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Abstract: Given the need for versatile joining processes, form-fit joining is gaining increasing im-
portance. Although it has known limitations and complexity, roller hemming remains widely used
due to its flexibility. Here, the novel Incremental Sheet Forming (ISF) hemming technique has the
potential to expand the range of applications and process limits. It has already proven effective in
preliminary works for joining comparatively small radii without wrinkles and cracks. However, a
deeper understanding of the dominant material flow and deformation mechanism during forming
is required to fully exploit its potential. This study aims to conduct a detailed examination of this
technology through experimental and numerical investigations. Strain measurements on convex and
concave hems provide insights into the material flow. A comparison of the forming mechanism for
both processes is made using straight hems. The results show that ISF hemming has a favorable
material flow for compensating cracks and wrinkles in curved hems. Additionally, it induces strains
across the entire hem area, reaching higher values than those achieved with roller hemming. One
reason for this is the forming mechanism, which combines tension, compression and shear, whereas
roller hemming primarily involves bending and compression of the hemming radius.

Keywords: incremental sheet forming; hemming; joining; forming technology; structural joining;
roller hemming; material flow; thinning

1. Introduction

Manufacturing processes for flexible joining are becoming increasingly important
against the backdrop of growing product diversity and greater individualization customer
products. Customer demands for sophisticated, complex shapes and an ever-increasing
mix of materials in consumer products are creating the need for versatile manufacturing
processes. One such example is the automotive sector. Here, firmly bonded joining
processes such as welding often cannot be used due to incompatible materials. Therefore,
form-fit processes such as hemming are used in these areas. At the same time, the variety
of shapes and product designs with sharp edges and tight radii is increasing. This in turn
restricts the use of conventional hemming processes with presses. This is where the present
work follows on from. In addition to the established roller hemming, a new joining process
for flexible form-fit joining, ISF hemming, is investigated.

1.1. Hemming and Roller Hemming

Joining by forming, also known as mechanical joining, refers to processes that achieve
permanent connections between two or more workpieces by forming one of the joining
partners. This typically requires either overlapping areas of the workpieces or additional
fasteners such as rivets [1]. Joining by forming can be found in large parts of the automotive
and aerospace industries due to its many advantages. These include the ability to join a
wide range of different materials and material thicknesses. In addition, there is no thermal
influence as with welding, which is why there is no weakening and high residual stresses
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in the joined parts. Finally, they have good environmental behavior, as there is hardly any
emission or pollution [1].

Hemming and roller hemming also belong to this category. These involve joining
an inner structural sheet to an outer panel by folding over an upright flange to produce
visually demanding joint edges. Typical examples can be found in car body manufacturing
such as hoods, tailgates, and doors, as seen in Figure 1. Hemming and roller hemming are
based on the same principle: In several steps, a flange that is initially upright is bent and
formed onto an inner sheet as indicated in Figure 2. Typical angles per process stage can
vary between 30 and 45 degrees.
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Figure 1. Example components with hemmed outer edges.

J. Manuf. Mater. Process. 2024, 8, x FOR PEER REVIEW  2  of  22 
 

 

there is no thermal influence as with welding, which is why there is no weakening and 

high residual stresses in the joined parts. Finally, they have good environmental behavior, 

as there is hardly any emission or pollution. [1] 

Hemming and roller hemming also belong to this category. These involve joining an 

inner  structural  sheet  to an outer panel by  folding over  an upright flange  to produce 

visually  demanding  joint  edges.  Typical  examples  can  be  found  in  car  body 

manufacturing such as hoods,  tailgates, and doors, as seen  in Figure 1. Hemming and 

roller hemming are based on the same principle: In several steps, a flange that is initially 

upright is bent and formed onto an inner sheet as indicated in Figure 2. Typical angles per 

process stage can vary between 30 and 45 degrees. 

 

Figure 1. Example components with hemmed outer edges. 

 

Figure 2. Typical hemming process steps using the example of roller hemming [2]. 

In addition to  joining parts, hemming in general increases the stiffness of the part, 

eliminates acute edges, and improves appearance [3]. Conventional hemming, also known 

as table-top hemming, relies on rigid tools in a press, whereas roller hemming utilizes a 

universal roller, typically guided by a robot along the hemming line. This makes roller 

hemming much more flexible, as no dedicated tools are required. The advantages of this 

process include rapid adaptation to new product geometries and low investment costs. 

The disadvantages in comparison to table-top hemming are the longer process times and 

the  low  system  stiffness. Within  the  robot’s  working  space,  the  effective  levers  are 

constantly changing and thus influence the forming force generated by the robot arm [4,5]. 

However, geometric defects such as wrinkles and cracks are often observed during pre-

hemming  for  both  hemming  processes  [6–8].  The  reasons  for  this  are  non-uniform 

tangential  compressive  stresses  and  increased  compressive  stresses  when  hemming 

convex edges (cf. Figure 3) [9,10]. In roller hemming, the tendency for wrinkling is higher 

for smaller roller diameters and greater pre-hemming bending angles. 

1. Pre-hemming 2. Pre-hemming 3. Final hemming

Z

X

Figure 2. Typical hemming process steps using the example of roller hemming [2].

In addition to joining parts, hemming in general increases the stiffness of the part,
eliminates acute edges, and improves appearance [3]. Conventional hemming, also known
as table-top hemming, relies on rigid tools in a press, whereas roller hemming utilizes a
universal roller, typically guided by a robot along the hemming line. This makes roller
hemming much more flexible, as no dedicated tools are required. The advantages of
this process include rapid adaptation to new product geometries and low investment
costs. The disadvantages in comparison to table-top hemming are the longer process times
and the low system stiffness. Within the robot’s working space, the effective levers are
constantly changing and thus influence the forming force generated by the robot arm [4,5].
However, geometric defects such as wrinkles and cracks are often observed during pre-
hemming for both hemming processes [6–8]. The reasons for this are non-uniform tangential
compressive stresses and increased compressive stresses when hemming convex edges (cf.
Figure 3) [9,10]. In roller hemming, the tendency for wrinkling is higher for smaller roller
diameters and greater pre-hemming bending angles.

As table-top hemming is derived from a pure bending process, the observed stresses
and strains are localized in the bending radius [11,12]. This includes tensile stresses in
the outer fiber of the bending radius and compressive stresses in the inner fiber. In roller
hemming, the stress state has an additional tangential component in the rolling direction.
The flange is locally elongated in the rolling direction and causes tangential compressive
stresses. This also leads to a tendency to wrinkling or surface waves in pre- and final
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hemming [13]. Therefore, table-top hemming and roller hemming of sharp contours and
small radii still represents a challenge and often requires a so-called flange relief. This is a
local reduction in flange length by tailoring the blank as indicated in Figure 4, which allows
for the flange to lay flat after the final hemming step [3].
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1.2. Hemming by Incremental Sheet Forming

Incremental sheet metal forming (ISF) is an equally flexible process compared to roller
hemming. It uses a universal, usually hemispherical tool to incrementally form a target
geometry in many passes. It is characterized by high formability and flexibility due to
the fast implementation from CAD design to finished components with low requirements
for application-specific tools. In past works, ISF has been used for a variety of applica-
tions: automotive [14], medical sector [15], architecture [16], hole flanging [17], forming of
composite materials [18], and many more. The increased formability is due to localized
and successive forming. Since only a local area is formed while the surrounding areas
are unclamped, the material can flow and distribute from thickness direction more easily.
Here, higher strains are reached before failure, usually allowing for the process limits of
conventional methods to be exceeded.

The recent concept of leveraging the benefits of ISF for a new joining method was
initially investigated on hole flanges [19]. Similar to hemming, a subsequent joining
operation by means of ISF is performed, after the incremental forming of hole flanges.
Blanks with different initial diameters (d0) were widened using a 20 mm ISF tool to flanges
with an inner diameter (d1) of 100 mm, resulting in different flange lengths between 11 and
22 mm. In the final step, these flanges were formed to partial as well as complete form-fit
hems, as shown in Figure 5. All joints could be realized without failures like cracks and
wrinkles. The resulting geometric deviations were attributed to springback. Overall, the
study on joining of closed concave geometries by ISF proved a general feasibility of the
process. However, no further investigations on the deformation mechanism or material
flow during hemming were carried out [19].



J. Manuf. Mater. Process. 2024, 8, 266 4 of 21

J. Manuf. Mater. Process. 2024, 8, x FOR PEER REVIEW  4  of  22 
 

 

with an inner diameter (d1) of 100 mm, resulting in different flange lengths between 11 

and 22 mm. In the final step, these flanges were formed to partial as well as complete form-

fit hems, as shown in Figure 5. All joints could be realized without failures like cracks and 

wrinkles. The resulting geometric deviations were attributed to springback. Overall, the 

study on joining of closed concave geometries by ISF proved a general feasibility of the 

process. However, no further investigations on the deformation mechanism or material 

flow during hemming were carried out [19]. 

 

Figure 5.  Joint components and  their respective cross-sections  formed by  ISF with different hole 

diameters [19]. 

In the previous study, ISF hemming of closed convex edges was investigated in ad-

dition to concave edges for edge radii of 200 mm and 50 mm and flange lengths between 

5 mm and 20 mm [20]. The study focused on findings related to the material flow induced 

by ISF during the forming. A hypothesis was set up, positing that increased material flow 

in radial direction would increase the formability of convex hems by preventing wrinkles. 

On the other hand, increased material flow in the circumferential direction should help to 

compensate for the enlarged flange surface in concave hems. An improved material flow 

was  confirmed  by measuring  the  sheet  thickness  distribution  and  elongation  of  the 

flanges. An increase in sheet thickness for the shrink hems has also been verified. Conclu-

sions about the current state of stress and strain remained to be drawn. This work aims to 

gain a broader understanding of the present stresses and strains in ISF hemming and to 

classify it in relation to roller hemming. The procedure for achieving this is explained in 

the following chapter. 

The state of the art points out that further investigations on ISF hemming are needed 

to  fully understand  the process and  to  identify more of  its potential.  In comparison  to 

roller hemming, a different stress and strain distribution in the hem can be expected for 

ISF hemming. On one hand, there is a difference in contact area during hemming: roller 

hemming  involves a  line contact, while ISF hemming takes the form of a point-shaped 

contact, as indicated by Figure 6. On the other hand, the processes differ in tool motion. 

As depicted in Figure 7, during roller hemming, the roller moves over the flange in unidi-

rectional motion with the tool rotating freely due to the friction with the flange. Contrary 

to this, in ISF hemming, the tool moves in a parallel direction to the hemming edge and 

adds a perpendicular movement for the subsequent forming path. Therefore, the whole 

flange is formed over by the end of the process. 

Figure 5. Joint components and their respective cross-sections formed by ISF with different hole
diameters [19].

In the previous study, ISF hemming of closed convex edges was investigated in
addition to concave edges for edge radii of 200 mm and 50 mm and flange lengths between
5 mm and 20 mm [20]. The study focused on findings related to the material flow induced
by ISF during the forming. A hypothesis was set up, positing that increased material flow
in radial direction would increase the formability of convex hems by preventing wrinkles.
On the other hand, increased material flow in the circumferential direction should help to
compensate for the enlarged flange surface in concave hems. An improved material flow
was confirmed by measuring the sheet thickness distribution and elongation of the flanges.
An increase in sheet thickness for the shrink hems has also been verified. Conclusions
about the current state of stress and strain remained to be drawn. This work aims to
gain a broader understanding of the present stresses and strains in ISF hemming and to
classify it in relation to roller hemming. The procedure for achieving this is explained in
the following chapter.

The state of the art points out that further investigations on ISF hemming are needed
to fully understand the process and to identify more of its potential. In comparison to
roller hemming, a different stress and strain distribution in the hem can be expected
for ISF hemming. On one hand, there is a difference in contact area during hemming:
roller hemming involves a line contact, while ISF hemming takes the form of a point-
shaped contact, as indicated by Figure 6. On the other hand, the processes differ in tool
motion. As depicted in Figure 7, during roller hemming, the roller moves over the flange
in unidirectional motion with the tool rotating freely due to the friction with the flange.
Contrary to this, in ISF hemming, the tool moves in a parallel direction to the hemming
edge and adds a perpendicular movement for the subsequent forming path. Therefore, the
whole flange is formed over by the end of the process.

The underlying deformation mechanism also differs in both processes. In roller
hemming, the deformation is mainly introduced by bending, whereas ISF has an additional
shear component perpendicular to the direction of travel. This was shown not only for
closed geometries such as truncated pyramids but also for open geometries like in hole
flanging. This leads to a pile-up of material and, respectively, an increase in thickness in
the undeformed sheet metal [21–24].

To gain a deeper understanding of the characteristics of the ISF hemming process, a
numerical model for forming of stretch and shrink hems is to be developed. The hems
were previously investigated for their material flow in terms of elongation and thickness
change [20]. Because of this, there are already established findings that can be expanded
by profound strain measurements using the visioplastic method. On one hand, these
measurements enable direct conclusions about the final strains. On the other hand, the
results can be used to validate the numerical model in addition to geometric comparisons.
Furthermore, detailed insights into the stress–strain state and material flow can be obtained
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through simulations. In a subsequent section of this work, the developed models are used
to compare the already-established roller hemming and the novel ISF hemming, which is
further validated by the experiments. Experiments and numerical simulations are then
used to compare the forming results of both hemming processes on a straight hem and to
highlight the respective characteristics.
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Figure 7. Tool motions of roller hemming (left) and ISF hemming (right) [20].

2. Materials and Methods
2.1. Material

The material used for the experiments in this work is cold-rolled deep drawing steel
DC04 (1.0338) with a thickness of 1 mm, as in the previous work [20]. The grade has
excellent deep-drawing properties under all types of deformation and is therefore suitable
for high forming requirements. Typical areas of application are internal and external
automotive parts formed via bending or deep drawing. DC04 has also proven itself for ISF
applications [25,26]. The properties of DC04 are listed in Table 1 and the stress–strain curve
is shown in Figure 8.

Table 1. Data sheet for mild steel DC04.

Material: mild steel DC04 (1.0338/St14O3)

Mechanical Properties

Density ρ Yield strength Rp0,2 Tensile strength Rm Elongation A80

7.85 kg/dm2 140–210 N/mm2 270–350 N/mm 38%

Chemical Composition (in weight%)

Element: C Mn P S

Max: 0.08 0.4 0.03 0.03
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Figure 8. True stress–true strain relation of DC04 sheet [20].

2.2. Tools

The experiments were carried out on an AMINO® DLNC-RB forming machine with
exchangeable dies for each hem geometry. For flanging and ISF hemming, a rigid forming
tool of 20 mm diameter was used. Because the forming machine only operates on 3 axes and
is not able to angle the tools, special tools were designed to implement the roller hemming
process. For three-stage hemming, exchangeable rollers with wall angles of 60◦, 30◦, and 0◦

were designed and fixed in a universal tool holder. The roller diameter was set to 45 mm at
the contact point to the flange, as this showed the best results in previous works [10]. The
tools used for all experiments are shown in Figure 9.
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2.3. Hem Geometries

This work focuses on three hem geometries: straight, (closed) stretch, and (closed)
shrink hems. The hem types as well as their corresponding flanges and dies are shown
in Figure 10. Moreover, Figure 11 and Table 2 provide an overview of the dimensions of
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the specimen used. For the straight hems, a flange length of 20 mm and a flange width of
60 mm was selected. The stretch and shrink hems were set to an initial radius of 50 mm
and flange length of 10 mm, as this has shown good results in previous works [20]. All
parts were fabricated using cold forming oil Multidraw 472 as lubricant to reduce friction
to a minimum.
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Figure 11. Geometric definitions of the flanges [20].

Table 2. Design of specimen.

Geometry rB (mm) gF (mm) α (◦) t (mm) r0 (mm) FL (mm)

Straight

2 2 90 1

- 35

Stretch
50 10

Shrink

2.4. Experimental Setup and Tool Paths

For the later hemming, the specimens must first be flanged. The flanging was also
carried out with ISF. Therefore, the precut sheet metal blanks were fixed between a die and
a blank holder, as shown in Figure 12. The flange was formed by the continuous motion
of the CN controlled forming tool along the part contour with an increasing depth. The
incremental forming parameters were chosen based on the literature and showed good
results in previous work: single-stage forming with a tool diameter of 20 mm and a vertical
step size (zV) of 1 mm was set as the tool path strategy for flanging [19,27]. Exemplary tool
paths are shown in Figure 13.
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After flanging, the specimens were flipped, and an inner sheet was inserted. Then,
hemming was resumed, as shown in Figure 14. The dimensions of the inner sheet were
chosen so that a gap (gF) of 2 mm to the flange remained. ISF hemming was realized by
successive horizontal lanes with a horizontal step size (zH) of 1 mm and no vertical offset
(cf. Figure 13).

J. Manuf. Mater. Process. 2024, 8, x FOR PEER REVIEW  9  of  22 
 

 

 

Figure 13. Exemplary tool paths for ISF flanging and hemming [20]. 

 

Figure 14. Procedure for ISF hemming as an example of shrink hem geometry [20]. 

For roller hemming, the upright flange is formed over in multiple stages by rollers 

with different angled walls, as shown  in Figure 15. The rollers drive  in a straight path 

along the sheet edge. The roller in the first and second pre-hemming steps move in the 

same direction, while the final hemming occurs in the opposite direction. This is imple-

mented to prevent warping of the hem edge. 

 

Figure 15. Procedure for roller hemming of the straight hem. 

   

Figure 14. Procedure for ISF hemming as an example of shrink hem geometry [20].



J. Manuf. Mater. Process. 2024, 8, 266 9 of 21

For roller hemming, the upright flange is formed over in multiple stages by rollers
with different angled walls, as shown in Figure 15. The rollers drive in a straight path along
the sheet edge. The roller in the first and second pre-hemming steps move in the same
direction, while the final hemming occurs in the opposite direction. This is implemented to
prevent warping of the hem edge.
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2.5. 3D Scanning

To evaluate the shape of the produced specimens and carry out comparisons to
numerical simulations, the specimens were scanned with the Creaform HandyScan 700
from AMETEK GmbH (Leinfelden-Echterdingen, Germany) [28]. The scanner captures and
digitalizes 3D shapes with its combined camera and laser system. In this work, the outer
geometry as well as the cross-sections of the hems were scanned to allow for geometric
comparison to the simulation results. Figure 16 shows the usage of the 3D scanner.
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2.6. Optical Forming Analysis

Part of the evaluation of the hems is the optical deformation measurement. It allows
for quantifying the deformation and gaining insight into the strain state. Therefore, a dot
pattern (1 mm point diameter with 2 mm point distance), as seen in Figure 17, was applied
on the inside of the specimens by a marking laser. After forming, the hems were cut open
to reveal the pattern and to photograph it. The distortion of the pattern was then measured,
and strains were calculated with the Zeiss Argus system [29].
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Strain measurement posed certain challenges. Since the method requires a pattern to
be applied to the sheet, care must be taken to prevent its destruction during the forming
process. Considering the tool contact on the surface of the specimens, the pattern must be
applied on the inside (non-tool contact side). However, as the inside of the sheet is covered
during hemming, the specimen has to be cut open along the hemming radius afterwards
to obtain a direct view of the pattern. Thus, some of the measurement points may get
lost while cutting or stay hidden under the cutting edge. This might result in incomplete
measurements in the area of the hemming radius. On the opposite side, there are gaps in
the measurement towards the hemming edge, as some of the measurement ellipses are not
fully visible on the sheet edge (cf. Figure 17). In general, only a limited area and limited
number of measurement points are available to analyze the hem due to its relatively short
length and the need for the pattern to have specific point diameters and distances.

2.7. Finite Element Analysis (FEA)

The experiments conducted in this work were also simulated using finite element
analysis. Simulations were performed with the commercial finite element software Ansys
LS-DYNA (V2022R1). An explicit model composed of rigid parts for the tools, dies, and
inner sheet as well as a deformable blank for the sheet was set up as presented in Figure 18.
The sheets were modeled using shell elements with 1 mm thickness, 0.5 mm element length,
and five through-thickness integration points (NIPs). NIPs were selected according to previ-
ous studies reported in the literature [30,31]. The element formulation was set to Belytschko–
Tsay with thickness stretch (ELFORM = 25) to take the changes in thickness during forming
into account. All contacts were defined as AUTOMATIC_SURFACE_TO_SURFACE. The
blank holder was considered by fixed nodes around the blank to serve as the clamping. For
the material properties, the MAT024-PIECEWISE_LINEAR_PLASTICITY backed with a
defining flow curve of DC04 steel was implemented. As the simulations aimed to recreate
the actual experiments, the flanging process was also modeled, and its results as stress,
strain, and thickness distribution were imported to the initiation of the hemming simula-
tions. Figure 19 shows the results for the stretch and shrink geometry after flanging, which
were then used in the hemming simulation. Springback effects were taken into account for
both the flanges and the hems by allowing for free recovery in the forming area without
constraining nodes.
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Figure 19. Equivalent plastic strain in stretch (left) and shrink (right) specimen after flanging simulation.

3. Results
3.1. Validation of ISF Hemming of Curved Hems

In order to validate the model, the simulation results were first compared with experi-
mental measurements in terms of geometry, thickness distribution, and strains. Figure 20
shows the geometric comparison of the cross-sections for the stretch and shrink hem. The
shell mid-plane was exported from the simulation results and aligned with the contour of
the actual hems captured from a 3D scan via a best-fit method. The flat and undeformed
regions were used as a reference for the best fit. This allows for better valuation of the
hem contour and hem radius, though it neglects the roll-in/roll-out of the part. In general,
the cross-sections show very good agreement, as the height and length of the hems match
very well. The curvature of the hem, as was the case with the stretched hem, was also
reproduced correctly. The most apparent deviations were observed in the hem radius. This
may be due to simplified assumptions made during the simulation of the inner sheet, which
was defined as rigid to reduce the calculation effort and time. Consequently, the lower
section of the hems appeared to be flat. As shown in the cross-sections of the experimental
hems, it cannot be entirely ruled out that the inner sheet was slightly deformed, allowing
for the hemming radius to lift slightly.
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Figure 20. Geometric comparison of experiment and simulation based on the hem cross-sections.

In addition to geometry, the sheet thickness distributions were also analyzed. Building
on the results of previous work, the sheet thickness from the simulation results was evalu-
ated and compared to the experimental data [20]. To achieve this, the thickness of the hems
was initially measured from the outermost point of the hem edge to the hemming radius.
The sheet thickness was then plotted over the measured length for both the experimental
and the simulation data, as shown in Figure 21.
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Figure 21. Sheet thickness distribution from experiment and simulation for stretch (left) and shrink
hems (right). The initial blank thickness of 1 mm is indicated by the dotted line.

Previously, it was shown that stretch hemming results in a significant thinning and
shrink hemming leads to increased thickness [20]. This behavior was also reproduced to
a considerable extent by the simulation, where good agreement with the experiment was
found in the middle section of the hems. Greater deviations were present at the hem edge
and towards the hem radius. This may be due to the actual shape of the hem. As Figure 22
implies, there was a material drag in one-third of the sheet thickness from the point of tool
contact. This may be due to shear in the tool contact surface, but it definitely changes the
shape of the hem and influences the thickness measurements. At this point, the simulation
model is unable to replicate this characteristic, where the shell elements only simulate the
neutral fiber and cannot display surface effects such as this material drag.

For further validation, strain measurements were conducted and compared to the
simulation. As described before, the specimens were cut open and the distorted pattern
was analyzed by optical deformation measurement. Subsequently, the effective strains
could be determined and used as reference values for the simulation. This was also carried
out for the stretch and shrink hems, and the results are shown in Figures 23 and 24.



J. Manuf. Mater. Process. 2024, 8, 266 13 of 21

J. Manuf. Mater. Process. 2024, 8, x FOR PEER REVIEW  13  of  22 
 

 

Previously, it was shown that stretch hemming results in a significant thinning and 

shrink hemming leads to increased thickness [20]. This behavior was also reproduced to 

a considerable extent by the simulation, where good agreement with the experiment was 

found in the middle section of the hems. Greater deviations were present at the hem edge 

and towards the hem radius. This may be due to the actual shape of the hem. As Figure 

22 implies, there was a material drag in one-third of the sheet thickness from the point of 

tool contact. This may be due to shear in the tool contact surface, but it definitely changes 

the shape of the hem and influences the thickness measurements. At this point, the simu-

lation model is unable to replicate this characteristic, where the shell elements only simu-

late the neutral fiber and cannot display surface effects such as this material drag. 

 

Figure 21. Sheet thickness distribution from experiment and simulation for stretch (left) and shrink 

hems (right). The initial blank thickness of 1 mm is indicated by the dotted line. 

 

Figure 22. Material drag at the outer edge of hems [20]. 

For  further validation, strain measurements were conducted and compared  to  the 

simulation. As described before, the specimens were cut open and the distorted pattern 

was analyzed by optical deformation measurement. Subsequently,  the effective  strains 

could be determined and used as reference values for the simulation. This was also carried 

out for the stretch and shrink hems, and the results are shown in Figures 23 and 24. 

The simulation accurately predicted the strain distribution for both hem geometries, 

although the measurement had blind spots, as described in the optical forming analysis 

chapter. For stretch hemming, the increasing effective strain from hem radius to hem edge, 

Figure 22. Material drag at the outer edge of hems [20].

J. Manuf. Mater. Process. 2024, 8, x FOR PEER REVIEW  14  of  22 
 

 

reaching a maximum of approximately 0.3, was  in good agreement with  the measure-

ments from visioplastic analysis. Additionally, the strain distribution appeared homoge-

neous in the circumferential direction in both cases. 

In the case of the shrink hem (Figure 24), the simulation reflects the trend accurately 

as well. The lowest strains in the hem radius as well as the peaks in the hem edge were 

apparent in both analyses. The maxima of approximately 0.5 was found in the areas with 

the highest compression. In this case, the effective strains were not distributed homoge-

neously in the circumferential direction. 

 

Figure 23. Comparison of effective strains from experiment and simulation for stretch hem. 

 

Figure 24. Comparison of effective strains from experiment and simulation for shrink hem. 

Figure 23. Comparison of effective strains from experiment and simulation for stretch hem.

The simulation accurately predicted the strain distribution for both hem geometries,
although the measurement had blind spots, as described in the optical forming analysis
chapter. For stretch hemming, the increasing effective strain from hem radius to hem edge,
reaching a maximum of approximately 0.3, was in good agreement with the measurements
from visioplastic analysis. Additionally, the strain distribution appeared homogeneous in
the circumferential direction in both cases.

In the case of the shrink hem (Figure 24), the simulation reflects the trend accurately
as well. The lowest strains in the hem radius as well as the peaks in the hem edge were
apparent in both analyses. The maxima of approximately 0.5 was found in the areas with the
highest compression. In this case, the effective strains were not distributed homogeneously
in the circumferential direction.

Apart from the mentioned limitations, the results look very promising, as the geometry,
thickness distribution, and strain measurements show the same properties and tendencies
as the hems in the experiments and simulation. The results imply that the finite element
simulations represent the experiments close enough to be used for further investigation.
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3.2. Material Flow in ISF Hemming of Curved Hems

Due to the good agreement between the experiments and the model, further analyses
can be taken into account. In this way, the simulation provides a deeper insight into
the results of incrementally formed hems, which would be difficult to obtain through
experiments alone. For example, by considering the vectors of principal strain, conclusions
can be drawn about the material flow in the hem. This is illustrated for the stretch hem
in Figures 25 and 26. As the major in-plane strains show, the largest deformation is
in the tangential direction, reaching up to 0.40. This is expected in stretch forming, as
the radius of the hem edge increases. Additionally, the minor principal in-plane strains
indicate compression of up to 0.20 in radial direction. The distribution of the strains is also
homogeneous in circumferential direction, as previously demonstrated by the effective
strains in Figure 23. On the left side, a certain asymmetry of the results is evident. This is
due to the point at which the tool changes direction to circle the flange.

The deformation vectors show that the tensile strains are predominant in tangential
direction and compression in radial direction. This result is not clearly consistent with the
observations from the previous work, as the compression here indicates a reduced flange
length after hemming, whereas a slight elongation of the hem was measured previously [20].
The explanation for this can be found in the measurement method in the experiment, where
the flange length was measured along the outer edge of the hem. The simulation, on
the other hand, only considers the neutral fiber for the mid-plane of the shell element.
This results in a difference in the measured length. Further, as already mentioned, there
is a surface effect of the dragged material, which was taken into account in the length
measurement of the experiment but not in the simulation.

Contrary to this, the strains of the shrink hem in Figures 27 and 28 show compression
in the circumferential direction. Similar to the effective strains, the distribution of the in-
plane strains is inhomogeneous. At up to 0.60, the strains achieved are significantly greater
than with stretch hemming. Furthermore, it becomes apparent that there are tensile strains
in radial direction. Those reach up to 0.33 in the areas where wrinkles tend to be formed.
Although there are greater compressive strains in the tangential direction in the areas
that tend to form wrinkles, the material flow in the forming direction is still recognizable.
This is shown on one hand by an increase in flange length and is also supported by the
deformation vectors from the simulation.
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Figure 28. Vectors of minor in-plane principal strain for shrink hem.

Consideration of the strains in the thickness direction provides further evidence to
the apparent material flow. As seen in Figure 29, the vectors of deformation show a
compression for the stretched hem (thinning) and tension for the shrink hem (thickening).
Both characteristics increase towards the hem edge and are consistent with the thickness
distributions (cf. Figure 21). Once again, the strains for shrink hemming are significantly
greater than for the stretched hem
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Figure 29. Vectors of strains in thickness direction for stretch and shrink hemming (bulge).

Taking into account all observations regarding the strains in the ISF hemming of curved
hems, Figure 30 attempts to summarize the resulting material flow on a generic volume
element. As both hem types indicate, the greatest strains are in the tangential direction due
to the change in diameter. The change in the thickness direction is significant, and strains in
the radial direction are also detectable. ISF hemming facilitates the distribution of tangential
strains to compensate for the surface enlargement, therefore preventing cracks in stretch
hemming and at the same time offering the degree of freedom that allows for the material
to flow out of the thickness, as the vectors of the second principal strain indicate. The same
counts for the shrink hem. Global and local elongation of the hem can be seen, and the
excess material flows in thickness direction. Joining by ISF made it possible to distribute
the material advantageously and at the same time allow for the hem to be thickened to
avoid wrinkles.
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3.3. Comparison of ISF Hemming and Roller Hemming

In order to compare the novel ISF-hemming with conventional roller hemming, exper-
iments were conducted on straight hemming edges with a flange length of 35 mm. This
geometry allows for better comparability, as there are fewer geometric constraints than
in curved hems. Thereby, process management is also simplified, because the tools only
have to follow straight lines in order to bend the flanges. Figure 31 shows the produced
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specimens for ISF hemming and roller hemming. In the case of ISF hemming, the surface
showed characteristic grooves from the forming process, whereas the roller tool left a single
distinct imprint on the hem, as it did not cover the hole flange while forming. Moreover, a
slight wave shape could be seen in the roller hemmed specimen, while the ISF-hemmed
specimen appeared to be rather flat with a light lift on the lateral edges. Despite the rather
long flange length of 35 mm, the ISF-hemmed specimen shows better flatness.
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Figure 31. General appearance of the straight hems produced with ISF hemming (left) and roller
hemming (right).

Similar to the closed curved geometries, optical strain measurements were carried out
as described in Materials and Methods, and the results are shown in Figure 32 to compare
both processes. The measured strains reach up to 8% for the straight geometry, which is
significantly lower than for the curved hems. Moreover, the strain maxima are located near
the hemming radius for both processes, as is to be expected. In contrast to pure bending,
strains are also present in the hem area. In case of ISF hemming, the strain distributes
evenly in a convex shape and decreases from approximately 6.5% to 0.5% in the direction
of the hem edge. In roller hemming, the strain localizes where the roller indents the flange.
In general, the strain values reach up to approximately 4% in the roller-hemmed specimen.
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hemming (right).

The described observations indicate that there is increased forming in the hem area in
ISF hemming. As the entire flange is formed over by the ISF tool, generally, greater strains
are detected over the whole hem compared to roller hemming. On one hand, this indicates
a different deformation mechanism and material flow, whereas reaching higher strains
without failure, and also being able to distribute them, might be beneficial for complex
hems, small radii, and corners.
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Again, numerical simulations were also set up for ISF hemming and roller hemming
of straight hems. In order to gain insights into the deformation mechanism, the analysis
focuses on the comparison of the deformation zones in both processes. As shown in
Figure 33, the deformation zone is made visible by fringe plots of the so-called pressure
in LS-PrePost. In ISF hemming, the deformation zone is divided in half in the forming
direction. The half towards the hemming radius, i.e., the part of the hem, which has already
been formed, experiences tensile load. The half towards the hem edge, the undeformed
region, faces compressive load. This could explain the observations of the change in
thickness of the hem, as the material is pushed and pulled away from the hemming radius.
This also provides an explanation for the already-discussed drag of material in the outer
fiber of the hem.
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In roller hemming, the roller leaves a track of compression as it stretches the material,
which slips beneath it. This corresponds very well with observations from the literature
that tangential compressive stresses occur, which favor wrinkling or surface waves. This
waved surface was observed in the experiment as well as in the simulation. In general,
the hem, and in particular the hemming radius, appeared to be pressed onto the inner
sheet, while ISF hemming indicated that the hemming radius was rather drawn over the
inner sheet.

4. Conclusions

The aim of this work was to gain an in-depth understanding of ISF hemming, a
novel joining technology, and to classify it in relation to conventional roller hemming. A
combination of experimental and numerical investigations enabled conclusions about the
underlying material flow and deformation mechanism. The most important are the following:

• The numerical models in general show a good agreement with the experiments and are
able to predict the geometry, thinning behavior, and strain distribution. This makes it a
valuable tool for further investigations. Optimization regarding precision, calculation
time, and representation of surface effects remain to be further improved.

• In hemming of curved edge parts, strain distributions and material flow vectors
contributed to the finding of beneficial material flow. It was shown that ISF hemming
allows for greater material flow in thickness direction (φ2) to reach higher strains
before cracking/wrinkling of the hem. Additionally, it facilitates compensation of
critical strains by material flow in radial direction (φ3).

• Investigation of straight hems and comparison with the roller hemming showed
that ISF hemming induces strain across the whole hem area, which also reaches
higher values than in roller hemming. Both properties can be advantageous for
manufacturing complex hems (e.g., with multiple curvature changes) and small radii,
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as well as corners. Also, rather long flange lengths (e.g., 35 mm) can be formed without
significant limitations, as demonstrated. Therefore, the field of application in joining
by forming can be extended with ISF hemming.

• One reason for the differences in the forming characteristic of ISF hemming compared
to roller hemming was found in the deformation zone and thus deformation mecha-
nism. It was pointed out that conventional roller hemming comes close to bending;
therefore, the predominant deformation in the shell midplane is compression of the
hemming radius. Contrary to this, ISF hemming tends to draw the hem, creating
tensile load on the hemming radius.

Further research will focus on forming more challenging hems. As an example,
the joining of car body panels with multiple curvature changes and sharp corners can
be targeted to further prove the benefits of this novel joining technique. Moreover, the
influence of the so-called drag of material in the upper third of the sheet thickness remains
to be investigated. Numerical models with multilayered solid elements might be able to
replicate such surface effects in ISF hemming and help in understanding the underlying
mechanism. In future research, the deformation of the inner sheet for the hemming process
should be taken into account, because it affects the shape of the joined sheets in the
radius zone.
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