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Abstract 
 
Roll-formed slide rail used as a linear guide in the smooth movement of drawers and electric home appliances requires geometric accu-

racy because of a high slenderness ratio and repetitive usage. The slide rail members are generally manufactured by the roll forming 
process. The members need to be improved through optimization of the roll forming process instead of the designer's experience. The 
aim of this study is to determine the optimal roll forming parameters by using robust optimization technique which simultaneously satis-
fies three criteria such as the shape difference factor, bowing factor and modified inverse safety factor. In analyzing the roll forming 
process of a slide rail, the pass in which the largest deformation occurred is designated as the target pass. The positions and the curvature 
of rolls are set as the design variables in the target pass. The cost function, which is comprised of the shape difference factor, the bowing 
factor, and the modified inverse safety factor, is obtained using design-of-experiments of the response surface method. The cost function 
is minimized by using robust optimization techniques and showed the improved the straightness and the durability value. Using robust 
design methodology, it is able to be constructed a multi-objective function, and optimized three criteria, simultaneously.  
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1. Introduction 

A slide rail, which is comprised of several members and ball 
bearings, functions as a linear guide in the smooth movement 
of drawers and electric home appliances. A slide rail requires 
geometric accuracy for its sectional shapes, straightness, and 
durability since it requires a high slenderness ratio for a high 
degree of repetitive use. Slide rail members which produced 
by cold-rolled steel (SCP) stainless steel are manufactured 
through the roll forming process. Roll forming is a process 
that progressively bends a flat strip of sheet metal through 
many pairs of forming rolls, and provides the low-cost manu-
facturing for long sheet metal products of constant cross sec-
tion. 

Bhattacharayya et al. [1] performed a semi-empirical study, 
and by minimizing total energy produced an expression for 
predicting the deformation length of a channel section. Duggal 
et al. [2] compared finite element (FE) simulation results to 
Bhattacharayya’s experimental results. Other numerical [3-6] 
and experimental [7-8] studies have been performed.  

Designing a roll forming process of a slide rail has mainly 
relied on the designer’s experience. Defects generated during 

the designing process are often identified after production of 
the prototype. In addition, the compatibility of the corrected 
design was verified after the reproduction of the prototype. 
This multiple process causes an increase in production cost 
and reduces the competitive production capability to the man-
ufacturer. Recently a finite element (FE) simulation of the roll 
forming process has been used prior to the production of a 
prototype in order to predict the final shape of slide rail and 
diminishes the design defects might occurred . 

Hong and Kim [9] developed a three-dimensional (3-D) FE 
simulation program of the roll forming process, and predicted 
scratch defects of the roll forming process using the finite 
element method. Their research employed the rigid-plastic 
finite element method to predict the edge shape [10] and roll 
wear [11]. Kim et al. [12] predicted buckling behavior in the 
roll forming process. Sheikh and Palavilayil [13] evaluated FE 
simulation programs such as SHAPE-RF. In addition, several 
studies have been reported the advantage of FE simulation 
programs in designing of roll forming process [14-17]. 

In this study, the accuracy of FE simulation was verified by 
comparing the shapes generated from the experimental results 
and simulation product. We suggest a shape difference factor 
(SDF) and a bowing factor (BF) as a standard for quantitative 
evaluating index which represents the quality of a formed 
shape and straightness respectively. 

In a previous study, only the response surface method was 
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used in the optimization design of the shape difference factor 
to improve the geometric accuracy of the sectional shape [18]. 
The durability of the slide rail did not satisfy the standard val-
ue in the fatigue test. The FE simulation provided the predic-
tion of manufacturing condition of fatigue life which similar 
to that produced under experimental situation. A critical factor, 
the tensile residual stress, influencing the fatigue failure of the 
product generated after the roll forming process was identified 
by using modified inverse safety factor (MISF) as a correcting 
factor. Thus, the goal of this study is to design optimal roll 
forming parameters by using the robust optimization design 
technique which provide the reliable values of the shape dif-
ference factor, the bowing factor, and the modified inverse 
safety factor that satisfy criterion of each factor. 

 
2. Critical factors of the slide rail 

Design variables at the roll forming pass with the maximally 
deformed slide rail were defined as a roll location and a geo-
metric curvature to perform multi-objective optimization of a 
slide rail for geometric precision, straightness and durability. 
Three criteria, the shape difference factor (SDF), bowing fac-
tor (BF), and modified inverse safety factor (MISF), were 
determined from the design variables and the objective func-
tions, and were calculated by using a table of orthogonal ar-
rays based on the statistical response surface method (RSM), 
as shown in Fig. 1. 

 
2.1 Shape Difference Factor (SDF) 

A slide rail which structured with complicated shape and re-
quires a high degree of precision is manufactured by using the 
roll forming process [19]. It is difficult to determine the com-
patibility with the design because the product has a compli-
cated cross-sectional shape. Therefore, a standard is necessary 
to quantitative evaluation of the quality of the formed shape; 
one of the proposed value suggested in this study is the shape 
difference factor (SDF). 

In order to quantitatively evaluate the precision of the shape 
of a slide rail member manufactured by the roll forming proc-
ess, the cross-section of an FE simulation model or data from 
an experimental result is set on the center of a cross-section of 

a raw plan with grids drawn on it, as shown in Fig. 2. As 
shown in Fig. 3, the raw plan was divided into nine sections. 
SDF was calculated by the summation of the difference in the 
measured area between the raw plan and the simulation or 
experimental result at every section, as follows: 
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where Ai denotes the cross-sectional area of FE simulation 
result or experimental result at the ith section, and Ai0 denotes 
the sectional area of the raw plan at the ith section. Because the 
cross-sectional shape of the product is symmetric, SDF is 
measured at the right cross section of the product. 

 
2.2 Bowing Factor (BF) 

Bowing or twist of roll-formed products can appear since the 
residual stress is accumulated through the roll forming process 
(Fig. 4). Fig. 4 shows the bowing amount (a), the result of 
forming analysis at 25th stand as the final step of roll forming 
process (b) and the shape of the final strip measuring the 
bowing amount (c). Particularly Fig. 4(b) indicates the bowing 
is represented after the strip passes the center (center line) of 
the roll. The amount of the bowing should be minimized for 
the smooth shuttling of the product which uses the slide rail. A 
standard called the bowing factor (BF) is necessary for 
quantitative evaluation of the straightness and is defined as 
follows: 

 
0ΒF h t=                          (2) 

 
 
Fig. 1. Flow chart for the modification of the roll forming process 
design. 

 

 
 
Fig. 2. Comparison of FE simulation model and raw plan. 

 

 
Fig. 3. Area calculation between the raw plan and FE simulation 
model. 
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where h denotes the maximum bowing quantity from the FE 
simulation or experimental result, and t0 denotes the thickness 
of the initial shape. 

 
2.3 Modified Inverse Safety Factor (MISF) 

The roll forming process causes a plastic deformation of 
slide rail. Internal void growth occurs and causes a ductile 
fracture when plastic deformation occurs. Ragab [20] pro-
posed a ductile fracture criterion as shown in Eq. (3) which 
was able to validate by experiment: 

 
22

1 1
2 12

12 1 2

2 11 log 1 ( / 1) 1 ( / )2 4/ 1
nn

ucl
M

bb b Xb b b
λσ π ε εσ λ

⎡ ⎤⎛ ⎞ ⎛ ⎞⎡ ⎤ ⎢ ⎥⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎜ ⎜= − ⎢ ⎥⎟ ⎟⎜ ⎜⎢ ⎥⎟ ⎟⎟ ⎟⎜ ⎜− ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦
+ + −    

( )1/ 3
1 2 2 1/ 6 /b b fλ πλ=                            (3) 

 
where nσ  is the plastic-limit load stress, Mσ  is the matrix 
effective flow stress within the ligament, εl is the average mac-
roscopic strain within the ligament, εuc is the average macro-
scopic strain for the unit cell, λ1 is the current void aspect ratio, 
λ2 is the current aspect ratio of the unit cell, b1 is the length of 
the semi-minor axis of void whose shape is ellipse, b2 is the 
length of the shorter side of cell and f is the current void frac-
tion. This equation was used in calculating the strain when the 
fatigue failure occurs. 

Kanvinde and Deierlein [21] proposed a periodic void 
growth model of low cycle fatigue with ductile fracture. They 
described the relationship in Eq. (4) which shows that the 
cyclic damage parameter λ has a value of 0.4~0.5 for steel. 
The damage ratio becomes smaller with increasing cumulative 
strain. Thus, we have 
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where critical

cyclicVGI is the critical cyclic void growth index, 
critical
monotonicVGI  is the critical monotonic void growth index, and 

accumulated
pε  is the cumulated plastic strain. 
It is necessary to decreases the tensile residual stress of the 

cross-section of the product since the tensile residual stress 
might induce undesirable influence on the life cycle of the 
product. To evaluate quantitatively the influence of the tensile 
residual stress for the fatigue life, a modified inverse safety 
factor (MISF), shown in Eq. (5), was used and defined as the 
safety factor of the Goodman line considering the tensile re-
sidual stress and the damage ratio. λ was set to 0.45. Thus, 
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where accumulated

fε is the accumulated plastic strain, fracε  is the 
strain when the fatigue failure occurs, fn  is the safety factor 
of the Goodman line, and utS  is the ultimate tensile strength. 

 
3. Simulation 

3.1 Roll forming process condition 

A slide rail is comprised of an inner member, middle mem-
ber, outer member, and ball bearings. We focused on the role 
of the middle member by which an inner rail and an outer rail 
are connected requires a high precision for the operation of a 
slide rail.   

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, even-numbered passes are 
set up as idle rolls, all rolls are modeled as rigid body and the 
velocities of each pass roll are set to produce a product with a 
constant velocity of 40 m/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. 

 
3.2 FE simulation program 

FE simulations are performed by using the roll forming 
simulation program SHAPE-RF v4.0.0 which is based on the 
rigid-plastic finite element method. This program adopts the 
normalized plane strain condition as the initial boundary con-
dition for initially determining the free surface. The velocity 
field was calculated by FEA of the 3-D kinematic steady state, 
and the final shape was determined by an iterative method that 
calibrates the boundary conditions and the free surface. The 
strain rate and pressure torque is obtained based on the veloc-

 
Fig. 4. Schematics represent the definition of bowing. 

 

Table 1. Roll forming process condition of FE simulation. 
 

Flow stress (MPa) 0.024502(0.002 )f = +εσ  

Young’s modulus (GPa) 210 

Poisson’s ratio 0.3 

Yield strength (MPa) 433 

Material
property

UTS (MPa) 460 

Initial thickness (mm) 2.0 

Strip width (mm) 60.0 

Friction coefficient 0.1 

 



2548 M. Oh et al. / Journal of Mechanical Science and Technology 24 (12) (2010) 2545~2553 
 

 

ity field and the effect of the elastic recovery is considered by 
the supplementary module of the elastic analysis in this pro-
gram. The reliability of SHAPE-RF has been verified in sev-
eral previous papers [9-13]. 
Swift’s flow stress equation was used to express the stress-
strain relation of a strip, and is defined as follows:  

 
0( )n

f Kσ ε ε= +  (6) 
 

where fσ  denotes the flow stress, K is the strength coeffi-
cient, ε  is the effective strain, 0ε  is the initial effective 
strain, and n is the strain hardening coefficient. The flow stress 
of the strip was obtained by using the “convert” function of 
SHAPE-RF and is shown in Table 1. The flower pattern (the 
shape profile at each pass in the roll forming process) of the 
middle member was obtained by using the FE simulation pro-
gram, and is shown in Fig. 5. 

 
3.3 Verification of FE simulation 

3.3.1 Shape precision 
The SDF values obtained from the experimental and simula-

tion results are 0.478 and 0.489, respectively. The difference 
between the results and the raw plan occurred possibly in the 
regions where the slide rail was bent. The average difference 
in area between the experimental results and the raw plan is 
1.18 mm2. The difference in SDF between the FE simulation 
and the experimental results is small and appeared as the value 
of 2.25%. 

 
3.3.2 Quantity of Bowing 

We measured the quantity of bowing by using a thickness 
gauge and a 3-D shape measuring instrument. The results 
obtained from two experimental machines are shown in Table 
2. The average of the value was 0.61 mm. The BF obtained 
from the experimental results was 0.305 and the quantity of 
bowing from FE simulation was 1.89 mm. The result indi-
cated the relatively small difference since the unit length of 
the measurement is 100 mm. Therefore, it would be conclude 
that the FE simulation is desirable method to predict an ap-

proximate value of bowing. 
 

3.3.3 Durability 
In the initial model, a fatigue load of 589 N was applied to 

the end position of the inner member linked in the fixed outer 
member to evaluate the durability of the slide rail using a du-
rability testing machine (Fig. 6). The middle member shown 
the fracture when the load cycles reached on 130,000 from the 
criterion cycles of 150,000 (Fig. 7). The stress amplitude in 
the fatigue analysis is defined as the half of the maximum 
stress which is obtained by the static load applied at each 
member of the slide rail. Then, the worst-case of the fatigue 
simulation was performed for the middle member, which was 
applied from the tensile residual stress of the roll forming 
simulation using the commercial program of ANSYS ver. 
10.0 (Fig. 8(a)). 

The simulation results showed that the maximum stress oc-
curred in the middle member with the fatigue life of 157,320 
cycles which calculated based on the Goodman criterion (Fig. 
8(b)). The result of the fatigue life test showed the value of 
error about 21% when the fatigue load was applied as a static 
maximum load for the simulation condition. Thus, this simula-
tion condition of loading maximum static load for fatigue 
loading would generate the reliable prediction for the location 
of fatigue fracture when compared to that produced by con-

 
Fig. 5. Roll forming process embodied in FE simulation. 

 

Table 2. Measurement of bowing (unit : mm). 
 

          Number 
Methods 1 2 3 4 5 

Thickness Gauge 0.70 0.60 0.70 0.85 0.60 
3D shape measuring 

instrument 0.50 0.35 0.67 0.56 0.52 

 

          Number 
Methods 6 7 8 9 10 

Thickness Gauge 0.70 0.80 0.50 0.70 0.70 

3D shape measuring 
instrument 0.59 0.59 0.46 0.59 0.53 

 

 
 
Fig. 6. Durability testing machine. 
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ventional durability testing machine. 

 
4. Optimal design of the slide rail 

4.1 Designation of target pass and design variables 

The design-of-experiments faces the limitation of the design 
range since many design variables such as a roll velocity, the 
distance between rolls, and geometric parameters at each roll. 
These variables are closely related and their well-organized 
function is required for the generation of the roll forming 
process. The 18th roll pass is determined as the target pass 
through the finite element simulation that reveals the maxi-
mum longitudinal strain occurred in the middle member of the 
slide rail. 

Three design variables are defined as the x coordinates at the 
range of straight line (A), the y coordinates of the same line 
(B), and the radius of curvature at the right roll (C) in the 
symmetric geometry of 18th pass (Fig. 9). Table 3 shows three 
levels of design variables. 

 
4.2 Optimal design for SDF 

An orthogonal-array table 4
9(3 )L was constructed using an 

allegation orthogonal-array table. The SDF result was ob-
tained by using a finite element program, SHAPE-RF Ver. 4.0 
(Korea), to obtain the data for the orthogonal-array table (Ta-
ble 4). The objective function of SDF is constructed by the 

surface response method as follows: 
 

1 1 2 36.621 0.388 0.351 1.659x x xΦ = − + −  

            2 2 2
1 2 30.011 0.005 0.198x x x+ − +  (7) 

        1 2 2 30.002 0.040x x x x− −  

 
The objective function was validated by the simulation re-

sults for the data in Table 4. The results showed the reasonable 
error value of 5.75% when calculated by using Eq. (8):  

 
-

Error(%) 100
c a

c

Φ Φ
=

Φ
×  (8)

 
 
where Φ c is the value of SDF from each simulation, and Φ a is 
the value of SDF for the design variables from the objective 
function which generated by the response surface method. 
Therefore, it would be concluded that this objective function 
might exactly indicate the difference between the ideal ge-
ometry and the predicted final geometry in 18th pass. 

 
Fig. 7. Fracture generated in middle member of slide rail following the
durability test. 

 

(b) (a) 
 
Fig. 8. Boundary condition and FE simulation result: (a) Boundary
condition; (b) Safety factor distribution. 

 

Table 3. Level of the design variables (unit : mm). 
 

Design Variables Level 0 Level 1 Level 2 

A 17.7 18.7 19.7 

B 12.56 13.56 14.56 

C 5 5.4 5.8 

 
Table 4. Tables of orthogonal arrays for SDF. 
 

Exp. No. A B C SDF of simulation  
1 
2 
3 

0 
0 
0 

0 
1 
2 

0 
1 
2 

0.480  
0.421 
0.384  

4 
5 
6 

1 
1 
1 

0 
1 
2 

2 
0 
1 

0.444  
0.463 
0.377  

7 
8 
9 

2 
2 
2 

0 
1 
2 

1 
2 
0 

0.431  
0.416  
0.455  

 

 
 
Fig. 9. Simulation result shows the Shape of 18th stand. 
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The objective function was minimized by the method of 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) which directly 
updates the Hessian matrix. The result shows that the optimal 
values of A (X1), B (X2), C (X3), and the cost function (Φ1) are 
19.7, 14.56, 5.65 and 0.29. The finite element simulation re-
sult for these optimal values is 0.365, and is smaller than the 
initial value of 0.489. The reason for the error between Φ c and 
Φ a is resulted from the objective function which constructed 
by the limited design variables in the target pass. 

 
4.3 Optimal design for BF 

This optimal design also uses the orthogonal array table 
4

9 (3 )L , and Table 5 shows the simulation results for BF. The 
objective function of SDF using the surface response method 
is given in Eq. (9). 

 
2 1 2 3

2 2 2
1 2 3

1 2 2 3

42.634 4.375 8.682 20.164

         0.057 0.009 1.718
     0.495 0.091

x x x
x x x
x x x x

−Φ =− + +
+ + +
− +

. (9) 

 
The objective function was validated by the results of the 

simulation as shown in Table 5. The computed error showed 
the reasonable value of 5% according to Eq. (8), where Φ c is 
the value of BF from each simulation condition and Φ a is the 
value of BF for the design variables from the objective function 
when the response surface method was used. As result, this ob-
jective function might acceptable for e the prediction of bow-
ing amount in the 18th pass.  

The objective function was minimized by the method of 
BFGS. The result shows the optimal values of A (X1), B (X2), 
C (X3) and the cost function (Φ2) showed the values of 19.7, 
14.56, 5.48 and 0.365. These optimal values generated from 
the finite element simulation were appeared as 0.437, which is 
smaller than the initial value of 0.945. 

 
4.4 Optimal design for MISF 

Fig. 10(a) shows the tensile residual stress obtained from the 
computing with the finite element program, SHAPE-RF Ver. 
4.0 (Korea) to measure the data of the orthogonal-array (Table 

6). The tensile residual stress was extracted from 82 points of 
cross section, as shown in Fig. 10(b). The residual stresses can 
be obtained after the roll forming process was completed by 
calculating the principal stresses which is converted from that 
of actual stresses measured at the strip section. The objective 
function of MISF based on the tensile residual stress and the 
plastic strain was constructed by the surface response method 
(Eq. (10)). 

 
3 1 2 3

2 2 2
1 2 3

1 2 2 3

317.461 36.259 23.317 65.973

      0.696 0.211 6.939
       0.733 0.701

x x x
x x x
x x x x

Φ =− + + −
− − +
− −

. (10) 

 
The objective function was validated by the results of the 

simulation for the data in Table 6. The determined error 
showed the reasonable value of about 5% computed by using 
Eq. 8, where Φ c is the value of MISF from each simulation 
and Φ a is the value of MISF for the design variables from the 
objective function using the response surface method. There-
fore, it would be expected that this objective function could 
provide the reliable MISF which is related to the fatigue life in 
the 18th pass. 

The objective function was minimized when the BFGS 
method was used for determination. The results shows the 
optimal values of A (X1), B (X2), C (X3), and the cost function 
(Φ3) as 19.7, 14.56, 5.49, and 2.137. The result obtained from 
the finite element simulation for these optimal values was 
2.479, which is smaller than the initial value of 2.878.  

 
4.5 Robust design including multiple objective functions 

Table 7 shows the orthogonal array table ( )4
9 3L  used for 

obtaining the robust design. For the simulation, each variable 
which divided into three levels from the initial value with 

Table 5. Tables of orthogonal arrays for BF. 
 

Exp. No. A B C BF of simulation  

1 
2 
3 

0 
0 
0 

0 
1 
2 

0 
1 
2 

0.859 
1.050 
1.882 

4 
5 
6 

1 
1 
1 

0 
1 
2 

2 
0 
1 

0.702 
1.203 
0.954 

7 
8 
9 

2 
2 
2 

0 
1 
2 

1 
2 
0 

0.950 
0.737 
0.689 

 

Table 6. Tables of orthogonal arrays for MISF. 
 

Exp. No. A B C MISF of simulation  
1 
2 
3 

0 
0 
0 

0 
1 
2 

0 
1 
2 

2.521 
2.499 
3.715 

4 
5 
6 

1 
1 
1 

0 
1 
2 

2 
0 
1 

4.310 
4.786 
3.329 

7 
8 
9 

2 
2 
2 

0 
1 
2 

1 
2 
0 

3.437 
3.889 
3.771 

 

 
         (a)                  (b) 
 
Fig. 10. Residual stress after roll forming: (a) Residual stress; (b) 
Points to extract the tensile residual stress. 
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range of ± 0.1 was employed. The simulation of each variable 
set was performed, and this result was used to construct a 
multi-objective function with weighting factors for calculating 
the SDF, BF and MISF based on the fuzzy number (Table 8). 
In this study, six fuzzy numbers were selected as values corre-
sponding to that of the intuitive factors indicating very high, 
medium, low, very low, moi high and moi low (Eq. (11)). 

 

0 0 0

0 0 0

0.909 0.5 0.227

     0.091 0.637 0.363

SDF SDF BF

SDF SDF BF

BF MISF MISF

BF MISF MISF

μ σ μ
μ σ μ

σ μ σ
σ μ σ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎟ ⎟ ⎟⎜ ⎜ ⎜⎟ ⎟ ⎟Φ= + +⎜ ⎜ ⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎟ ⎟ ⎟⎜ ⎜ ⎜⎟ ⎟ ⎟+ + +⎜ ⎜ ⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠

   (11) 

 
where μSDF0, σSDF0, μBF0, σBF0, μMISF0, σMISF0 are, the standard 
value of the average and the deviation in SDF, BF, and MISF. 
Eq. (12) shows the multi-objective function applied to calcu-

late the average values: 
 

0.909 0.5 0.227
0.387 0.043 1.040

     0.091 0.637 0.363
0.037 3.594 0.016

SDF SDF BF

BF MISF MISF

μ σ μ

σ μ σ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎟ ⎟ ⎟⎜ ⎜ ⎜Φ= + +⎟ ⎟ ⎟⎜ ⎜ ⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎟ ⎟ ⎟⎜ ⎜ ⎜+ + +⎟ ⎟ ⎟⎜ ⎜ ⎜⎟ ⎟ ⎟⎜ ⎜ ⎜⎝ ⎠ ⎝ ⎠ ⎝ ⎠

. (12)  

 
Finally, the multi-objective function was minimized by the 

using the BFGS method. The results showed that the optimal 
values of A (X1), B (X2), C (X3), and the cost function (Φ) 
were 19.7, 14.56, 5.54, and 324.5. 

The FE simulation results of the optimal values of the 18th 
roll pass were 0.361 in SDF, 0.587 in BF, and 2.362 in MISF 
(Table 9). 

The minimum value of objective function generated by us-
ing the robust design based on the multiple objective functions 
showed a little discrepancy with that obtained from the mini-
mum value of SDF, BF and MISF. However, the geometric 
precision, straightness and durability of the slide rail resulted 
from the robust design showed their improved property when 
compared to those of previous result. 

 
5. Conclusion 

In this study, the robust design technique in roll forming 
process of slide rail members showed the improved properties 
of multiple objective functions representing shape precision, 
straightness, and durability. Thus we propose and summarize 
our conclusions as follows: 
(1) The correction of specified target roll pass by measuring 

the longitudinal strain influenced the degree of shape pre-
cision and straightness in the roll forming process. 

(2) A shape difference factor (SDF), a bowing factor (BF), 
and a modified inverse safe factor (MISF) in the slide rail 
function as the criteria for optimal design. Their objective 
functions were derived from the experimental design 
method, especially, the response surface method. 

(3) Following our improved process, the cost functions of 
SDF, BF, and MISF showed the decreased value of 25.36%, 
53.76%, and 13.86% than their previous design values. 
These results support the notion that the shape precision, the 
straightness, and the durability of the slide rail in the finite 
element simulation were improved when the robust design 
of the response surface method was used. 

Table 7. Tables of orthogonal arrays for robust design. 
 

Exp. 
No. A B C SDF 

Avg. 
SDF 
S.D. 

BF 
Avg. 

BF 
S.D. 

MISF
Avg.

MISF
S.D.

1 
2 
3 

0 
0 
0 

0 
1 
2 

0 
1 
2 

0.443 
0.377 
0.334 

0.037 
0.043 
0.051 

0.893 
1.082 
1.911 

0.034 
0.032 
0.029 

2.501
2.491
3.719

0.020
0.008
0.004

4 
5 
6 

1 
1 
1 

0 
1 
2 

2 
0 
1 

0.410 
0.419 
0.327 

0.035 
0.043 
0.051 

0.744 
1.239 
0.987 

0.042 
0.036 
0.033 

4.321
4.790
3.344

0.011
0.004
0.015

7 
8 
9 

2 
2 
2 

0 
1 
2 

1 
2 
0 

0.400 
0.375 
0.405 

0.035 
0.042 
0.051 

0.998 
0.782 
0.727 

0.048 
0.045 
0.038 

3.459
3.923
3.798

0.022
0.034
0.027

     (Tolerance : ± 0.1)
 

Table 8. Tables of orthogonal arrays for robust design. 
 

Scale 1 2 3 4 5 6 7 8 

No. of terms used 2 3 4 5 6 7 9 11 

1. Extremely high        0.9
54 

2. Very high   0.909  0.917 0.909 0.917 0.864

3. High -Very high       0.875 0.701

4. High 0.750 0.833 0.717 0.885 0.750 0.773 0.750 0.667

5. Fairty high    0.700 0.584  0.630  

6. Moi high      0.637  0.590

7.Medium 0.583 0.500 0.500 0.500  0.500 0.500 0.500

8. Moi low      0.363  0.410

9.Fair low    0.300 0.416  0.370  

10. Low  0.166 0.283 0.115 0.250 0.227 0.250 0.333

11. Low – Very low       0.125 0.299

12. Very low   0.091  0.083 0.091 0.083 0.136

13. None        0.046 

 

Table 9. Tables of orthogonal arrays for SDF. 
 

Criterion Factor Initial 
value 

Simple 
optimization 

Robust 
optimization 

Shape difference factor 
(SDF) 0.489 0.365 0.361 

Bowing factor 
(BF) 0.945 0.437 0.587 

Modified inverse  
safety factor  

(MISF) 
2.878 2.479 2.362 
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Nomenclature------------------------------------------------------------------------ 

A : Cross sectional area 
f  : Current void fraction 
h : Maximum bowing amount 
K : Strength coefficient 
LN(2k)  : Table of orthogonal arrays 
n : Strain hardening coefficient 
nff

 : Safety factor of Goodman line 
Sut : Ultimate tensile strength 
t0 : Thickness of initial strip 
λ : Cyclic damage parameter 
λ 1 : Current void aspect ratio 
λ 2 : Current aspect ratio of the unit cell 
σ : Stress 
σf : Flow stress 
Φc : SDF, BF and MISF computed from each simulation 
Φa     : Value of the cost function when the same variables 

are inputted 
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