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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 congarperimental outputs from various setups and iftggratrategies in

ISF. This collaboration led to the development of uniform data exchange formats, measurement guidelines, and standardizec
nomenclature, fostering e cient future collaborations. The project addressed challenges in geometric accuracy when form
ing a relatively large part (400 x 400 mm) using Single Point Incremental Forming (SEIfocased on multiple common

pitfalls in ISF, in particular the tent e ect and pillow e ect. 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 e ective 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 stud
highlighted the need for multi-stage strategies that focus on local e ects, 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, asipihg the importance of predictive simulationl$ao further increase
geometric accuracy. The scalability of ISF experiments remains a signi cant 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 recti ed: otributions
Incremental sheet forming (ISF) like multi-stage forming allowed to extend the process win

dow, enabling the capacity to create steep forraimgjes,
Incremental sheet forming (ISF) has been the subject @fhile heat-supported process variants facilitated forming
rather intensive research for more than two decades, drivefimaterials with limited strainability at room temperature
by the seemingly low complexity of this exible forming [2]. Remaining process limitations in terms of geomet
technology 1]. In its most primitive form of implementa ric shape complexity and achievable workpiece accuracy,
tion, known as Single Point Incremental Forming (SPIF), thbowever, have tempered the enthusiasm for exploring the
limited hardware requirements can easily creaténtipees  limited complexity of the applied hardware con gurations.
sion that the process can be accommodated without substém response, many complex variants that facilitate counter
tial investments while entirely avoiding workpiece-speci c pressure, either by using well-designed static supportstruc
tures (Two Point Incremental Forming, TPIF) or additional
programmable tool capabilities (Double Sided Incremental
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Forming, DSIF), have been conceived and demonstratesimple ISF process variant. In addition to reporting the
The original attractiveness of the low cost, low complexityresults obtained from a wide variety of processing strategies,
of the pure SPIF implementation is, however, largely lost ithe authors also have the ambition to derive conclusions and
these developments, and the question is often raised whethecommendations with respect to advisable process plan
a well-optimized use of smart SPIF toolpaths could -obvining strategies and toolpaths for a broad spectrum of pos
ate the need for new and sophisticated hardware con guraible geometries to be produced with this exiblenfing
tions. The attractiveness of low-cost hardware requiremenfsocess.
and the absence of workpiece-speci ¢ tooling aréalsly
major advantages of SPIF that should be considered inGoal of the benchmark study
possible trade-o with the superior process control capabili
ties of the TPIF and DSIF variants. The complexity of thdSF knowledge building
process planning e orts required to optimize the output of
SPIF in terms of shape complexity and workpiece accuracyhe exibility of ISF is one of its key advantage$owever,
is an important consideration in such a trade-o exercise. this advantage is unfortunately challenged by its inherent
This study aims to conduct an in-depth exploration of theomplexity. The process has a multitude of degrees of free
capabilities and limitations of SPIF as a versatile forminglom in process control and encompasses a vast range of
process according to the present state of knowledge. For tiistential component geometries. However, the accumulated
purpose, a challenging workpiece geometry has been-identirocess understanding and empirical knowledge are still
ed that is impossible to produce in a straightforward wayinsu cient, especially for geometrically complex compo
with conventional toolpath strategies. A broad internationahents. Preventing undesired geometric deviations requires
team of researchers with expertise in ISF has been invitednsiderable process planning and often humerous trial-and-
for this in-depth benchmark exercise. They havdrdmrted error tests. This is particularly detrimental in low-volume
by exploring the limited degrees of freedom of Stileugh  production, where the planning and testing costs can only
well-optimized process planning strategies and imagininge allocated to a small number of components. If a fast and
di erent approaches. To ensure a systematic comparison eEonomical pathway is to be realized, from a designed com
the e ectiveness of the respectively proposed approachegpnent to an as-speci ed sheet-metal part, it will emerge by
the same grade, thickness, and sizes of the sheet materialsgstematically gathering knowledge and experience about
well as well-documented and reproducible toolpath speci the ISF process, especially regarding the large number of
cations and standardized measuring procedures, have bgmrssible component geometries as well as possible process
applied. This e ort has resulted in a valuable repositorysetups and parameter settings. Because individual research
of process data and derived measurement results that &ams struggle to build up this broad knowledge and experi
reviewed in this benchmark report. The major aim of thignce on their own, a collaborative learning approach was
joint e ort by 15 participating institutes contributing to 13 chosen. The idea was to use an online database for an inter
experimental inputs, see Tallgis to assess the state-of- national knowledge exchange between the world’s leading
the-art in mastering the versatility of SPIF as a seeminglgesearch teams and ISF users.

Table 1 Overview of the

AR . 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 She eld Participant TUOS
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Fig. 1 The di erent zones of x=0 x =100 55,7
the benchmark workpiece,
its dimensions [mm], and
its orthogonal and isometric
projections
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ISF database platform experience between researchers and end users, where the

data can also be directly referenced in discussions. This
The documentation of experience requires the systematiollaborative exchange platform tool can bridge the gap
and comprehensive collection of data regarding the cempbetween di erent research teams and PhD research gen
nents, corresponding processes and process results.-Experations. The database can also be used to systematically
ments and processes must be recorded in a structured medncument and moderate benchmark studies, such as the
ner to ensure their reproducibility by other ISF researchertudy described in this paper. Such benchmark studies
and users. The shared data indicate which components hawe a perfect trigger for collaborative learning and help
been successfully manufactured and which process parato e ectively advance the process knowledge. Regarding
eters were instrumental in achieving this. In addition, théhe prevailing development of data-driven methods, the
aim is also to document which components could not yetescribed detailed collection of process data and annotated
be produced and, ideally, to identify the underlying reasonwmetadata can enable machine learning to extract process
for this. boundaries for a wide range of geometry-materiatioio
In order to collect and exchange knowledge and expernations. Ultimately, the shared ISF data on the platform
ence on a very large scale with many ISF users, a web-basgil be used to generate novel insights into the underlying
databask[3] has been developed to facilitate the documencauses of geometric deviations and potential compensa
tation of users'own component and process datajidlgsis tion measures.
of data from other users, and the comparison of di erent
experiments in an accessible and systematic manner. TAgproach of the benchmark study
database enables the structured and visually responsive
processing of documented data. A major challenge in thBenchmark part
optimization of ISF is the complexity of the input and output
variables inherent in the process. The part geometry, tooh single benchmark geometry, identified by consensus
path, and resulting accuracy are complex three-dimensionainong the organizing committee members, provides an
data that cannot be simpli ed to individual parameterswith excellent way to combine the research experience built-
out a signi cant loss of information. This issuenist excld  up in incremental forming over the last two decades. This
sive to process optimization; it even poses a challenge in tigeometry is shown in Fid. and contains a combination of
pure documentation of processes. Other complex parametdestures that proved to be challenging in ISF. The geometry
include the (partial) supporting dies and the occurrence abnsists of four at surfaces with a discrete angle change, a
intermediate geometry data in multi-stage processes amstightly curved area with a low wall angle, and alwaist
potential preliminary process steps. All of these need to keection between two ellipsoidal segments, which is prone to
documented as three-dimensional data. instability in larger constructs. The geometry is provided to
The database and the integrated forum functiorwallo the participants in di erent data formats (STL, IGES, STP,
for an e cient and accurate exchange of knowledge andind PRT), and can be downloaded frbttps://www.isf-
exchange.com/aboutEsaformBenchmark/
The designed geometry looks simple, but it has been
1 https://www.isf-exchange.com shown to present ve critical challenges:
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* Tent e ect. A zone of discrete angle change (Fig.
between at zones B and C) leads to underforming o
the surface prior to the angle change (B) when preces
ing the area after the angle change (C). This e ect i
called the tent e ect and has been extensively studied [
and is discussed in Se&&ometric accuratlyCommon
remedies for this inaccuracy are to compensate for tt back side —
expected deviations prior to forming or to employ a die
support through two-point incremental forming.

* 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 fractur_.
Designing a part with wall angles close to the nmmaxn
achievable wall angle limits the solution space for comFig. 2 ISF setup for this benchmark study
pensation when the part is underformed due to the tent
e ect. Also, at areas with large wall angles are prone to
inward bulging (see SecGeometric accuracy. form the target geometry as accurately as possible. To ensure

* Pillow e ect. Shallow angled areas (zones C, D, E) areomparability of the results and to provide a common basis
susceptible to the pillow e ect, where the material infor exchanging experiences, the process boundaditemns
the center of the designed part bulges upwards due have been xed for the rst round of experiments. In this
compressive strains in the sheet. rst" basic trial,"only SPIF was allowed for forming, with

* Instability at the waist. The narrow waist in zone D can out the use of additional (supporting) tools or heat, except
cause instability in the sheet during forming. Especiallyffor a suitable backing plate to clamp the contour of the part.
in large parts, the sheet will tend to rotate around thit addition, no post-treatment other than the trimming pro
small waist as the tool moves around the sheet. cess was allowed before the resulting part was uploaded to

* Residual stressesA part with relatively low geometric the database. Many other platform and process parameters
sti ness, due to the size and the limited curvatures in theemain open for optimization, as shown in FgHere, the
part, is particularly sensitive to elastic deformation dugarameters marked in yellow have been xed for the basic
to residual stresses released during unclamping. trial.

In a second 8pen 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
commonly used in automotive applications, with the use of Incremental Sheet Forming as the main forming
blank sheets having a thickness of 1.5 mrithe benchmark operation.
dimensions are chosen to be 400 x 400 x 55.7 mm, which are A detailed set of measurement guidelines was drafted for
as large as possible while being manufacturable by most tife participants to ensure the same modus operandi, as the
the benchmark consortium members, so that the deviatioaignment parameters and comparison parameters between
are clearly visible and the di erences between the formin@CAD and measured part greatly in uence the results. These
strategies are clearly distinguishable. The exact computeguidelines are available in Online Resource 4 and summa
aided design (CAD) les are available on the ISF databasezed here:
platform described above. The sheet metal was purchased

ISF forming tool

front side

Materials and methods

The part is madef Aluminium 5754 (AA5754), an alloy

at KU Leuven and distributed to all participating institutesy
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 Bjgven if some
backside forming steps (see SeRetlucing overforming in
concave aredpare applied. In TPIF, however, the forming
side is ipped, hence, the exterior shape is called the front
side (see Secilwo Point Incremental Formiriy .
The challenging benchmark CAD geometry has been
provided to the participating institutes with as objective to

@ Springer

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

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

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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Clamping Sheet Initial sheet
’ geometry ‘ ‘ Tribology ‘ Tool size ‘ Forming machinery ‘ ’ s il Part geometry
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l ———3 )
- Rectangular | |Lubrication Application Positioning Working Load
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- Ellipsoidical
- Near-shape l l
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‘Feed rate: Step size ‘ | Superimposed shape

TPIF stage Spindle speed rotation forming to the blank Toolpath direction
DSIF - Multi-stag direction | | Backside | |- workplane
- Hybrid forming rotation v "

- Rigid: no l - Z-level - Clockwise - Constant - No super-imposed
rotation 5 - Spiral - Counter vertical shape
- Rolling Clockwisa - Feature clockwise stepdown - super-imposed
- Free _Counter- - Streamline - Uni-directional - Constant curvature
rotation clockwise - Zig-zag - Bi-directional scallop width / - super-imposed sine
- Driven - Area-filling Z- height waves

rotation level
- Projected spiral

- Edge tracing

- Super-imposed
curvature and sine
waves

Fig. 3 Classi cation of Incremental Sheet Forming parameters. The white boxes are independent parameters that can be combined. The yellow-
colored parameters were xed for this benchmark study

+ Sectional views are taken in the vertical direction at theeplacement parts without the need for costly dies anel tool
center of the geometry (x=0 mm, see Fly. within  ing. Despite its high potential and two decades of research,
the concave areas at one-quarter of the geometry’s widtBF has not yet been adopted by industry on a large scale.
(x=100 mm) and in the horizontal direction at the-nar Unfortunately, due to the di cult nature of these processes,
rowest point of the waist (y= 10 mm). numerous challenges inhibit broadening the application

range. These challenges are further discussed in IS&$¢t.”

Challenges
Within the ISF process category, three main forming

methods can be distinguished, as illustrated in &ind

the ISF classi cation scheme in Fig. Single Point Incre

mental Forming (SPIF), Two Point Incremental Forming

ISF is a category of exible manufacturing processes dete(TPIF) and Double Sided Incremental Forming (DSIF).

mined by a small deformation zone travelling along a preEach of these methods is based on a di erent working

de ned path on a metal sheet, superimposing deformationginciple and o ers unique advantages and limitations.
until a nal shape is create@][ The key bene ts of ISF have SPIF involves a single tool that follows a prede ned tool
been described in a review by Gatea etGhland include (1) path, with no support on the opposite side of the sheet,
low setup costs and high exibility, as the process requireapart from the clamping and backing. This lack of support
only a machine tool equipped with computer numericasimpli es the setup, reduces tooling costs, and increases
control (CNC) and an adaptable machine part program; (2¢xibility. This makes SPIF particularly well-suited for
improved formability compared to conventional processeproducing complex shapes, low-cost prototypes, and cus
such as stamping; and (3) a small contact surface, resultitgm parts without the need for specialized toolidy [

in low forming forces. These advantages make ISF particiHowever, the lack of sheet support also leads to challenges

larly suitable for rapid prototyping and the production ofin achieving geometric accuracy and controlling elastic

Incremental sheet forming: status quo

ISF processes

@ Springer
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Forming tool 0 Forming tool

n

Sheet metal part

\
\

Static fixture

Kinematic
support
(a) Single Point Incremental Forming (SPIF) (b) Double Sided Incremental Forming (DSIF)
Forming tool Forming tool

-

Sheet metal part
Sheet metal part

Partial die

I‘[—J; ] — 12

(c) Two Point Incremental Forming (TPIF) with full die (d) Two Point Incremental Forming (TPIF) with partial die

Fig. 4 Schematics ofd) SPIF, p) DSIF and €, d) TPIF [9]

springback TPIF incorporates a full or partial suppert makes it an ideal choice for applications that require rapid

ing die at the back side of the sheet, which serves asaalaptation and low production volumes.

supporting structure and increases the forming stability

[7]. This allows for greater control of the nal geometry ISF challenges

and improves the geometric accuracy. However, the main

drawback of TPIF is that it requires a (semi-)custom-madEive critical challenges in ISF were considered in the design

die and thus leads to increased setup costs and e ortsf the chosen benchmark shape. According to Gatea et al.

which make it less exible than SPIRSIF uses two [6], the most signi cant drawbacks of ISF include (1)ufis

dynamic tools operating simultaneously on both sides otient accuracy due to unwanted elastic and plastic defor

the sheet. This dual-tool approach o ers improved controiations, (2) forming limits making it di cult to produce

over the forming process, thereby increasing the geometnparts with wall angles close to 90 degrees, (3) local mate

accuracy compared to SPIF while eliminating the needal thinning, and (4) poor surface nish. Ajay and Mittal

for custom made dies typical for TPIF. However, DSIF5] also highlight (5) low productivity as one of the chal

requires a more complex setup than SPIF and precise sylenges. The following section addresses geometric accuracy

chronization of the two forming tools to preventlisions  (Sect.'Geometric accuratyfollowed by forming limits and

and to ensure uniform deformation. To this point, Lu et almaterial thinning (SectFormability"), as these two aspects

[8] conclude that DSIF o ers better formability than SPIF are closely related.

for cones and pyramids with variable wall angles, but with

greater operational complexity and programming negu Geometric accuracy

ments to prevent the tools from colliding or penetrating

the sheet. Achieving su cient geometric accuracy in SPIF-manufac
This study primarily focuses on SPIF due to its supetured parts is a major challendd.[The nature of superim

rior exibility, ease of setup, and cost e ectiveness. Thisposing local deformations in combination with the absence

@ Springer
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of a supporting die results in undesired deformations such asreased springback in multi-stage forming compared to
under- and overforming, de ned as the deviations betweesingle-stage SPIF and attributed it to the accumulation of
the produced part and the desired CAD model. Severatsidual stresses in each forming stage.
deformation mechanisms contribute to these issues, includ Thebulging e ect, another common undesired deforma
ing springback, bulging, the pillow e ect and the tent e ect. tion in ISF, involves local outwards or inwards curved dis
Springback occurs upon removal of the external load:placement from the target geometry (Fda). Thepillow
the geometry of the formed region undergoes deformatiomect, a speci ¢ type of bulging occurring in at areas, typi
due to the redistribution of residual stressEg.[Three cally at the bottom or base of a formed sheet part $K),
types of springback occur: (1) the local springback immeresults from sheet bending due to in-plane stresses, as noted
diately after the forming tool passes, which occurs duringy Isidore et al. 14]. They state that the material is largely
forming, (2) the springback after unclamping, and (3) theleformed in the transverse direction, which is in the XY-
springback after trimming. Various methods have been prglane perpendicular to the toolpath, within the tool vicin
posed to counteract springback. Zhang et} jnvestt  ity, where the material is pushed towards the ceoft¢he
gated the in uence of the clamping system on the springbadheet, thereby causing the formation of a pillove-likilging
after unclamping by focusing on stress annealing and coe ect. This pillow can be reduced by decreasing the step size
cluded that a roller clamping system reduces this springba¢k5] or hardening exponeni§], increasing the tool radius
compared to commonly used xed clamping systems. Paté¢ll4, 16], or using a at-end tool instead of a hemispherical
et al. [L2] state that ve parameters in uence the springbackone [L4]. According to Hussain et all§], it is particularly
signi cantly: the sheet thickness, feed rate, spindle speegyronounced at smaller wall angles. The pillow e ect can be
tool size, and step size. Oleksik et dl3][showed that a in uenced in the following ways:
decrease in tool diameter, step size, or initiakshieick Thetent effectoccurs at discrete changes in wall angle
ness results in increased springback. Li etH)] found (Fig. 6). Guzman et al.4] studied this by forming and

(a) Bulging

) (b) Pillow effect
target geometry geometrical bulge outwards

deviation bulge inwards / target geometry

geometrical
deviation

y X 3d view 2d view

Fig. 5 (a) Bulging and ) pillow e ects in ISF

Fig. 6 The tent e ect after a
discrete change of wall angl] [

(a) Tent effect. (b) Scheme of the displacement of point B.

@ Springer
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simulating a two-sloped pyramid and observed that thesBingle-stage SPIF
deviations occur due to both plastic deformation outside
the tool/sheet contact zone and stress release triggergHe challenges discussed in the previous section can be
by new boundary conditions after the discrete changaddressed by adapting the SPIF process. This can be-accom
in angle. According to Behera et al.7], its magnitude plished by modifying the ISF parameters, applying €om
depends on the wall angles and on the difference betwegsnsation strategies, or using multi-stage forming to obtain
them. better results. This section, based on the pregdilierature,
Although the authors of this study experienced a diffocuses on improving single-stage SPIF by adjustiogess
ference in geometric accuracy when scaling geometrigsarameters and applying compensation. According to Ajay
to larger dimensions, to the best of their knowledge, nand Mittal b], ISF parameters can be categorized in three
systematic studies have been conducted to investigaggoups: (1) workpiece parameters, (2) machine parameters,
the scale e ectin larger-scale geometries, despite-im and (3) process parameters. An elaborate schematic has
ited studies comparing micro- and macro-scale IB}f.[ been constructed for this study and is discussed above, in
Although larger workpieces, like automotive componenSect.'Materials and methotisThis literature study focuses
prototypes 19], have been investigated, no direct araly mainly on the state of the art regarding process parameters,
sis of the scale e ects on geometric accuracy has beeas workpiece parameters are kept constant in this bench
reported. 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
Formability institute can be found in Online Resource 1. SBobLess
parametertoncentrates on process parameters such as tool
Compared to conventional forming limit diagrams, thediameter, step size, and rotational speed. Semlpath
material fracture strain limits observed in SPIF are-constrategie&elves into di erent toolpath strategies described
siderably higherq]. Montanari et al. 20] identify fail-  in literature and their in uence on the geometric accuracy
ure mechanisms in SPIF, attributing failure to extensivef the formed part. Sec€bmpensation strategleiscusses
thinning before necking. Strategies to enhance the pr@ompensation strategies.
cess window include heat-assisted SPIF, which increases
formability [21]. Heating methods include laser-assistedProcess parameters
joule heating, and friction heating. Other strategies to
overcome the forming limits include increasing the ini This section does not aim for exhaustive coverage of all pos
tial blank thickness or redistributing the mater@2][ In  sible process parameters but highlights the most intensively
single-stage forming, thinning can be approximated by theesearched ones, as considered relevant to this project.
sine law, where steeper wall angles lead to more thinning Thetool diameter has a signi cant e ect on geometric
[23]. Consequently, the maximum formable wall angle ofaccuracy and thickness distributions, as it a ects the form
a given material and sheet thickness can be determinéty forces. As discussed in Se@eometric accuradgn
through a cone testl]. While parameters such as tool the geometric accuracy, an increased tool size reduces the
diameter and step siz24] can slightly in uence this limit, unwanted deformations caused by springbdd.[The
increasing the initial sheet thickness is another optiorforming limits are also in uenced by the tool size. Kim and
However, to further extend the maximum wall angle Park R7] assert that a larger tool increases the deferma
material redistribution is necessary, which can be achieveibn zone, leading to lower strains and hence the possibility
through a multi-stage approac2d]. In multi-stage form  to achieve a higher critical wall angle before failutg][
ing, the use of preshapes helps equalize strain distribMirnia and Dariani 28] conclude that a smaller tool diam
tions across the sheet surface by creating high strains éter increases tangential stresses, causing more thinning.
areas of the intermediate shape that have low strains in thelditionally, Echrif and Hrairi 29] conclude that a larger
nal geometry, and vice versd]. This technique reduces tool results in an improved surface nish. Li et 0] sug
localized thinning and thereby extends the forming limitsgest selecting a tool diameter as large as possible. While a
Because failure in SPIF is closely related to uneventhicksmaller tool allows producing parts with higher resolution
ness distributions and excessive thinning in critical area$eatures with small radii of curvature), a larger tool is bet
[25], accurately predicting and optimizing thickness-dis ter for a more homogeneous thickness distribution, requir
tributions — or the minimum thickness of formed parts — isng a trade-o . One option is multi-stage forming, where a
crucial for process optimizatio2§]. Multi-stage forming larger tool is used initially for better thickness distribution
as an important strategy in this respect is further discusseghd formability, followed by a smaller tool for nishing or
in Sect.'Multi-stage SPIF. reaching zones with low radii of curvature featug.|

@ Springer
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N

Vertical stepdown Horizontal step size Scallop height Scallop width

Fig. 7 Parameters describing the step size between di erent tool contours

The step sizerepresents the distance between eacfeed rates39]. Conversely, a lower feed rate can bene t the
toolpath contour and can be de ned in several ways: Ongrocess window and geometric accuracy as \2&|134].
approach is using a constant vertical stepdown or horizon
tal step size, see Fig. Another approach is maintaining a Toolpath strategies
maximum scallop height or width, also referred to as ste
pover in computer-aided manufacturing (CAM) software, toAs the nal shape in incremental forming is dictated by the
keep the surface roughness constant. Since mamyatit toolpath, slight alterations in toolpath strategies directly
terms have been used in literature to refer to these step siziespact the geometric accuracy. Di erent terms are often
the terminology used in Fid.is proposed to avoid confu used to describe the same toolpath principles, often depend
sion. Studies show that larger step sizes result in increasim) on the software used to construct them. To establish a
residual stress, pillow e ect, and springback, hence a loweslear and uniform terminology, this section provides de ni
geometric accuracylp, 32-34]. Honarpisheh et al3p] and  tions and de nes unambiguous labels for di ereny keol-
Attanasio et al.36] found that a smaller stepdown or scalloppath strategies.
height results in less thinning. Additionally, a toolpath with  In a Z-level toolpath (Fig. 8 (a)), the CAD model is
a small and constant scallop is best for a high surface nislsliced into constant Z-levels based on a chosen scallop or
but this choice increases the forming tir3&][ stepdown. The tool forms the outline of the shape at each

While lower friction, which can be achieved by strate level, connecting to the next contour either by following the
gic tooling-material combinations and proper lubricationshape until the next Z-depth is reached or by lifting the tool
typically improves the formability, elevated temparas are and starting at the next contour. Z-level toolpaths can be
often used to improve sheet formabiliBi7[ 38]. A higher unidirectional or bidirectional. In the second cabe tool
spindle speeccan induce elevated temperature via contactehanges direction at the beginning of each level.spiral
friction heat generation, resulting in increased ductility andoolpath (Fig. 8 (b)) is a continuous variant of the regu
lower forming forcesq]. Apart from the rotation, the form lar Z-level toolpath, where the path is interpolated between
ing speed, ofeed rate,also has an in uence. High-speed two contour starting points, providing smoother transitions
incremental forming raises the sheet temperature as welletween levels.
yielding a higher formability while also lowering process Feature toolpaths unlike the previous 2D-based tool
times. Additionally, in materials with a negative strain ratecontours, maintain a constant surface nish by keeping the
sensitivity, the formability bene ts even more from high scallop constant at all times. Carette et 41] [described

SPIF Tool
z /
.

SPIF Tool

(a) (b)

Fig. 8 (a) Z-level and ) spiral toolpath as the most basic toolpath strategies fodi@F [
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the feature toolpath, which starts from the outer edges of theolpaths o er higher productivity in terms of demands
desired geometry and o sets along the part geometry to keem a computer’s central processing unit (CPU), particu
thescallop width and height constant at all timessulting  larly important when running and evaluating simulations.
in non-planar tool contours, also called equipotential lines by Bremen et al. 43] introduced adding a curvature to
Lu et al. B2]. This toolpath strategy is particularly suitable streamline or zig-zag toolpaths. Thisnvex or concave
for forming geometrical features in a multi-stage approachurvature has a certain amplitude and follows the CAD
Fig. 9. surface around the zig-zag lines (Fid). The curvature
Streamline toolpathsare generated based on a set ofs added to prevent the local bending moments from being
guiding curves or surface features to achieve smooth, coparallel to each other. This way, an accumulation of bend
tinuous motion with consistent stepover or scallop widthing moments around the same axis is prevented, as the
Unlike Z-level toolpaths, which follow the outline of the bending moments of the di erent zig-zag lines reduce the
geometry at a certain Z-depth, streamline toolpaths coverects of the other lines instead of amplifying them. Addi
the full surface. This distinction is especially noticeableionally, they studieduperimposed wave shapesn both
on horizontal surfaces, that are covered by streamline todinear and curved zig-zag paths, nding that convex-ool
paths but not with Z-level or spiral one&g-zag tool  paths with superimposed waves performed best in terms of
paths correspond to streamline toolpaths with alternatgeometric accuracy, by signi cantly reducing deviations
ing tool directions 43] (Fig. 10) and are mostly used for and springback.
non-closed forms42]. Lu et al. 4] utilized a zig-zag Another approach to improve the geometric accuracy
toolpath to form a groove. Ben Saul5] compared unri  or thickness distribution isworkplane rotation. Rotat
directional and bidirectional Z-level toolpaths to zig-zaging an asymmetric workpiece to minimize the wall angles
toolpaths, nding that Z-level toolpaths result in lower relative to the toolpath results in more uniform thickness
forming forces and stress distributions, while zig-zaglistributions P2, 46]. This can be achieved by starting

1S0 View

Left bottom Right bottom

(a) Geometry to be formed (b) Z-level toolpath (c) Feature toolpath

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

(a) Bidirectional Z-level toolpath Y (b) Zig-zag toolpath

Fig. 10 Comparison between tha)(bidirectional Z-level andd zig-zag toolpath
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Fig. 11 (a) Regular or linear
zig-zag toolpaths versub)(
convex and concave zig-zag
toolpaths andq; d) superim-
posed wave shape$d

(a)
/ Feed direction

Linear

(b)
Lon\e\’/&

Concave
o pr

4
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A: Convex
i wave-shaped
X B: Concave
(c) \ (d) \
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Linear
wave-shaped v 7

Path plane |Z

Fig. 12 Workplane rotation for a pyramid with a single vertical wall &yt{lting the toolpath in each contour arg) ¢otating the entire toel
path. This gure is based od§]

from the XY-plane and tilting the toolpath incrementallyand necessitates multiple iterative steps. Consequently, con
in each contour (Figl2 (a), or by tilting the entire toel secutive experiments and iterative compensation steps are
path, e.g., in a multi-stage approach (Rig(b). often used. Recent research developments have explored
the use of machine learning models to predict these -devia
tions, enabling compensation strategies without unnecessary
experiments49]. Behera et al.§0] were among the rstto
Even though some of the toolpath strategies speci ed abowtudy compensation strategies and developed a prediction
already contribute to improving the geometric accuracymodel based on features and their interactions. Ren et al.
achieving industrial quali cation levels requires techniqueg51] introduced an in-situ springback compensation method
such as compensation based on the deviations to the CAfased on online force measurements, leading to continuous
model @7]. Often, the compensation is applied by shift toolpath modi cations during forming. However, their pro

ing all target geometry points with the measured deviatiorposed combination of o ine preparation and online com
calculated perpendicular from the target geometry, in thpensation was unable to compensate for the pillow e ect, as
opposite direction. This method is also known as mirroit is unrelated to springback. Mollensiep et &2][propose a
compensation48] and can be applied based on measuredegression-based compensation method to predict the devia
or predicted deviations. Even though compensation signi tions after SPIF, which are then used to adapt the toolpath
cantly increases the geometric accuracy, the compensateased on mirror compensation. Carette et5d]. §lso pro
geometry still results in new unwanted deformations. Hencgose a prediction framework that applies multiple compensa
mirror compensation alone does not yield optimal resultion steps to account for additional unwanted deformations

Compensation strategies
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on the modi ed predicted geometries. Praveen et&] [ or process parameters, such as tool size and step size, with
studied mirror compensation of springback for DSIF, basedut modifying the geometry. These two categories can also
on predictions of tool de ection using an empirical modelbe combined.

and sheet de ection using both membrane theory and small-

de ection theory. Bonnardot et ab%] applied mirror com  Shape-altering multi-stage strategies

pensation based on measured deviations directly on the tool

path, rather than adjusting the CAD model and applying Borming a workpiece in multiple stages is one way to

toolpath on it. enhance the process limits and exceed the material-spe
ci c critical wall angle. Multi-stage forming was rst pro
Multi-stage SPIF posed by Verbert et al57] and Du ou et al. R3] to extend

the process limits. The authors formed truncated cones
Multi-stage forming is a type of ISF where a single toolwith vertical walls by creating intermediate cones with
incrementally reshapes a sheet throughout multiple sequeincreased wall angles in each step. Subsequent research
tial passes. While classifying an ISF forming strategy a®cused on improving this approach by designing interme
single-stage or multi-stage is usually straightfmrdy ambi  diate geometries with a smaller base diameter combined
guity can sometimes arise. Therefore, in this study, expenwvith progressively increasing wall anglés3f60] and by
ments where at least one area of the sheet is formed ma@djusting the depth of intermediate shapes to compensate
than once are classi ed as multi-stage experimevitdti-  for rigid body motion §1]. Combining these strategies
stage SPIF has been intensively investigated as a way has also been explore8d 62], as well as using parabolic
improve the process windo®3J], but it can also be used to shapes instead of straight walls for intermediate geom
enhance the geometric accurabg|[ This section divides etries B3].
the strategies found in literature into shape-altering and tool Tanaka et al.46] o er a strategy to form a square pris
path-altering categories. The rst category involves formingnatic part by segmenting the part into a square pyramid
pre-geometries or intermediate stages before forming th&ig. 13) and progressively forming the four walls using
target geometry, while the second alters the toolpath shap@rkplane rotation (see Sectdolpath strategiés

Path-plane Direction of path-pane. t

s Product | \
(square-cup) f \
v — 1

~Toolpath

1sl slep

J \
/ \

2nd step

4th step 3rd step

Fig. 13 Multi-stage strategy to form a square prismatic part by segmenting the geoddktas| rst described in46]
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Forming more complex geometries with multi-stagethe understanding and predictive accuracy of SPIF through
forming has been studied as well. Gupta et@] iIsed extensive experimental validation. Due to the highly nenlin
intermediate shapes with lower wall angles to form an-aerear nature of SPIF, achieving accurate numerical predictions
space component with steep sides. The authors used megsjuires careful selection of numerical parameters. This sec
urements to compensate for the rigid body motion but coultion outlines critical factors, including integration schemes,
not avoid it in the nal stage. Li et al6f] studied forming material models, and element formulations, that in uence
a car taillight and concluded that traditional single-stag@umerical accuracy. The modeling work for the benchmark
or two-stage forming led to failure. Instead, they propose & detailed in SectSimulations.
multi-stage strategy that splits the workpiece into di erent For SPIF numerical modeling, equilibrium equations can
areas and uses backside forming for concave areas that weeesolved using either implicit or explicit methods, as the
overformed in a previous step. process is quasi-static. Explicit methods are widely adopted

Other applications where the design of intermediate geonfor e ciently handling large deformations, with time incre
etries has been studied include medical implants. The strategiment adjustments through mass scaling to maintain prac
proposed for these shapes include double curved surates [tical computational costs/R, 73]. While many studies
68]. However, multi-stage forming does not automatically resulfavor explicit schemes for SPIF simulationg{79], some
in more uniform thickness distributions, and it can even leacksearchers have explored implicit approacBésdy]. The
to increased thinning in critical are&®$[61]. Hence, careful NUMISHEET SPIF benchmarl8f], which focused on sim
design of intermediate shapes and toolpaths is essential.  ulating a 45° cone, found no clear preference for implicit or

Compensation strategies for multi-stage forming build omxplicit methods. Instead, accuracy and computational cost
such strategies used in single-stage forming, which have bedapend signi cantly on factors such as the material model
thoroughly researched. For example, compensating steppadd element type chosen.
features induced by rigid body motion when formanggrtical- The choice of material model is crucial for accurate SPIF
walled cup have been studied and predidéf Dai etal. 9]  simulations, particularly for predicting tool-load history-dur
added an additional forming step after multi-stage forming ang forming [B1]. The isotropic von Mises and Hill 1948
complex cavity part with stepped features based on measurgigld functions 87] have been extensively used for SPIF
deviations to the CAD model, thereby increasing nal gagdme modeling and remain popular in commercial FE codes due
accuracy. However, combining compensation of the full geonto their simplicity and ease of parameter identi cation. More
etry with multi-stage forming adds complexity, as altering-interadvanced 3D yield functions, such as Barlat's YId2004-18p
mediate toolpaths also a ects the nal outcome by introducing88], have been developed to capture the complex stress
additional unwanted deformations. To the best knowledge of thetates in SPIF and have been examined in recent stddjes [
authors, no systematic strategies to overcome this complexiBsmaeilpour et al89 compared von Mises, Hill 1948, and

have been reported yet. Y1d2004-18p functions in Abaqus/Explicit for simulating
a 67° conical geometry of AA7075-O. Notably, YId2004-
Toolpath-altering multi-stage strategies 18p required signi cantly higher computational resources,

with CPU times of 101 h compared to 74 h for Hill48 and
Not only can intermediate shapes be modi ed, but toolpathg2 h for von Mises (using 24 CPU cores). The in uence of
can also be adjusted. Similar to adjustments in single-stagfeese yield functions on forming force predictions was fur
forming, process parameters and toolpath strategies can ther validated experimentally by Betaieb et 80][ Their
adapted to increase geometric accuracy and enhance stady found that Hill's 1948 yield function, calibrated using
process window. Skjoedt et abJ], for example, compared tensile and shear tests, achieved accuracy comparable to
conventional downwards (D) or out-to-in (Ol) toolpathsYId2004-18p and even provided better force predictions at
on intermediate shapes with upwards (U) or in-to-out (IOhigh wall angles.
toolpaths. Malhotra et al7p] combined IO and Ol form Hardening laws play a key role in defining material
ing within one stage by splitting the path into upward andbehavior in the plastic regime. Henrard et&0] emphasize
downward movements. Toolpath-altering strategies mostlghat hardening law selection has a more pronounced impact
focus on di erent process parameters, reforming speci con forming force prediction than the choice of yield func

areas, and applying backside formigg][ tion. Voce-type and Hockett-Sherb®1] isotropic harden
ing models, which incorporate saturating formulations, are
Simulation of SPIF: nite element modeling particularly e ective for aluminium alloys92-95]. Mean

while, kinematic and mixed hardening models (isotropic-
Finite element (FE) simulations of sheet metal forming prokinematic) have been explored in multiple studies te bet
cesses have achieved high precision in process modelitgy account for the complex strain paths inherent in SPIF
[71]. High- delity FE models have signi cantly improved [80-82, 84, 96].
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Given the localized plastic deformation inherent tothe geometric accuracy of the proposed benchmark part.
incremental forming, element formulation greatly affectsThe detailed process parameters and toolpath strategies
both computation time and result fidelity. Solid elensent are listed in Online Resources 2 and 3, respegtivel
are often preferred for capturing thickness variationshe experiments discussed in this section follow the part
and localized strain gradients, as demonstrated in earlidimensions described in Se&&nchmark pafto ensure
studies ¥4, 77, 78, 85, 90]. However, their high compu a consistent basis for comparison. As it was not possible
tational cost has led some researchers to explore shédlr all institutes to align the measurements based on the
elements as an alternativ@OF82]. Solid-shell elements clamping rig, a best-fit approach using GOM Inspect 2019
have emerged as a hybrid solution, balancing computavas employed to ensure comparability of the results. Ide
tional efficiency and predictive accuracy. These elementslly, measurements should be performed in the clamped
effectively predict thickness variations and forming forcestate for accurate comparison. However, due to limita
while significantly reducing simulation tim&4, 97, 98].  tions of the experimental stand, some measurements were
An adaptive mesh refinement strategy, which refines theken in the unclamped state (e.g., UNIPA EXP #1, ULis
mesh near the tool, was introduced by Hadoush and vdoma EXP #1), as illustrated in Fib4. The high deviations
den Boogaard99] and Lequesne et al1lp(0. De Sena atthe shallow wall area (zone E) in Figl (d) and (e) are
et al. B5] further confirmed the benefits of this strategy,caused by residual stress releasing during unclamping.

demonstrating significant reductions in CPU times. As brie y discussed in SecBenchmark patt the bench
mark shape presents several challenges, particularly high
From state of the art to benchmark testing deviations in critical regions (Fid4). This section provides

a detailed discussion of some of the dominant inaccuracies
The state of the art in SPIF has been taken into account@sserved in di erent zones of the benchmark workpiece.
a starting point for the experimental comparative benchAdditionally, strategies to mitigate these inaccuracies, such
mark exercise reported in the remainder of this report. Thas adjustments to process parameters and toolpath strategies,
chosen benchmark geometry was designed to contain thee explored in Sectrf uence of process parametéis
known challenges in terms of geometrical accuracy, agprove geometric accuracy within the single-stage form
summarized in this section. By involving a broad team oing approach.
contributing research institutes, it could be assured that the
available experimental infrastructure would be compatibl&keducing the tent e ect
with the most advisable process strategies as explored in
literature, e ectively allowing an in-depth veri cation of In all single-stage baseline experiments, the tent effect
the SPIF process capabilities anno 2025. was observed in zones B and C, particularly at the t
sition point where a discrete wall angle change occurs
(see Figl5 (a)).The steeper wall in zone B resulted in a
Single-stage SPIF noticeable geometric deviation near the transition region
that emerged after passing of the tool. This effect-typi
In single-stage SPIF, the entire benchmark shape is formedlly develops when the tool processes the lower plane
in a single pass, with no area of the sheet undergoing-mulfollowing an angle transitiord], preventing the toolpath
ple forming steps. This strategy is both straightforward anffom accurately capturing the intended angle change
e cient in terms of productivity, as the entire part is formed between zones B and C. This effect is pronounced in
through a continuous toolpath without revisiting previouslysingle-stage forming, as no compensation or multi-step
formed areas. The following sections present key observatrategies were applied to mitigate these deviations. Fig
tions from the baseline experiments in single-stage formingre 15 (b) presents the baseline results from different
and highlight challenges encountered by multiple institutesnstitutions, aligned using a best-fit approach to ensure
Strategies to address these challenges, including adjustmeatsnparability.
to process parameters and toolpath strategies, are discussedddditionally, zones B and C are particularly susceptible
These challenges and insights from single-stage SPIF higto excessive thinning or even fracture, as theil arzgles
light the need for multi-stage SPIF, which is discussed iapproach the forming limit of the material (Fig).

detail in Sect.Multi-stage SPIF. Designing a part with a steep wall angle of 55° (see
Sect.'Benchmark paft), which approaches the materi
Observations from baseline experiments al's forming limit threshold, restricts the solution space

for a single-stage strategy, making it quite challenging
As mentioned, baseline trials of the single-stage strategp compensate for geometric deviations in these areas.
were conducted by various research groups to evalua@ne solution to mitigate these inaccuracies is to form
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(b) KUL EXP #1

(d) ULisboa EXP #1 (e) UNIPA EXP #1

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

— CAD model
~ UMICH EXP #1
— UNIPAEXP #1
— AGH Krakow EXP #1

(a) Z (b)

Fig. 15 (a) Formed part highlighting the transition region with an angle chabye&rpss-sectional pro le comparison (x=2100 mm) between
baseline experiments and CAD model

these two walls separately in a multi-stage procedure ifsee SectOther ISF techniqués However, even within
sequential steps (see SeReducing the tent effet  a single-stage process, modifying key process parameters
Another common remedy is using die support througltan help mitigate these issues, which is further discussed
TPIF to enhance shape control and minimize deviationis: Sect.'Influence of process parametérs
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Fig. 16 (a) Fracture at the
transition zone between steeper
(zone B) and shallow wall angle
(zone C). ) Severe sheet thin-
ning in zone B leading to failure

Fracture

Excessive material
stretching

(b) UNICAL EXP #2

wall angle remains xed unless multi-stage forming using a
preshape is utilized. Similarly, reducing the step size helps
minimize the pillow e ect, while materials with a lower
hardening exponent tend to show less pillow e &t $ince

the material choice is predetermined in this benchmark, the
primary focus is on process, not material, modi cations 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 at areas, propagat
ing across the at region. The phenomenon of sharp edges
folded inwards has also been observed at the edges of a
pyramid by Hussain et al. irl§] and [L0Z. They intro
duced these observations as corner folds. In this study, the
termcorner fold is used to describe all fold-like deforma
Fig. 17 The pronounced pillow e ect observed in the at waist areations observed after forming, even though the uritegl

(zone D) cause might not be the same for all cases. The corner fold
in Fig. 18 primarily results from material accumulation in
Reducing the pillow e ect and corner folds the transition zone between these areas. The sharp change

in geometry causes excess material to build up, leading to

Another distinct defect observed was the pillow e ect in thebuckling or folding when reaching an edge or sharp change
at waist area, attributed to the accumulation of compresof direction. Additionally, high machine compliance (i.e.,
sive stresses during forming. This localized material buildupow sti ness) may further contribute to this defect. As the
occurs in the forming direction, whereby the material movetool reaches the nal stage of forming the narrow waist area,
inward, resulting in a spatial curvature or pillow-like distor de ection can occur due to the restricted geometry, introduc
tion of surfaces that are supposed to be at (Eif). ing localized distortions that exacerbate thiséssn severe

As mentioned previously, in single-stage forming, thecases, this deformation can cause surface fracture or chip
entire part is formed through a continuous toolpath withouping, as seen in Fig8.
revisiting previously formed areas, and this approach limits
the ability to compensate for inaccuracies that may arisie@educing overforming in concave areas
during the process. As a result, the compressive stresses gen
erated during forming can propagate directly into unformedh the process of single-stage forming, some of the most
areas, such as the at waist section (zone D), compromisirgjgni cant deviations were observed in the concave areas
the part's overall geometric accuracy. This chghkamsulted (zones [ and F), as shown in Figl9. While these large
in one of the highest deviations observed across the baselitheviations were somewhat unexpected, they proved to
experiments. According to the state of the art,gilew  be one of the most challenging aspects of forming this
e ect can be mitigated by adjusting process parameters sublenchmark workpiece using single-stage SPIF. This di
as tool diameter or step size. Studies have shown that thelty arises from the distinct curvature transitions in these
pillow e ect decreases with an increase in wall angle or tootegions compared to their surroundings. As the lower adja
diameter 16, 101]. In this benchmark study, however, the 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

— CAD model
— UMICH EXP #1

— UNIPA EXP #1

— ULisboa EXP #1

— AGH Krakow EXP #1

X
ﬂ " " KUL EXP #1
Z l

(a) CAD model with the sectional profile aty = -10 mm & (b) Sectional profile comparison aty = 10 mm

Fig. 19 Comparison of sectional pro les 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- t

have a tendency to atten out or even bulge outwarddn uence of process parameters

preventing them from fully conforming to the intended

geometry. This section focuses on the e ect of process parameters
In the baseline experiments, Z-level and spiral toolpathi single-stage SPIF. The in uences of tool diameter, step

were employed, but these strategies did not adequately adgje, feed rate, and spindle speed were investigatestab

to the nuanced curvature transitions in the concave regiorigh guidelines for selecting process parameters to improve

indicating the need for improved toolpath adaptation to begeometric accuracy. The ndings help address inaccuracies

ter accommodate concave geometries. As compensatidiscussed in previous sections, such as the tent e ect and pil

methods, based on the measured deviations, result in tiwing. Additionally, some institutions explored modica

steep wall angles that exceed the maximum wall angle, thi®ns to toolpath strategies within single-stage SPIF, provid

approach is not possible in a single-stage approach withoigig insights that could provide input for future developments

invoking failure. Another possibility can include feature-in multi-stage forming strategies.

separation-based toolpaths, where regions are identi ed and

formed separately to better accommodate their unigue geTool diameter

metric requirements. However, even with such adaptations,

achieving the desired precision might necessitate multi-stages discussed in SecPtocess parametérshe tool size

forming or additional reprocessing steps, allowing for morés a key process parameter in SPIF. While all teams were

controlled re nement and adjustment of the intricate detail$estricted to the available tool size in their laboratories (see

found in concave areas. Online Resources 2 and 3), baseline tests were conducted
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g
Deviation from CAD to measured [mm]

KUL EXP #1

1200 KUL EXP #1 KUL EXP #2

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

Table 2 The calculated maximum and minimum deviations fromwith tool diameters of 10 mm and 25 mm in KUL EXP #1
KUL EXP #1 and KUL EXP #2, with respectively tool diameters of gnd KUL EXP #2, respectively. The results highlight key

10.and 25 mm insights into the in uence of tool size for the benchmark
Experiment name Max positive Max negative Dev. Inter- geometry and serve as a basis for evaluating its impact
dev.[mm]  dev.[mm]  valwidth on geometric accuracy. The surface comparisons frem th
[mm] measurement to the CAD model, along with deviatisn
KUL Experiment1  25.50 9.04 34.54 tributions in the form of violin plots, are shown in Fa§.
KUL Experiment 2 9.24 8.05 17.29 The overall geometric accuracy across the formed

part, including the critical zones mentioned in the previ
ous section, is signi cantly improved in KUL EXP #2.
The maximum and minimum deviations are calculated
and listed in Tabl@. The deviation interval width of the
:Eg?&??;::;g:m entire part decreased by 46.76% when the larger tool of
r 25 mm diameter was tested. Speci cally, the tent e ect
‘ was greatly reduced, with the deviation in zone B deereas
Fig. 21 Comparison of the cross-sectional pro le at x=100 mm forIng from 1_7'29 mm to 8.14 mm. Flgum compares the
KUL EXP #1 and KUL EXP #2, showing the tent e ect between Cr0OSS-sectional pro les and further illustrates this bene t.
zones B and C. The alignment is based on the clamping rig In addition to the accuracy improvement on the discrete
angle change, the overall bene t of using a larger tool can be

Fig. 22 Pillow e ect in the at
waist area of the formed part for
(a) KUL EXP #1 and ) KUL
EXP #2 and ) cross-sectional
comparison aty= 10 mm.

The alignment is based on the
clamping rig

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

— CAD model
— KUL EXP #1 - 210 mm tool
— KUL EXP #2 - @25 mm tool

(c) Sectional profile comparsion aty = -10 mm
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directly observed through the improved surface and pillowVith a smaller step size, the tool makes ner passes, which
e ect at the at waist area. The maximum deviation — aftersmoothens these ridges and results in a superior surface n
alignment based on the clamping rig — in this area (zone 9h, as can be seen in FEB. However, reducing the step
was 25.50 mm in KUL EXP #1 and reduced to 9.24 mm irsize increases the processing time and may induce excessive
KUL EXP #2. The highlighted view from the backside of strain hardening, leading to potential fracture.

the formed part from each experiment is shown in ERy. A set of experiments were conducted to investigate the
(a) and (b), with cross-sectional pro les compared in E&y. in uence of the step size on geometric accuracy andcer
(c). nish. The benchmark shape was formed in the ULisboa

Based on the results of this systematic comparisorexperiments using a Z-level toolpath with a 212 mm tool
using a larger tool is recommended to limit ironing e ectsand a constant vertical stepdown { of 0.5 mm, 0.7 mm,
in zones sensitive to bulging and to improve geometric-accand 1.0 mm (EXP #1, EXP #2, and EXP #3, respectively).
racy. Additionally, the measured minimum thickness of th& he smaller values tend to mitigate the pillow e ect. How
formed part increased from 0.58 mm (KUL EXP #1) to 0.7 #ver, no distinct trend was found regarding the independent
mm (KUL EXP #2), indicating that a larger tool diameterimpact of the step size on geometric accuracy ¢4y.Fur
results in less thinning and may contribute a more uniforrthermore, fractures were observed in all three experiments in
thickness distribution, helping to prevent fracture. the transition between the high wall angle (zone B) and shal

In summary, the tool size directly impacts the geometritow wall angle (zone C), as shown in F&§. This suggests
accuracy of the benchmark in a single-stage forming-strathat its e ect may vary depending on other process param
egy. Using a larger tool is advantageous for minimizing pileters (e.g., tool diameter, toolpath) and material behavior.
low e ects in zones prone to bulging, as well as to achiev&@herefore, an additional experiment was conducted with a
a more uniform thickness distribution and improved-geomodi ed strategy with a larger tool diameter of 25 mm.
metric accuracy. However, the tool size did not signi cantly Based on the observation, a follow-up experiment was
a ect the accuracy in the two concave regions studied (semnducted to assess the combined e ect of step sizéoahd
Fig. 22 (c)). This indicates a need for more re ned processliameter. In ULisboa EXP #4, a larger tool with a 25 mm
parameters, such as toolpath strategies, to improve-prediameter was used, maintaining a constant scallop height
sion in these ellipsoidal segments. While a larger tool gened.2 mm in a spiral toolpath. The results were compared with
ally improves geometric accuracy in single-stage formingyULisboa EXP #1, which utilized a 12 mm tool diameter and
smaller tools may still play a role in re ning speci ¢ featuresa 0.5 mm stepdown in a Z-level contour toolpath (E&).
after the overall shaping, allowing better control over ne The measurements were performed in an unclamped
details, particularly in a multi-stage strategy. setup; therefore, comparing the minimum/maximum

deviations is challenging. While the overall deviation

Step size

Another signi cant process parameter in ISF is the step siz

As described in SecProcess parametérst can directly — chomedn

impact surface nish, processing time, and geometric-acct Zx Z Utison ExP 42 (a2 - 07 mm)

ULisboa EXP #3 (Az = 1 mm)

racy (bulging). The surface nish was found to be improvec ?
with a decrease in step size, as this minimizes the scallops _ _ _
created when the tool locally deforms the sheet. Scallopggad: 24 Sectional comparison at y= 10 mm of the in uence of step

. . . size on geometric accuracy for the rst three single-stage experiments
represent the residual ridges left behind after each pass(gﬁuusboa. The alignment is done with a best-t on unclamped

the tool, and the step size directly in uences their heightmeasurements

Fig. 23 The in uence of the
step size on the surface nish
of the benchmark geometry.
Decreasing step size leads to
improved surface nish

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

Deviation from CAD to measured [mm]

ULisboa EXP #1 ULisboa EXP #4 ! AEOSE RRCREAE S
(a) (b)

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

Y
r
(©)

Fig. 26 (a) Resulting surface deviations to the CAD aij yio- of 0.2 mm following a spiral toolpathc)( Cross-sectional pro les

lin plots for ULisboa EXP #1, the experiment with a 812 mm tooldrawn 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 andbest- t on unclamped measurements

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

inside / front outside / back

\
W

p ‘ inside / front

-

Fig. 27 Pronounced pillow e ect with visible toolpath marks (left) and fracture at the discrete angle change (right). Results from ULisboa EXP
#1
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outside / back

'_g,

Fig. 28 Reduced pillow e ect (left) without fracture at the discrete angle change (right). Results from ULisboa EXP #4

from CAD to measured geometry appears to be similar In conclusion, a smaller step size minimizes scallop
(Fig. 26), the pillow effect was significantly reduced height and improves surface smoothness quality, but it
in ULisboa EXP #4 compared to ULisboa EXP #1 (seéncreases processing time and may induce excessive strain
Fig. 27 and Fig.28). The smaller stepover used in thehardening, leading to potential fractures. The absence of a
spiral toolpath with constant scallop width reduced indenuniversal trend in geometric accuracy suggests that step size
tation between parallel passes and led to less pronounceulist be optimized in conjunction with other process param
pillowing with improved surface finish. Additionally, the eters to strike a balance between quality and e ciency.

use of a larger tool helped prevent fracture in the transi

tion at the angle changes (zones B and C) and alleviatéeed rate and spindle speed

the tent effect, as observed in the previous section. This

approach highlights that the smaller step size can be corAs discussed in the state of the art overview in Satcess
bined with a larger tool diameter to prevent pronounceg@arameters spindle speed directly impacts the nal part's
deviation in the critical zones while obtaining a superiodimensional accuracy and surface quality. In this set of
surface finish. experiments, the in uence of spindle speed with a di erent

0rpm 1500 rpm 3000 rpm

1500 mm/s

4.00

2.00

(a) AGH Krakow EXP #1 0.00

-2.00

-4.00

-6.00

e ... v ' { D = @ -8.00

3000 mm/s

-10.00

(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- t
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feed rate was investigated for six case studies (AGH Kraf 1500 mm/s with a spindle speed of 3000 rpm showed
kow EXP #1 — EXP #6). The feed rates of 1500 mm/s aninproved dimensional accuracy and surface quality for this
3000 mm/s were tested in combination with spindle speedsenchmark study by reducing friction and minimizing tool
of 0 rpm, 3000 rpm, and 6000 rpm after applying Te onmarks. For the speci c size of the formed part used in this
grease (PTFE) spray and lubricating with oil, prior to form benchmark, heat e ects appeared to be negligible during
ing. The geometrical accuracy results, compared with th®rming. However, these e ects could become more sig
de ned CAD geometry, are presented in F28. ni cant in smaller parts or with di erent material systems.
As spindle speed increased from 0 to 3000 rpm, the inac
curacies in the critical zones, as highlighted in Semb¢ess Toolpath strategies
parameters, were signi cantly reduced for both feed rates
(1500 mm/s and 3000 mm/s). However, when the -spinThe de nition of single-stage forming leaves some degrees
dle speed further increased to 6000 rpm, the reduction iof freedom for strategy optimization, as long as the entire
deviation was much less pronounced than the improvdbenchmark shape is formed in a single pass, with no region
ment observed between 0 and 3000 rpm. Additionally, thef the sheet undergoing multiple forming steps, as shown
increase in linear velocity from 1500 mm/s to 3000 mm/sn Fig.31.
resulted in more signi cant overall deviations. The cerre  One common limitation of the conventional Z-level tool
sponding surface quality images for the same selected angath is its insu cient engagement in the waist region (zone
are shown in Fig30. D). Since the Z-level toolpath follows constant-height-con
In summary, both feed rate and spindle speed must beurs, it does not e ectively process the horizontal surfaces
carefully selected to avoid extreme behavior. A feed rata this region, leading to increased geometric deviations

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

1500 mm/s

3000 mm/s

Fig. 31 Toolpath generation
scheme of TUOS EXP #2 based
on the di erentiated features:
Z-level toolpath for the non- at
area region combined with fea-
ture toolpath for the at region
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as result of the pillow e ect. A comparative experiment _o
was conducted to address this issue, where a conventioi £
Z-level toolpath with a constant vertical stepdown of 0.2 mn Eo
(TUOS EXP #1) was compared with a modi ed strategy € 1
that splits up the toolpath depending on geometric feature 2 ;
In the modi ed approach, the entire geometry, except fo ?_2
the horizontal regions in zone D, was rst formed using eg_.
Z-level toolpath with a constant stepdown of 0.2 mm. After §-e
wards, a feature toolpath with a constant scallop width ¢ -& T8 BP W TS BP R
1 mm was applied to form the horizontal area in zone D. The
forming dimensions were scaled down to 260 mm x 260 mmajg. 33 Deviation distribution between CAD and measured geometry
to accommodate the experimental setup. The nal formefbr TUOS EXP #1 and TUOS EXP #2. The alignment is done with a
parts and geometric deviations are compared and their cro$sst-t
sectional pro les shown in Figg2.

The modi ed strategy not only reduced the inaceuraarea (see Sectbolpath strategiés Due to the limitation
cies in the critical zones but reduced the overall maximurof a single-stage strategy to address these issues, a more
and minimum deviations across the part, as can beisee advanced approach through a multi-step strategy or another
Fig. 33. This indicates that toolpath modi cation is more process variant is relevant and is detailed in Secti-
e ective for achieving geometric accuracy than adjustingstage SPIF
process parameters. Notably, this modi cation also mtro
duced a star-shaped deviation in the at area due to co€onclusion: single-stage SPIF
ner folds caused by the feature toolpath. These ndings
combined suggest that, while toolpath modi cations carMultiple single-stage SPIF strategies were systemati
enhance geometric accuracy in critical regions, they magally tested and used as a baseline approach for forming
also introduce unintended shapes or distortions, requirintpe benchmark shape. Forming the workpiece in one stage
further re nement of the toolpath strategy. An alternativeenhances e ciency and simplicity, eliminating the need
approach to mitigate this issue could be using a zig-zag todb revisit previously formed regions. However, as demon
path instead of one that follows the outer boundary of the astrated by experiments across multiple institutions, persistent

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

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

1—? X (c) Cross-sectional comparison aty =-60 mm
z

Fig. 32 (a) Formed part with resulting deviations to the CAD usingtoolpath adjusted for the horizontal area in zone D (TUOS EXP #2).
a Z-level toolpath for the whole given geometry (TUOS EXP #1).(c) Cross-sectional pro les drawn at x= 60 mm compared to CAD.
(b) Formed part with resulting deviations using a modi ed strategy:The alignment is done with a best- t

Z-level toolpath applied to non-horizontal regions, with a separate
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Table 3 Summary of the observations in the single-stage SPIF baseline experiments conducted for this benchmark study

E ect to be reduced/improvement goal Location Observations
Tent e ect At discrete changes of wall angles (the transitidone 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
Pillow e ect At areas with low wall angles (zones D and E) Due to the buildup of compressive stresses during

forming, a bulge or pillow arises in areas that
are supposed to stay (almost) at

Inaccuracies at the edges At the edges 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

Overforming At concave areas (zone F) or close to the backThe concave areas have the tendency to atten
ing plate, at low curvatures and wall angles  out or even bulge outwards
(zone E) * Z-level and spiral toolpaths were not su cient
for countering this e ect, so adaptive toolpaths
might be needed

Increasing the overall geometric accuracy Full geometry 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¢bacave deviations in the critical zones across the part. Toolpath
zones where overforming poses a signi cant challengemodifications, including splitting up the toolpath and
These issues highlight the limitations of a single-stagadjusting parameters based on geometric features, such
approach, where the absence of additional forming ste@s distinguishing between horizontal and non-horizontal
restricts corrective measures. A summary of the observareas, addressed some local inaccuracies but still fell short
tions for some of the e ects in these baseline experimentsf achieving full geometric delity across the part. The

is provided in Tabl&. in uence of these process parameters on the observed out

While modifications to process parameters such asomes is summarized in Table

tool diameter, step size, and spindle speed have led to The primary goal of this benchmark study is to collect
improvements in geometric accuracy and surface qualitgnd share knowledge on optimizing geometric accuracy
these adjustments alone are insu cient for addressing allhrough testing various strategies. The ndings emphasize

Table 4 Summary of the observations on the in uences 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 in uence on the geometric accuracy, with a larger tool (25 mm diameter instead
of 10 mm diameter) performed signi cantly better. The larger tool resulted in a better surface nish and reduced
bulging

Step size » The surface nish improves when decreasing the step size, as the scallop width and height also decrease

* However, a smaller step size also leads to longer forming times and may induce excessive strain hardening, which
can lead to fracture

* 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 < Both feed rate and spindle speed must be carefully selected to avoid extreme behavior
« 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
» Thermal e ects were negligible in this study, but could become more signi cant in smaller parts or with di erent
materials

Toolpath strategy * Modi ed toolpath strategies are needed to ensure good surface nish in the areas with a very low wall angle,
especially when applying a regular Z-level toolpath with constant vertical stepdown
« Modi cations include splitting up the toolpath and applying various step sizes based on the geometric features
and wall angles of the part in that area
« Other adaptations include applying a feature toolpath in (almost) at areas. However, this also leads to corner
folds
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the need for additional processing steps, such as incorpe ects observed in various zones of the benchmark shape,
rating multi-stage strategies, which are discussed next, as illustrated in Figl. The following sections, moreover,
Sect.Multi-stage SPIF, or alternative process variants, seedescribe strategies that improve the e ects described in
Sect.'Other ISF techniquésto achieve the desired level of Sect.'Benchmark patand address additional challenges
accuracy and part quality. 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
Multi-stage SPIF other and to a single-stage strategy with a basic Z-level
toolpath. While single-stage strategies are discussed in the
Even though multi-stage forming has been extensively digprevious section, some single-stage experiments are also
cussed in literature, no clear de nition of either single- omevisited below as part of a comparison to a multi-stage vari
multi-stage forming has been established, as this was eons#ht. Lastly, recall that a best- t approach was employed to
ered implicitly clear to most researchers and authors.-Hovensure comparability of the results across institutes because
ever, in this study some strategies are proposed that canmat all institutes were able to align the measurements based
easily be allocated to either of the two categories, leadingn the clamping rig. Consequently, when comparing experi
to the need for a non-ambiguous de nition. Therefore, aments across institutes, no conclusions can be drawn regard
stated in SectMulti-stage SPIF, we propose the de nition ing process characteristics such as over- and underforming
of multi-stage forming amcremental sheet forming where and springback.
at least one area of the sheet is formed more than.once
With such a de nition in mind, this section examinesReducing the tent e ect
multi-stage forming and its impact on the geometric accu
racy of the proposed benchmark shape. It focuses on the discussed in literature and in the corresponding section
covering single-stage forming, the tent e ect is highly in u
enced by the tool diameter and signi cantly decreases with
increasing tool size. Figu@ shows the in uence of tool
diameter on the tent e ect, as well as the impact of multi-
stage forming with a di erent tool size in each stage. Unex
pectedly, the multi-stage combination of a spiral toolpath
Fig. 34 Sectional comparison at x=100 mm of the tent e ect with a large tool, followed- Ipy a nIShI-ng t.OOIDath .Wlth a
between zones B and C by investigating the in uence of tool size$maller tool, leads to additional bulging in the middle of
Three strategies are compared: forming the geometry with a singtfe at wall of zone B (see KUL EXP #2 — stage 2 KHd).
spiral toolpath using a 210 mm tool (KUL EXP #1), the same tool  The tent e ect can be further reduced by reprocessing the
path with a 25 mm tool (KUL EXP #2— stage 1), and a multi-stag<fWO walls using a workplane rotation, as shown in Big.

combination with a 25 mm tool in the rst stage, followed by apply his also lead both f .
ing the same toolpath with a 210 mm tool in the second stage (KULIOWever, this also leads to both more overforming in zone

EXP #2 — stage 2). The alignment is based on the clamping rig

— CAD model
4 — KUL EXP #1: tool 10 mm

¥ — KUL EXP #2 - stage 1: tool 25 mm
r — KUL EXP #2 - stage 2: tool 25 mm + 10 mm

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

rPY

z

Fig. 35 Comparison of the tent e ect between zones B and C without later step using workplane rotation (KUL EXP #6 — stage 8). The
a preshape before forming zones B and C (KUL EXP #5 — stage &Jignment is based on the clamping rig
and with a preshape, after which these zones are processed again in
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B and a corner fold at the edge between the twisyas this  lower sti ness than a typical CNC machining center frame.
edge is now the nal forming line of the additional toolpath.Due to this di erence in sti ness, the propagation of the

corner fold is more prominent with the less-sti robotic arms
Reducing the pillow e ect than occurs with a CNC machining center frame.

While the 25 mm diameter tool (KUL EXP #2 — stage

As discussed in Sect®&&nchmark patfand"Geometric 1) improved geometric accuracy compared to the 10 mm
accuracy, the primary issue in the at waist section (zonetool (KUL EXP #1), it was too large for the edges and still
D) is the accumulation of material, leading to the pillowresulted in underforming. Therefore, a second nishing
e ect. The pillow e ect is an unintended bulging of at pass with a smaller 10 mm diameter tool was applied after
areas, typically at the bottom or base of a formed sheet pafdrming the part with a 25 mm diameter stylus (KUL EXP
The following sections explore various multi-stage strategie#2 — stage 2), as shown in F&f. However, this approach
to mitigate these inaccuracies in zone D, focusing on proces§ applying the same toolpath with a smaller tool in a sec
parameters, tool path strategies and intermediate shapesotal stage did not signi cantly reduce the pillow e ect and

achieve better geometric accuracy. even led to additional unwanted deviations due to rigid body
motion.
Increasing the tool diameter Another approach, where an intermediate stage is added

with a large diameter tool, was investigated by Fraun
As was described in conjunction with single-stage formindnofer IWU and Chemnitz University of Technology. In
(Sect.Tool diametet), a larger tool diameter reduces thethis experiment, the blank is pre-stretched by pushing it
pillowing or bulging e ect. As can be seen in F&H, a high 22 mm in the negative Z-direction in the middle of the
deviation can be spotted in the middle of the waist sectiogeometry (at x=0 and y =0), using a large 60 mm diam
for KUL EXP #1 with a tool of 10 mm, where a corner fold eter tool with a rubber pad in the contact area between
at the edge between the concave and at area propagatidming tool and sheet (see Online Resource 3). After this
through the at area. The experiments shown in this gureglobal pre-stretching stage, the measured depth in the mid
were conducted by means of a robotic arm, which hasdle 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 (Fraunhof&XPE
R #2, Fig.37 (b)) were compared to a similar experiment
{'x ;ﬁgtépé""g”’“mzso without the pre-stretching stage (Fraunhofer EXP #1,
Fig. 37 (a)). Figure37 indicates that Fraunhofer EXP #2,
Fig. 36 Resulting deviations from the CAD geometry for KUL Exp the multi-stage strategy with a pre-stretching intermediate
#2 — stage 2, a multi-stage experiment using a spiral toolpath withgtage, which also involved changing the toolpath in zone
225 mm tool, followed by the same toolpath with a tool of 210 mmpD from a feature toolpath to a zig-zag toolpath (see Online

compared to the single-stage experiments that applied these two to ; ;
paths separately (KUL EXP #1 and KUL EXP #2). The sections arﬂeSource 3), enhanced geometric accuracy in zones D and

taken at the location where the waist is the smallest, at y= 10 mm.E- The star-shaped deviations in zone D in Big(a) are
The alignment is based on the clamping rig corner folds due to the feature toolpath and are discussed

Fig. 37 Resulting deviations
from the CAD geometry for

(a) the experiment with a @30
mm tool following a spiral
toolpath with di erent 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- t

= 1000

(b) Prestretching with 60 mm tool and rubber pad
(a) Adaptive toolpath with 30 mm tool + adaptive toolpath with 30 mm tool
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in Sect.'Reducing corner folds and inaccuracies at thénvoking segmentation for intermediate shapes
edges, which addresses inaccuracies at the edges.

Another possibility to avoid the formation of corner folds

caused by material accumulation and to eliminate the-insta
Adapting the toolpath bilities at the waist section is segmenting the part into left

and right sides, thus avoiding the hourglass shape within a
In conventional ISF, toolpaths typically follow the eon tool contour. The rst intermediate shape is designed by cut
tours of the shape at each Z-level, gradually forming théng two planes through the shape, as shown inF&gnd
part by tracing its outer edges. However, indhea- lling detailed in Online Resource 3. This method allows the cor
Z-level toolpath, the entire sheet surface within the shapeners to be easily formed using a workplane rotation, ensuring
boundary is progressively formed at each height levethe toolpath starts from the already formed edges and main
rather than just the perimeter. This strategy treats the pasgins contact with the already formed sheet. A small overlap
as if it were a solid being milled, ensuring that both thés chosen to ensure the sharp edges of the rst intermediate
outer edges and the internal regions are incrementalBhape are reprocessed. In these initial segmentation steps,
shaped within the XY-plane at each Z-level and leads ta preshape with a lower wall angle between zones B and
reduced forming forces compared to regular Z-level or spiC is used to avoid formability issues when compensating
ral toolpaths. This approach was necessary, as the convehe part in later experiments. After the segmentation (stages
tional Z-level or spiral toolpaths in a single-stage approach-5 in Fig.39) and the additional step to form the two walls
led to forming forces that were too large for the setup &fstep 6), backside forming of the concave areas (zone F) is
Lucian Blaga University of Sibiu. Using this approach,applied to undo the overforming. Figut@ shows the result
instead of relying solely on the vertical stepdown to de nang deviations compared to the single-stage experiment with
the forming resolution, an additional horizontal step sizethe same tool size. Measurements show that the proposed
or scallop width, is used to control the spacing betweestrategy signi cantly improves geometric accuracy at the
adjacent tool passes in the XY-plane. By repeatedlyformwaist section, primarily by reducing the bulging e ect. By
ing the entire inner area multiple times at each Z-level, thisvaking the tool contours in the rst forming step rectangular
approach can be considered a multi-stage forming processstead of the hourglass shape, the bulging or corner folds at
where each Z-level pass represents an incremental formitlge edges around the concave areas are no longer propagated
stage. Figurg8 shows that, in this case, slightly largerto the waist section.
values for the vertical stepdown and horizontal scallop
resulted in a higher overall geometric accuracy. Multiple passes over speci c areas

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

[mm]
10.00

8.00
6.00
4.00
2.00
0.00
-2.00
-4.00

-6.00

Y =
L»x (b) 1 & 0.4 mm vertical stepdown (c) 1 & 0.6 mm vertical stepdown

(a) Areafilling z-level toolpath and 4 & 2 mm horizontal scallop and 5 mm horizontal scallop

Fig. 38 (a) Area- lling Z-level toolpath and the resulting deviations down of 1 mm and horizontal stepover of 5 mm up to half the full
from the CAD geometry after forming the sheet with & vertical  depth of the part and respectively 0.6 and 5 mm afterwards (LBUS
stepdown of 1 mm and horizontal stepover of 4 mm and respectivegXP #2). The alignment is done with a best- t

0.4 and 2 mm in the at area (LBUS EXP #1) acjig vertical step
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Step 1-5: segmentation Step 6: double angled Step 7-8: forming
Step 1: base shape Step 2-5: corners wall 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 (b) KUL EXP #6: multi-stage segmentation

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

l—b X (c) Sectional comparison aty =-10 mm

Fig. 40 Resulting deviations from the CAD geometry faJ the sin mm tool (KUL EXP #6 — stage 8). The cross-sections are taken at the
gle-stage experiment with a 25 mm tool (KUL EXP #2 — stage 1llpcation where the waist is the smallest, at y= 10 mm and the align
and p) the multi-stage experiment based on segmentation with a g28ent is based on the clamping rig

consisting of three stages: two spiral toolpaths and one prwith interpolation, but a surface covering toolpath that also
jected spiral toolpath. The rst stage involves gular spiral ~ forms horizontal areas. Hence, a tool contour does net nec
toolpath. After that, a spiral toolpath with an o set in theessarily stay within a small Z-level interval, but follows the
negative Z-direction, applied only on zones D and E, and-heights of the shape. Two experiments were conducted to
a projected spiral toolpath on zones B, C, D, and E are study this multi-stage strategy: both started with the same
applied. This nal, projected spiral toolpath is constructednitial spiral toolpath, followed by the two stages described
as a spiral in the XY-plane, which is then projecledgthe  above, but for the second experiment, stages 2 and 3 were
Z-axis onto the 3D shape to be formed. This di ers from theswitched. In the rst experiment, the stages were conducted
regular spiral toolpath as discussed in S&oblpath strate  as outlined above, with an o set of 4 mm in the second stage
gies', as it is not a contouring toolpath based on Z-level$o 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
— UNIPAEXP #3

(d) Sectional comparison at x = 0 mm

Fig. 41 Resulting deviations from the CAD geometry and surface nishdpthe spiral — spiral — projected spiral (UNIPA EXP #2) dnjdlite
spiral — projected spiral — spiral strategy (UNIPA EXP #3) ahd €ectional comparison at y= 10 mm. The alignment is done with a best- t

steps 2 and 3 are switched and the o set of the spiral toobe applied on speci ¢ areas. The University of Calabria,
path focusing on zones D and E was increased to 8 mfar example, used an additional backside forming stage to
in the negative Z-direction based on the geometric-accweorrect the overforming. Figud2 shows the geometric
racy (after a best- t alignment) observed in the previousieviations before and after this additional backside form
experiments. This strategy and the parametersedaddatl in  ing stage using a zig-zag toolpath on zones D and E. By
Online Resource 3. The deviations observed inFigndi-  this backside forming step, they managed to decrease the
cate improved geometric accuracy in the waist section bmbean absolute deviation (after alignment with a best- t)
a much higher deviation at the edges of the concave areafom 1.42 mm to 1.13 mm.
Additionally, a large overforming due to bulging was

Other strategies to minimize the pillow e ect observed in all experiments in zone E, more speci cally,

the area with a low wall angle and a slight curvature, close
Another common issue with at areas is the high pillowto the clamping. A possible strategy to decrease the-devia
between the tool contours (see Fig) when using a con tion is by applying an additional forming stagerfrahe
ventional Z-level or spiral toolpath with constant verti back. Figurel2 also shows that the backside forming step
cal stepdown. To address this, a constant scallop width signi cantly increases the geometrical accuracy in the
height can be chosen instead, based on the smallest watkas close to the edges of the benchmark shape. RWTH
angle at each Z-level section. Other options include usingAachen used zig-zag toolpaths to reduce the pillow e ect
local zig-zag (e.g., Fraunhofer IWU EXP #2 and ULisboeand concluded that forming from at to steep wall angles
EXP #8 and EXP #9) or a feature toolpath in the at area(from zone E towards zone B) helps to guide material dis
However, the latter may result in sharp direction changesibution away from areas with low wall angles, which are
within the at area, leading to corner folds as a result oprone to the pillow e ect, as ISF tools push material in the
the pillow e ect, as discussed later in SeBetucing cor  forming direction. Their experiments are further described
ner folds and inaccuracies at the edgasnaccuracies at in Sect.'Reducing overforming in concave aréas
the edges. To correct overforming, backside forming can
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(a) Backside forming

toolpath (b) before backside forming (c) after backside forming

(d) Sectional comparison aty =-10 mm

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

5 (e) Sectional comparison at x =0 mm

z

Fig. 42 (a) Zig-zag toolpath used for the backside forming stage andespectively, UNICAL EXP #4 and EXP #%) @nd ¢) show cross-
resulting deviations from the CAD geometty) pefore andd) after  sectional comparisons at y= 10 mm and x=0 mm. The alignment is
applying an extra step of backside forming on zones D and E fodone with a best- t

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

(a) Multi-stage segmentation (b) Multi-stage segmentation
before backside forming after backside forming

Reducing overforming in concave areas minimize the pillow e ectand"Reducing overforming in
concave aredsFigure43 shows the deviations from the
The highest overforming in the single-stage experiments watesired shape for KUL EXP #4 before and after backside
always observed in the concave zones and can be tackidming (respectively stage 5 and 7). As the deviations are
using several strategies. One of the most straightforwarehlculated after aligning the measured shape with the elamp
options is adding an additional stage to form these are#®g rig instead of using a best- t, the overforming (blue)
from the backside, as discussed in S@thér strategies to and underforming (red) of the process can be studied. As

@ Springer



International Journal of Material Forming (2025) 18:72 Page 31 of 57 72

E 2 8 £18

E o - E7 E 16

S . . S6 gM

s 2 85 312

3 o g 10

S 4 < 4 S 8

(]

E s 53 E6

E E2 c 4

c -8 31 k=]

s < 5 2 I

-10 0 3 0
E" N N N N N N E‘ N N N N N N (=) E" N N N N N N
— o o o (=] ] ] = ] o o o o (=] = (o] (=] o (o] (=] =]
ey 4 = = 2 =] = = =] 3 =] =1 32 = b =] =] =] 2 =] 3
el V] (0] @ (] ] o o (] @ (] @ (] @ o @ @® @ @® o o
8 » mw o o m 2 » m o o m T 8 » w o o m ™
KUL exp 4 -step 5
m KUL exp 4 -step 7 - after backside forming
(a) Minimum deviation (overforming) (b) Maximum deviation (underforming) (c) Deviation interval width

Fig. 44 Comparison ofd) the maximum overformingpj the maxi green) and after (KUL EXP #4 stage 7, dark green) the backside
mum underforming, anct) the interval range between the two maxi forming stage on the concave areas (zone F). The alignment is based
mum deviations for all zones, before (KUL EXP #4 stage 5, lighton the clamping rig

can be seen, the backside forming of the concave areas s o set of 2 mm in the positive Z-direction (away from the
ni cantly reduces the overforming in these areas (zone Fkheet) and can be seen as an additional intermediate forming
However, this also leads to more underforming (red) at thetage with an o set from the desired geometry, see45g.
edges of the concave areas. Figdfleshows the maximal Other experiments also applied a backside forming step with
over- and underforming in each zone, as well as the -di ermore overforming than the experiment described above, but
ence between the two, the deviation width. These grapliese did not experience the cracking or creasing that was
clearly show a signi cant reduction of the maximal ever observed here. This might be due to the di erence in tooling
forming in the a ected concave areas, but also an increasexu setup, as a larger tool reduces the e ect and eliminates the
maximal underforming in the formed area and surroundingeed for this double-layer toolpath.
areas (zones A, D, E, and F) due to rigid body motion. The Backside forming shows to be an e ective way to reduce
di erence between the maximal under- and overforming ighe overforming in concave zones. However, not all setups
shown as the deviation interval width in Fgt (c), which  allow for turning the sheet 180 degrees without unclamping
also shows decreased deviations in the reprocessedve the part. Another possibility to increase the geometric-accu
areas (zone F) but an increase in the surrounding zonexy in the concave areas was investigated at RWTH Aachen.
A, D, and E. However, the geometric accuracy of the fulln one of their experiments, RWTH EXP #12, they formed
workpiece increases, with a lower deviation interval aftethe part using three intermediate shapes constructed-by o
backside forming. setting the geometry towards the inside with 30, 10, and 4
One of the strategies in which the concave areas werem and applied a bidirectional Z-level toolpath to them. The
formed from the back used a double-layer toolpath. Thifourth or nal forming step was done on the desired bench
was done to avoid creasing or cracking in this step, as tmeark geometry with a zig-zag toolpath. In a second experi
maximum overforming before the backside forming stagenent, RWTH EXP #13, a fth nishing stage was added on
was more than 4 mm for a 300 x 300 mm workpiece. Aftetop of the strategy of EXP #12 by reprocessing the edges,
constructing a streamline toolpath that starts at the waist aredich is also discussed in the next section. A third experi
and ends at the sides (zone A), the same path is added witlent, RWTH EXP #15, was conducted with the addition

Dot]blc—la);cr toolpath.
Layer spacing: 2mm

Tool of step2.
Diameter: 15Smm

Fig. 45 Visualization of the double-layer toolpath for the backside forming stages of SDU EXP #1
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Fig. 46 Resulting deviations from the CAD geometry faf RWTH stage experiment with part-stock in the rst three steps and a concave
EXP #12, b) RWTH EXP #13 (the same experiment with a nishing zig-zag path in the fourth. The alignment is done with a best- t
pass of the edges as a fth step) angfRWTH EXP #15, a multi-

of a concave curvature on the zig-zag toolpath in the fourtimishing with a smaller tool of 12 mm diameter. The e ect

forming step. The results after aligning the measurementd the o set in the concave areas is evident in the cross-

using a best- t can be seen in F&b. With mean absolute section at x=100 mm (Fig.7). However, this approach also

deviations of 1.16 mm, 0.90 mm, and 1.53 mm, respectivelyesulted in visible edges due to corner folds, a phenomenon

RWTH EXP #13 with an additional nishing step on the that is discussed further in the next section.

edges performs signi cantly better than the other two. Even

though EXP #15 led to better results for the concave areasReducing corner folds and inaccuracies at the edges

zone F, a higher tent e ect at the transition between zones B

and C can be observed (Fig (c)). This section closely examines two observed problems: edge
Another institute, the University of Lisbon, reduced ever inaccuracies and corner folds4].

forming in the concave areas by applying a 10 mm o set

towards the inside of both concave areas (zone F). Thegcreasing the geometric accuracy at the edges

applied this compensation in their rst forming stage of

ULisboa EXP #9, using a counterclockwise spiral toolpathAs mentioned before, the geometric accuracy improves

In the next stage, the desired geometry was formed withith increasing tool diameter. The downside, however, is

a spiral toolpath in the opposite direction (clockwise}, fol that this reduces the accuracy at the edges, as the tool radius

lowed by a reprocessing (third) stage of the at area in zonis larger than the desired edge rounding. As discussed in

D with a zig-zag toolpath. The nal stage consisted of edg&ect.Reducing the tent e etand shown in Fig34, adding

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

without offset with offset

Fig. 47 Cross-sectional comparison at x=100 mm and the surfacthe concave areas (zone F) in the rst forming stage. The alignment is
nish of the nal workpieces for the multi-stage experiment without done with a best- t
(ULisboa EXP #8) and with (ULisboa EXP #9) an o set of 10 mm in
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inside / front

(a) Compensated segmentation experiment (b) Compensated segmentation experiment
before reprocessing the edges after reprocessing the edges

X

Z (c) Sectional comparison aty =-10 mm Z (d) Sectional comparison at x = 100 mm

Fig. 48 Resulting deviations from the CAD geometry for the multi- with a 810 mm tool (stage 9). The alignment is based on the clamping
stage segmentation experiment with compensation (KUL EXP #6ig. (c) and @) show cross-sectional comparisons at y= 10 mm and
Compensated)gj before (stage 8) anth) after an edge nishing step x=100 mm. The alignment is done with a best- t

a nishing step on the full shape with a tool of smaller diam of edge tracing before forming the part, but this e ect should

eter does not signi cantly improve the nal geometry andbe further studied and optimized on a larger scale.

even results in more rigid body motion. However, reprecess

ing only the edges with a smaller tool does help in achievinBeducing inaccuracies due to corner folds

higher accuracy. This leads not only to a higher accuracy at

the edges, as can be seen in BR).but also slightly less As discussed before, this defect results from excessive

underforming and more overforming in other areas, due tmaterial accumulation, resulting in extreme andlaed

rigid body motion. bulging when systematic directional changes in feature tool
Another creative solution to increase the accuracy of thgaths result in discontinuities in the material displacement.

edges is by rst forming the edges in 2D to crease the she®uring the experimental campaign of this study, these cor

This strategy is inspired by origami and cardboard formner fold e ects were not only observed at the edges of the

ing, as a way to decrease the local sti ness and induce loctmrmed workpiece, but also at sharp direction changes of the

deformations by applying the transition lines befeorm  toolpath in a relatively at geometrical area, mostly in the

ing the workpiece. The experiments were done on a smallégature toolpaths (Fich0 and Fig.51). Hence, sharp direc

scale than the proposed one, with dimensions of 200 x 2@dn changes induce material accumulation at these toolpath

mm instead of the default 400 x 400 mm, as well as on eorners and result in a bulging e ect, which shows as sharp

micro-scale of 20 x 20 mm. When comparing the singleeorner folds in areas that have a very low curvature.

stage spiral toolpath with the multi-stage experiment using Unfortunately, even after applying toolpaths on top of

2D sheet creasing, the 2D edge tracing showed an increaghd formed corner folds, the desired action of completely

geometric accuracy in the waist area (zone D) on the micromforming them cannot be achieved. Even thougletyes

scale level, see Fig9. On a larger scale of 200 x 200 mm, from previous steps are not always clear in the nal devia

no signi cant e ect between the single- and multi-stagetion plots, they are still visible to the human eye (5@.

experiments could be observed. Unfortunately, only thand are clearly visible when comparing the thickness distri

two-stage experiment with edge tracing before forming walutions (see SecPtocess windoty.

repeated in full scale (400 x 400 mm), and no comparison In conclusion, corner folds are very di cult to remove

to the single-stage experiment can be made on this largend should therefore be avoided. The key to this is

scale. Hence, the micro-forming results show theul
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Fig. 49 Resulting deviations from the CAD geometry for the experi path (NUS EXP #2 micro)c) and ¢l) show cross-sectional compari
ments at NUS on a micro-scale (20 x 20 ma))Without (NUS EXP  sons at x=0 mm and y= 0.5 mm. The alignment is based on the
#1 micro) andlf) with 2D edge tracing before applying a spiral tool clamping rig

(a) Feature toolpath (b) Zig-zag toolpath

Fig. 50 Corner folds due to the pillow e ect showing at sharp tool direction changes in,tBeféature toolpath strategy versus thed) zig-
zag toolpath for Fraunhofer IWU EXP #1 and #2

minimizing sharp changes of direction (mostly smaller thahn uence of the scale e ect
90 degrees), both across tool contours and within one tool
pass, as is often the case in feature toolpaths. Hence, altas a promising experiment on a smaller scale, the strategy
native strategies, such as zig-zag toolpaths, should be uspebposed by Shandong University showed successful results
In the rst stage of the segmentation experiments from KUyith a part size of 300 x 300 mm. However, when scaling up
Leuven, the corner folds were signi cantly reduced by-havto the full dimensions of 400 x 400 mm — conducted at KU
ing a rectangular-shaped tool contour at a certain Z-levéleuven with the same tool size and machine type (a KUKA
instead of an hourglass shape. By reducing the pillow e ectobot arm) — failure occurred during the fourth forming
for example by increasing the tool size, the corner fold-devistage. This failure took place at the location of the inward
ations also decrease. fold formed in the rst forming stage. In the second and third
forming stages, the concave areas (zone F) were respectively
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Fig. 51 Corner folds due to the pillow e ect arise at sharp tool direction changes in the feature toolpath, compared to the regular spiral toolpath
(KUL EXP #3 — stages 7 and 8)

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

formed from the backside and the waist area (zone D) w&ect.'Reducing the tent e etabout the tent e ect, an inter
formed again with a zig-zag toolpath. Howeverhiafourth  mediate shape with a lower wall angle can be used. Multiple
forming stage, the steep wall in zone B was also reprocessistitutes did this independent of each other. The in uence
with a zig-zag toolpath, moving from the edges of the CADf this preshape on the wall angle is visualized in 54.
model toward zone C. This approach led to material-accuvhere the part formed without a preshape showed the high
mulation and rigid body motion toward zone C, which wast thinning at the wall of zone B, which leads to failure in
halted at the inward fold due to the sti ness of the alreadyhis area when applying mirror compensation. When using
formed part (Fig53). As a result, failure occurred at this an intermediate shape with a lower wall angle and applying
already formed fold. a toolpath with workplane rotation to form the two walls
This experiment highlights that, when scaling up, usingf zones B and C, however, the thicknesses are much more
the same toolpath and tool size can amplify unwantedniformly distributed in these areas. Conversely, the two tri
e ects, leading to failure. Therefore, further research isangular areas at each side of zone A show a high decrease in
needed to determine appropriate scaling strategies for towlaterial thickness when using the preshape.
size and step size in relation to part dimensions.

Process window Increasing the overall geometric accuracy

with compensation
As extensive material stretching results in failure of the part,
a multi-stage approach can be used to enhance the procAssdescribed in SecCompensation strategigghe most
limits by improving the material distribution and therebycommonly used compensation strategy, referred to as mir
avoiding failure. In order to avoid failure in the steep wall ofror compensation, is based on mirroring the deviations to
zone B, or increase the geometric accuracy as discusseddietermine a new, compensated shape on which a toolpath
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Fig. 53 (a) Failure after stage 4 when forming SDU EXP #1 on full CAD model and stage 1 of the full-scale experiment and pictures of
scale andl) Resulting deviations from the CAD geometry at smallerthe location of failure after forming stage 4. The alignment is done
dimensions (300 %300 mm)c)( Cross-section at x=0 mm of the with (b) a best-t and €) based on the clamping rig

Fig. 54 (a) Twofold approach of preshape addition and workplane rotation, with resulting thickness distrit)tiaitaqut (KUL EXP #5 —
stage 7) andc] 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 benclexperiment KUL EXP #6, described in Sebtvoking
mark design, applying mirror compensation in algtgjage segmentation for intermediate shdpés the rst forming
approach does not work for the proposed benchmark shapmtage, mirror compensation was applied based on the meas
as this leads to exceeding the critical wall angle in somerements of the rst stage of the uncompensated experiment.
areas, resulting in excessive strains and failure. Given thahis approach ensured that (1) zone E was already cempen
compensation is a well-established method for improvingated for in the rst step, as it would not be formed again in
geometric accuracy, it was applied in a multi-stage settingter stages, and (2) the cutting planes usecfgmsntation

at KU Leuven. However, mirror compensation in a multi-remained as at as possible after forming, ensuring proper
stage process is less straightforward than in a single-statgml contact when forming the next stages with a workplane
approach. To ensure consistency, it is crucial to pursue thetation aligned with the cutting plane. For all subsequent
same toolpath strategies for the compensated part as thdgeming stages, the nal geometry of the uncompensated
used in the original, uncompensated experiment that servesgmentation experiment was used and segmented with
as the basis for the compensation calculations. The corthe same cutting planes. Figusb presents the resulting
pensation experiment was conducted on the segmentatidaviations for the two segmentation experiments, with and
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Fig. 55 Resulting deviations from the CAD geometry for the multi- (KUL EXP #6 Compensated—step 8) applying mirror compensation.
stage experiment with a 825 mm tool based on segmentation aitie sections are taken at x=100 mm and the alignment is based on
backside forming & before (KUL EXP #6—step 8) and)(after  the clamping rig

without compensation, using the same tool and setup andese two cases, the smaller tool used in the multi-stage
after aligning the measured geometry based on the elamgxperiment probably contributed to larger deviations.

ing rig. As shown, the compensated multi-stage erpant Among all experiments, three showed the most compact
signi cantly enhances geometric accuracy, demonstratindeviation distributions, with their mean deviation close to
the e ectiveness of this approach. 0 mm:

Comparison of the multi-stage strategies * KUL EXP #6 Compensated@his approach combined a

segmentation strategy with backside forming and mirror
The comparison of experiments across institutes has been compensation. A 25 mm tool was used for all stages,
conducted after aligning the results using a best- t approach except for the nal one, where a 10 mm tool was used to
in GOM Inspect 2019. Experiments conducted on a smaller reprocess the edges, ensuring improved accuracy.
scale or measured unclamped are not taken into accountsin RWTH EXP #13This method did not include backside
this gure, as an unscaled comparison would be deceiving. forming but utilized three intermediate geometries by

The deviation distributions are presented in B&jas violin 0 setting the desired geometry, followed by a linear zig-

plots, illustrating signi cant di erences between the various  zag toolpath from shallow to steep angles and a nishing

experiments. stage to reprocess the edges. All stages were carried out
Single-stage versus multi-stage formingAs discussed with a 20 mm tool.

in Sect.'Single-stage SPIF the worst geometric aceu * UNICAL EXP #5 This strategy involved ve forming
racy was observed in the single-stage experiment with a stages with a 12 mm tool, focusing on reprocessing spe
10 mm tool (KUL EXP #1). A noticeable improvement was ci ¢ areas, backside forming, and a zig-zag toolpath to
achieved simply by using a larger tool diameter (KUL EXP  optimize material ow at low wall angles.

#2). Overall, the multi-stage experiments generally outper

formed the single-stage ones, demonstrating the bene ts of Figure57 presents the geometric accuracy of these three
using the versatility of incremental forming. However, multi-experiments, showing similar deviation ranges, though
stage forming does not inherently guarantee better geomettite locations of deviations vary. Additionally, Fig8
accuracy. This is evident when comparing the UNIPA EXProvides images of the nal geometries, where the edges
#2, a multi-stage experiment with a 14 mm tool, to KULfrom previous stages are still slightly visible in most of the
EXP #2, a single-stage experiment using a 25 mm tool. lexperiments.
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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- t in GOM Inspect 2019

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- t

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

This benchmark study demonstrates that multi-stage-fornon the speci c e ect being mitigated. Multi-stage form
ing is essential for achieving high geometric accuracy itng allows to effectively isolate and address individual
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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 signi cantly improving overall accuracyin the part 104, 105. The support reduces the tensile force
Several key ndings emerged from this multi-stage formingneeded to achieve the required plastic deformation. This
research and are summarized in Tdble often results in improved springback as the stress gradient
Moreover, the impact of the di erent machines used andcross the sheet'’s thickness is redud€é [L07]. Moreover,
their corresponding sti nesses on the obtained deviatiothe support of the corners improves deviations in areas of
distributions remains an open question. The observed di€urvature changes and reduces the tent e ect. Unlike SPIF,
ferences suggest that some unwanted deformations mayWwhich does not require dedicated 3D tooling, in TPIF the
linked to the machine setups used, such as an unsti articsupporting die has to be designed and manufactured individ
lated robot versus a sti er CNC machining center. Recentally for each di erent part geometry, which compromises
work by Simoncelli et al.J03 supports this, demonstrating the exibility of ISF and increases tooling costs.
that SPIF performed on a CNC machine yields higher geo The TPIF experiments in this work were conducted with
metric accuracy than when performed with a robotic systena full die that follows the shape of the target geometry. The
Finally, compensation strategies remain an area for fusetup is shown in Fig9. In addition, the forming side is
ther exploration. While mirror compensation has showrnverted. The clamping frame is mounted on a working table
promising results in improving accuracy, more research ithat moves downwards synchronized with the Z-steps of the
needed to re ne these techniques and optimize their-e edSF tool.
tiveness in a multi-stage forming process. Four experiments were conducted, each with a di er
ent TPIF strategy, as listed in TalfleStrategy 1 refers to
single-stage forming with a Z-level toolpath. Inadegy 2
Other ISF techniques this single-stage forming is enhanced with stretching of the
sheet. Therefore, the working table has a continuous lead of
This section highlights other ISF techniques and provides 0 mm over the sheet in Z-direction to increase the contact
comparison to the SPIF experiments discussed above. Thgness to the die and induce additional tension in the sheet.
focus is on techniques with full support by die (TPIF) andStrategies 3 and 4 are multi-stage ISF strategies. Here, after
partial support by using a pair of robots that form the parforming the sheet with a Z-level strategy similar to that used
simultaneously on both sides (DSIF). The in uence of usingn TPIF #1, the sheet is reformed with either a linear or
a full or partial support on geometric accuracy is investiconcave zig-zag forming path (Figl). The aim of this is
gated. For this, the deviations in the distinctive areas db reduce deviations that may remain after the rst forming
the benchmark part will be discussed individually for eaclstage.
strategy and a general comparison with the SPIF results is After the experiments, the specimens were 3D scanned

presented. and analyzed by comparing the surface to the target-geom
etry as explained in the materials and method intreduc
Two point incremental forming tion and the measurement guidelines (S&taterials

and method®nd Online Resource 4). In this case, how
As discussed in SectSF processésTwo Point Incremental ever, the alignment of the measurements is done based
Forming (TPIF) refers to the technique of using a die on then the highest point of the target part. The highest point
back side of the sheet. Partial or full support of the sheeff the target is chosen as the reference since it is bound
reduces tensile stresses and increases compressive strebgethe 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

E ect to be reduced

Location Strategy/observations

Tent e ect

Pillow e ect

Overforming

Corner folds

Inaccuracies at the edges

Scale e ect

Failure due to low process window

At discrete changes of wall angles (zones B amdincreasing the tool diameter
C) « Forming the double-angled wall with a preshape
and workplane rotation

At areas with low wall angles (zones D and E) e Increasing the tool diameter. This can be com-

bined with pre-stretching the sheet

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

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

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

* Forming from at to steep wall angles helps
guide material distribution

Highest at concave areas (zone F) or close to* Applying backside forming. However, this also
the backing plate, at low curvatures and wall leads to rigid body motion outside of the form-
angles (zone E) ing area

« Using intermediate shapes with o set, formed
with a bidirectional Z-level toolpath instead of a
unidirectional one, and using a concave zig-zag
toolpath to form the nal geometry

« Applying an o set in the rst forming stage to
avoid high overforming

At the edges of the geometry or at sharp chamgemiding toolpaths with sharp direction

of tool 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

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

At the edges * Reprocessing the edges with a smaller tool in a
nal forming stage

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

Full geometry « Applying the same toolpath strategy with the
same tool size when upscaling the part size
can result in failure due to more pronounced
unwanted e ects

More research on the scale e ect is needed

to determine guidelines for adjusting process
parameters such as the tool and step size

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

Increasing the overall geometric accuracy Full geometry * Applying (mirror) compensation

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

provides a better result than the best- t for comparing théhe deviations of the process, and not just the nal shape,
TPIF experiments to each other. The deviation measureneaning that the negative deviations indicate underform
ments are shown in Fig0 in unclamped state. For greater ing and the positive deviations indicate overforming. Note
clarity, only three experiments are shown because TPIF #Bat this is the opposite of the representations in previous
and TPIF #4 did not show signi cant di erences. Sincesections because the forming side has been chaged

the alignment is not based on a best- t, this gure showgpared to regular SPIF.
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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

Experiment Strategy
RWTH TPIF #1 Single-stage forming: bidirectional Z-level
RWTH TPIF #2 10 mm pretension + bidirectional Z-level
RWTH TPIF #3 Two-stage forming: bidirectional

Z-level +linear zig-zag toolpath
RWTH TPIF #4 Two-stage forming: bidirectional

Z-level + concave zig-zag toolpath

In a rst step of the analysis below, the TPIF experiments
are compared with each other to investigate the in uence
of the different forming strategies. Then, a comparison
between the best TPIF and an exemplary SPIF experiment
is conducted to highlight the di erent characteristics of the
two processes. Finally, a general deviation comparison of
all TPIF experiments to a selection of the best SPIF experi
ments in this work is discussed using violin plots. For bet
ter comparability, moreover, the discussion of the results

Fig. 60 Surface comparison of TPIF strategies to target CAD part in unclamped state: Blue indicates underforming, red ovedjoarmdng). (
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 e ects described in S48 Challenge$o  exceed 1 mm, compared to almost 2.5 mm underforming

discuss typical phenomena. for the two-stage experiments. Again, forming with preten
sion (TPIF #2) results in the highest accuracy in this zone,
Reducing the tent e ect with a slight overforming of 0.3 mm. Regarding the low

wall angle area in zone E, all four TPIF experiments show
Recall that the concave areas (zone F) represent one of the same tendencies. This area contains the highest devia
most challenging areas to form in this benchmark part usirtipn value of the full geometry, which is approx. 5.3 mm in
SPIF. This di culty arises from the transition between eon all TPIF experiments. In the unclamped state, this region is
vex and concave surfaces. When forming the adjacent, lowlging below the target part with respect to the forming side
regions of the part, the concave zones tend to atten ouand is therefore underformed. This bulging e ect could not
This can be counteracted by backside forming, if the setuge signi cantly reduced with the strategies tested, although
allows for it, as addressed in SeBetucing overforming the strategy using pretension (TPIF #2) slightly mitigated
in concave are&sThe situation is di erent with TPIF: Due the e ect.
to the full support on the opposite side of the ISF toot con
tact, the concave zones can be formed deeper without a edhcreasing the geometric accuracy in areas with high wall
ing the surrounding areas and vice versa. The tent e ect angles
reduced (cf. SectGeometric accuracy. Comparison of the
presented TPIF strategies reveals that the deviations in zohen comparing the regions of high wall angles (zones A
F can be reduced by employing multi-stage strategies usiragnd B), measurements indicate that all specimens except
linear or concave zig-zag toolpaths (see TPIF #3 and TPIFPIF #2 achieve underforming with deviations of approxi
#4). Indeed, accuracies of approx. 2.5 mm can be achievetately 2.5 mm with the alignment described. The two-stage
in this zone. However, the greatest improvement is seen widxperiments (TPIF #3 and TPIF #4) have no signi cant
the pretension strategy (TPIF #2). The deviatiorthé zone e ect on the areas with high wall angles in zones A and B
F are in the range of 1 mm to 1 mm with an average ofcompared to the single-stage experiment (TPIF #1). Apply
0.13 mm. ing a pretension before and during forming with a Z-level
The tent effect can also be observed for the discreteolpath (TPIF #2), on the other hand, results in higher-accu
angle change (transition between zone B and C). This areacies with a maximum deviation of 0.8 mm in these areas.
is prone to underforming in TPIF. This is particularly true
for the single-stage TPIF #1 strategy. Here, underformin@omparison to SPIF
of approximately 4 mm is observed. Due to the pretension
in TPIF #2, the sheet is continuously stretched downwardsgure61 shows a direct comparison between one of the best
over the die, thereby increasing the sti ness in this area an8PIF experiments and TPIF #2 conducted at the same insti
reducing the tent e ect. As a result, underforming is reducetutes. As discussed in the previous sections, the full support
by this strategy as the sectional view F6@.(d) indicates. on the opposite side of the ISF tool contact results in higher
The multi-stage strategies (TPIF #3 and TPIF #4) showccuracies in the zones C, D and F compared to one-sided
slight in uence in this area. The deviations are reduced fro$PIF Signi cant deviations remain in the shallow zone E.
approximately 4 mm to 3.24 mm compared to the singleOn the one hand, the deviations here were in uenced by
stage strategy (TPIF #1). unclamping the parts before scanning them. On the other
hand, this shallow yet wide area tends to bulge when being
Reducing the pillow e ect and underforming in shallow  formed.
angled areas By using the die, the edges of the part are formed without
any noticeable problems. The radii of the corners in the die
Unlike in some single-stage SPIF strategies, TPIF pradhelp to perfectly de ne the corner shape of the sheet. As a
duces no signi cant pillow e ect in the at waist area (zone result, the part contours appear sharper and more de ned
D). This highest section of the part shows di erent devia than most parts formed using SPIF strategies. Tent e ect and
tions according to the di erent strategies, but it tends tather draw-in e ects can be avoided by means of the support
underforming. This is also attributed to the way the die isnd the shape constraint imposed by the die.
designed: in this work, the die follows the form of the tar The violin plots in Fig62 show the overall deviation
get part. Therefore, it is not possible to overform the sheelistribution for all TPIF experiments and a selection of
as the tool would penetrate the die in clamped state. Wheéhe most promising SPIF experiments, as discussed in
comparing the single-stage (TPIF #1) and two-stage (TPISect.'Comparison of the multi-stage strategid=or better
#3 and TPIF #4) forming, the rst strategy achieves bettecomparability across the experiments, the TPIF results have
geometric accuracy in zone D. The deviations there do natso been aligned by best- t for this comparison. The KUL
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a) RWTH EXP #13 b) RWTH TPIF #2

Fig. 61 Direct comparison of RWTH EXP #13 (SPIF) and RWTH TPIF #2. The alignment is done with a best- t

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- t

EXP #1 experiment is also shown as a reference, as this wagsproaches: TPIF achieves relatively high levels of geomet
the worst performing single-stage baseline experiment. Théc accuracy with a smaller number of trials, at the cost of a
deviations indicate that TPIF performs well in direct eom more complex setup (e.g., a custom-made die), whereas the
parison with the best SPIF experiments. Compare®tB,S opposite is the case for SPIF. Several trials and compensa
the greatest improvement in accuracy is in the lobes/bulgéi®n strategies are required when applying SPIF to achieve
(zone F). Geometric features such as edges are formed mtine same level of accuracy as the TPIF experiments, but the
detailed and appear sharper and more precise. However, thimcess itself is more versatile and requires less preparation
comes at the cost of higher deviations due to bulging, af hardware.

discussed in the beginning of this paragraph. Again, TPIF Besides the comparison of deviations, more general
#2 shows the best results out of the four TPIF strategies, abservations can be addressed here. For example, surface
the distribution is the most concentrated around a deviguality is signi cantly improved with TPIF. The non-tool-
tion of 0 mm, achieving similar deviations to KUL EXP #6 contact side of the part reaches quality levels comparable to
with compensation. The experiments and results illustratdeep-drawn parts. Of course, the additional cost and e ort
one of the major di erences between the SPIF and TPIFequired to manufacture the die must be considered. This
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disadvantage especially accounts when applying compendg, the discussion focuses on the at waist (zone D) and the
tion strategies to further increase the geometric accuracy, esncave regions (zone F).

a new, modi ed die is needed. This increases the lead time

and costs for process iterations. Reducing the pillow e ect

Double sided incremental forming The largest underforming, due to the pillow e ect, occurs
in the at waist area (zone D) for the single-stage SPIF

Double Sided Incremental Forming (DSIF) refers to a formexperiment (Northwestern EXP #1). With the double-sided

ing technigue where, in addition to the usual SPIF tool, &orming (Northwestern DSIF #1), the deviations were sig

second tool is introduced at the opposite side of the shesitcantly improved from 2.44 mm to —0.88 mm. This can

metal. The rst tool retains the role of forming the sheetpe attributed to the use of a supporting tool that allows-form

while the second tool traces the forming tool but acts asiag of areas without attening the adjacent sections. The

local support. Therefore, the process maintains most of tleame can be observed for the contours between zones D and

advantages of SPIF while o ering greater exibility with F. With DSIF, these edges were less underformed, which

out the need for dedicated tooling such as dies. It 0 ers anplies they appear sharper and less attened.

high degree of controllability of the geometric accuracy, as

compensation strategies, for example, can be easily implReducing overforming in concave areas

mented. Of course, the machine setup and process planning

are more complex, and the backside of the part must Béghe most obvious di erence between the two strategies

accessible. compared is found in the concave zones. When using SPIF,

Only limited DSIF experiments were performed ag parhigh overforming of approximately 4 mm occurred in these

of this work. Due to machine range limitations, only testsoncave areas for a small-scale (150 x 150 mm) experiment

with a reduced component size (150 mm x 150 mm) couldt the same institute. This e ect is also observed for multiple

be carried out. Therefore, reliable conclusions can only b&ingle-stage SPIF experiments on the full scale, as discussed

drawn from the internal comparison of this DSIF test within Sect.Reducing overforming in concave arédche DSIF

a single-stage SPIF experiment on the same setup. A diresttategy prevents this attening, as the pair of tools allows

comparison with the other SPIF components of this work ithe concave zones to be formed deeper without attening

therefore not provided. The DSIF setup used in this work ithe unformed regions.

shown in Fig63.

The deviations for both SPIF and DSIF experiments ar€onclusion TPIF and DSIF

shown in Fig64. As for the results, the direct comparison

of the part formed once with SPIF and once with DSIF i8oth alternatives to SPIF presented here, TPIF and DSIF,

discussed according to the zones of the target part. Becaisg®wed promising results for the speci ed benchmark part.

no signi cant di erences occurred in zones A, B, C, andIn both cases, improved geometric accuracy in certain areas
of the part was achieved compared to the corresponding

Fig. 63 (a) Setup for DSIF

machine, I¢) schematic of a) . ) b)

DSIF for forming a truncated orming

cone, andd) toolpath strate- tool \
gies for forming the benchmark

geometry

<)
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Fig. 64 Surface comparison of the smaller scale (150 x 150 mm) benchmark part formed)v8®PIF and ) DSIF in unclamped state. The
alignment is done with a best- t

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

E ect to be reduced Location Strategy

Tent e ect At discrete changes of wall angles (zones B and C) ¢ The tent e ect is much less outspoken than in SPIF,

as the die helps making the discrete change in angle

« 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

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

Pillow e ect/bulging At areas with low curvature and wall angles (zonesBulging is very high in the low wall angle area in
D and E) zone E, showing severe underforming in all TPIF
experiments
* The proposed strategies did not manage to signi -
cantly reduce the underforming due to bulging,
although the experiment with pretension led to a
slight reduction

Inaccuracies at the concave areas At concave areas (zone F) All TPIF experiments led to increased accuracy in the

concave areas. The strategy with pretension gave the
best results

Underforming at high wall angles At areas with high wall angles (zones A and B) Applying pretension before and during forming helps
to increase the geometric accuracy at areas with high
wall angles

Inaccuracies at the edges At the edges The edges are formed without any noticeable prob-

lems, thanks to the support of the die. This results in
sharper contours

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

SPIF parts. A summary of the experimental outcomes i®verall, the benchmark experiments showed that TPIF, on
shown in Tabler and TableB. As mentioned above, DSIF the one hand, leads to higher accuracy in areas with changes
was only compared on a smaller scale to a single-stage SRifcurvature. In addition, the contours are formed sharper
experiment, so its performance compared to an optimizednd the surface quality on the backside of the sheet improves
full-scale multi-stage SPIF approach remains uncertairsigni cantly. 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

E ect to be reduced Location Strategy

Pillow e ect At areas with low wall The pillow e ect is much less apparent than in the single-stage SPIF experiment
angles (zones D and E)
Inaccuracies at the concave areas At concave areas (zone F) 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 Thus, given the complexity and scale of the ESAFORM
a die. This way, these strategies can be further optimized 2924 benchmark part geometry, the current research paid
be more accurate, while TPIF does not o er thisapp  particular attention to the evaluation of the possibility of
nity easily. With TPIF, iterations for improvement are moredeveloping a high- delity FE model to achieve optimal-pre
challenging and expensive due to new or modi ed dies. Alictions of the geometric accuracy while balancing computa
conclusive statement as to whether TPIF and DSIF are futional costs. Therefore, the research focused mpeacative
damentally more accurate than SPIF cannot be made dueatoalysis of solid and shell elements and using high-perfor
a high variety of in uencing factors. However, the myriadmance computing center capabilities. Subsequent steps for
experiments suggest that TPIF tends to result in greatdeveloping such a high- delity FE model are presented in
underforming, while SPIF tends to more overforming. Thehe following sections.
e ect of springback cannot be completely excluded, as the
TPIF experiments were analyzed unclamped. Due to ¢he dMaterial characterization
support, TPIF can achieve better results in the rst trials and
especially for geometries with curvature changes, but SPIFhe AA5754 sheet behavior under the investigated pro
might utilize its exibility and improve accuracy in further cess conditions was evaluated in the rst step to adjust the
iteration steps using compensation strategies. complexity of subsequent material characterization and
modelling techniques. The primary issue was the possibil
ity of temperature increase due to deformation heating that
Simulations could a ect material ow characteristics. For that reason,
the University of She eld carried out a single point form
Two institutes (the University of Michigan and the AGH ing operation under the observation of a thermal camera. A
University of Krakow) carried out numerical investiga smaller sample size of 100 x 100 mm was used during the
tions based on nite element (FE) analysis to emleatiie  experiment to magnify the heat increase e ect as presented
discussion for the ISF Benchmark study. The developmeim Fig. 65.
of the SPIF numerical model was based on the guidelines As presented, due to the nature of the process and the
already available in literature, e.gl][ As mentioned in investigated material, the sample remains at near room tem
Sect.'Simulation of SPIF: Finite element modeltngcFE  perature throughout the entire forming operation, which
modeling of ISF is well established. The 2021 ESAFORMndicates that the e ect of temperature on material harden
Benchmark 108], as well as a review by Du ou et ak]f  ing behavior can be neglected in this case.
provided guidelines for deep drawing and SPIF simulations Therefore, in the second step, the target material was
with Hill 1948 yield functions, associated ow rule, and characterized at the University of Michigan based or uni
isotropic hardening for the accurate prediction of part shapesial tensile tests on at sheet specimens at room tempera
based on Lankford coe cients at 0°, 45°, and 90°. Addition ture to provide su cient data for the development of the
ally, the NUMISHEET SPIF benchmarRg] indicated no numerical model. Specimens conforming to the ASTM E8
particular trend in result quality when using the implicit/standard, with a 50 mm gauge length and 12.5 mm width,
explicit schemes during numerical approximation. The litwere utilized. The as-received sheet was cut atrdtgrvals
erature also suggests that classical shell-type FE meshesative to the rolling direction (RD) and tested at a strain
have limitations in accurate predictions of through-thick rate of 0.001 using an MTS Insight 10 Mechanical Tester
ness 3D stress/strain elds during SPIF, and 3D solid eleat the University of Michigan. The orientation of the speci
ments should be applied if possible, although this is knowmen relative to the RD is denoted here with the symbol of
to increase computational costs. The role of proper model Each orientation was tested three times to ensure repeat
discretization has been extensively investigated in literaturability, and the results were subsequently converted to true
as well: see e.g.8f]. stress and true strain.
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Fig. 65 Temperature eld measured afte) 6 min, @) 10 min, and€) 20 min of the 22-min forming process

Fig. 66 Anisotropy of the AA5754 sheet tested at UM) {fue stress — true strain curve of the sample in uniaxial tension in each dirdxtion; (
width strain vs. thickness strain in uniaxial tension along each direction measured using DIC

A mechanical extensometer and 3-D Digital ImageMaterial model development
Correlation (DIC) system coupled with VIC 3D soft
ware were employed for accurate strain measurementhe appropriate selection and identi cation of the mate
(axial strain and width strain). With this approach, therial model are essential for accurately representing the
stress—strain curve (Fig6 (a)) and Lankford coefficient material behavior in the numerical simulation of ferm
r (the width-to-thickness strain ratio) were determined ining processeslpP9d]. Importantly, the stress and strain-dis
each main loading direction. The Lankford coeffit® tributions in SPIF are more complex and nonlinear than
were calculated in accordance with 1ISO 10113:2020conventional sheet metal forming processes, such as deep
Based on material incompressibility, a plot of width straindrawing or hydroforming. While the constitutive equations
() versus thickness strain () was created, as seen inin simpler processes can often be simpli ed for analytical
Fig. 66(b). solutions, the intricate deformation mechanisms in SPIF
A linear regression performed within a selected rangeecessitate a more sophisticated approach to material mod
was used to estimate the r-values. This analysis resultetling in FE modelling to ensure accurate predictions. As
in average r-values from the three repetitive tests imentioned, di erent yield functions and hardening laws
each main direction: = 0.6539, = 0.8799, and can be employed, ranging from simple von Mises yield cri
= 0.6840, which were further used in the material modeteria with isotropic hardening to more complex anisotropic
development stage.
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Table 9 Set of parameters for hardening law The Lankford coe cient is representative of sheet thin
Loading direction [ Swift isotropic hardening ning Fjur|ng the forming process, and focusing da_ta_set iden
Pl T T ti cation on stress can generate Lankford prediction val
a - -

ues that diverge signi cantly from experimental ones. The
0 (RD) 408.52 0.001 0.25 respective analytical formulas based on the associated ow
rule are as follows:

Table 10 Anisotropy coe cient for the Hill 1948 yield function
obtained based on r-values

F G H N L M S (3

0.5780 0.6046 0.3953 1.6320 - -

Table10 provides the parameter values, where the L, M,

yield functions (e.g., YId2004-18A.10]) with kinematic ~and N values are assumed to be equal, as it is exceptionally
or distortional hardening law$4]. challenging to perform experimental tests on sheet samples
Isotropic hardening was selected for this investigation a% measure through-thickness shear.

it is widely used to describe behavior in the plastic defor Itis worth noting that the ability to introduce an objective

mation regime under monotonic loading conditions or fofunction to determine parameters using numerical methods

processes that do not involve cyclic loading conditions. Theith both experimental r-values and yield stresses in more

isotropic hardening was described by the Swift lad: than three orientations was demonstrated in a previous study
by the authorsdQ]. Finally, the experimental and predicted

(1)  r-values in each direction are presented in &fga), while

) ] o the Hill 1948 yield locus with experimental data is shown
where and are material properties, andis the in Fig. 67 (b).

e ective plastic strain. The parameters for the Swift hard
ening law, based on tensile test data atddle provided in
Table9.

The Hill 1948 yield function§7], an orthotropic exten  ager the material characterization stage, numésiaau-

sion of the isotropic von Mises yield criterion, was choserpaﬁOns of SPIF were developed within the commercial FE

due to material testing constraints, which is expressed asg,¢yare 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

Here, the material parameters F, G, H, L, M, and N arg gtationary blank holder and a supporting frame, and a
constants characterizing material anisotropy. These anj 5 mm thick aluminium sheet.

sotropic parameters can be determined using either yield tne pal nose tool represents the CNC tool, which follows

stres_ses from uniaxial Ioad_ing along 0°, 45°, a_nd 9(_}° 0Ty pre-programmed path used in the experimentahséhe
entations or Lankford coe cients at the same orientations

‘clamping system prevents the free movement of the sheet

Initial and boundary conditions

Fig. 67 Prediction of § Lan-

ford coe cient values by Hill
1948 with the experimental data
and p) 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

during deformation. A clamping pressure was de ned to The compromise between the two approaches may be
match the experimental conditions according to the guideéhe use of shell elements with multiple integration points
lines from fL12. The supporting frame is fully xed in 3D called multi-layered shell elements. This type of FE element
space. The nal assembly and individual components of thencorporates multiple integration points through the thick
SPIF process model are illustrated in FE§. ness of the element, allowing it to capture gradients in stress,
The material behavior was modelled using the Hill 194&train, and other physical properties across the thickness of
constitutive equation and isotropic Swift hardening modethe sheet. The e ect of increasing the number of integration
as described in SecMaterial model developmehtA  points in shell elements for the investigated case study is
Coulomb friction coe cient of 0.025 was used between theshown in Fig69.
tools and the sheet. The Abaqus/Explicit solver, with prop Figure69 con rms that simulation accuracy based on a
erly selected mass scaling, was employed to ensure acaingle-integration-point shell element provides the worst
rate results and avoid any potential unphysical artefacts. Tlaecuracy. At the same time, results obtained from meshes
analysis was conducted using shell elements with a di erenwith three or more integration points are comparable.
number of integration points and di erent sizes, as well a§herefore, shell elements with three integration points were

with solid FE elements of di erent sizes. selected for comparison with the solid FE mesh to limit the
computational time.
Model setup accuracy study A comparison between the accuracy of the obtained

results with respect to the computational cost is presented in

Classical shell elements are computationally less intensiv&g. 70. For this comparison, four di erent FE element sizes
than solid elements because they have fewer degrees-of freere used to also evaluate the role of the mesh discretization
dom, making them ideal for large-scale simulations wherkevel on the results accuracy.
computational costs must be minimized. Shell elements are These results indicate that the solid FE elements bet
speci cally designed for thin structures, making them morder re ect the experimental results than the shell elements.
accurate in representing the bending and stretching behdunterestingly, the results from shell elements are closer to
iors typical in SPIF processes. However, as already pointeéde input CAD geometry. However, the di erences between
out, shell elements are less e ective when the thickness difie two mesh types are generally insigni cant. In bzakes,
the sheet metal plays a signi cant role in the forming- proslightly better predictions are obtained for ner meshes,
cess. Also, detailed handling of complex tool-sheet interahowever, with a signi cant increase in the simulation times,
tions, especially at sharp part corners, is also a limitation.as shown in Figz1. Simulations were completed using 180

On the contrary, solid elements are used to discretize tlweres, each speci ed to be 3.0 GHz Intel Xeon Gold 6154
entire volume of a structure, allowing detailed stress stafgrocessors.
predictions throughout the thickness of the sheet. As result, To summarize, in SPIF, where the sheet metal under
solid elements can accurately represent complex part-geogoes signi cant plastic deformation and thickness varia
etries or tool-part interactions and eventually identify potentions, using shell elements with multiple integration points
tial failure events like thinning or tearing. However, solidallows for a quite accurate prediction of these phenomena
elements are more computationally demanding than shedlhile still maintaining a relatively low computatial cost.
elements as they require more degrees of freedom te simbhis is especially useful in cases where the material's
late the entire volume of the material. This leads to extensilgehavior across its thickness needs to be captured, but the
simulation times and high memory usage. full complexity of solid elements is not justi ed. However,
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Fig. 69 Shape prediction accuracy with an increasing number of integration points in shell el@nkatizéntal andk) vertical cross-section
shape. The part (UMICH EXP #1) was scanned while clamped, and pro les were aligned using a best- t

Fig. 70 Shape prediction accuracy with an increasing number of integration points in shell ele@nkatizéntal andk) vertical cross-section
shape. The part (UMICH EXP #1) was scanned while clamped, and pro les were aligned using a best- t

it must be emphasized that, although such shell elemen®onclusion

improve accuracy over traditional shell elements, they stilhs a collaboration among 15 research institutes, the ISF
may not capture the detailed behavior that solid elementsenchmark 2024 project, of which the results are presented
can, particularly in cases of extreme deformation or whe this paper, formed an excellent opportunity to compare
very ne resolution is needed across the thickness. experimental output obtained with di erent setups and

@ Springer



International Journal of Material Forming (2025) 18:72 Page 51 of 57 72

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 e cient collaborative e orts in
the domain of ISF in the years to come.

Besides these achievements with respect to facilitation
of research exchange, the joint e orts led to some valu
able knowledge development, which is summarized in the
conclusions formulated below. More detailed conclusions
with respect to the di erent phenomena observed in the
ISF variants tested can be found at the end of the respec
tive corresponding sections, speci cally Secséiglestage
SPIF'through'Simulations. A comparison between the

Fig. 71 Relation between the mesh element size and simulation time§tUd|ed process variants is provided in Telile

* Although a challenging, large scale geometry of
using di erent process variants and processing strategies. 400 x 400 mm was chosen for this benchmark project,
Furthermore, the need to liaise between di erent bench known to lead to typical unwanted deformation problems
mark partner institutes stimulated the participants to work such as bulging in semi- at features and tent e ects in
towards: areas with changing slopes, qualitatively useful parts

could be produced with good surface quality, while the

1. uniform data exchange formats, as implemented in the absolute dimensional accuracy is still open for improve

ISF database platform. 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
Single-stage SPIF Multi-stage SPIF TPIF DSIF
STRENGTHS * Flexible setup * Flexible setup » Achieves good geometric accus More exible setup com-
« Eliminates the need for costly « Eliminates the need  racy more easily, comparable pared to TPIF
dies for costly dies to multi-stage experiments  « Can reduce reliance on

» Enables fast forming times « Achieves higher geo- * Provides greater precision in  complex, multi-stage pro-
metric accuracy than concave areas when backside cess plans

single-stage forming  forming is not feasible * Delivers higher geometric
« Can enhance forming  Produces sharper, more accu- accuracy in concave areas
limits for parts with rate edges compared to single-stage
high wall angles « Well-suited for rapid prototyp- SPIF
ing
WEAKNESSES -+ Unable to achieve su cient < High process plan- < Less exible and more costly ¢ More complex setup
geometric accuracy ning complexity setup due to the need for a requiring advanced hard-
« Longer forming times tailor-made die ware and powerful real-
compared to single- e Increased underforming time control software
stage forming * Limited exibility for further ~ « No conclusive results avail
* Maximum geometric  improvement, as a new die is  able at full-scale imple-
deviations in this needed for each compensation mentation
study remain around iteration
3-4 mm * Maximum geometric

deviations in this study remain
around 5 mm
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* The chosen comparison method plays a major roleneed for advanced, knowledge-based support tools. Future
absolute accuracy with respect to the clamping rig edgesork should focus on the creation of computer-aided pro
facilitates straightforward comparison based on the pracess planning systems that contain expert knowledge.
cess variant used and allows unambiguous identi catiomhese tools should be capable of feature recognition, pre
of over- and underforming, while a best- t alignment diction of undesirable deformations, and the generation
results in a lower mean deviation. of adaptive toolpaths that incorporate known mitigation

*  When comparing the results obtained with di erent ISFstrategies for problematic regions. Such advancements
variants, a clear trade-o situation can be observed: thare a challenging task, but could signi cantly enhance the
relative simplicity of a SPIF setup corresponds to-subindustrial applicability of ISF.
stantial undesirable deformations that cannot be-over Additionally, further research should investigate the
come with a single-stage toolpath strategy. Howeveiin uence of di erent setup con gurations on process per
more sophisticated multi-stage toolpaths allow to achieviermance and outcomes. Understanding how these setups
qualitatively attractive parts using the limited degrees o ect forming behavior and geometric accuracy could
freedom of a SPIF setup. On the other hand, alternativguide more e ective equipment selection and the choice of
process variants that impose additional constraints on theolpath strategies. Moreover, assessing the repeatability
sheet to be formed, typically produce parts that closelgf results across dissimilar setups would provideiable
approximate the intended CAD geometry with relativelyinsights into process robustness and reliability, which are
simple toolpaths, at the cost of a more complex setugssential for industrial adoption.

A more in-depth comparison across the ISF variants is . _ _ _ |
available in Tabld.1 Supplementary InformatioriThe online version contains supplemen

. . ,éary material available &ttps://doi.org/10.1007/s12289-025-01928-1
* Process simulation could be a powerful tool to avoi

excessive iterative experimental toolpath optimizatioracknowledgementsThe Benchmark 2024 committee thanks ESA
procedures, but the heavy computational load of thegeORM for the supporting Benchmark Grant and the opportunity to con

simulations remains a major constraint for systematic us@Ct this in-depth benchmark study, fostering expertise sharing,knowl
dge transfer and collaboration with ISF research groups worldwide.

of simulations in replacement of iterative experimentajarthe vanhulst thanks the Research Foundation — Flanders (FWO)
procedures. Modelling styles reducing the comporeadi  for her support as a Predoctoral Strategic Basic Research Fellow with
load also reduce the accuracy of the simulation resultgroject 1S47624N. The work of IBF of RWTH Aachen University on

i i«innthe development of the database and exchange platform, used for the
although ml.JltI I_ayer_ed shell elements o er a promlsmgbenchmark, has been funded by the Deutsche Forschungsgemeinschaft
trade-o option in this context.

(DFG, German Research Foundation) under Germany’s Excellence
Strategy — EXC-2023 Internet of Production — 390621612. The AGH
University of Krakow acknowledges the support by the program “Excel

ence initiative—research university” and the statutory research nanced

. Wh”e_ this benchmark study has provided Valqabléby the Ministry of Science and Higher Education Poland, Grant No.
insights into the performance of ISF, several paéinsain 15 16.110.663. Prof. M. Beatriz Silva acknowledgesdagaz para a

open for future exploration. Notably, the absolute accuracgierigia e a Tecnologia (FCT) for its nancial support via the project
of parts produced with SPIF is still open for improvementLAETA Base Fundingf{ttps://doi.org/10.54499/UIDB/50022/2020

: - o raunhofer IWU was funded by the Federal Ministry of Economics and
although various toolpath strategies have been quite-inte limate Protection via the AiF and DLR as part of the program for the

sively explored in term_S.Of toolpath tYF_)eS ar_‘d processingromotion of joint industrial research on the basis of a resolution of the
sequence, the opportunities o ered by dimensional comperGerman Bundestag and performed their work on thepi@fect 22860
sation, using simulation, prediction, or feedback procedure8G ‘HRoboForm’in cooperation with the Deutsche Forschungsvereini

: : ; : ; : gung fur Mess-, Regelungs- und Systemtechnik (DFMRS).
were not intensively investigated in this study. The authors would like to express their gratitude to Jodo P. G.

The scalability of ISF experiments proved nOt_tO b&viagrinho from University of Lisbon, Carlos Saraiva, Daniel Bento
straightforward and remains a critical challenge. Experimentahd Pedro Dias from MCG company, Meenashisundaram Ganesh

results across di erent workpiece scales have demonstraté@mar from National University of Singapore, Prof. Verena Krausel

tpigi . . . om Fraunhofer IWU, Prof. Till Clausmeyer from Chemnitz University
non-trivial variations, underscoring the importance and undelgf Technology, Alex Ouyang, Jamie Booth and Daisy Bradley from

standing of scale e ects. An in-depth study of Sca!e lawgniversity of She eld and Daniel Cooper and Prof. Alan I. Taub from
could facilitate more e cient use of small-scale experimentsuniversity of Michigan, who are not part of the author list but also

for optimizing process plans, ultimately contributing to morecontributed to this work.

robust and cost-e ective industrial applications. . . Author contribution M.V., Y.L, D.S., K.P,, L.M. and J.R.D. wrote the
Furthermore, the development of systematic, multisain manuscript text. M.V., Y.L. and D.S. overviewed collection and

stage process plans for complex and hard-to-form geonanalysis of data. M.V. coordinated the project. All authors contributed

etries, as targeted in this benchmark study, highlights the the experimental campaign and reviewed the manuscript.
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