among all experiments, three showed the most compact
deviation distributions, with their mean deviation close to
0 mm:

e KUL EXP #6 Compensated. This approach combined a
segmentation strategy with backside forming and mirror
compensation. A 25 mm tool was used for all stages,
except for the final one, where a 10 mm tool was used to
reprocess the edges, ensuring improved accuracy.

e RWTH EXP #13. This method did not include backside
forming but utilized three intermediate geometries by
offsetting the desired geometry, followed by a linear zig-
zag toolpath from shallow to steep angles and a finishing
stage to reprocess the edges. All stages were carried out
with a 20 mm tool.

e UNICAL EXP #5. This strategy involved five forming
stages with a 12 mm tool, focusing on reprocessing spe-
cific areas, backside forming, and a zig-zag toolpath to
optimize material flow at low wall angles.

Figure 57 presents the geometric accuracy of these three
experiments, showing similar deviation ranges, though
the locations of deviations vary. Additionally, Fig. 58
provides images of the final geometries, where the edges
from previous stages are still slightly visible in most of the
experiments.
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Fig. 56 Violin plots of the resulting deviations to the CAD for the discussed multi-stage SPIF experiments, compared to two single-stage experi-
ments. All measurements are aligned with a best-fit in GOM Inspect 2019

(b) RWTH EXP #13 (c) UNICAL EXP #5

— CAD model
— KUL EXP #6 Comp
— RWTH EXP #13
— UNICAL EXP #5

>y (c) Sectional comparison at x = 100 mm

P

Fig. 57 Resulting deviations from the CAD geometry for the three multi-stage experiments with the narrowest error distributions: KUL EXP #6
Compensated, RWTH EXP #13, and UNICAL EXP #5. The alignment is done with a best-fit

Conclusion: multi-stage SPIF the proposed shape. The single-stage approach led to exces-
sive deformations that require targeted solutions depending

This benchmark study demonstrates that multi-stage form-  on the specific effect being mitigated. Multi-stage form-
ing is essential for achieving high geometric accuracy in  ing allows to effectively isolate and address individual
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(a) KUL exp 6 comp

(b) RWTH exp 13

outside / back

(c) UNICAL exp 5

Fig. 58 Resulting workpieces for the three multi-stage experiments with the narrowest error distributions, illustrating the achieved surface qual-

ity: KUL EXP #6 Compensated, RWTH EXP #13, and UNICAL EXP #5

challenges, thereby significantly improving overall accuracy.
Several key findings emerged from this multi-stage forming
research and are summarized in Table 5.

Moreover, the impact of the different machines used and
their corresponding stiffnesses on the obtained deviation
distributions remains an open question. The observed dif-
ferences suggest that some unwanted deformations may be
linked to the machine setups used, such as an unstiff articu-
lated robot versus a stiffer CNC machining center. Recent
work by Simoncelli et al. [103] supports this, demonstrating
that SPIF performed on a CNC machine yields higher geo-
metric accuracy than when performed with a robotic system.

Finally, compensation strategies remain an area for fur-
ther exploration. While mirror compensation has shown
promising results in improving accuracy, more research is
needed to refine these techniques and optimize their effec-
tiveness in a multi-stage forming process.

Other ISF techniques

This section highlights other ISF techniques and provides a
comparison to the SPIF experiments discussed above. The
focus is on techniques with full support by die (TPIF) and
partial support by using a pair of robots that form the part
simultaneously on both sides (DSIF). The influence of using
a full or partial support on geometric accuracy is investi-
gated. For this, the deviations in the distinctive areas of
the benchmark part will be discussed individually for each
strategy and a general comparison with the SPIF results is
presented.

Two point incremental forming

As discussed in Sect."ISF processes", Two Point Incremental
Forming (TPIF) refers to the technique of using a die on the
back side of the sheet. Partial or full support of the sheet
reduces tensile stresses and increases compressive stresses

in the part [104, 105]. The support reduces the tensile force
needed to achieve the required plastic deformation. This
often results in improved springback as the stress gradient
across the sheet’s thickness is reduced [106, 107]. Moreover,
the support of the corners improves deviations in areas of
curvature changes and reduces the tent effect. Unlike SPIF,
which does not require dedicated 3D tooling, in TPIF the
supporting die has to be designed and manufactured individ-
ually for each different part geometry, which compromises
the flexibility of ISF and increases tooling costs.

The TPIF experiments in this work were conducted with
a full die that follows the shape of the target geometry. The
setup is shown in Fig. 59. In addition, the forming side is
inverted. The clamping frame is mounted on a working table
that moves downwards synchronized with the Z-steps of the
ISF tool.

Four experiments were conducted, each with a differ-
ent TPIF strategy, as listed in Table 6. Strategy 1 refers to
single-stage forming with a Z-level toolpath. In Strategy 2
this single-stage forming is enhanced with stretching of the
sheet. Therefore, the working table has a continuous lead of
10 mm over the sheet in Z-direction to increase the contact
stiffness to the die and induce additional tension in the sheet.
Strategies 3 and 4 are multi-stage ISF strategies. Here, after
forming the sheet with a Z-level strategy similar to that used
in TPIF #1, the sheet is reformed with either a linear or
concave zig-zag forming path (Fig. 11). The aim of this is
to reduce deviations that may remain after the first forming
stage.

After the experiments, the specimens were 3D scanned
and analyzed by comparing the surface to the target geom-
etry as explained in the materials and method introduc-
tion and the measurement guidelines (Sect."Materials
and methods"and Online Resource 4). In this case, how-
ever, the alignment of the measurements is done based
on the highest point of the target part. The highest point
of the target is chosen as the reference since it is bound
by the die. It therefore takes the process into account and
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Table 5 Summary of the conclusion on multi-stage SPIF experiments for this benchmark study

Effect to be reduced

Location

Strategy/observations

Tent effect

Pillow effect

Overforming

Corner folds

Inaccuracies at the edges

Scale effect

Failure due to low process window

At discrete changes of wall angles (zones B and
©

At areas with low wall angles (zones D and E)

Highest at concave areas (zone F) or close to
the backing plate, at low curvatures and wall
angles (zone E)

At the edges of the geometry or at sharp changes
of tool direction

At the edges

Full geometry

At areas with high wall angles

Increasing the overall geometric accuracy Full geometry

e Increasing the tool diameter
e Forming the double-angled wall with a preshape
and workplane rotation

o Increasing the tool diameter. This can be com-
bined with pre-stretching the sheet

e Using an area-filling Z-level toolpath. However,
this comes at the cost of a substantial increase in
forming time

e Segmenting the shape by cutting out the corners,
to avoid an hourglass-shaped waist

e Multiple passes over areas with low wall angles
using adaptive, surface-covering toolpath strate-
gies, such as zig-zag toolpaths

e Forming from flat to steep wall angles helps
guide material distribution

o Applying backside forming. However, this also
leads to rigid body motion outside of the form-
ing area

e Using intermediate shapes with offset, formed
with a bidirectional Z-level toolpath instead of a
unidirectional one, and using a concave zig-zag
toolpath to form the final geometry

e Applying an offset in the first forming stage to
avoid high overforming

e Avoiding toolpaths with sharp direction
changes, such as feature toolpaths, that lead to
ripples or folds in the material due to bulging.
Alternative toolpath strategies include stream-
line or zig-zag toolpaths

o Avoiding sharp edges in intermediate shapes, as
once sharp edges or ripples are formed, they are
challenging to eliminate and remain visible

e Reprocessing the edges with a smaller tool in a
final forming stage

e Edge tracing in 2D before forming the final
geometry. However, this only seemed to work at
micro-scale (20X 20 mm) and should be studied
further

o Applying the same toolpath strategy with the
same tool size when upscaling the part size
can result in failure due to more pronounced
unwanted effects

e More research on the scale effect is needed
to determine guidelines for adjusting process
parameters such as the tool and step size

Using an intermediate geometry with lower wall
angles in this critical area

e Applying (mirror) compensation

e More research on additional, smart compensa-
tion can further increase the geometric accuracy
of the full geometry

provides a better result than the best-fit for comparing the
TPIF experiments to each other. The deviation measure-
ments are shown in Fig. 60 in unclamped state. For greater
clarity, only three experiments are shown because TPIF #3
and TPIF #4 did not show significant differences. Since
the alignment is not based on a best-fit, this figure shows
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the deviations of the process, and not just the final shape,
meaning that the negative deviations indicate underform-
ing and the positive deviations indicate overforming. Note
that this is the opposite of the representations in previous
sections because the forming side has been changed com-
pared to regular SPIF.
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outside / back inside / front

a) Die b) Set-up with clamping frame c) Finished sheet

Fig. 59 Setup of TPIF experiments

Table 6 Overview of the four TPIF experiments and their strategies In a first step of the analysis below, the TPIF experiments

- are compared with each other to investigate the influence
Experiment Strategy . . . .

of the different forming strategies. Then, a comparison

RWTH TPIF #1 Single-stage forming: bidirectional Z-level ~ between the best TPIF and an exemplary SPIF experiment

RWTH TPIF #2 10 mm pretension + bidirectional Z-level is conducted to highlight the different characteristics of the

RWTH TPIF #3 Two-stage forming: bidirectional two processes. Finally, a general deviation comparison of

Z-level + linear zig-zag toolpath all TPIF experiments to a selection of the best SPIF experi-

RWTH TPIF #4 Two-stage forming: bidirectional ments in this work is discussed using violin plots. For bet-

Z-level ig- toolpath . . .
evel+concave zig-zag toolpay ter comparability, moreover, the discussion of the results
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l > X e) Sectional comparison aty = 0 mm
V.4

Fig. 60 Surface comparison of TPIF strategies to target CAD part in unclamped state: Blue indicates underforming, red overforming. (d) and (e)
show cross-sectional comparisons at x =100 mm and y =0 mm. The alignment is based on the highest point of the geometry
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focuses on the effects described in Sect."ISF Challenges"to
discuss typical phenomena.

Reducing the tent effect

Recall that the concave areas (zone F) represent one of the
most challenging areas to form in this benchmark part using
SPIF. This difficulty arises from the transition between con-
vex and concave surfaces. When forming the adjacent, lower
regions of the part, the concave zones tend to flatten out.
This can be counteracted by backside forming, if the setup
allows for it, as addressed in Sect."Reducing overforming
in concave areas". The situation is different with TPIF: Due
to the full support on the opposite side of the ISF tool con-
tact, the concave zones can be formed deeper without affect-
ing the surrounding areas and vice versa. The tent effect is
reduced (cf. Sect."Geometric accuracy"). Comparison of the
presented TPIF strategies reveals that the deviations in zone
F can be reduced by employing multi-stage strategies using
linear or concave zig-zag toolpaths (see TPIF #3 and TPIF
#4). Indeed, accuracies of approx. 2.5 mm can be achieved
in this zone. However, the greatest improvement is seen with
the pretension strategy (TPIF #2). The deviations in the zone
F are in the range of —1 mm to 1 mm with an average of
—0.13 mm.

The tent effect can also be observed for the discrete
angle change (transition between zone B and C). This area
is prone to underforming in TPIF. This is particularly true
for the single-stage TPIF #1 strategy. Here, underforming
of approximately 4 mm is observed. Due to the pretension
in TPIF #2, the sheet is continuously stretched downwards
over the die, thereby increasing the stiffness in this area and
reducing the tent effect. As a result, underforming is reduced
by this strategy as the sectional view Fig. 60 (d) indicates.
The multi-stage strategies (TPIF #3 and TPIF #4) show
slight influence in this area. The deviations are reduced from
approximately 4 mm to 3.24 mm compared to the single-
stage strategy (TPIF #1).

Reducing the pillow effect and underforming in shallow
angled areas

Unlike in some single-stage SPIF strategies, TPIF pro-
duces no significant pillow effect in the flat waist area (zone
D). This highest section of the part shows different devia-
tions according to the different strategies, but it tends to
underforming. This is also attributed to the way the die is
designed: in this work, the die follows the form of the tar-
get part. Therefore, it is not possible to overform the sheet
as the tool would penetrate the die in clamped state. When
comparing the single-stage (TPIF #1) and two-stage (TPIF
#3 and TPIF #4) forming, the first strategy achieves better
geometric accuracy in zone D. The deviations there do not
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exceed 1 mm, compared to almost 2.5 mm underforming
for the two-stage experiments. Again, forming with preten-
sion (TPIF #2) results in the highest accuracy in this zone,
with a slight overforming of 0.3 mm. Regarding the low
wall angle area in zone E, all four TPIF experiments show
the same tendencies. This area contains the highest devia-
tion value of the full geometry, which is approx. 5.3 mm in
all TPIF experiments. In the unclamped state, this region is
lying below the target part with respect to the forming side
and is therefore underformed. This bulging effect could not
be significantly reduced with the strategies tested, although
the strategy using pretension (TPIF #2) slightly mitigated
the effect.

Increasing the geometric accuracy in areas with high wall
angles

When comparing the regions of high wall angles (zones A
and B), measurements indicate that all specimens except
TPIF #2 achieve underforming with deviations of approxi-
mately 2.5 mm with the alignment described. The two-stage
experiments (TPIF #3 and TPIF #4) have no significant
effect on the areas with high wall angles in zones A and B
compared to the single-stage experiment (TPIF #1). Apply-
ing a pretension before and during forming with a Z-level
toolpath (TPIF #2), on the other hand, results in higher accu-
racies with a maximum deviation of 0.8 mm in these areas.

Comparison to SPIF

Figure 61 shows a direct comparison between one of the best
SPIF experiments and TPIF #2 conducted at the same insti-
tutes. As discussed in the previous sections, the full support
on the opposite side of the ISF tool contact results in higher
accuracies in the zones C, D and F compared to one-sided
SPIF Significant deviations remain in the shallow zone E.
On the one hand, the deviations here were influenced by
unclamping the parts before scanning them. On the other
hand, this shallow yet wide area tends to bulge when being
formed.

By using the die, the edges of the part are formed without
any noticeable problems. The radii of the corners in the die
help to perfectly define the corner shape of the sheet. As a
result, the part contours appear sharper and more defined
than most parts formed using SPIF strategies. Tent effect and
other draw-in effects can be avoided by means of the support
and the shape constraint imposed by the die.

The violin plots in Fig. 62 show the overall deviation
distribution for all TPIF experiments and a selection of
the most promising SPIF experiments, as discussed in
Sect."Comparison of the multi-stage strategies". For better
comparability across the experiments, the TPIF results have
also been aligned by best-fit for this comparison. The KUL
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Fig.61 Direct comparison of RWTH EXP #13 (SPIF) and RWTH TPIF #2. The alignment is done with a best-fit
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Fig.62 Violin plots of the resulting deviations to the CAD for the discussed TPIF experiments, compared to the baseline and most promising

SPIF experiments. The alignment is done with a best-fit

EXP #1 experiment is also shown as a reference, as this was
the worst performing single-stage baseline experiment. The
deviations indicate that TPIF performs well in direct com-
parison with the best SPIF experiments. Compared to SPIF,
the greatest improvement in accuracy is in the lobes/bulges
(zone F). Geometric features such as edges are formed more
detailed and appear sharper and more precise. However, this
comes at the cost of higher deviations due to bulging, as
discussed in the beginning of this paragraph. Again, TPIF
#2 shows the best results out of the four TPIF strategies, as
the distribution is the most concentrated around a devia-
tion of 0 mm, achieving similar deviations to KUL EXP #6
with compensation. The experiments and results illustrate
one of the major differences between the SPIF and TPIF

approaches: TPIF achieves relatively high levels of geomet-
ric accuracy with a smaller number of trials, at the cost of a
more complex setup (e.g., a custom-made die), whereas the
opposite is the case for SPIF. Several trials and compensa-
tion strategies are required when applying SPIF to achieve
the same level of accuracy as the TPIF experiments, but the
process itself is more versatile and requires less preparation
of hardware.

Besides the comparison of deviations, more general
observations can be addressed here. For example, surface
quality is significantly improved with TPIF. The non-tool-
contact side of the part reaches quality levels comparable to
deep-drawn parts. Of course, the additional cost and effort
required to manufacture the die must be considered. This
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disadvantage especially accounts when applying compensa-
tion strategies to further increase the geometric accuracy, as
a new, modified die is needed. This increases the lead time
and costs for process iterations.

Double sided incremental forming

Double Sided Incremental Forming (DSIF) refers to a form-
ing technique where, in addition to the usual SPIF tool, a
second tool is introduced at the opposite side of the sheet
metal. The first tool retains the role of forming the sheet,
while the second tool traces the forming tool but acts as a
local support. Therefore, the process maintains most of the
advantages of SPIF while offering greater flexibility with-
out the need for dedicated tooling such as dies. It offers a
high degree of controllability of the geometric accuracy, as
compensation strategies, for example, can be easily imple-
mented. Of course, the machine setup and process planning
are more complex, and the backside of the part must be
accessible.

Only limited DSIF experiments were performed as part
of this work. Due to machine range limitations, only tests
with a reduced component size (150 mm X 150 mm) could
be carried out. Therefore, reliable conclusions can only be
drawn from the internal comparison of this DSIF test with
a single-stage SPIF experiment on the same setup. A direct
comparison with the other SPIF components of this work is
therefore not provided. The DSIF setup used in this work is
shown in Fig. 63.

The deviations for both SPIF and DSIF experiments are
shown in Fig. 64. As for the results, the direct comparison
of the part formed once with SPIF and once with DSIF is
discussed according to the zones of the target part. Because
no significant differences occurred in zones A, B, C, and

Fig.63 (a) Setup for DSIF
machine, (b) schematic of
DSIF for forming a truncated
cone, and (c) toolpath strate-
gies for forming the benchmark
geometry
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E, the discussion focuses on the flat waist (zone D) and the
concave regions (zone F).

Reducing the pillow effect

The largest underforming, due to the pillow effect, occurs
in the flat waist area (zone D) for the single-stage SPIF
experiment (Northwestern EXP #1). With the double-sided
forming (Northwestern DSIF #1), the deviations were sig-
nificantly improved from —2.44 mm to —0.88 mm. This can
be attributed to the use of a supporting tool that allows form-
ing of areas without flattening the adjacent sections. The
same can be observed for the contours between zones D and
F. With DSIF, these edges were less underformed, which
implies they appear sharper and less flattened.

Reducing overforming in concave areas

The most obvious difference between the two strategies
compared is found in the concave zones. When using SPIF,
high overforming of approximately 4 mm occurred in these
concave areas for a small-scale (150 X 150 mm) experiment
at the same institute. This effect is also observed for multiple
single-stage SPIF experiments on the full scale, as discussed
in Sect."Reducing overforming in concave areas". The DSIF
strategy prevents this flattening, as the pair of tools allows
the concave zones to be formed deeper without flattening
the unformed regions.

Conclusion TPIF and DSIF

Both alternatives to SPIF presented here, TPIF and DSIF,
showed promising results for the specified benchmark part.
In both cases, improved geometric accuracy in certain areas
of the part was achieved compared to the corresponding

Forming
tool
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Fig. 64 Surface comparison of the smaller scale (150x 150 mm) benchmark part formed with (a) SPIF and (b) DSIF in unclamped state. The

alignment is done with a best-fit

Table 7 Summary of the TPIF experiments conducted in this benchmark study

Effect to be reduced Location

Strategy

Tent effect

Pillow effect/bulging
D and E)

Inaccuracies at the concave areas At concave areas (zone F)

Underforming at high wall angles At areas with high wall angles (zones A and B)

Inaccuracies at the edges At the edges

Overforming /

At discrete changes of wall angles (zones B and C)

At areas with low curvature and wall angles (zones

o The tent effect is much less outspoken than in SPIF,
as the die helps making the discrete change in angle
e Underforming is an issue though, but can be reduced
by adding an additional forming stage with a linear
or concave zig-zag toolpath or by applying preten-

sion
o The single-stage TPIF experiment with pretension
gave the best results

e Bulging is very high in the low wall angle area in
zone E, showing severe underforming in all TPIF
experiments

e The proposed strategies did not manage to signifi-
cantly reduce the underforming due to bulging,
although the experiment with pretension led to a
slight reduction

All TPIF experiments led to increased accuracy in the
concave areas. The strategy with pretension gave the
best results

Applying pretension before and during forming helps
to increase the geometric accuracy at areas with high
wall angles

The edges are formed without any noticeable prob-
lems, thanks to the support of the die. This results in
sharper contours

Not present in TPIF, as the die prevents the sheet from
overforming

SPIF parts. A summary of the experimental outcomes is
shown in Table 7 and Table 8. As mentioned above, DSIF
was only compared on a smaller scale to a single-stage SPIF
experiment, so its performance compared to an optimized,
full-scale multi-stage SPIF approach remains uncertain.

Overall, the benchmark experiments showed that TPIF, on
the one hand, leads to higher accuracy in areas with changes
in curvature. In addition, the contours are formed sharper
and the surface quality on the backside of the sheet improves
significantly. SPIF, as well as DSIF, on the other hand, allow
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Table 8 Summary of the DSIF experiments conducted in this benchmark study

Effect to be reduced Location

Strategy

At areas with low wall
angles (zones D and E)

Pillow effect

Inaccuracies at the concave areas At concave areas (zone F)

The pillow effect is much less apparent than in the single-stage SPIF experiment

A higher accuracy can be reached in the concave areas with a DSIF toolpath

strategy, compared to single-stage SPIF

Inaccuracies at the edges At the edges

The edges are formed more accurate than in the single-stage SPIF experiment,

thanks to the supporting tool

for compensation strategies without the need of modifying
a die. This way, these strategies can be further optimized to
be more accurate, while TPIF does not offer this opportu-
nity easily. With TPIF, iterations for improvement are more
challenging and expensive due to new or modified dies. A
conclusive statement as to whether TPIF and DSIF are fun-
damentally more accurate than SPIF cannot be made due to
a high variety of influencing factors. However, the myriad
experiments suggest that TPIF tends to result in greater
underforming, while SPIF tends to more overforming. The
effect of springback cannot be completely excluded, as the
TPIF experiments were analyzed unclamped. Due to the die
support, TPIF can achieve better results in the first trials and
especially for geometries with curvature changes, but SPIF
might utilize its flexibility and improve accuracy in further
iteration steps using compensation strategies.

Simulations

Two institutes (the University of Michigan and the AGH
University of Krakow) carried out numerical investiga-
tions based on finite element (FE) analysis to enhance the
discussion for the ISF Benchmark study. The development
of the SPIF numerical model was based on the guidelines
already available in literature, e.g. [4]. As mentioned in
Sect."Simulation of SPIF: Finite element modeling", FE
modeling of ISF is well established. The 2021 ESAFORM
Benchmark [108], as well as a review by Duflou et al. [2],
provided guidelines for deep drawing and SPIF simulations
with Hill 1948 yield functions, associated flow rule, and
isotropic hardening for the accurate prediction of part shapes
based on Lankford coefficients at 0°, 45°, and 90°. Addition-
ally, the NUMISHEET SPIF benchmark [86] indicated no
particular trend in result quality when using the implicit/
explicit schemes during numerical approximation. The lit-
erature also suggests that classical shell-type FE meshes
have limitations in accurate predictions of through-thick-
ness 3D stress/strain fields during SPIF, and 3D solid ele-
ments should be applied if possible, although this is known
to increase computational costs. The role of proper model
discretization has been extensively investigated in literature
as well: see e.g., [85].
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Thus, given the complexity and scale of the ESAFORM
2024 benchmark part geometry, the current research paid
particular attention to the evaluation of the possibility of
developing a high-fidelity FE model to achieve optimal pre-
dictions of the geometric accuracy while balancing computa-
tional costs. Therefore, the research focused on comparative
analysis of solid and shell elements and using high-perfor-
mance computing center capabilities. Subsequent steps for
developing such a high-fidelity FE model are presented in
the following sections.

Material characterization

The AAS5754 sheet behavior under the investigated pro-
cess conditions was evaluated in the first step to adjust the
complexity of subsequent material characterization and
modelling techniques. The primary issue was the possibil-
ity of temperature increase due to deformation heating that
could affect material flow characteristics. For that reason,
the University of Sheffield carried out a single point form-
ing operation under the observation of a thermal camera. A
smaller sample size of 100X 100 mm was used during the
experiment to magnify the heat increase effect as presented
in Fig. 65.

As presented, due to the nature of the process and the
investigated material, the sample remains at near room tem-
perature throughout the entire forming operation, which
indicates that the effect of temperature on material harden-
ing behavior can be neglected in this case.

Therefore, in the second step, the target material was
characterized at the University of Michigan based on uni-
axial tensile tests on flat sheet specimens at room tempera-
ture to provide sufficient data for the development of the
numerical model. Specimens conforming to the ASTM ES8
standard, with a 50 mm gauge length and 12.5 mm width,
were utilized. The as-received sheet was cut at 45 ° intervals
relative to the rolling direction (RD) and tested at a strain
rate of 0.001 s~! using an MTS Insight 10 Mechanical Tester
at the University of Michigan. The orientation of the speci-
men relative to the RD is denoted here with the symbol of
0. Each orientation was tested three times to ensure repeat-
ability, and the results were subsequently converted to true
stress and true strain.
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Fig. 65 Temperature field measured after (a) 5 min, (b) 10 min, and (¢) 20 min of the 22-min forming process
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Fig.66 Anisotropy of the AA5754 sheet tested at UM: (a) true stress — true strain curve of the sample in uniaxial tension in each direction; (b)
width strain vs. thickness strain in uniaxial tension along each direction measured using DIC

A mechanical extensometer and 3-D Digital Image
Correlation (DIC) system coupled with VIC 3D soft-
ware were employed for accurate strain measurements
(axial strain and width strain). With this approach, the
stress—strain curve (Fig. 66 (a)) and Lankford coefficient
r (the width-to-thickness strain ratio) were determined in
each main loading direction. The Lankford coefficients
were calculated in accordance with ISO 10113:2020.
Based on material incompressibility, a plot of width strain
(&,,) versus thickness strain (£53) was created, as seen in
Fig. 66(b).

A linear regression performed within a selected range
was used to estimate the r-values. This analysis resulted
in average r-values from the three repetitive tests in
each main direction: 7y = 0.6539, r,5s = 0.8799, and ry,
= (0.6840, which were further used in the material model
development stage.

Material model development

The appropriate selection and identification of the mate-
rial model are essential for accurately representing the
material behavior in the numerical simulation of form-
ing processes [109]. Importantly, the stress and strain dis-
tributions in SPIF are more complex and nonlinear than
conventional sheet metal forming processes, such as deep
drawing or hydroforming. While the constitutive equations
in simpler processes can often be simplified for analytical
solutions, the intricate deformation mechanisms in SPIF
necessitate a more sophisticated approach to material mod-
elling in FE modelling to ensure accurate predictions. As
mentioned, different yield functions and hardening laws
can be employed, ranging from simple von Mises yield cri-
teria with isotropic hardening to more complex anisotropic
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Table 9 Set of parameters for hardening law

Loading direction [°] Swift isotropic hardening

n[-]
0.25

K,[MPa] £ol-]

0 (RD) 408.52 0.001

Table 10 Anisotropy coefficient for the
obtained based on r-values

Hill 1948 yield function

F G H N

0.5780 0.6046 0.3953 1.6320 - -

yield functions (e.g., Y1d2004-18p [110]) with kinematic
or distortional hardening laws [84].

Isotropic hardening was selected for this investigation as
it is widely used to describe behavior in the plastic defor-
mation regime under monotonic loading conditions or for
processes that do not involve cyclic loading conditions. The
isotropic hardening was described by the Swift law [111]:
Y(€") = Ko(eo + )" (1)
where K, €,, and n are material properties, and € is the
effective plastic strain. The parameters for the Swift hard-
ening law, based on tensile test data at O °, are provided in
Table 9.

The Hill 1948 yield function [87], an orthotropic exten-
sion of the isotropic von Mises yield criterion, was chosen
due to material testing constraints, which is expressed as:

i = \/F(czz - 633)2 + G(o33 — 0'11)2 +H(oy; — 0'22)2 + 2L0'223 + 2M¢7'§1 + 2No'122
@)

Here, the material parameters F, G, H, L, M, and N are
constants characterizing material anisotropy. These ani-
sotropic parameters can be determined using either yield
stresses from uniaxial loading along 0°, 45°, and 90° ori-
entations or Lankford coefficients at the same orientations.

The Lankford coefficient is representative of sheet thin-
ning during the forming process, and focusing data set iden-
tification on stress can generate Lankford prediction val-
ues that diverge significantly from experimental ones. The
respective analytical formulas based on the associated flow
rule are as follows:

— "o
90 ( 11+ To )

I+r,
o
- I+r,
N = (r0+r90)(r45+0.5)
roo(14rp)

3

Table 10 provides the parameter values, where the L, M,
and N values are assumed to be equal, as it is exceptionally
challenging to perform experimental tests on sheet samples
to measure through-thickness shear.

It is worth noting that the ability to introduce an objective
function to determine parameters using numerical methods
with both experimental r-values and yield stresses in more
than three orientations was demonstrated in a previous study
by the authors [90]. Finally, the experimental and predicted
r-values in each direction are presented in Fig. 67 (a), while
the Hill 1948 yield locus with experimental data is shown
in Fig. 67 (b).

Initial and boundary conditions

After the material characterization stage, numerical simu-
lations of SPIF were developed within the commercial FE
software Abaqus, exploring the role of part discretization
on the resulting accuracy and corresponding computational
cost. The developed numerical models include three key
components: a hemispherical tool, a clamping system with
a stationary blank holder and a supporting frame, and a
1.5 mm thick aluminium sheet.

The ball nose tool represents the CNC tool, which follows
a pre-programmed path used in the experimental setup. The
clamping system prevents the free movement of the sheet

Fig. 67 Prediction of (a) Lan- 10
ford coefficient values by Hill
1948 with the experimental data
and (b) Hill 1948 yield locus

in RD—TD orthotropic plane
stress based on the obtained
parameters
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Fig.68 Assembly and indi-
vidual components of the
developed SPIF model

7 “%ﬁ\“\

during deformation. A clamping pressure was defined to
match the experimental conditions according to the guide-
lines from [112]. The supporting frame is fully fixed in 3D
space. The final assembly and individual components of the
SPIF process model are illustrated in Fig. 68.

The material behavior was modelled using the Hill 1948
constitutive equation and isotropic Swift hardening model
as described in Sect."Material model development". A
Coulomb friction coefficient of 0.025 was used between the
tools and the sheet. The Abaqus/Explicit solver, with prop-
erly selected mass scaling, was employed to ensure accu-
rate results and avoid any potential unphysical artefacts. The
analysis was conducted using shell elements with a different
number of integration points and different sizes, as well as
with solid FE elements of different sizes.

Model setup accuracy study

Classical shell elements are computationally less intensive
than solid elements because they have fewer degrees of free-
dom, making them ideal for large-scale simulations where
computational costs must be minimized. Shell elements are
specifically designed for thin structures, making them more
accurate in representing the bending and stretching behav-
iors typical in SPIF processes. However, as already pointed
out, shell elements are less effective when the thickness of
the sheet metal plays a significant role in the forming pro-
cess. Also, detailed handling of complex tool-sheet interac-
tions, especially at sharp part corners, is also a limitation.

On the contrary, solid elements are used to discretize the
entire volume of a structure, allowing detailed stress state
predictions throughout the thickness of the sheet. As result,
solid elements can accurately represent complex part geom-
etries or tool-part interactions and eventually identify poten-
tial failure events like thinning or tearing. However, solid
elements are more computationally demanding than shell
elements as they require more degrees of freedom to simu-
late the entire volume of the material. This leads to extensive
simulation times and high memory usage.

SPIF Assembly Blank Holder

Force, N l

Supporting Frame

Hemispherical tool U(X=0,Y=0,7=0)

The compromise between the two approaches may be
the use of shell elements with multiple integration points
called multi-layered shell elements. This type of FE element
incorporates multiple integration points through the thick-
ness of the element, allowing it to capture gradients in stress,
strain, and other physical properties across the thickness of
the sheet. The effect of increasing the number of integration
points in shell elements for the investigated case study is
shown in Fig. 69.

Figure 69 confirms that simulation accuracy based on a
single-integration-point shell element provides the worst
accuracy. At the same time, results obtained from meshes
with three or more integration points are comparable.
Therefore, shell elements with three integration points were
selected for comparison with the solid FE mesh to limit the
computational time.

A comparison between the accuracy of the obtained
results with respect to the computational cost is presented in
Fig. 70. For this comparison, four different FE element sizes
were used to also evaluate the role of the mesh discretization
level on the results accuracy.

These results indicate that the solid FE elements bet-
ter reflect the experimental results than the shell elements.
Interestingly, the results from shell elements are closer to
the input CAD geometry. However, the differences between
the two mesh types are generally insignificant. In both cases,
slightly better predictions are obtained for finer meshes,
however, with a significant increase in the simulation times,
as shown in Fig. 71. Simulations were completed using 180
cores, each specified to be 3.0 GHz Intel Xeon Gold 6154
processors.

To summarize, in SPIF, where the sheet metal under-
goes significant plastic deformation and thickness varia-
tions, using shell elements with multiple integration points
allows for a quite accurate prediction of these phenomena
while still maintaining a relatively low computational cost.
This is especially useful in cases where the material’s
behavior across its thickness needs to be captured, but the
full complexity of solid elements is not justified. However,
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Fig. 70 Shape prediction accuracy with an increasing number of integration points in shell elements (a) horizontal and (b) vertical cross-section
shape. The part (UMICH EXP #1) was scanned while clamped, and profiles were aligned using a best-fit

it must be emphasized that, although such shell elements
improve accuracy over traditional shell elements, they still
may not capture the detailed behavior that solid elements
can, particularly in cases of extreme deformation or when
very fine resolution is needed across the thickness.

Conclusion

As a collaboration among 15 research institutes, the ISF
benchmark 2024 project, of which the results are presented
in this paper, formed an excellent opportunity to compare
experimental output obtained with different setups and
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using different process variants and processing strategies.
Furthermore, the need to liaise between different bench-
mark partner institutes stimulated the participants to work
towards:

1. uniform data exchange formats, as implemented in the
ISF database platform.

2. non-ambiguous measurement guidelines that allow
result comparison across institutes.

3. standardized nomenclature of the systems and phenom-
ena observed in the studied processes.

By reporting these results in this paper, the participants
hope to contribute to more efficient collaborative efforts in
the domain of ISF in the years to come.

Besides these achievements with respect to facilitation
of research exchange, the joint efforts led to some valu-
able knowledge development, which is summarized in the
conclusions formulated below. More detailed conclusions
with respect to the different phenomena observed in the
ISF variants tested can be found at the end of the respec-
tive corresponding sections, specifically Sects."Single-stage
SPIF"through"Simulations". A comparison between the
studied process variants is provided in Table 11.

e Although a challenging, large scale geometry of
400 % 400 mm was chosen for this benchmark project,
known to lead to typical unwanted deformation problems
such as bulging in semi-flat features and tent effects in
areas with changing slopes, qualitatively useful parts
could be produced with good surface quality, while the
absolute dimensional accuracy is still open for improve-
ment, with maximal deviations of around 3 mm for the
best experiments.

Table 11 Overview of the strengths and weaknesses of the ISF process variants, as observed in this study

Incremental Sheet Forming

Single Point Incremental Forming (SPIF)

Other ISF techniques

TPIF DSIF

Single-stage SPIF

Multi-stage SPIF

STRENGTHS o Flexible setup o Flexible setup
o Eliminates the need for costly e Eliminates the need
dies for costly dies
o Enables fast forming times e Achieves higher geo-
metric accuracy than
single-stage forming
e Can enhance forming
limits for parts with
high wall angles
WEAKNESSES e Unable to achieve sufficient e High process plan-

geometric accuracy

ning complexity

e Longer forming times
compared to single-
stage forming

e Maximum geometric
deviations in this
study remain around
3—4 mm

e Achieves good geometric accu-
racy more easily, comparable
to multi-stage experiments

e Provides greater precision in
concave areas when backside
forming is not feasible

o Produces sharper, more accu-
rate edges

o Well-suited for rapid prototyp-
ing

o Less flexible and more costly
setup due to the need for a
tailor-made die

o Increased underforming

e Limited flexibility for further
improvement, as a new die is
needed for each compensation
iteration

e Maximum geometric
deviations in this study remain
around 5 mm

e More flexible setup com-
pared to TPIF

o Can reduce reliance on
complex, multi-stage pro-
cess plans

o Delivers higher geometric
accuracy in concave areas
compared to single-stage
SPIF

e More complex setup
requiring advanced hard-
ware and powerful real-
time control software

e No conclusive results avail-
able at full-scale imple-
mentation
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e The chosen comparison method plays a major role:
absolute accuracy with respect to the clamping rig edges
facilitates straightforward comparison based on the pro-
cess variant used and allows unambiguous identification
of over- and underforming, while a best-fit alignment
results in a lower mean deviation.

e  When comparing the results obtained with different ISF
variants, a clear trade-off situation can be observed: the
relative simplicity of a SPIF setup corresponds to sub-
stantial undesirable deformations that cannot be over-
come with a single-stage toolpath strategy. However,
more sophisticated multi-stage toolpaths allow to achieve
qualitatively attractive parts using the limited degrees of
freedom of a SPIF setup. On the other hand, alternative
process variants that impose additional constraints on the
sheet to be formed, typically produce parts that closely
approximate the intended CAD geometry with relatively
simple toolpaths, at the cost of a more complex setup.
A more in-depth comparison across the ISF variants is
available in Table 11.

e Process simulation could be a powerful tool to avoid
excessive iterative experimental toolpath optimization
procedures, but the heavy computational load of these
simulations remains a major constraint for systematic use
of simulations in replacement of iterative experimental
procedures. Modelling styles reducing the computational
load also reduce the accuracy of the simulation results,
although multi-layered shell elements offer a promising
trade-off option in this context.

While this benchmark study has provided valuable
insights into the performance of ISF, several paths remain
open for future exploration. Notably, the absolute accuracy
of parts produced with SPIF is still open for improvement:
although various toolpath strategies have been quite inten-
sively explored in terms of toolpath types and processing
sequence, the opportunities offered by dimensional compen-
sation, using simulation, prediction, or feedback procedures,
were not intensively investigated in this study.

The scalability of ISF experiments proved not to be
straightforward and remains a critical challenge. Experimental
results across different workpiece scales have demonstrated
non-trivial variations, underscoring the importance and under-
standing of scale effects. An in-depth study of scale laws
could facilitate more efficient use of small-scale experiments
for optimizing process plans, ultimately contributing to more
robust and cost-effective industrial applications.

Furthermore, the development of systematic, multi-
stage process plans for complex and hard-to-form geom-
etries, as targeted in this benchmark study, highlights the

@ Springer

need for advanced, knowledge-based support tools. Future
work should focus on the creation of computer-aided pro-
cess planning systems that contain expert knowledge.
These tools should be capable of feature recognition, pre-
diction of undesirable deformations, and the generation
of adaptive toolpaths that incorporate known mitigation
strategies for problematic regions. Such advancements
are a challenging task, but could significantly enhance the
industrial applicability of ISF.

Additionally, further research should investigate the
influence of different setup configurations on process per-
formance and outcomes. Understanding how these setups
affect forming behavior and geometric accuracy could
guide more effective equipment selection and the choice of
toolpath strategies. Moreover, assessing the repeatability
of results across dissimilar setups would provide valuable
insights into process robustness and reliability, which are
essential for industrial adoption.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12289-025-01928-1.
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