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Abstract: In metal processing, bending forming is widely applied in various fields. To prevent
excessive surface scratching and heavy indentation on the profiles, which can negatively affect the
surface quality, it is often necessary to determine the clearances between the rollers and the upper
and lower surfaces of the profiles using experimental methods. However, this experimental approach
not only results in material waste but also fails to determine the optimal clearance value. Therefore,
orthogonal experiments were conducted to design different clearances between the rollers and the
upper and lower surfaces of the profiles to mitigate the issues of excessive surface scratching and
poor surface quality during the bending forming process of large-section Z-profiles. Finite element
simulation was employed to simulate the different experiments, and a range analysis was performed
on the experimental results to obtain the optimal clearance value. The obtained results fall within the
range of results obtained from traditional experimental methods, indicating its consistency with actual
practice, higher accuracy, and scientific rigor compared with experimental methods. Furthermore,
the roller tooling design was revised based on the optimal clearance value for the profile processing.
The experimental results demonstrate that the surface quality of the profiles processed with optimal
clearance is superior to those processed without it. Additionally, this study presents a comprehensive
methodology for roller tooling design and investigates the influence of different loading modes on
the local wrinkling deformation of the profiles.

Keywords: roller; profile; gap; range; surface quality

1. Introduction

In metal processing, the bending forming process is widely used in many fields such as
oil and natural gas, navy, pipeline manufacturing, and automobiles [1–4]. Aluminum alloy
profiles, owing to their high specific strength, lightweight nature, and good formability,
have been widely utilized in the aerospace industry as key load-bearing structures for
aircraft frames [5,6]. Aircraft frame edge profiles typically have large spatial dimensions,
diverse cross-sectional structures, and varying forming radii. Therefore, the bending pro-
cess, which is characterized by flexible processing capabilities, is predominantly employed
for shaping and processing such components [7–9]. Alloys possess high strength, stiffness,
and durability, making them ideal materials for lighting in the automotive industry [10].
Bending profiles are widely used in the construction of vehicle body frames, offering
advantages such as reduced joining processes, increased overall strength, and improved
aesthetics [11,12].

However, the surface of the profile experienced significant scratching and indentation
during the roll-bending process, which adversely affected the surface quality. Additionally,
post-forming correction is required to satisfy the design requirements, which significantly
affects the processing efficiency of this type of profile. Currently, process engineers rely
primarily on traditional empirical analyses and experimentation methods. The gap between
the roller and upper and lower surfaces may contribute to the poor surface quality of the
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profile. Hua [13,14] studied the four-roll forming process and analyzed the influence of
the process parameters on roll forming. Zhou [15] and Luo [16] pointed out that the linear
velocity at the contact point between the lower roller and surface of the part is inconsistent.
Therefore, at any given moment, the contact surfaces of the upper and lower rollers with
the part can only ensure a consistent linear velocity at one location, whereas other contact
surfaces must have a gap, which needs to be determined through experimentation. Hu [17]
conducted simulation studies on the vertical gap between the lower roller and the lower
surface of the profile but did not investigate the impact of the gap on the surface quality of
the profile. Furthermore, their research methodology has limitations, as it only considers
the gap on a single surface and does not study the comprehensive effects of gaps on
both surfaces.

Excessive scratches and severe indentations on the surface of profiles affect surface
quality and design requirements, so it is necessary to calibrate bent parts, which seriously
affects the processing efficiency of such profiles. Technicians rely on traditional empirical
analysis and experimental methods, which are time-consuming and cannot determine the
optimal results. In order to determine the gap value of the roller, it is necessary to replace
the roller for repeated experiments. This method consumes time and wastes experimental
profiles during roller processing and machine installation, which is inefficient. Owing
to the numerous influencing factors in the roll-bending process, traditional experimental
methods struggle to determine the comprehensive impact of the process parameters on
the forming quality, leading to various errors [18]. Therefore, finite element numerical
simulation methods are considered one of the most effective approaches for predicting
springback and defects in profile roll bending [19–22].

However, because of the extensive time and complexity involved in this approach,
previous studies have not simultaneously considered the gaps between the upper surface
of the profile and roller and between the lower surface of the profile and roller to determine
the optimal gap. Based on this, to overcome the ambiguity in determining the gap between
the roller and the upper surface of the profile through traditional experimental methods,
which hampers the ability to achieve the optimal gap, this study utilizes finite element
simulation to comprehensively consider the gaps between the upper and lower surfaces
of the profile and roller. An orthogonal experiment was designed to determine the roller
and surface gap that minimizes surface scratching of the profile, aiming to reduce surface
damage to the profile, avoid the waste generated by traditional experimental methods, and
improve scientific rigor.

2. Materials and Methods
2.1. Roll-Bending Principle

As depicted in Figure 1, the four-roll-bending machine operates based on the following
principle: the upper roller governs the profile and, owing to the friction between the profile
and upper roller, propels the profile to execute the feeding motion while causing the other
rollers to rotate. The upper roller is the driving wheel, and the lower roller and left and right
rollers are the driven wheels. The tangential force applied by the upper roller generates a
driving torque to the lower rollers. The tangential force applied by the upper and lower
rollers to the sheet metal generates a driving torque, which is the driving force for the
displacement of the profile. The driving force direction is to point toward the displacement
direction of the profile along the tangential direction of the roller, while the left and right
rollers will generate a frictional resistance moment toward the tangential direction of the
profile in the opposite direction of the tangential displacement direction. During the initial
bending stage, the lower roll pressed the profile and extruded it between the upper and
lower rolls, thereby ensuring continuous and stable bending and deformation of the profile
under the influence of the roller friction. Consequently, this effectively prevents deflection
or misalignment of the profile.
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radius. As the rollers rotate, they facilitate feeding of the profile and execute one or more 
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In the roll-bending process, there is a certain center distance between the main and 
auxiliary rollers and the side bar, and the effect of roll bending can only be produced by 
the mutual extrusion of the main and auxiliary rollers with the largest center distance in 
the roll-bending process. However, because of the existence of the center distance between 
the rollers, a part of both ends of the profile cannot be extruded with the largest center 
distance, so the problem of a straight line section will occur. Therefore, a pre-bending 
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be ensured that the end face of the processed profile is parallel to the side roll, thus 
effectively avoiding the distortion and deformation of the profile during rolling. 

Pre-bending is as shown in Figure 2b; in the four roll symmetric bending machine, 
the asymmetric distribution of the roll positions can be used to pre-bend the end of the 
part to reduce or even eliminate the residual straight edges so that the resulting straight 
edge margin is 0. The main process of profile pre-bending is as follows: first, on the basis 
of centering, the left roll descends to the corresponding position; second, the upper roll 

Figure 1. Four-roller CNC roll-bending machine.

The experimental machine used is a CNC four-axis bending machine independently
designed by the laboratory of the Robotics Research Institute of Liaocheng University.
It comprises three main components: mechanical equipment, a pneumatic system, and
a CNC system. The mechanical structure of the machine encompasses four rollers: the
upper rollers, left and right side rollers, lower center rollers, servo electric cylinder, spindle
motor, and frame. The profile was positioned between the upper and lower rollers, with
the left and right lower rollers regulating the roller position based on the rolling radius.
As the rollers rotate, they facilitate feeding of the profile and execute one or more feeding
movements until the profile is shaped into the desired curvature.

In the roll-bending process, there is a certain center distance between the main and
auxiliary rollers and the side bar, and the effect of roll bending can only be produced by the
mutual extrusion of the main and auxiliary rollers with the largest center distance in the
roll-bending process. However, because of the existence of the center distance between the
rollers, a part of both ends of the profile cannot be extruded with the largest center distance,
so the problem of a straight line section will occur. Therefore, a pre-bending process was
adopted to reduce the straightness of the profile during the roll-bending process. The main
processing process of the bending machine is shown in Figure 2.
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Figure 2. (a–c) Roll-bending process flow(the arrows in the figure represent the forward direction of
each roller).

Centering is shown in Figure 2a: by centering the profile before roll bending, it can be
ensured that the end face of the processed profile is parallel to the side roll, thus effectively
avoiding the distortion and deformation of the profile during rolling.

Pre-bending is as shown in Figure 2b; in the four roll symmetric bending machine,
the asymmetric distribution of the roll positions can be used to pre-bend the end of the
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part to reduce or even eliminate the residual straight edges so that the resulting straight
edge margin is 0. The main process of profile pre-bending is as follows: first, on the basis
of centering, the left roll descends to the corresponding position; second, the upper roll
reverses to drive the profile back to the position with the corresponding margin on the left
side of the profile; and finally, the right roll rises to the corresponding position, and the
upper roll rotates in a positive direction to drive the profile to perform pre-bending.

The steady roll-bending process is shown in Figure 2c, where continuous roll bending
was the main process of the roll-bending forming. In this process, it is necessary to strictly
control the speed and position of the upper roll and feed rate of the side roll. Based on
pre-bending, the right roll descends to the corresponding position, the left roll rises to
the corresponding position, and the upper roll rotates in the corresponding direction to
drive the profile feeding for continuous roll-bending processing. The profile roll-bending
process after end-face centering, pre-bending, and continuous roll bending is called the
pre-bending side roll-lifting roll-bending process.

2.2. Tooling Design and Improvement

In contemporary aircraft component manufacturing, extruded profiles play a critical
role in the production of various frame edges and elongated truss elements. These com-
ponents, selected for their L- and Z-sections based on structural design requirements, are
directly riveted to aircraft skin during assembly. Given the need for intricate theoretical
shapes such as single, double, or multiple curvatures, the profiles must undergo bending
and forming processes to conform to the skin shape. This ensures the seamless integration
of the aircraft structure profile, thereby enhancing the overall structural strength. The
bending and forming of profile components are prevalent manufacturing techniques for
sheet metal parts, and the quality of these processes directly impacts the final product’s
quality and aircraft’s manufacturing standards.

Let us consider the example of the long truss part of a specific aircraft’s fuselage with
slightly adjusted parameters. Figure 2 shows a cross-sectional view of the profile, featuring
a thickness of 2 mm and length of 1300 mm.

Using this cross-sectional data, we aim to design a standard roller tooling with the
equipment closing height set at 154 mm. The design process is outlined in Equations (1)
and (2), and the roller data are presented in Table 1.

RA1 + RB1 + 2t− h = 154 (1)

(RA1 − RB2) = h− t (2)

RA1 = RB1, RA2 = RB2

h is the height of the profile, and t is the thickness of the profile, as shown in Figure 3. RA1,
RA2, RB1, and RB2 represent the radius of the roller, WA1, WB1, WA2, and WB2 represent the
width of the roller, as shown in Figure 4b.

Table 1. Roller size without clearance.

Code Name
Roller Radius (mm) Roller Width (mm)

RA1 RA2 RB1 RB2 WA1, WB1 WA2, WB2

Numeric value 100 100 52 52 20 22

Based on the data in Table 1, the roller was modeled in solidworks 2018, and the
three-dimensional diagram of the roller design is depicted in Figure 4.
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Figure 4. Contact roller.(a) Three-dimensional model; (b) Roller section size.

During actual processing, it was found that the surface of the profile was seriously
scratched during the roll-bending process, resulting in poor quality stability. The mold
was manufactured according to the model shown in Figure 3 and installed on the machine
for profile-roll bending. However, the profile surface suffered from significant scratches
and heavy indentation, which adversely affected the surface quality. Three positions
on the profile surface were selected for observation using a VMA251 optical measuring
instrument, and the results are shown in Figure 5. Shoots on the upper surface of the profile
revealed severe scratching and excessive indentation, making it unsuitable for production
requirements. Additionally, the formed parts require further corrective shaping to meet the
design specifications, significantly affecting the processing efficiency of this type of profile.
Therefore, an analysis was conducted to investigate excessive scratching and indentation.
Under 0.2 mm focal length observation, it was evident that the profile surface had severe
scratches that failed to meet the processing requirements.
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Under the observation of a focal length of 0.1 mm, it is evident that the surface of
the profile has severe scratches, making it difficult to meet the processing requirements.
After research and analysis, it was determined that the roller structure used in roll-bending
processes does not consider the clearance of the contact surface, assuming that the angular
velocity of the upper roller is WA and the angular velocity of the lower roller is WB, as
shown in Figure 4.

At A
RA2WA = RB2WB (3)

WA
WB

=
RB2

RA2
> 1

At B
RA1WA = RB2WB (4)

WA
WB

=
RB1

RA1
< 1

However, this tooling design results in inconsistent linear velocities at the contact
points between the upper and lower rollers and at the surface of the part being formed.
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The primary function of the upper and lower rollers is to clamp and transmit parts to
ensure stability during the roll bending. Given the high surface quality requirements, it
is crucial to prevent slippage or surface scratching. To achieve this, it is essential that the
rollers maintain the same linear speed while in contact with the parts. Traditional tooling
design cannot ensure consistent linear velocity between the upper and lower roller contact
surfaces, so it is necessary to leave gaps on one contact surface to avoid surface scratches
and damage. The fixture design with reserved gaps is shown in Figure 6.
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From the derivation of Formulas (3) and (4), it is evident that the roller structure
depicted in Figure 4b leads to contradictory derivation results. Consequently, this roller
structure fails to ensure consistent linear speed at the contact points between the roller and
the part. In theory, the outer surface of the roller and the side of the curved profile are in the
same plane. The main bearing surface of the part is typically selected as the contact surface,
while the other surface must be maintained with a gap. The main supporting surface of the
part is the surface where the lower roller contacts the profile.

During the roll-forming process, there was no gap between the upper roller and the
profile on the contact surface (surface A). Consequently, the upper surface of the profile
edge strip is extruded by the upper roller. Simultaneously, the linear speed of the upper
roller at surface A was lower than that at surface B, causing varying linear speeds within
the profile. This discrepancy leads to uneven forces and results in scratches and other types
of damage. To ensure a smooth formation process, it is crucial to maintain an appropriate
gap on one of the contact surfaces. This enables the rollers to effectively clamp and transmit
the parts while preventing surface damage and ensuring a consistent linear speed contact.

Building on this research, an initial implementation of orthogonal experiments was
conducted to determine the appropriate size of the gap, with the aim of enhancing the
surface quality of the profile during processing. The improved formula for roller tooling
design is as follows: (6) set the upper roller gap to toi1, and (5) adjust the clearance of the
lower roller to toi2.

RA1 + RB1 + 2t− h + i = 154 (5)

(RA1 − RB2) = h− t (6)

RA2 = RB1 − i1,RB2 = RA1 − i2

i1 is the gap between the upper roller and surface of the profile, and i2 is the gap between
the lower roller and surface of the profile, as shown in Figure 6.
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2.3. Establishment of Finite Element Model for Four-Roll Bending
2.3.1. Mechanical Property Testing of 6063-T5 Aluminum Alloy

To perform material modeling in the 6063-T5 simulation, mechanical performance
parameters of the profile material were required. Therefore, tensile tests were conducted on
the profile material to determine its mechanical properties. First, the tensile specimens were
prepared according to the GB/T228.1-2010 standard, as shown in Figure 7. The sample
thickness is 3.13 mm. The WDW3200 microelectronic universal testing machine was used
for the tensile test at a rate of 2 mm/min. The mechanical properties of 6063-T5 aluminum
alloy are summarized in Table 2.
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Table 2. The 6063-T5 material properties.

σ0.2/(MPa) E/(MPa) v ρ/(kg/m3) δ5/(%)

156 70,000 0.33 2700 9
σ0.2 is tensile strength, E is Young’s modulus, v is Poisson’s ratio, ρ is density.

The finite element simulation method offers advantages such as shorter test cycles and
lower costs. Additionally, it enables a more accurate analysis of the laws and relationships
among variables in the forming process. Consequently, this method has found wide
application in various fields of profile roll-bending analysis [23], and it is regarded as the
most effective approach for profile bending research [24,25]. Based on this, a dynamic
finite element model of the four-roller roll-bending process was developed using the finite
element software ABAQUS. The purpose of establishing this finite element model is to
study the effect of different gaps between the surface of the upper roller and the profile on
the surface of the profile.

2.3.2. Build Geometric Model

A finite element model was established based on the data of a four-roll-bending
machine; the large roll diameter is 200 mm, its small diameter is 104 mm, the side roll
inclination is 25◦, and the deformation of the roll is small and negligible; therefore, it is
defined as discrete rigid. When the profile undergoes elastic–plastic deformation in the
roll-bending process, it must be defined as deformable. A deformable plane strain element
was selected, the 4-node linear reduced integral element CPS4R was used, and the plate
was divided into 3-layer grids along the thickness direction, as shown in Figure 8. The
friction coefficient between the upper and lower rollers and the sheet metal was set to
0.15 [26]. During rolling and bending, the upper roller is the active roller, and its rotation of
the upper roller drives the feeding of the profile.
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2.3.3. Material Properties

In this simulation test, a 6063-T5 aluminum alloy steel plate was used for the four-roll-
bending simulation. It was assumed that the sheet material was isotropic, and the influence
of the sheet weight on roll bending was not considered. Elastoplastic deformation of the
profile occurs during roll bending; therefore, the constitutive relation of the profile must be
set in ABAQUS. As the bilinear hardening model can better fit the real constitutive relation-
ship of materials, this study used the bilinear-hardening model to define the constitutive
relationship of plates to simulate the plastic deformation of plates in the process of roll
bending. The constitutive equation is given by (7).

σ =

{
Eε, 0 < |ε| < εe
σs + K(ε− εe), |ε| > εe

(7)

Among them, σ is the stress/MPa, σs is the yield limit/MPa, ε is the strain, εe is the
elastic strain limit, E is Young’s model/MPa, and K is the strengthening coefficient.

2.3.4. Contact Definition and Constraint

The penalty function contact mode was adopted, the friction coefficient between the
roller and profile was defined as 0.15, and the roller and sheet were defined as having a
limited relative slip. When the profile is continuously rolled and bent, the upper and lower
rollers can rotate only around their respective axes. The side rollers can not only rotate
around their axes but also feed along a fixed oblique line (see Table 3 for constraint types).

Table 3. Roller constraint.

Constraint Type Upper Roller Lower Roller Left Roller Right Roller

Move constraint X, Y, Z X, Y, Z X X
Rotational constraint Y, Z Y, Z Y, Z Y, Z

2.3.5. Effects of Different Loading Methods

The four-axis roll-bending machine offers two modes of operation: single-sided roll
loading and double-sided roll loading. However, this deformation did not occur when
single-sided roll feeding was used. Consequently, simulations were conducted for both
feeding methods to further investigate this phenomenon.

The equivalent plastic strain is a physical quantity used to determine the position of the
yield surface of a material after strengthening. For example, in experiments, we obtained
the elastic–plastic stress–strain curve of the material under uniaxial tension. In reality, the
stress state of the structure is often a spatial stress state, which is also the spatial yield
when yielding, and by calculating the equivalent plastic strain, we can find the equivalent
stress corresponding to the strain state after plastic yield and the spatial stress state of the
structure at this time [26]. The equivalent plastic strain curves for both single-side and
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double-side roll loadings demonstrate that profile deformation is a gradual loading process
that occurs throughout the roll-bending process. Figure 9a shows the single side roller
loading method, and Figure 9b shows the double side roller loading method. Figure 10
shows the equivalent plastic strain distribution, the equivalent plastic strains at the same
position for single-side and double-side roll loading were 0.108 and 0.135. This indicates a
19.6% decrease in the equivalent plastic strain at the same position, which is significantly
lower for single-side roll loading than for double-side roll loading. By reducing the stress
concentration zone and lowering the stress value, the utilization of single-sided roll loading
can effectively avoid wrinkling. Therefore, subsequent studies have focused on single-side
roller feeding methods.
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2.3.6. Model Accuracy Verification

Only when the accuracy of the finite element model is verified can subsequent research
be conducted. We conducted an inspection based on the most important forming curvature
in profile rolling forming. Then, we performed error analysis on the finite element simula-
tion results and the formed curvature of the profile after processing on the experimental
bench at side roll feeds of 20, 30, 40, and 50 mm.

Because ABAQUS does not directly measure the radius of curvature, the radius must
be indirectly calculated based on the three-point rounding principle. The coordinates of
the first, second, and third points are (X1, Y1), (X2, Y2), and (X3, Y3), respectively. The
corresponding horizontal and vertical coordinates of the center of the circle are shown in
(9) and (10), respectively.

A = X1
2 + Y1

2, B = X2
2 + Y2

2, C = X3
2 + Y3

2 (8)
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G = (Y3 −Y2)× X1 + (Y1 −Y3)× X2 + (Y2 −Y1)× X3

Horizontal coordinate of the center of a circle

X = (B− C)×Y1 + (C− A)×Y2 +
(A− B)×Y3

2G
(9)

Center ordinate

Y = (C− B)× X1 + (A− C)× X2 +
(B− A)× X3

2G
(10)

Then, the radius of curvature is:

R =

√
(X− X1)

2 + (Y−Y1)
2 (11)

Taking the simulation results of the profile-side roller feed 50 as an example, node 25061
is (−4.76945 × 102, 5.6 × 102), node 18,985 is (−4.38479 × 102, 3.30501 × 102), and
node 13638 is (−3.23989 × 102, 1.67293 × 102), and by substituting Equations (8)–(11),
4888.4 mm can be obtained.

We conducted rolling bending experiments on 6063T-5 aluminum alloy and pasted the
processed profiles with reflective stickers, as shown in Figure 11a. Finally, a 333 CREAFORM
portable 3D scanner was used to scan and model the processed contour, as shown in Figure 11b.
To ensure the accuracy of the contour curvature, reverse unfolding is used to obtain the
curvature of the processed contour.

Machines 2023, 11, x FOR PEER REVIEW 11 of 19 
 

 

curvature in profile rolling forming. Then, we performed error analysis on the finite ele-
ment simulation results and the formed curvature of the profile after processing on the 
experimental bench at side roll feeds of 20, 30, 40, and 50 mm. 

Because ABAQUS does not directly measure the radius of curvature, the radius must 
be indirectly calculated based on the three-point rounding principle. The coordinates of 
the first, second, and third points are (X1, Y1), (X2, Y2), and (X3, Y3), respectively. The 
corresponding horizontal and vertical coordinates of the center of the circle are shown in 
(9) and (10), respectively. 

2
3

2
3

2
2

2
2

2
1

2
1 ,, YXCYXBYXA +=+=+=  (8) 

312231123 )()()( XYYXYYXYYG ×−+×−+×−=   

Horizontal coordinate of the center of a circle 

G
YBAYACYCBX

2
)()()( 3

21
×−+×−+×−=  (9) 

Center ordinate 

G
XABXCAXBCY

2
)()()( 3

21
×−+×−+×−=  (10) 

Then, the radius of curvature is: 

2
1

2
1 )()( YYXXR −+−=  (11) 

Taking the simulation results of the profile-side roller feed 50 as an example, node 
25061 is (−4.76945×102 ,5.6×102), node 18,985 is (−4.38479×102,3.30501×102), and node 13638 
is (−3.23989×102,1.67293×102), and by substituting Equations (8)–(11), 4888.4 mm can be 
obtained. 

We conducted rolling bending experiments on 6063T-5 aluminum alloy and pasted 
the processed profiles with reflective stickers, as shown in Figure 11(a). Finally, a 333 
CREAFORM portable 3D scanner was used to scan and model the processed contour, as 
shown in Figure 11(b). To ensure the accuracy of the contour curvature, reverse unfolding 
is used to obtain the curvature of the processed contour. 

 
 

(a) (b) 

Figure 11. (a) Profile coated reflective lenses; (b) Scanned profiles. 

As shown in Table 4, the experimental results showed an error range of 2% to 5% 
compared to the simulation results with an average error of 3.4%%. The accuracy and 
reliability of the finite element model were validated by Wang’s [27,28] simulation of sheet 
metal forming, which exhibited an error within 7% when compared to the bending test 
data. Zhou’s [29] research on profile roll bending demonstrated a high precision with a 

Figure 11. (a) Profile coated reflective lenses; (b) Scanned profiles.

As shown in Table 4, the experimental results showed an error range of 2% to 5%
compared to the simulation results with an average error of 3.4%%. The accuracy and
reliability of the finite element model were validated by Wang’s [27,28] simulation of sheet
metal forming, which exhibited an error within 7% when compared to the bending test
data. Zhou’s [29] research on profile roll bending demonstrated a high precision with a
forming radius error of less than 4% in finite element simulations, providing guidance for
practical applications. The error range between the experimental and simulation results
in this study was within 1% to 5%, with an average error of 3.4%; the error is within an
acceptable range and can be applied in subsequent research.

Table 4. Error comparison between actual data and simulation data.

Side Roll Displacement
(mm)

Experimental Result
Curvature of Profile Forming

(mm)

Simulation Result
Curvature of Profile Forming

(mm)
Error

20 17,873 17,464 2.2%
30 10,021 9776 2.4%
40 7341 6982 4.8%
50 5105 4888 4.2%
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2.4. Orthogonal Experiment

To minimize surface scratches on the profiles, the curved main bearing surface is
typically chosen as the contact surface, whereas a gap must be left on the other surface. The
gap between the roller and the profile should not be excessively large, as it would hinder
compression and result in an inconsistent curvature between the upper and lower surfaces
of the Z-profile. Hence, simulations were conducted within the range of 0.1 to 0.4 mm,
which is consistent with the actual production experience. An orthogonal experimental
design was used within the range of the 0.1–0.4 mm gap. The upper and lower rollers are
shown in Figure 4, and the gap is shown in Figure 6.

A two-factor, four-level orthogonal experimental design was conducted, as shown
in Table 5.

Table 5. List of factor levels.

Factor 1 Level (mm) 2 Level (mm) 3 Level (mm) 4 Level (mm)

(A) Upper roller clearance 0.1 0.2 0.3 0.4
(B) Lower roller clearance 0.1 0.2 0.3 0.4

3. Results and Discussion

In a study by TIAN [30], it was found that the maximum strain in the scratched area
increased significantly with an increase in depression depth compared to the non-scratched
area, and the scratch defect significantly exacerbated the stress concentration. Therefore,
the maximum stress and equivalent plastic strain were used as evaluation indicators.
The surface quality increases with the decrease in equivalent plastic strain and stress,
while scratches decrease with the decrease in equivalent plastic strain and stress. First,
16 simulations were conducted with different gap values on the upper and lower surfaces
of the roller; the experimental labels are listed in Table 6. Therefore, the maximum stress
and equivalent plastic strain values were obtained for the same position of the profile
for analysis, and the maximum stress and equivalent plastic strain of the 16 groups of
experiments after simulation are shown in Table 6.The data query location is shown in red
punctuation in Figure 12.

Table 6. Experimental data.

Experiment No Factors and Levels Maximum Stress (MPa) Equivalent Plastic Strain

1 1 1 223.27 0.0168
2 1 2 222.68 0.0174
3 1 3 221.44 0.0177
4 1 4 222.71 0.0183
5 2 1 221.75 0.0152
6 2 2 223.50 0.0180
7 2 3 223.20 0.0182
8 2 4 223.02 0.0180
9 3 1 222.75 0.0171

10 3 2 224.02 0.0172
11 3 3 224.03 0.0202
12 3 4 223.16 0.0185
13 4 1 222.57 0.0190
14 4 2 223.85 0.0192
15 4 3 206.11 0.0189
16 4 4 217.07 0.0240
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3.1. Result Analysis

The intuitive range analysis method analyzes problems by analyzing the average
range of each factor. The range is the difference between the maximum and minimum
values of the average effect. By using a range, we can identify the main factors that affect
the indicators and help us find the optimal combination of factor levels. The purpose of the
range analysis is to evaluate the dispersion of a set of data using the maximum minimum
value (i.e., range). Based on range analysis, the degree of influence of the different gaps
on the evaluation indicators can be determined. We performed a range [31] analysis of
various factors based on the results in Table 6. The results of the analysis are presented in
Table 7. Range analysis can be used to study orthogonal test data, including the advantages
or disadvantages of specific levels between factors. Here, (Kij) is the average value of
the (i) evaluation index under the (j) level of a certain parameter. i = 1 and 2 represent
two levels; j= 1, 2 represents the evaluation index stress and equivalent plastic strain 1 is
the corresponding range, and according to Table 7, the impact of various factors on the
evaluation indicators is analyzed, as shown in Figure 13a,b.

Table 7. Range data analysis.

Order Number A B

Stress

K11 222.52 222.58
K12 222.87 223.51
K13 223.49 218.69
K14 217.4 221.49
R1 6.09 4.82

Equivalent plastic strain

K21 0.0176 0.0170
K22 0.0174 0.0180
K23 0.0183 0.0188
K24 0.0203 0.0197
R2 0.0029 0.0027
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1. Influence of Clearance Level on Stresses: The upper roller clearance has a more
significant impact on stresses than the lower roller clearance. Stresses demonstrate an
increasing and then decreasing pattern with increasing upper roller clearance.

2. The Effect of Gap Level on Equivalent Plastic Strain: The effect of the upper roller gap
on equivalent plastic strain is greater than that of the lower roller gap. The equivalent
plastic strain tends to decrease first and then increase as the gap between the upper
roller and the roller increases, and as the gap between the lower rollers increases, it
keeps increasing.

3.2. Parameter Optimization

Firstly, using stress as the evaluation indicator, the minimum level of stress is selected
as the optimal level, as shown in Figure 13a. The optimal level of A is 4, and the optimal
level of B is 3; that is, the gap between the upper surface and the roller is 4 mm, and the
gap between the lower roller and the surface is 3 mm.

Using equivalent plastic strain as the evaluation indicator, the minimum equivalent
plastic strain is selected as the optimal level, as shown in Figure 13b. The optimal level of A
is 2, and the optimal level of B is 1; that is, the gap between the upper surface and the roller
is 2 mm, and the gap between the lower roller and the surface is 1 mm.

However, as shown in Table 7, R1 is larger than R2. The range R reflects the amplitude
of change in the experimental indicators when the factor level fluctuates. Therefore, the
larger the range of R, the greater the impact of this factor on the experimental indica-
tors. Therefore, a gap of 4 mm between the upper surface and the roller, and a gap of
3 mm between the lower roller and the surface, were selected as the optimal level, and
experimental verification was conducted. The size of the roller was modified according
to Equations (5) and (6), as shown in Figure 14. The improved roller dimensions are listed
in Table 8. From Figure 15, it can be clearly seen that the two improved clearances have
significantly improved compared to no gaps left.
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Table 8. Roller size.

Code Name
Roller Radius (mm) Roller Width (mm)

RA1 RA2 RB1 RB2 WA1,WB1 WA2,WB2

Numeric value 100 99.6 52 51.7 20 22
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3.3. Discussion

A comparative analysis was conducted on the simulation results of profiles processed
without roller gaps on the upper and lower surfaces as well as profiles processed with the
optimal stress level and equivalent plastic strain level. We extracted equivalent plastic strain
and stress values at the same location as node 26,059. The stress is shown in Figure 15a,
and the equivalent plastic strain is shown in Figure 15b.

From Figure 15, it is evident that the profile with optimal clearances exhibits a signifi-
cant reduction in the equivalent plastic strain compared to the profile without clearances
at the same position. The gap between the upper roller and the surface is 0.4 mm, and
the gap between the lower roller and the surface is 0.3 mm. Compared with no gap left,
the maximum stress decreases from 225.6 to 204.1 MPa, and the equivalent plastic strain
decreases from 0.032 to 0.019. It can be seen that the surface quality of the profile processed
with a gap has been improved.

Based on range analysis, the roller was reprocessed with optimal clearances. The
profiles were processed using both the roller fixture designs with and without clearances,
as shown in Figure 16a. The top profile in Figure 16a represents the profile processed with
clearances, whereas the bottom profile represents that processed without clearances.

Using the VMA251 optical measuring instrument with a focal length of 0.2 mm, the
profile surfaces at the same three positions were observed for both the profile processed
without clearances and that processed with clearances. It is evident from Figure 16b that
the surface quality of the profile processed with clearances was significantly better than
that of the profile processed without clearances, as shown in Figure 16c. Overall, the
profile processed with optimal clearances effectively reduces the occurrence of scratches
and improves the surface quality of the profile. This is particularly beneficial in high-
precision fields such as the aviation and automotive industries because it reduces processing
steps and improves processing efficiency. The use of orthogonal experiments allows for
a more comprehensive consideration of the effects of different clearances between the
roller and upper and lower surfaces. Compared to traditional experimental methods, finite
element simulation methods improve the processing efficiency and reduce material waste.
Additionally, finite element simulation methods can provide accurate clearance values
rather than just a range of clearances, thereby further enhancing their effectiveness.
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A quantitative inspection was conducted on the surface quality of the profiles pro-
cessed with different gaps using an Era TR110 portable roughness meter. The obtained
data are shown in the following figure. The data are the average values of five sets of
measurements. In Figure 17a represents the surface roughness of the profiles without
gap processing, and Figure 17b represents the surface roughness of the profiles with gap
processing. Evidently, the surface quality of the profile improved significantly.

Machines 2023, 11, x FOR PEER REVIEW 17 of 19 
 

 

A quantitative inspection was conducted on the surface quality of the profiles pro-
cessed with different gaps using an Era TR110 portable roughness meter. The obtained 
data are shown in the following figure. The data are the average values of five sets of 
measurements. In Figure 17(a) represents the surface roughness of the profiles without 
gap processing, and 17 (b) represents the surface roughness of the profiles with gap pro-
cessing. Evidently, the surface quality of the profile improved significantly. 

 
Figure 17. Surface roughness (a) using clearance machining and (b) not using clearance machin-
ing. 

4. Conclusions 
An orthogonal experimental design was used to investigate different roller clear-

ances, and a range analysis of the results was performed to determine the optimal clear-
ances. The results showed that the optimal clearance for the roller and upper surface of 
the profile was 0.4 mm, and the optimal clearance for the roller and lower surface of the 
profile was also 0.3 mm. Based on these optimal clearances, a new fixture design for rollers 
was implemented. The surface quality of the profile was significantly improved compared 
to that processed without clearances. This analysis method provides a more scientific ap-
proach for determining roller clearances in profile roll-bending research. 
1. This study analyzed and addressed issues such as increased scratching and poor 

quality on the surface of the profile during bending using regular rollers. It was de-
termined that the inconsistent linear velocities between the upper and lower surfaces 
of the profile were the main cause of poor surface quality. The proposed solution 
involved maintaining clearances at the contact interface between the roller and pro-
file. 

2. Finite element simulation was used to simulate the different experiments, and a range 
analysis was performed on the simulation results. The gap between the upper roller 
and the surface is 0.4 mm, and the gap between the lower roller and the surface is 0.3 
mm. Compared with no gap left, the maximum stress decreases from 225.6 to 204.1 
MPa, and the equivalent plastic strain decreases from 0.032 to 0.019. It can be seen 
that the surface quality of the profile processed with a gap has been improved. It has 
been proven that leaving gaps between the roller and the upper and lower surfaces 
can reduce the equivalent plastic strain on the surface of the profile, thereby reducing 
damage to the surface of the profile. 

Figure 17. Surface roughness (a) using clearance machining and (b) not using clearance machining.



Machines 2023, 11, 767 17 of 19

4. Conclusions

An orthogonal experimental design was used to investigate different roller clearances,
and a range analysis of the results was performed to determine the optimal clearances. The
results showed that the optimal clearance for the roller and upper surface of the profile
was 0.4 mm, and the optimal clearance for the roller and lower surface of the profile was
also 0.3 mm. Based on these optimal clearances, a new fixture design for rollers was
implemented. The surface quality of the profile was significantly improved compared
to that processed without clearances. This analysis method provides a more scientific
approach for determining roller clearances in profile roll-bending research.

1. This study analyzed and addressed issues such as increased scratching and poor
quality on the surface of the profile during bending using regular rollers. It was deter-
mined that the inconsistent linear velocities between the upper and lower surfaces
of the profile were the main cause of poor surface quality. The proposed solution
involved maintaining clearances at the contact interface between the roller and profile.

2. Finite element simulation was used to simulate the different experiments, and a range
analysis was performed on the simulation results. The gap between the upper roller
and the surface is 0.4 mm, and the gap between the lower roller and the surface is
0.3 mm. Compared with no gap left, the maximum stress decreases from 225.6 to
204.1 MPa, and the equivalent plastic strain decreases from 0.032 to 0.019. It can be
seen that the surface quality of the profile processed with a gap has been improved.
It has been proven that leaving gaps between the roller and the upper and lower
surfaces can reduce the equivalent plastic strain on the surface of the profile, thereby
reducing damage to the surface of the profile.

3. Based on the optimal clearances, a new fixture design for rollers was implemented.
A VMA251 optical measuring instrument was used to observe the surface of the
profile after processing with improved rollers. The quality of the profile processed
with improved rollers was significantly better than that of the profile processed
without improvements. The results indicate that using a finite element simulation
to determine roller clearances is a scientifically sound method. Compared with
traditional experimental methods, it reduces material waste, improves clearance
optimization, and enhances processing efficiency.

In the future, we will focus on a combination of theory and practice, improve the
self-designed and manufactured four-roll CNC bending machine, analyze methods that
can improve the accuracy of profile forming, and better apply finite element simulation
methods to solve engineering problems.
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