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Abstract 
 
In the design of the roll forming process, design errors can be determined in advance by using an FE simulation tool 

such as SHAPE-RF. In the case of a product such as a slide rail having a complicated shape and requiring high-
precision forming, a standard is necessary for quantitatively evaluating the quality of the formed shape. In the analysis 
of the roll forming process of a slide rail, the pass having the largest deformation is designated as the target pass and the 
positions and shapes of the rolls are set as design variables. A minimum number of simulations was performed by us-
ing the table of orthogonal arrays. A cost function was obtained from the results by using the design of experiments 
such as the response surface method and it was minimized for satisfying the design constraints. By improving the de-
sign of the target pass, the shape of the final product approaches that intended by the designer. 
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1. Introduction 

Roll forming is a process that progressively bends a 
flat strip of sheet metal through pairs of forming rolls, 
and it can be used for inexpensively manufacturing 
long sheet metal products with a constant cross sec-
tion. Since roll forming requires manpower only for 
loading the strip and unloading the product, the man-
power required can be reduced. If the shape of the 
product is simple, it takes little time to change the die 
and to set up a process. Since the length of the prod-
uct can be controlled easily, roll forming can also be 
used for the batch production of small quantities of a 
product. Since the roll forming process was designed 
based on the designer’s experience for developing a 
new product or improving the quality of existing 
products, the design defects were confirmed after the 
production of the prototype; therefore, the compatibil-
ity of the corrected design could be verified after the 

production of the prototype. This process leads to an 
increase in the production cost, which reduces the 
competitiveness of manufacturers. In order to solve 
this problem, an FE simulation of the roll forming 
process is used prior to the production of a prototype 
in order to predict design defects and reduce the cost 
of design correction.  

Bhattacharayya et al. [1] performed a semi-
empirical approach and by minimizing the total en-
ergy produced an expression for predicting deforma-
tion length of a channel section. Duggal et al. [2] 
compared the FE simulation results with Bhat-
tacharayya’s experimental results. And other numeri-
cal [3-6] and experimental [7, 8] studies have been 
performed.  

Hong and Kim [9] developed a 3D FEM program 
for the roll forming process and predicted the scratch 
defect of the roll forming process with the rigid-
plastic finite element method. The analysis using the 
rigid-plastic finite element method has also been ex-
tended to predict the edge shape [10] and roll wear 
[11]. Kim et al. [12] made the prediction of buckling 
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behavior of the roll forming process. Sheikh and Pa-
lavilayil [13] assessed an FE simulation program. The 
effectiveness of research by using the FE simulation 
tool has been verified by several studies [14-17]. 

In this research, the accuracy of FE simulation is 
verified through a comparison of the shape between 
the simulation and experimental results. The shape 
difference factor (SDF) is suggested as a standard for 
quantitatively evaluating the quality of the formed 
shape. With regard to the analysis of the roll forming 
process of a slide rail, the pass in which the largest 
deformation occurs is designated as the target pass. 
The positions and the curvature of rolls are set for the 
design variables. The cost function is obtained by 
using the design of experiments such as the response 
surface method (RSM), and it is minimized by using 
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) me-
thod. Subsequently, the design is corrected by the 
minimized result and it causes the shape of the final 
product to approach that intended by the designer. 
The proposed method and its complete procedure are 
described in this paper. 
 

2. Research methods 

2.1 Design of experiments 

This section describes the scheme of the experi-
ments—how to design experiments to solve a prob-
lem, how to record data, and how to obtain the maxi-
mum information through the least number of ex-
periments by analyzing the data using some statistical 
techniques. In other words, the design of experiments 
selects the parameters of a problem, selects an ex-
perimental method, decides the order of experiments, 
and selects an optimum analysis method. For a design 
that has many parameters, predictable interactions of 
two parameters are detected, and information on two 
or more interactions is sacrificed. As a result, a table 
is made for an experimental plan with a small number 
of experiments. The table is called as the “table of 
orthogonal arrays.” 

The response surface method (RSM) is mainly 
used to obtain an explicit function from experimental 
data. Recently, it has been used to represent a rela-
tionship between experimental parameters and re-
sponses from numerical experimental values as the 
explicit function [18]. Two methods can be used to 
calculate a response surface. First, an approximate 
function is assumed and the equations of the coeffi-

cients of the function are solved numerically to find a 
relationship between the variables and the function 
values. Second, the approximation function is evalu-
ated by using an optimization [19]. 

In this study, a second-order regression model such 
as that given by Eq. (1) is used to calculate a response 
surface. 
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where xi denotes the design variables; nd, the number 
of design variables; and βi, the unknown coefficients. 
Eq. (2) is used to calculate the coefficients of RSM 
that minimize the square summation of the residuals 
using least square method. 

 
T 1 T( )−= X X X Yβ    (2) 

 
where X  denotes the design matrix comprising 
experimental points and Y denotes the response 
vector. 

 
2.2 Shape difference factor 

If products that are manufactured through the roll 
forming process do not meet the standards because of 
a design error, it is necessary to correct the design 
defects, as shown in Fig. 1. 

A slide rail having a complicated shape and requir-
ing high precision in forming and straightness is 
manufactured by using the roll forming process [20]. 
It is difficult to determine the compatibility of the 
design since the product has a complicated shape. A 
standard is necessary to quantitatively evaluate the 
quality of the formed shape; one such standard is 
called the shape difference factor (SDF). In order to 
quantitatively evaluate the precision of the shape of a 

 
 

 
 
Fig. 1. Flow chart for the correction of the roll forming proc-
ess design. 
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Fig. 2. Comparison of the raw plan and the simulation result. 

 
 

 
 
Fig. 3. Measurement of the difference between the raw plan 
and the simulation result. 

 
 

product manufactured by the roll forming process, the 
cross section of a simulation or experimental result is 
set on the center of the cross section of a raw plan 
with grids drawn on it, as shown in Fig. 2. As shown 
in Fig. 3, SDF is decided by the summation of the 
difference in the distance that is measured between 
the raw plan and the simulation or experimental result 
along the direction of thickness and it is defined as 
given by Eq. (3). 
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where di denotes the difference in distance between 
the result and the raw plan at the ith elements and t0 
denotes the thickness of the initial strip. Since the 
shape of the cross section of the product is symmetric, 
the SDF is measured at the right cross section of the 
product. 

3. Simulation and experimental results 

3.1 Process condition 

A slide rail is comprised of an inner member, mid-
dle member, outer member, and bearing balls. Since 
this research focuses on the slide rail, the middle 
member is analyzed because an inner rail and an outer 
rail are formed at the middle member. The middle 
member is manufactured with a 25-pass line. The 
distance between the passes is 350 mm; odd-
numbered passes are set up as driving rolls, and even-
numbered passes are set up as idle rolls, and the ve-
locities of each pass roll are set up to produce a prod-
uct with a constant velocity of 40m/min.  

The thickness and width of the initial strip is 2 mm 
and 60 mm, respectively; the strip is made of SCP10, 
whose material properties are listed in Table 1. The 
final shape of the cross section of the product manu-
factured in the experiment is shown in Fig. 4. 

 
Table 1. Material properties of SCP10 
 

Young’s modulus (GPa) 210 

Poisson’s ratio 0.3 

Yield Strength (MPa) 433 

UTS (MPa) 460 

 

 
 
Fig. 4. Cross section obtained from the experiment. 

 
3.2 FE simulation software  

FE simulations are performed by the roll forming 
simulation program SHAPE-RF v4.0.0 based on the 
rigid-plastic finite element method. This program 
uses the normalized plane strain condition as the ini-
tial boundary condition for initially determining the 
free surface. The velocity field is calculated by the 
FEA of the 3D kinematic steady state and the final 
shape is determined by an iterative method that cali-
brates the boundary conditions and the free surface. 
Information such as the strain rate and pressure torque  
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Table 2. Process conditions of FE simulation. 
 

Flow stress (MPa) 0.024502(0.002 )= +fσ ε  

Initial thickness (mm) 2.0 
Strip width (mm) 60.0 

Friction coefficient 0.1 
No. of PASS 25 

Section 80 
No. of elements 

Rolling direction 20 
 

 
 
Fig. 5. Flower pattern of the slide rail’s middle member. 
 

 
 
Fig. 6. FE simulation result.

  
is obtained based on the velocity field. The reliability 
of SHAPE-RF has been verified by several previous 
papers [9-13].  

The process conditions of the FE simulation are 
listed in Table 2. Swift’s flow stress equation is used 
to express the stress-strain relation of a strip, and it is 
defined as given by Eq. (4). 

 
0( )n

f Kσ ε ε= +   (4) 
 
where fσ  denotes the flow stress; K, the strength 
coefficient; ε , the effective strain; 0ε , the initial 
effective strain; and n, the strain hardening coefficient. 
The flow stress of the strip is obtained by using the 
“convert” function of SHAPE-RF and it is shown in 
Table 2. The flower pattern of the middle member is 
obtained by using the FE simulation program and it is 
shown in Fig. 5. The final shape of the cross section 
of the roll forming product is shown in Fig. 6. 

 
3.3 Verification of FE simulation software 

The SDF obtained from the experimental and 

s i m u - 

 
 
Fig. 7. Longitudinal strain along the rolling direction. 

 
lation results is 0.87450 and 0.91677, respectively. 
The difference between the results and the raw plan 
mostly occurs at areas where the slide rail is bent. The 
relative error is 4.83%. 

The FE simulation cannot perfectly approximate 
the real process because obscure parameters exist at 
the site of the manufacturing process. For example, 
for any model of friction that expresses the contact 
between objects to be valid, it must explain the fric-
tional behavior of two bodies under different loads, 
speed of relative sliding, temperature, surface condi-
tions, environment, etc., as observed in practice. Con-
sequently, many models have been proposed with 
varying degrees of success [21]. Although many un-
certain parameters exist, as mentioned above, the FE 
simulation is verified since the shape difference error 
between the FE simulation and experimental results 
that is evaluated at the final section increases to 
4.83% as compared to the incipient shape.  
 
4. Procedure for design correction and  

discussion 
4.1 Designation of target pass 

For design variables to be applied to the design of 
experiments, they should be restricted because many 
process variables are found in the roll forming proc-
ess. In the FE simulation of the roll forming process 
of the slide rail, the pass where the largest deforma-
tion occurs is designated as the target pass for the 
design variables. The longitudinal strain along the 
rolling direction is shown in Fig. 7 and the largest 
deformation occurs at the 6.3 m spot along the rolling 
direction. Therefore, the 18th pass is designated as the 
target pass. 
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Table 3. Levels of the design variables (unit : mm). 
 

Design  
Variables Level 0 Level 1 Level 2 

A 17.7 18.7 19.7 

B 12.5603 13.5603 14.5603 

C 5 5.4 5.8 

 
4.2 Table of orthogonal arrays 

The strip is bent by the left and right rolls at the 
18th pass. Since the slide rail has a symmetric shape, 
the design variables are limited to the right roll. De-
sign variable A is the x-coordinate of the flat part of 
the right roll and B is the y-coordinate of the same 
part. C is the curvature of the right roll. The design 
variables and levels are listed in Table 3 and a table of 
orthogonal arrays L9 (34) is used. Table 4 shows the 
table of orthogonal arrays for the SDF obtained from 
the FE simulation results. 

 
4.3Optimization of the cost function 

Based on the table of orthogonal arrays, the cost 
function obtained by RSM is given by Eq. (5) as: 

 
1 2

3

13.90852-0.93098 +2.62837

       -7.13367 +0.05303 -0.03022

1.08379 -0.08205 -0.37625

x x

x x x

      + x x x x x

Φ =
2 2
1 2

2
3 1 2 2 3

  (5) 

 
where 1x  denotes the design variable A; 2x , the 
design variable B; and 3x , the design variable C.  

In order to examine the adequacy of the cost func-
tion, Fig. 8 shows the comparison of the values be-
tween the cost function in which the conditions of 
Table 4 are applied and the SDF obtained from the 
FE simulation results. In order to investigate how the 
numerical differences in the compared values exist, it 
is verified through Eq. (6) that the error is less than 
1%. Therefore, the cost function can represent the 
SDF between the final shape of the product and the 
raw plan when the 18th pass is corrected. 

 
c a

c

-
 Error(%) = 100

Φ Φ

Φ
×    (6) 

 
where Φc denotes the SDF computed from each simu-
lation and Φa denotes the value of the cost function 
when the same variables are inputted. 

Table 4. Table of orthogonal arrays for the SDF. 
 

No. A B C SDF of the  
simulation  

1 0 0 0 1.38007  

2 0 1 1 1.07844 

3 0 2 2 0.88306  

4 1 0 2 1.22510  

5 1 1 0 1.35087  

6 1 2 1 0.87713  

7 2 0 1 1.18833  

8 2 1 2 0.91890  

9 2 2 0 1.32407  

 

 
 
Fig. 8. Comparison of Φc and Φa 

 
In order to minimize the cost function, the BFGS 

method, which directly updates a Hessian matrix, is 
used. Initial design variables and the constraints are 
given as follows: 

 
1 2 317.0, 12.0, 5.5x x x= = =

  
(7) 

1

2

3

     17.7 19.7
12.5603 14.5603

5.0 5.8

x
x
x

≤ ≤
≤ ≤
≤ ≤

  (8) 

The result of minimization is given as follows:  
 

1 2 319.7, 14.5603, 5.71x x x= = =  
0.60159Φ =  

 
Based on this result, the 18th pass is corrected and 

the FE simulation is performed. There is a difference 
of 30.87 % between the minimum value of the cost 
function and the SDF of the FE simulation result of  
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Fig. 9. Comparison of the SDF between the original design 
and the optimum design. 
 
 

 
 
Fig. 10. Comparison of the raw plan and the optimized simu-
lation result. 

 
0.87023. Although the result indicates a wide gap in 
the minimum of the cost function, the SDF of the 
optimized result decreases by 5.34 % as compared to 
the original result of 0.91677; the comparison of the 
results is shown in Fig. 9. The cross section of the 
optimized simulation result and the raw plan are 
compared, as shown in Fig. 10. A significant differ-
ence is observed between Φc and Φa since the cost 
function obtained from the restricted design variables 
does not consider all conditions of the target pass 
such as the design of the top and bottom rolls. Further, 
roll forming has many design variables such as roll 
velocities, friction condition, and angle of roll. If 
more process variables are contained in the design 
variables, then the error between the FE simulation 
result and the cost function will be smaller than that in 
the above result. 
 

5. Conclusions 

In order to improve the efficiency of the roll form-
ing process, it is very important to immediately cor-
rect a design that has some defects. There is a product 
called a slide rail that has a complex shape and whose 

design is difficult to modify. In this paper, the roll 
forming design was corrected by the design of ex-
periments. The SDF was also introduced to determine 
the compatibility of the roll design. The conclusions 
drawn from this study are listed below. 

The correction of the design of the target pass, 
which is designated through the measurement of the 
longitudinal strain along the rolling direction of the 
entire process, affects the final shape of the roll form-
ing product. 

The SDF, which represents the difference between 
the cross section of the product that is affected by the 
change of the design variables and the raw plan, is 
suggested as a standard. Further, the cost function that 
can evaluate the SDF is derived by using the design 
of experiments such as the RSM. The optimum de-
sign is determined through the minimization of the 
cost function. The minimum value of the cost func-
tion is applied to the design of the target pass and it 
decreases the SDF by 5.34 %. Consequently, the 
cross-sectional shape of the slide rail obtained by the 
simulation approaches the shape intended by the de-
signer. 
 

Nomenclature----------------------------------------------------------- 

ix  : Design variable 
id  : Difference between the simulation or  

  experimental result and the raw plan 
0t  : Thickness of initial strip 
Φ  : Cost function 

fσ  : Flow stress 
ε   : Effective strain 

0ε   : Initial effective strain 
cΦ  : Computed shape difference factor 
aΦ  : Analytical shape difference factor 
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