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Abstract. Automotive structural components from Advanced High Strength Steels (AHSS) can 
be manufactured with Flexible Roll Forming (FRF). Flange wrinkling is a common shape defect 
in FRF, this restricts the application of FRF in the automotive industry. The new Incremental Shape 
Rolling process (ISR) showed that a high tensile transverse strain is developed in the flange and 
that assists the plastic deformation in the flange. Hence, wrinkle severity can be significantly 
reduced when weight-optimized components are formed. In this study, the ISR process is applied 
to a variable width profile from DP600. This investigated profile is a modified automotive 
component. The forming strains and wrinkling severity in ISR are compared with those obtained 
from the FRF case. The ISR and the FRF experimental trials are performed on a prototype FRF 
facility and then used to validate the numerical models which are applied to analyse the 
deformation behaviour in both processes. The ISR results show a significant reduction in 
wrinkling. This is due to the high tensile transverse strain that is developed in the ISR flange which 
facilitates the plastic deformation and hence the flange is stably compressed to the required shape. 
Nomenclatures 
dy Increment size 
f Flange length 
MAE Mean absolute error 
n Number of points considered for the wrinkling evaluation 
R Radius of the pre-cut blank 
Rn Roll nose radius 
ri Inner radius of the part 
t Material thickness 
XYZ Global coordinate system 
xyz Local coordinate system 
xi X coordinate of the deformed flange edge 
𝑥𝑥�𝑖𝑖 X coordinate of the ideal flange edge 
𝜀𝜀𝑡𝑡ℎ Theoretical required longitudinal strain 
𝜑𝜑 Bend angle 
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Introduction 
Advanced High Strength Steels AHSS are increasingly used in the automotive industry for 
structural components due to their high strength-to-weight ratio [1, 2]. Roll Forming (RF) is a 
common forming process for the manufacturing of lightweight automotive structural components 
from high-strength and low-ductility materials [3]. However, RF is limited to the forming of simple 
components that have a constant cross-section [4]. Flexible roll forming was therefore developed 
to enable the forming of complex components with cross-sections that vary along the length of the 
profile [5]. Flange wrinkling is one of the common shape defects in FRF [6] and occurs if the 
required longitudinal compressive strain in the flange cannot be achieved by stable compression 
[7]. Limited practical solutions have been proposed to eliminate flange wrinkling, this restricts the 
shape complexity achievable with FRF from AHSS [6, 8].  

Recently, a prototype flexible roll forming facility has been introduced [9, 10] and special 
forming tooling developed that supports the flange during the deformation and reduces flange 
wrinkling. However, wrinkling is still observed when flexible roll forming high-strength sheet 
metal [9] and this limits the widespread application of FRF in the automotive industry. 

Incremental Sheet Forming (ISF) processes such as metal spinning and single-or-two point 
incremental forming are characterized by localized deformation which improves the formability 
and shape quality [11]. The axial tensile deformation that is formed during the forward paths in 
metal spinning balances the compressive hoop stress and this allows the forming of wrinkle-free 
spun [12, 13]. However, due to the limited working range of the ISF milling machines, forming 
long automotive structural sections is not feasible [14]. In addition, ISF of high-strength materials 
needs warm forming techniques to reduce the material strength [15]. 

The new Incremental Shape Rolling process has been recently developed and applied for the 
forming of long and straight U-profile components [16]. Similar to ISF, a high transverse tensile 
strain is developed in the flange and this promises to facilitate the plastic deformation in the flange 
when ISR is applied to weight-optimized components from AHSS. 

In this study, the new ISR process is applied to manufacture the critical region of a simplified 
automotive component with a changing width cross-section. The same component shape is formed 
with the conventional FRF process on the same prototype forming facility [9] and the material 
deformation and shape defects are compared between both processes. Abaqus implicit is then used 
to further analyse the deformation behaviour in both processes. 
Profile Geometry and Material 
The investigated component has a cross-section that varies in width along its length, see  
Fig. 1a. The component has a flange length of f = 18 mm, an inner radius ri = 5 mm and a material 
thickness of t =1.5 mm. Wrinkling is only expected to occur in the compression side of the 
component, where the flange is longitudinally compressed. On the other side, the flange is 
longitudinally stretched. Therefore, only the compression side of the component is considered in 
this study and due to shape symmetry around the X-Y plane, only one-quarter of the component is 
investigated (the highlighted quarter). The pre-cut blank corresponding to the investigated quarter 
of the component is shown in Fig. 1b. Standard tensile tests were carried out on an Instron 5967 
with a 30 kN load cell according to ASTM E8/E8M [17]. The tensile tests were done along the 
rolling direction and at a test speed of 0.025 mm s−1. The averaged true stress–true strain curve of 
the DP600 sheet is shown in Fig. 1c. The mechanical properties are obtained by fitting the 
Hollomon’s power law of the tested material and are shown in Table 1. 
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Fig. 1. Schematic showing (a) the full variable width profile and (b) the pre-cut blank 
corresponding to the investigated quarter of the component and (c) the average true stress-

effective plastic strain curve of the DP600 sheet (dimensions in mm). 
 

Table 1. Tensile data of the DP600 sheet. 
Material Thickness 

t (mm) 
0.2% Yield 

strength (MPa) 
Ultimate tensile 
strength (MPa) 

Strain 
hardening  

Strength 
coefficient  

(MPa) 
DP600 1.5 414.5 733.5 0.11 897 

Experimental Trials 
Incremental Shape Rolling. 
In ISR, the pre-cut blank is held between the clamping dies with the force applied by six hydraulic 
cylinders. A cylindrical forming roll with a roll nose radius, Rn=1 mm was used, see Fig. 2, and 
an initial clearance between the forming roll and the top die set to the sheet thickness, t. The 
hexapod which carries the forming roll has six degrees of freedom. During forming the roll is first 
moved up incrementally in Y-direction, dy, and then moved in the X-Z plane to follow the top die 
contour while keeping the initial clearance, t. The roll rotates around the Y-axis to keep its axis 
perpendicular to the roll path. At the same time, the clamping dies move linearly in the longitudinal 
Z-direction. This roll path is repeated several times until the blank is fully formed over the top die. 
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Fig. 2. Schematic drawing of the ISR process of the variable width profile. 
 

The same ISR forming sequence as applied for the ISR of straight components in previous work 
[16] was implemented in this investigation, where the flange incrementally wraps over the roll 
nose radius in each pass, and in this way, the flange is formed upwards until the pre-cut is fully 
formed to the desired shape. In this study, the smallest possible increment size dy=1 mm was used, 
as it is reported that the transverse tensile strain increases with decreasing the increment size, dy 
[16] which provides the best possible flange quality. 

 
Flexible Roll Forming. 
The flexible roll forming trials were done on Deakin’s FRF facility, where the blank is held 

between the clamping dies by six-hydraulic cylinders. One bottom roll (B1) is used to 
incrementally bend the pre-cut blank into shape with 14 forming passes. This represents the 
simplest forming and tool approach. More complex forming tools using finger rolls have been 
applied in previous studies to significantly reduce wrinkling and improve part shape [18]. In this 
study, a higher winkling tendency was desired to provide a clear difference in forming modes 
between the ISR and the FRF approach. The corresponding bend angle increment in FRF is 11°, 
7°, 10°, 5°, 8°, 5°, 6°, 6°, 6°, 6°, 5°, 5°, 5°, 5°. The left side of Fig. 3 shows the schematic of the 
relative contact between the roll and the flange during forming, while the FRF bend sequence is 
shown on the right side of Fig. 3. 
 

 
Fig. 3. Schematic of the roll set used in the FRF process and the implemented flower pattern. 
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Shape Analysis and Strain Measurement. 
A 3D laser scanner “CreaForm HandyScan 700” [19] has been used to scan the flange after the 
final forming pass and before the part was released from the clamping dies. The data was then 
imported into the Geomagic Qualify software [20] to evaluate the flange quality and to compare it 
to the ideal shape of the flange. For this, a X-Z plane section cut was created along the length of 
the flange and located at a distance of 1 mm under the flange edge, see Fig. 4. 
 

 

Fig. 4. Formed flange and the path considered for wrinkling evaluation. 
 

Eq. 1 was used to calculate the mean absolute error (MAE) of the flange edge [9] to 
quantitatively evaluate flange wrinkling. The wrinkles were observed at a Z-coordinate of 70 to 
320 mm measured from the lead end of the component and the MAE was therefore calculated in 
this region, see Fig. 5. Note that, the lead end is the component end where the forming pass starts 
while the tail end is where the forming pass ends. 

 𝑀𝑀𝑀𝑀𝑀𝑀 =𝑛𝑛
1 ∑ |𝑥𝑥𝑖𝑖 − 𝑥𝑥�𝑖𝑖|.𝑛𝑛

𝑖𝑖=1  (1) 

Where, 𝑥𝑥�𝑖𝑖 is the corresponding X coordinate of the ideal flange edge, xi is the X coordinate of 
the deformed flange edge and n is the number of points considered for the wrinkling evaluation. 
 

 
Fig. 5. Flange edge considered for the wrinkling analysis. 
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The AutoGrid strain measuring system [21] was used to measure the true major and minor 
strains after the final forming pass and after the component had been removed from the clamping 
dies. For this, a 2 mm × 2 mm grid was printed on the pre-cut blank and pictures of the formed 
grid were taken with a camera. The strain components were evaluated in cross-section 1 (S1) in 
the middle of the critical radius, R=295.64 mm (see Fig. 1a and 6). The local coordinate system 
(xyz) which follows the formed material was used to plot the strain components; where PExx is 
the transverse strain and PEzz is the longitudinal strain, while (XYZ) is the global coordinate 
system, see Fig. 4. 

Eq. 2 was used to calculate the theoretical longitudinal strain, εth, required to form the flange. 
The R319.11 mm is the most critical radius in the compression side of the pre-cut blank (see Fig. 
1a) and this results in the highest longitudinal compression strain in the flange, and severe 
wrinkling is expected to occur in this critical radius [9]. Based on Eq. 2 the theoretical longitudinal 
strain that is needed to form the flange in this critical radius is εth = -0.054. 

𝜀𝜀𝑡𝑡ℎ = 𝑙𝑙𝑙𝑙 𝑅𝑅− 𝑓𝑓(1−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝑅𝑅

. (2) 

Where εth is the theoretical required longitudinal strain, R is the radius of the pre-cut blank, f is 
the flange length and φ is the required bend angle of 90°. 
Finite Element Analysis 
The finite element simulation of the ISR process and FRF process have been performed with 
Abaqus Implicit. The clamping dies and the forming roll were modelled as rigid bodies, while the 
pre-cut blank has been discretized with reduced integration, hexahedral, linear brick elements 
(C3D8R). Four elements through the blank thickness were used with an element size of 1 mm and 
2.5 mm in the X and the Z directions, respectively. A “frictionless contact” was assumed between 
the forming roll and the blank surfaces to avoid convergence issues [22]. To minimize the 
penetration of the rigid bodies into the blank surfaces at the constraint locations, the “hard contact 
condition” was applied [23]. The true stress-effective plastic strain curve shown in Fig. 1c was 
used together with isotropic hardening and the von Mises yield criteria to define the plastic material 
behaviour of the DP600 sheet [24, 25]. The elastic properties were defined with Poisson’s ratio, ν, 
which is assumed to be 0.3 [9] and a Young’s modulus of 200 GPa [26]. For the analysis of the 
forming results, the same procedure as used in the experimental trials is applied. 
Results 
Evaluation of Flange Wrinkling. 
Fig. 6a compares the formed flange shape with the ideal shape of the flange after the final forming 
pass for both FRF and ISR. For a clear presentation, a 10 mm X-offset is applied between each 
forming case. The experimental results show that a clear wrinkle is formed in the FRF flange while 
the final shape of the ISR flange is close to the ideal shape. The FEA results underestimate the 
shape error and only indicate the formation of a buckle in the FRF flange, while there is no 
wrinkling predicted for the ISR process which correlates with the experimental results. Fig. 6b 
shows the calculated MAE for each forming case. The FEA results of the MAE accurately predict 
the experimental trend. 
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(a) (b) 
Fig. 6. (a) Comparison of the flange edge shape after the final forming pass and (b) MAE of the 

flange edge. 
 

Material Deformation in the Flange. 
The distribution of the transverse and the longitudinal residual strain along Section 1, i.e., in 

the middle length of the critical radius (see Fig. 4) was measured after the final forming pass and 
is given in Fig. 7a and b, respectively. The Autogrid system gives a good measurement along the 
flange length, while a strain measurement was not possible in the profile radius area zone, ri. The 
experimental results and the FEA results suggest that a high transverse and longitudinal strain 
develops in the ISR flange, while there is only a very small level of transverse tensile strain and 
longitudinal strain in the FRF flange, see Fig. 7. The longitudinal compressive strain that is formed 
in the ISR flange reaches the theoretically required longitudinal, 𝜀𝜀𝑡𝑡ℎ, in the flange edge, see Fig. 
7b. In contrast, the longitudinal compressive strain that develops in the FRF flange is significantly 
lower than the theoretically required strain, 𝜀𝜀𝑡𝑡ℎ. 
 

 

 

  
(a) (b) 

Fig. 7. Residual strain along cross-section 1 after the final forming pass (a) transverse direction 
and (b) longitudinal direction. 

Discussion 
The Effect of the Forming Method on Wrinkling Severity. 
In ISR, the flange is wrapped over the roll nose radius to a larger extent in the early forming passes 
compared to that in the later forming passes [16]. Thus, the formed transverse tensile strain in ISR 
reaches its maximum level above the part radius, ri, and then drops back to reach a minimum at 
the flange edge, see Fig. 7a. 

To produce a complex part contour without wrinkling, the flange needs to compress 
longitudinally [7]. Eq. 2 was used to calculate the theoretical longitudinal strain, 𝜀𝜀𝑡𝑡ℎ, required in 
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the flange to produce the investigated component. As can be seen in Fig. 7a, ISR results in a high 
tensile transverse strain. This high transverse strain assists in forming the longitudinal compressive 
strain that is required to form the investigated flange. As shown in Fig. 7b, the formed longitudinal 
compressive strain in the flange reaches the theoretically required longitudinal strain. This 
indicates that the material is stably compressed in the critical zone without wrinkling. 

In FRF, bending is the major deformation mechanism in the transverse direction and therefore 
the transverse tensile strain is low. This results in a small compressive longitudinal strain that is 
lower than that theoretically required. This means that in FRF the edge length remains longer than 
required and that therefore the compressive longitudinal stress is released in form of wrinkling 
rather than stable compression. This explains the severe flange wrinkling that occurred when FRF 
the component with the simple tooling, see Fig. 6a. 

Both the experimental result and the FEA result of the FRF case suggest the formation of a 
buckle after pass 5, which forms into a wrinkle after pass 7 in the experimental trials. The 
longitudinal membrane stress, Szz, is investigated along the selected node path in the flange edge 
(see Fig. 8a) for both the FRF (Fig. 8b) and the ISR case (Fig. 8c). For both processes, the 
maximum longitudinal compressive stress occurred in the critical radius, R295.64, see Fig. 1a. In 
FRF, the longitudinal compressive stress increases with the forming passes and reaches the critical 
buckling initiation stress of 527 MPa [9] after pass 5 (Fig. 8b), which is where the initial buckle 
was observed. Note that as soon as the buckle initiates the stress will release, i.e., there will be no 
further stress increase. The residual longitudinal stress formed in ISR is lower than the critical 
buckling stress and decreases with the forming passes (Fig. 8c). This suggests that the transverse 
tensile stress that is generated in the flange reduces the longitudinal compressive stress and 
therefore prevents the development of a wrinkle. 
 

 

(a) 
 

 

 
 

(b) (c) 
Fig. 8. (a) Node path considered for analysis of longitudinal stress, (b) evaluation of membrane 

longitudinal stress at the selected node path for FRF and (c) for ISR. 
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Summary 
In this study, the incremental shape rolling of an automotive component with variable width was 
investigated and the deformation mechanisms and shape quality compared with those obtained 
from FRF. The major outcomes of this study are: 

• ISR enables the manufacture of weight-optimized automotive components from high-
strength steel by eliminating the wrinkling severity. 

• In ISR, the transverse tensile strain results from the material wrapping over the roll radius. 
• The transverse tensile strain that is developed in the ISR flange assists in the forming of 

the longitudinal compressive strain that is required to form the part contour. In FRF, the 
transverse and longitudinal strains are low. This leads to wrinkling instead of stable 
longitudinal compression in the flange. 

• ISR represents a promising alternative to conventional sheet forming processes where 
excessive wrinkling leads to issues. 
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