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Abstract. The newly proposed incremental roll forming process for the manufacture of 3D structural pipes employs 

several pairs of roll assemblies in the rolling direction. All the rolls can be positioned in any direction, making it  

possible to form structural pipe members in various shapes by twisting, two or three-dimensional bending, and cross-

sectional forming. In this paper, the key process parameters are investigated for designing an optimal process by 

using finite element  simulations. 

1 Introduction  

In the automobile industry, pipes are widely used as 

structural frames to create car bodies with light weight 

and high rigidity. The structural frames are usually 

manufactured through complex processes, where a 

straight pipe with an arbitrary cross-section is prepared 
via the roll forming process. The pipe is then fabricated 

to three-dimensional shapes by secondary processes such 

as hydroforming, bending, and pressing [1-2]. Recently, 

the inefficiency of conventional manufacturing processes 

for pipe frames has created a need for new forming 

technologies. 

In this background, flexible forming technologies 

have been developed and studied for the manufacture of 

structural frames using pipes, such as flexible roll 

forming (FRF), torque superposed spatial bending (TSS), 
and incremental tube forming (ITF) [3-5]. This study 

outlines a novel incremental roll forming process that can 

fabricate 3D structural pipes using a handful of roll sets. 

It also aims to perform a simulation of the proposed 

forming process using finite element (FE) simulation and 

conduct an analysis of key process parameters to improve 

formability.  

2 New incremental roll forming process  

As shown in Figure 1(a), the set-up of the suggested 

process consists of several pairs of roll assemblies. 

Arrayed in the rolling direction, these rolls can deform 

and move pipe materials by utilizing the friction between 

the rolls and the pipes. Moreover as Figure 1(b) shows, 

all the rolls can be positioned in any direction, making it 

possible to form various structural pipe members by 
twisting, two or three-dimensional bending in the rolling 

direction, and cross-sectional forming of pipes. 

 

(a) Principles of incremental pipe forming 

 

(b) Manufactured 3D structural pipes 

Figure 1. Schematic diagrams of the new incremental roll 
forming technology 

3 FE simulation 

FE simulation was conducted to verify the principles of 

pipe forming and the major parameters of the proposed 
process using Abaqus 6.13, a commercial FE simulation 

program. 

3.1 FE modeling  

FE simulation was conducted to obtain a symmetrical 

square cross-section using a SPS400 pipe with a circular 
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cross-section and 2 mm thickness, widely used as a 

general structure steel pipe. Table 1 shows the 

mechanical properties of the material. FE modeling was 

structured as a quarter model of the original shape as 

shown in Figure 2 to make the analysis more convenient 

and save calculation time. Further, an analytical rigid 

body was used for the forming rollers and the support. 

Other detailed simulation conditions are listed in Table 2. 
The forming rollers pressed the pipe through a radial 

displacement of 2 mm at each roll set. As the pipe 

material was fed into the fixed forming roll set, the cross-

section underwent incremental deformation.  

Table 1. Material properties of SPS400 

Material SPS400 

Young’s modulus 208 GPa 

Yield strength 359 MPa 

Tensile strength 481 MPa 

Uniform elongation 0.20 

Total elongation 0.25 

 
Figure 2. FE modeling for simulation of cross-section forming 

 Table 2. Descriptions of FE model 

Analytic code Implicit 

Element 

Type Shell/quadrangle(S4R) 

Size 1 mm 

Quantity About 56000 

Anisotropy Isotropy 

No. of integration point 7 (Simpson rule) 

Contact type Surface to surface 

Friction efficiency 5E-6 

System specification Intel Xeon E5-2670/64GB 

3.2. Results  

The results of the simulation, to obtain a square cross-

section, are shown in Figure 3. Nodes coordinates were 

extracted from the deformed part to conduct a detailed 

comparative analysis of the cross-sectional forming at 

each roll set. Figure 4 shows the incremental forming of 

the circular cross-sections through a multiple-stage roll 

set. 

 

 
Figure 3. FE simulation for cross-section forming 

 
Figure 4. Change of cross-sections on each roll set 

3.2.1 Effect of the number of roll sets  

A more detailed observation of the deformed cross-
section shows deflection at the center of the pipe walls. 

Further simulations were carried out to observe the effect 

of the number of roll sets on the deflection. This involved 

varying the number of roll sets from 3 to 6, with a 

forming amount of 6 mm distributed uniformly over each 

set. The result of this simulation can be seen in Figure 5. 

The amount of deflection decreases with an increase in 

the number of roll sets, in turn decreasing the forming 
amount for each roll set. These results confirm that in the 

cross-sectional forming of a pipe, the design and forming 

amount for each roll set are important factors for 

resolving a dimensional error in the product and 

improving its quality.  

 
Figure 5. Comparison of deflection according to number of roll 
sets 
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3.2.2 Effect of the distance between the roll sets 

The forming simulation was conducted by positioning the 

roll sets at distances of 50 mm, 100 mm, 150 mm, and 
200 mm to observe its effect on the deflection. Figure 6 

shows the deflection with respect to the distance between 

the roll sets. Similar trends were observed for distances of 

100 mm, 150 mm, and 200 mm, whereas a relatively 

small amount of deflection was noticed for a distance of 

50 mm.  
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Figure 6. Deflection varying with the distance between roll sets 

For a more detailed analysis, the plastic strain 

distribution in the deformed pipe cross-section was 

observed for each roll set number and distance as shown 

in Figure 7. 
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(a) 3 roll sets and 6 roll sets of 200mm spacing 
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(b) 6 roll sets 

Figure 7. Comparison of plastic strain according to number of 
roll sets and roll set spacing 
 

The strain distributions in the upper wall of the 

deformed pipe through the 3 roll sets and the 6 roll sets 

are compared in Figure 7(a). The strain distribution for 

the 3 roll sets (where the largest deflection is observed) 

shows that the strain is concentrated more heavily in the 

deflected region (indicated by the oval dotted line) 

compared to the rounded region, whereas the 6 roll sets 

forming shows relatively equal strain distribution in the 
entire region. Therefore, it could be concluded that 

forming with a small number of roll sets leads to the 

unbalanced strain on the deflected region, thus it causes 

larger deflection. In addition, Figure 7(b) shows that the 

strain distributions for 100 mm, 150 mm, and 200 mm are 

almost similar, whereas 50 mm spacing shows relatively 

lower strain distribution in the deflected region of the 

cross-section. This in turn causes the plastic strain to be 
concentrated in the rounded region. This phenomenon is 

also the main reason behind the smaller deflection in the 

50 mm spacing. 

4 Conclusion 

This study proposed a new incremental roll forming 

process and established the verification of forming 

principles using FE simulation. Simulation results 
showed that the deflection phenomenon was observed in 

the central region of the deformed cross-section. An FE 

analysis was conducted by adjusting the key process 

parameters. It was established that the number of roll sets, 

forming amount at each roll set, and roll set distance are 

key factors in the improvement of product quality. The 

effect of these factors on the deflection was investigated 

by analyzing the strain distribution after incremental 
forming. The deflection decreased with an increase in the 

number of roll sets, along with a decrease in the forming 

amount at each roll set.  The optimization of the major 

process parameters identified in this study will be drafted 

for future research. 
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