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Abstract The roll forming process is increasingly used in the
automotive industry for the manufacture of structural and
crash components from Ultra High Strength Steel (UHSS).
Due to the high strength of UHSS (<1GPa) even small and
commonly observed material property variations from coil to
coil can result in significant changes in material yield and
through that affect the final shape of the roll formed compo-
nent. This requires the re-adjustment of tooling to compensate
for shape defects and maintain part geometry resulting in cost-
ly downtimes of equipment. This paper presents a first step
towards an in-line shape compensation method that based on
the monitoring of roll load and torque allows for the estima-
tion of shape defects and the subsequent re-adjustment of
tooling for compensation. For this the effect of material prop-
erty variation on common shape defects observed in the roll
forming process as well as measurable process parameters
such as roll load and torque needs to be understood. The effect
of yield strength and material hardening on roll load and
torque as well as longitudinal bow is investigated via experi-
mental trials and numerical analysis. A regression analysis
combined with Analysis of Variance (ANOVA) techniques is
employed to establish the relationships between the process
and material parameters and to determine their percentage
influence on longitudinal bow, roll load and torque. The study
will show that the level of longitudinal bow, one of the major

shape defects observed in roll forming, can be estimated by
variations in roll load and torque.

Keywords Roll forming . Sensitivity study . Longitudinal
bow . Defect compensation . Roll load and torque

Introduction

Ultra High Strength Steels (UHSS) are increasingly used in
the automotive industry to reduce weight and improve passen-
ger safety [1]. Their highmaterial strength and low formability
restrict the manufacture of UHSS with conventional forming
methods such as stamping. One forming method that has been
shown to enable the forming of high strength, low ductile
materials to components with high accuracy is roll forming
[2] and the process is increasingly used in the automotive
industry for the manufacture of longitudinal components for
structural and crash applications [1]. Roll forming has been
shown to enable the forming of tighter forming radii [3] and
shows a lower level of springback [4] compared to simple
bending. This has been majorly related to the incremental
nature of the process [4, 5] where the material is incrementally
bent in successive roll forming stations. Additionally to that
springback and shape defects can be flexibly compensated for
by re-adjustment of the tooling [6] which is a major advantage
when roll forming UHSS.

Previous studies have shown that even small changes in
material yield can have a major effect on the process and the
final shape of the roll formed components [7]. Most shape
defects in roll forming are due to small permanent longitudinal
deformation in the strip [8] and a reduction in yield stress
reduces the resistance of the material for unwanted plastic
deformation. This represents a major problem when forming
UHSS where even small and common changes in material
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strength and hardening characteristic can lead to major
variations in yield stress (10 % reduction in material
strength for a material with YP0.2%=1000 MPa leads to a
reduction in yield stress by 100 MPa [9]). This requires
the re-adjustment of tooling to compensate for shape
defects and maintain part geometry and results in costly
equipment downtimes which are unacceptable in automotive
engineering.

To enable the wide-spread application of the roll forming
process in the automotive industry methods need to be devel-
oped that enable the compensation of shape defects without
stopping the roll forming line. An inline shape compensation
method would require the monitoring of process parameters
that enable the estimation ofmaterial property variations in the
process. Additionally to that the effect of changes in material
properties on the final part shape needs to be known to re-
adjust the tooling accordantly and compensate for shape de-
fects. There are few defect compensation techniques recorded
in the literature [10, 11]. Ona and Jimma [10] experimentally
investigated a method to eliminate twist, bow and camber of
symmetrical channel sections. They used an exit straightener,
roll pressure adjustment, transverse shift of the rolls, over-
bending of the strip and a twist forming stand as the correction
methodologies. Their methodology is based on trial and error
and it may not be practical especially when UHSS is formed
as their material properties are continuously changing which
would lead to frequent machine stoppages and readjustments.
Groche et al. [11] introduced an in-line springback compen-
sation method for high and ultra-high strength steel, where the
part is over-bent for shape compensation in the last forming
pass depending on the part shape measured just before the
station. This requires a feedback signal which was taken from
a set of laser sensors and cameras. This paper presents a first

step toward an in-line shape compensation method that based
on the monitoring of roll load and torque allows for the esti-
mation of shape defects and the subsequent re-adjustment of
tooling for compensation. For this the effect of material prop-
erty variation on common shape defects observed in the roll
forming process as well as measurable process parameters
such as roll load and torque need to be understood.

Only a few investigations have analysed roll load and
torque in the roll forming process and revealed that both pa-
rameters are a function of material yield [12, 13].
Bhattacharyya et al. [12] introduced a semi empirical method
to calculate the roll load by equating the external work to the
total deformation work (bending and stretching). A trapezoi-
dal channel section was taken into account for the investiga-
tion. According to their investigation, roll load is a function of
yield strength, material thickness, fold angle and the flange
length while experimental and statistical work performed by
Lindgren [13] showed that roll load and torque depend on
material yield strength, forming angle and material thickness.
Work performed by Abeyrathna et al.[7] on the roll forming of
a trapezoidal section suggested that roll load and torque are
not only a function of material yield, but also depend on ma-
terial hardening which is an important aspect given that some
UHSS such as DP1000 steel show very high initial hardening
rates [14].

A numerical study performed by Azizitafti et al.[15] ob-
served that longitudinal bow decreases with increasing yield
strength of the roll formed material and this has been verified
by experimental work performed byAbeyrathna et al.[7]. This
suggests that it may be possible to directly estimate the level of
longitudinal bow in a roll formed section by directly monitor-
ing the change in roll forming load and torque during the
process.
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Fig. 1 (a) True stress strain curve
of DP 780 steel for samples cut 0,
45 and 90° to the rolling direction
(b) True stress effective plastic
strain curve and the fit with the
Hollomon’s equation for DP780
steel

Table 1 Material properties of
DP780 Material Yield

Strength(MPa)
Young’s
Modulus(GPa)

Ultimate tensile
strength(MPa)

Elastic limit
(m/m)

n K(MPa)

DP780 594.4 200 960 0.00297 0.118 1228
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This study will investigate the effect of material yield
strength and hardening on the longitudinal bow as well as roll
load and torque for the forming of a trapezoidal section. A
regression analysis combined with Analysis of Variance
(ANOVA) techniques is employed to establish the relation-
ships between the process and material parameters and to de-
termine their percentage influence on longitudinal bow, roll
load and torque. The possibility of identifying the material
properties of the incoming material and the resulting longitu-
dinal bow of the section via the measurement of roll load and
torque will be analysed with a practical example.

Experimental set up

A simple channel section was roll formed with Dual Phase
780 steel (DP780) in a laboratory roll former. The true stress
strain curve of the DP780 steel determined in the standard
tensile test ASTME8/E8M [16] is given in Fig. 1a for samples
directed 0, 45 and 90° to the rolling direction; the results show
that the effect of planar anisotropy is small. The trues stress
strain curve was converted into true stress-effective plastic
strain and the Hollomon’s power law (Eq. (1)) was fitted to
the graph to determine the hardening parameters; hardening
exponent (n) and strength coefficient (k). In Eq. (1), εeps, rep-
resents the effective plastic strain.

σ ¼ kεeps
n ð1Þ

Reasonable correlation was achieved as shown in Fig. 1b
and the material parameters are given in Table 1.

Strips that were 1000 mm in length, 150 mm in width and
2 mm in thickness were cut from a coil and roller levelled
before roll forming to eliminate pre-existing residual
stresses and to improve sheet flatness. The roll forming set
up consists of three bottom roll driven roll stations and a
feeder to feed the material into the first forming station as
shown in Fig. 2.

The sheet was formed without lubrication with a line speed
of 17.3mm/s. The forming sequence was 0º-20º-30º-free as
shown in the flower pattern in Fig. 3a, and the constant radius
bending technique was employed with a constant radius of
4.8 mm. In the constant radius method the segments of the
arc element are bent into the final forming radius at each
forming stepwhile the arc length gradually increases as shown
in Fig. 3b [17].

Roll load and torque were measured at the 2nd roll station
by a shear web compression load cell and a rotation torque
transducer [7] as shown in Fig. 4.

In this study the roll load was considered as the load
exerted on the top shaft during the roll forming process and
the roll torquewas the torque exerted on the bottom roll during
the operation. While in the first and the third station the roll
gap was set according to the strip thickness (2 mm) in the 2nd

station a roll gap 0.1 mm higher than the material thickness
was chosen to avoid excessive loads on the equipment due to
thickness variations [13].

400mm

320mm

260mm

Feeder

1st station 2nd station 3rd station 

Sheet

Fig. 2 Schematic of the roll forming set up

Fig. 3 (a) Flower pattern (b) Constant radius forming [17]

Fig. 4 Schematic of roll load and torque measurement in the 2nd station
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A new technique was introduced by the author to measure
the longitudinal bow on the final roll formed parts. For this the
outer surface of the roll formed part was scanned using the
BExaScan^ 3D scanner [18] as shown in Fig. 5a. Black and
white circular stickers, called targets, were pasted on the outer
surface of the roll formed part and the background allowing
the 3D scanner to identify the exact surface topology. Then the
scanner was moved along the part until it captured the whole
outer surface. The resolution of the scanned surface was
0.05 mm giving an accuracy of 0.04 mm. The scanned surface
was then aligned with the ideal roll formed surface generated
by Solidworks [19] as shown in Fig. 5a using the software
package BGeomagic^ [20]. The longitudinal cross section
through the symmetric centre of the part was considered to
evaluate bow. In this study longitudinal bow was defined as
the vertical height deviation of the scanned part along the
symmetric centre as shown in Fig. 5b. The symmetry line
was chosen to maintain the consistency of the measurements.

Numerical analysis

Model set up

The commercial software package Copra RF/FEA [21] was
applied for the process design and the numerical analysis.
Copra FEA is based onMSCMarc and uses an explicit solver.

In previous numerical roll forming studies the forming rolls
were considered as rigid and stationery bodies and deforma-
tion in the frame, the shafts, and the bearings was not taken
into account [22–25]. This led to the overestimation of roll
load and torque [26]. The numerical model applied in this

study will account for the deflection of the shafts and frame
components to enable the accurate analysis of roll load and
torque similar to the approach employed by Groche et al. [27],
which will be explained later. Figure 6 shows the numerical
model applied in this investigation.

The coulomb friction model was adopted and the coeffi-
cient of friction between the strip and the rolls was assumed to
be 0.1 [22, 28]. The forming rolls and the feeder were
modelled as rigid bodies while the strip was defined as a
deformable body generated from full integration, hexahedral,
type 7 arbitrarily distorted brick elements available in the
MSCMARC software element library [29]. Only one element
through the strip thickness was chosen to minimise the com-
putational time required. An analysis performed with two el-
ements through the material thickness revealed an increase in
roll load and torque by 5.8 % and 8.8 % respectively com-
pared to the single element model. A similar trend with in-
creasing number of elements through the material thickness
has been observed in previous studies [27, 30].

The friction between the feeder and the strip was consid-
ered to be zero. The roll gap was set to be the same as the
material thickness (2 mm) in the 1st and the 3rd station while it
was adjusted to be 0.1 mm higher than the material thickness
in the 2nd station corresponding to the experimental set up.
The vertical upward force measured on the top roll in the
second station and the torsion on the bottom roll correspond
to the experimentally measured roll load and torque respec-
tively. For that the vertical reaction force on the control node
of the top roll was measured as the roll load and the torque
applied on the bottom roll axis was measured as the roll
torque. The rolls are fixed in space while the strip moves
forward through the stations due to the frictional pulling force.

Fig. 5 (a) Alignment of the scanned part and the ideal CAD section through the part centre (b) Definition of bow

Fig. 6 Numerical model of the
roll forming process
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Three boundary conditions were introduced as shown in
Fig. 7. The X-lock boundary condition is applied to all nodes
along the symmetric line of the part and restricts the material
movement in X direction due to symmetry. The Y-lock is
applied to the last three bottom nodes along the symmetry line
and keeps the symmetry centre line at the same vertical posi-
tion throughout the whole forming process. The Z-entry is
applied to the first six top and bottom nodes from the symme-
try corner and introduces a displacement in Z direction until
the strip enters the first roll gap; then the strip moves forward
due to the combined effect of frictional force between the strip
and the rolls and the rotation of the top and bottom rolls. The
rotational speed of the bottom roll was set to be 3.25 rpm
giving a line speed of 17.3mms−1 as in the experiments.

The elastic behaviour of the material was represented by
the Hooke’s stress–strain relationship given by Eq. (2). The
Young’s modulus, E, and the Poisson’s ratio were taken as
200GPa and 0.3 respectively.

σ ¼ Eε ð2Þ

Isotropic material behaviour was assumed and the von
Mises yield criterion applied to define plastic material behav-
iour. For the verification of the numerical model with experi-
mental roll forming results true stress-effective plastic strain
data obtained for the DP780 material and fitted by the
Hollomon’s power equation (Fig. 1b) was used. For the para-
metric study a number of artificial true stress-effective plastic
strain curves were developed and the procedure applied for
this will be explained in more detail below.

Development of artificial material data

For this analysis, nine different artificial material properties
were developed giving three levels of yield strength (Y) with
three different hardening exponents (n) each. This enabled the
detailed analysis of the interplay between material hardening
and yield strength and the effect on roll load, torque and bow.
The Hollomon’s power law was applied for the artificial ma-
terial data development. In the Hollomon’s power law

equation the strength coefficient (k) is a dependent variable
that varies with the yield strength Y and the hardening expo-
nent n. To generate true stress strain curves with distinct com-
binations of Yand n, kwas determined for eachmaterial model
based on the stress–strain relationship at the yield point (see
Fig. 8). Based on Eq. (1) the strength coefficient, k , can be
determined for each particular combination of Y and n using
the relationship

k ¼ Y

ε0n
ð3Þ

where ε0 ¼ Y
E is the strain corresponding to the yield strength.

The different combinations of yield strength and hardening
exponents generated this way are shown in Fig. 9. The differ-
ent yield strength levels and the hardening values are chosen
to cover the Advanced High Strength Steel (AHSS) and
UHSS grades commonly roll formed in the automotive indus-
try. Those range from DP grades to martensitic steels which
generally show high yield strength levels combined with very
low material hardening.

Roll stand design

As mentioned above, in this study the stiffness of the main
components of the roll forming station was taken into account.

X-lock (all nodes in the 
symmetry line)

Y-lock

Z-entry 

Fig. 7 Boundary conditions
applied to the model of the roll
forming process
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Fig. 8 Typical true stress–strain graph
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To achieve this, first the loading behaviour of the main roll
stand components, the top shaft, the bottom shaft and the
frame components (see Fig. 10) was investigated. To deter-
mine their particular stiffness properties those three compo-
nents were analysed separately. The resultant stiffness was
introduced into the model which represents the summed up
stiffness values of the top and bottom shafts and of the frame
components.

For the stiffness analysis of the top and bottom shafts, half
of the shaft was considered as in the numerical analysis only
half of the strip is modelled due to part symmetry. The shafts
were considered as cantilever beams that are fixed at one end.
It was assumed that the shafts have a uniform cross section
and that a point load is applied at the free end of the shaft due
to the vertical forming force. The Frame consists of two col-
umns, one arch, two frame connecting bolts and one adjust-
ment bolt (Fig. 10). While the columns and the bolts can be
assumed to be uniform bars under tensile load the arch is
considered to be a fixed body supported at two ends and
loaded at the centre. The formulas used to determine the stiff-
ness are given in Table 2 together with the corresponding
stiffness values. A Young’s Modulus of E = 210GPa was
assumed.

The overall stiffness of the frame including the shafts can
then be calculated as follows;

ktotal ¼ 2

k1
þ 1

2k2
þ 1

2k3
þ 1

k4
þ 1

k5

� �−1

ktotal ¼ 31792 N=mm

ð4Þ

To introduce the stiffness obtained from Eq. (4) in the finite
element model, a spring connection was introduced between
the centre (control node) of the top shaft and a second node
positioned vertically above the centre node as shown in
Fig. 11. The stiffness of the spring was taken as the stiffness
determined above for the whole frame (ktotal) which was
31792 N/mm. The spring allows the top roll to move vertically
to represent the deflection in the system as a result of the shaft
and the frame components being deformed due to the roll
load.

The total equivalent plastic strain introduced into the ma-
terial is shown in Fig. 12 for roll stations 2 and 3. It can be seen
that the highest equivalent plastic strain develops in the profile
radius and is close to 0.03 for a forming angle of 30° in station
3 (Fig. 12b).

Model verification

The comparison between the numerical results and the roll
load, torque and longitudinal bow analysed in the roll forming
trials is shown in Fig. 13. It can be seen that the roll load is
zero within the first 20 s until the sheet gets in contact with the
rolls (Fig. 13a). Soon after that the strip reaches the roll gap
and the roll load reaches its maximum value where it remains
until the strip leaves the station. The experimental roll load is
over estimated by the numerical model by 29 %. In the sim-
ulation only the stiffness of some frame and shaft components
was considered. The estimation of the effect of the radial
clearance of the self-aligning roller bearings and the stiffness
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Fig. 9 Material input for the
numerical models

Fig. 10 Separation of the roll
stand into shafts and frame
components

428 Int J Mater Form (2016) 9:423–434



of the bearings and the bearing housings is difficult and there-
fore was not taken into account. The frictional force between
the top shaft bearing housing and the columns may have in-
fluenced the experimental analysis of the roll load and may be,
to some extent, the cause of the deviation observed in this
study between the simulated and the experimentally measured
roll load. For torque the maximum error of the numerical
model is around 15.9 % (Fig. 13b). One of the reasons for this
may be the underestimation of the coefficient of friction be-
tween the strip and the rolls which directly affects roll torque.
Other authors proposed coefficients of frictions as high as 0.2
[5, 15]. The comparison between the numerical and the exper-
imental results for longitudinal bow are shown in Fig. 13c.
There is a good agreement between the numerical and exper-
imental results for the maximum longitudinal bow. Overall,
the results show that the current numerical model sufficiently
represents the experimental set up.

Results and discussion

The values determined for longitudinal bow, roll load and
torque applying the numerical model described above and

the nine combinations ofmaterial yield strength and hardening
exponent are shown in Table 3.

Above results will be used in a regression analysis to de-
termine their empirical relationships. Here the yield strength
and the hardening exponent are considered as the input pa-
rameters while the longitudinal bow, roll load and torque are
considered to be the output parameters. The relationship be-
tween the output parameters will also be established to deter-
mine the link between longitudinal bow, roll load and torque.
The first order multiple linear regression model can be repre-
sented as

Pi ¼ β0 þ β1x1 þ β2x2 ð5Þ
where Pi represents the output parameters and x1; x2 are the
yield strength, Y, and the hardening exponent, n, respectively.
It is important to note that Pi is the dependent variable and x1
and x2 are independent variables; Pi, x1 and x2 therefore may
not have the same dimensions. For the regression analysis the
commercial software package MINITAB [31] was applied
and the linear equations suggested are given in Table 4. The
coefficient of determination (R2

ad j) is also shown and gives a

measure for the accuracy of the suggested equation. Addition-
ally to that the results of the variance analysis are given for
each output variable in Table 5. The F value is another signif-
icant parameter which determines the degree of accuracy of a
regression equation. According to the variance test results in
Table 5, the suggested F value should be greater than F(2, 6)
where 2 indicates the degree of freedom (DoF) of the regres-
sion model and 6 indicates the DoF of the residual error. The
DoF defines the number of independent variables in a model.
If the significance level, α is taken as 0.05 %, then F (2, 6)
needs to be greater than 34.8 (this value is taken from the
standard F statistic table) for the regression model to be of
statistical significance. Therefore, considering the F values
given in Table 5, the linear regression models can be accepted
for longitudinal bow, load and torque as for those the F values
are greater than 34.8. The P value determines if the model is
statistically significant. This is the case if the P value is < α

Table 2 Frame stiffness
components Component Dimensions Stiffness formula Stiffness(N/mm)

Roll shaft (k1) R=50.8 mm

L=340 mm

k ¼ 3EI
L3

Where I is the moment of inertia

E is Young’s modulus

L is length

k1=83839

Column(k2) 40 mm×40 mm×400 mm k ¼ AE
L

Where A is cross sectional area

k3=359189

k4=431026

k2=840000

Connecting bolts(k3) R=7 mm

L=90 mm

Adjusting bolts(k4) R=7 mm

L=150 mm

Arch(k5) 40 mm×50 mm×240 mm k ¼ 48EI
L3

k5=303819

Fixed

Moveable

= /

Fig. 11 Introduction of the shaft deflection in the model
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which is true for all parameters considered here as it is shown
in Table 5.

The regression equations in Table 4 indicate a negative
relationship between both yield strength and hardening expo-
nent and longitudinal bow, i.e. longitudinal bow decreases
with increasing yield strength and hardening exponent. In roll
forming when the strip is bent in the roll forming station a
point on the edge of the strip travels a longer distance com-
pared to one positioned in the centre. This leads to the devel-
opment of longitudinal strain in the edge and if its magnitude
exceeds the elastic limit of the material, it is permanent. Such
an imbalance in longitudinal strain between the strip edge and

the centre results in bow [8]. When the yield strength is high
the elastic limit of the material increases. This allows the ma-
terial to longitudinally deform within the elastic limit during
roll forming leading to a lower level of longitudinal bow [7,
15]. Some recent studies have shown that UHSS grades that
show low material hardening deviate from this trend which
may be due to their hardening behaviour [32]. The effect of
the hardening on bow observed in this study is therefore im-
portant. After the material yields a high hardening exponent
may restrict further permanent deformation in the material and
through that may have a similar effect as that observed for an
increase in material yield strength above. For roll load and

Fig. 12 Equivalent plastic strain
distribution in the DP780 strip
measured in (a) Station 2 (b)
Station 3

Fig. 13 Comparison between
experimental and numerical
results for (a) Roll load (b) Roll
torque (c) Longitudinal bow

Table 3 Numerical results for
longitudinal bow, roll load and
torque

Model Y(MPa) n Maximum Bow(mm) Load(kN) Torque(Nm)

Model 1 390 0.15 6.20 10.31 47.14

Model 2 390 0.25 5.62 12.54 59.04

Model 3 390 0.35 5.11 14.97 71.56

Model 4 590 0.15 3.82 11.99 54.24

Model 5 590 0.25 3.54 14.23 65.27

Model 6 590 0.35 3.12 16.73 77.80

Model 7 790 0.15 1.34 13.54 59.95

Model 8 790 0.25 1.42 15.77 71.33

Model 9 790 0.35 1.37 18.30 84.46

430 Int J Mater Form (2016) 9:423–434



torque direct positive linear relationships with the yield
strength and the hardening exponent are observed (Table 4).
When the yield strength of thematerial is high the deformation
energy needed to form the material increases [12] which leads
to higher levels of roll load and torque. This was observed by
several researchers in experimental and numerical studies
[13, 26, 33]. However the effect of material hardening
on roll load and torque has been unknown up to now. The
area under the stress–strain curve increases with the hardening
exponent, and this results in a higher deformation energy
explaining the increase in roll load and torque with material
hardening.

The percentage influence of material yield strength and
hardening on longitudinal bow, roll load and torque is shown
in Fig. 14. It becomes clear that longitudinal bow is almost
entirely influenced by the material yield strength, rather than
by material hardening. As mentioned above longitudinal bow
is the result of permanent longitudinal deformation in the strip
edge. Nevertheless, the magnitude of this permanent longitu-
dinal edge strain is generally very low [34] leading to only
minor material hardening. This explains the higher influence
of material yield strength on longitudinal bow compared to
material hardening.

In contrast to that the hardening exponent has a higher
influence on roll load and torque compared to the material
yield strength. The magnitude of roll load and torque are
mainly related to the transverse bending of the part which is
the main deformation mode in roll forming and generally high
plastic strain levels are reached. According to the simple pure
bending theory, the transversal bending strain in the outer

surface of a bent strip can be calculated by the following
relation [35].

εb ¼ t

2R
ð6Þ

where εb is the bending strain of the outer surface, t is the
material thickness and R is the radius of the neutral axis. The
final forming radius and bending angle of 4.8 mm and 30°
respectively of the formed section (Fig. 3a) lead to a radius of
curvature of the neutral axis 1

R ¼ 0:172mm−1. This together
with a material thickness of 2 mm results in an overall bending
strain at the sheet outer fibre of εb=0.172. This is significantly
higher than the elastic limit strain of the material (Fig. 1a and
Table 1) and results in high material hardening during roll
forming which explains the high effect of material hardening
on the roll load and torque.

The linear regression analysis has been also applied to an-
alyse if there is a relationship between the output parameters
(bow, roll load and torque). Again the results obtained for the
nine different material combinations given in Table 3 were
applied to obtain a multiple regression model for longitudinal
bow in terms of roll load and torque. According to that model,
proposed by MINITAB, the longitudinal bow can be
expressed as below.

Bow ¼ 12:2−4:87 Loadþ 0:925 Torque ð7Þ

The corresponding coefficient of determination is R2
ad j =

95.6 %, which indicates a reasonable fit in the regression line.
The corresponding ANOVA results are shown in Table 6

Table 4 Equations suggested by the regression analysis

Parameter Equation Radj
2 (%)

Maximum bow 10.5−0.0107 Y−2.93 n 98.4

Load 3.55+0.00816 Y+23.6 n 99.9

Torque 16.8+0.0317 Y+121 n 99.8

Table 5 Analysis of variance
Parameter Source DoF Sum of squares Mean squares F P

Bow Model 2 27.789 13.894 251.98 0

Residual error 6 0.331 0.055

Total 8 28.119

Load Model 2 49.446 24.723 3112.77 0

Residual error 6 0.048 0.008

Total 8 49.494

Torque Model 2 1116.58 558.29 2589.43 0

Residual error 6 1.29 0.22

Total 8 1117.88

98.14

1.86

32.32

67.68

21.55

78.45

Y n Y n Y n
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Fig. 14 Percentage influence of material properties on bow, roll load and
torque
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where the high magnitude of F confirms the significance of
the model.

This suggests that for the roll forming process analysed here
the relationship established in Eq. (7) can be applied to estimate
the magnitude of bow if the roll load and torque are known and
only the material properties are varied. This represents the con-
ditions in the roll forming of automotive components from
UHSS where the process set up remains the same while the
yield strength and the hardening characteristics of the material
change due to property variations from coil to coil.

Example

To verify the approach of predicting the magnitude of bow in
the roll forming process based on the measurement of roll load

and torque, the roll forming process set up of this study is
numerically analysed for three different types of steel using
the FEA model described above and the amount of bow mea-
sured. Additionally to that roll load and torque are determined.
This is done for a DP600, a DP1000 and a MS900 steel which
represent one AHSS and two UHSS respectively with distinct
differences in yield strength and hardening characteristic. The
average true stress strain curves of the three steel types
analysed are shown in Fig. 15.

The values for roll load and torque predicted by the numer-
ical analyses were applied to estimate the maximum magni-
tude of bow using Eq. (7). The comparison of the maximum
bow estimated with Eq. (7) and the numerically determined
values for bow are shown in Fig. 16.

While the DP600 and the DP1000 steel show positive
values for bow, bow for the MS900 is in the opposite direc-
tion. Understanding this trend in detail is out of the scope of
this investigation. It is clear that the longitudinal bow de-
creases with the increase in yield strength and after a certain
yield strength, it becomes negative. For all three steel types a
reasonable correlation is achieved (Fig. 16) between the max-
imum bow estimated with Eq. (7) and the bow predicted by
the numerical model. The percentage error was 19.6 %,
3.25 % and 10.6 % for the DP600, the DP1000 and the
MS900 steel respectively. This error can be reduced by intro-
ducing more simulations to this study which may lead to a
more accurate regression model than developed here. Howev-
er it is important to note that precise roll load and torque values
are also needed to predict longitudinal bow in terms of roll
load and torque more accurately.

Conclusion

The effect of material yield strength and hardening exponent
on longitudinal bow as well as roll load and torque for the roll
forming of a trapezoidal section is investigated using a numer-
ical model. First the numerical set up is verified by experi-
mental roll forming trials performed with DP780 steel. After
that a regression analysis combined with Analysis of Variance

Table 6 Analysis of variance (ANOVA)-II

Parameter Source DoF Sum of
squares

Mean
squares

F P

Bow Model 2 27.201 13.601 88.88 0

Residual error 6 0.918 0.153

Total 8 28.119
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Fig. 15 Average true stress strain curves of the DP600, DP1000 and the
MS900 steel

Fig. 16 Comparison of longitudinal bow estimated by Eq. (7) and predicted by the numerical model (a) DP600, (b) DP1000, (c) MS900
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(ANOVA) techniques is employed to establish the relation-
ships between the process and material parameters and to de-
termine their percentage influence on longitudinal bow, roll
load and torque. The analysis is performed for nine artificial
true stress strain relationships representing three different
levels of yield stress combined with three different hardening
characteristics for each yield strength level. Major focus is on
analysing the effect of yield strength and hardening exponent
on bow, roll load and torque.

The results show that longitudinal bow has a linear nega-
tive relationship with the yield strength while the effect of
material hardening is low. In contrast to that both roll load
and torque have a linear positive relationship with the yield
strength and the hardening exponent whereby the influence of
material hardening is significantly higher compared to that of
material yield.

Using multiple linear regression analysis a relationship be-
tween longitudinal bow and roll load and torque is developed
that allows the estimation of bow for any given material if the
process set up is kept constant. The functionality of the rela-
tionship is proven for a DP600, a DP1000 and a MS900 steel
representing one AHSS and two UHSS respectively. Good
correlation between the numerical predictions for bow and
those estimated based on the developed relationship is ob-
served. This suggests that for the particular roll forming set
up presented here changes in bow due to the variation of
material properties can be successfully estimated based on
changes in roll load and torque determined in one forming
station. The results of the current study represent a first step
towards an in-line process control where changes in material
parameters are estimated on the basis of roll load and torque
and related to the final shape of the product. In combination
with adjustable tooling or special shape compensation tech-
niques this may allow the in-line compensation of shape de-
fects in future roll forming lines.
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