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Abstract

The manufacturing of next-generation aerospace components demands integral aluminum alloy panel that combine large
dimensions, light weight, and high precision. Conventional rigid roll bending, however, often results in surface concavity
and rib buckling during the forming of such thin-walled structures. Here, a flexible roll bending process using an elastomer-
covered roller system is proposed to mitigate these issues. A finite element model of the forming process for high-strength
aluminum alloy integral panel is established and experimentally validated. The influence of elastic layer hardness and press
amount on stress distribution, curvature radius, and generatrix linearity are systematically investigated. The results reveal
that, compared to rigid roll bending, the flexible approach achieves a markedly more uniform stress distribution across
stiffened ribs, with a 34.3% reduction in peak stress. At an optimal press amount of 17.5 mm and an elastic layer hardness of
95A, generatrix straightness coefficient is improved by 51.6%. This work establishes a robust framework for advancing roll
forming techniques in the fabrication of high-performance integral acrospace structures, offering both a viable manufacturing
strategy and theoretical support.
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1 Introduction

Aluminum alloy integral panels with cross-net stiffened ribs can achieve lightweight while ensure high strength and
load-bearing performance. They are widely used in the fields of aerospace, marine, automobile and engineering structure
owing to their advantages such as high strength, low weight, high efficiency, and strong reliability [1-4]. However, the
integration of high-density, spatially interlaced ribs into large-scale integral panels introduces profound geometric and
mechanical constraints, including complex shapes, significant variations in cross-sectional dimensions, uneven thickness,
and high requirements for surface accuracy (forming error less than 0.5mm), which bring new problems and challenges to
their forming and manufacturing technology [5,6].

The roll bending forming process is widely used for manufacturing panel-type components due to its simple structure,
excellent processing continuity, cost-effectiveness and energy-saving [7,8]. Currently, roll bending forming processes for
integral panels include traditional roll bending and filling roll bending. At present, there are two kinds of traditional roll
bending forming process, one is the rigid roll direct roll bending forming process [9,10], based on the deformation principle
of three-point bending, the upper roll is similar to the upper head of three-point bending. In this process, the main defects
such as concave skin surface and buckling instability of steel bar often occur. Due to the direct contact between the rigid
roller and the siding during rolling and bending, especially in the surface area of the rib, which causes stress concentration,
while the central area of the skin away from the rib is subjected to less stress, resulting in serious damage to the mechanical
properties and geometry of the siding. The other is the rigid roller packing assisted rolling bending [11-14]. This method
solves the instability deformation defects of the mesh bars and thin walls in the rolling bending process of the high-
reinforcement thin-wall sheet through the auxiliary rolling bending of the mesh bars and rubber materials after milling,
realizes the bending formation of the ultra-large mesh sheet, improves the straightness accuracy of the bus bar, and solves
the difficult problem of manual calibration of the ultra-large wall sheet. Li HW. et al. [12] investigated the polypropylene
filler-assisted roll forming process for 2A12 aluminum alloy panels and revealed the mechanism by which the filler improves
the forming accuracy of stiffeners and skin by reducing the position deviation of the neutral layer. Zhang SH et al. [14]
proposed a filler-assisted roll forming technique for grid-stiffened panels. Experimental studies were conducted using rubber
and plastic fillers, which verified that the proposed method effectively reduces buckling instability and skin indentation



defects. In addition, the theory of flexible roll forming has been continuously developed both domestically and internationally.
However, the preparation of the filler required by this process needs to be customized according to the specific type of wall
slab bar, and the filler needs to be filled and cleaned before and after the rolling and bending process, which consumes a lot
of manpower and is not conducive to mass production. These factors limit its wide application in practical production.

Flexible roll bending, as an advanced continuous bending forming technology, is characterized by high forming
accuracy, fast speed, and excellent surface quality. It can be divided into single axis flexible rolling forming [15,16], double
axis flexible rolling forming [17-21] and curved surface flexible rolling forming [22-27]. The single-axis flexible rolling
bending process realizes the consistency of workpiece feed and bending. double axis flexible rolling forming can realize
single curvature machining of large thin plate structure with uniform thickness, which solves the problem of “straight edge
effect” of traditional process quality, omits the step of removing straight edge of traditional process, and is mainly used in
bending process and rolling process before opening sleeve welding. Flexible rolling and bending of curved surface can realize
multi-curvature machining. Yang KY et al. [20] developed a finite element model of double-roll flexible roll forming based
on the ABAQUS platform to simulate the forming process of 3J21 spring steel strips. Zhang T. et al. [21] conducted biaxial
flexible roll forming experiments on circular and elliptical parts and obtained the relationship between the forming curvature
radius and the indentation depth. Chen P. et al. [22] investigated the surface forming mechanism in four-roll flexible rolling
forming processes. The issues of low efficiency and significant residual stresses were addressed. Wei ZD et al. [23] proposed
a multi-radius local bend forming methods for flower pattern and flexible roll profile, and the flexible rolls spatial positioning
for thin-walled round pipes. The results indicate that the flexible forming of thin-walled round pipes with multiple
specifications can be successfully achieved. Salem J. et al. [24] developed an analytical prediction model to predict the roll
forming force, residual stress, and bending radius during the forming of cylindrical and conical parts. Fu Z. et al. [25]
proposed an analytical model for the three-roll forming process and established a finite element model (FEM) using
ABAQUS, deriving a reasonably accurate relationship between the downward displacement of the inner roll and the required
springback radius (unloading curvature radius), and optimized the structural dimensions and process parameters. Li Shi et al.
[26] developed an analytical model considering springback to correlate process parameters with the coiling radius and
confirmed its effectiveness in improving forming accuracy. At present, most domestic and international studies on roll
forming processes focus on plates with uniform thickness, while research on roll forming of grid-stiffened integral panels
remains limited. Fan ST et al. [27] built a finite element simulation model for roll forming and validated its feasibility for
simulating the coiling process of wide plates through experiments.

In summary, current flexible roll-bending processes are primarily applied to the forming of metal plates and strips.
However, the flexible roll bending of aluminum alloy integral panels with complex structures remains insufficiently explored.
To address existing challenges—such as surface concavity of the skin, buckling and instability of ribs, and poor consistency
in the curvature radius during the flexible roll-bending of integral panels—this study proposes a novel flexible roll-bending
method for aluminum alloy integral panels, wherein an elastic layer is covered on the outer surface of the rigid roller. A finite
element model of the flexible roll-bending process is developed based on the Mooney—Rivlin hyperelastic-plastic material
model. The effects of the elastic layer's hardness and the press amount on the curvature radius, stress distribution, and
straightness of the generatrix of the entire panel are systematically investigated. The proposed method provides a viable roll
bending forming strategy and theoretical support for the fabrication of high-performance integral aerospace structures.

2 Methodology
2.1 The principle of flexible roll-bending forming process

The principle of flexible roll bending forming is illustrated in Fig.1. The upper roller is a flexible roller, which is
composed of a rigid transmission shaft and a polyurethane rubber coated on it. The two lower rollers are rigid rollers arranged
horizontally symmetrically. The flexible roll bending process has two stages. In the first stage, after the downward pressure
P is applied to the rigid drive shaft of the upper roller driven by the motor, the flexible roller produces a downward pressure
D along the vertical direction under the pressure, so that the polyurethane rubber layer of the flexible roller is elastically
deformed. With the increase of the pressing amount, the contact area between the flexible roller and the whole panel increases
gradually. The elastic layer of the flexible roller falls into the groove of the wall plate to provide support for the ribs and skin.



Thus, the problem of small contact area and serious stress concentration when the traditional rigid shaft is directly rolled is
effectively improved. In the second stage, when the flexible roller reaches the set downward position, the elastic layer of the
flexible roller is in close contact with the outer surface of the skin and the outer surface of the ribs of the integral panel.
Subsequently, when the flexible roller actively rotates, the friction between the elastic layer and the outer surface of the
integral panel ribs, the friction between the rigid roller and the outer surface of the integral panel skin, drives the integral
panel to feed forward automatically. This process achieves continuous bending forming, and promotes the overall panel to
reach the desired bending shape through continuous local plastic deformation. Therefore, the pressing amount of the upper
roller and the hardness of the elastic layer are the key factors affecting the forming radius and quality of the plate.
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Fig. 1 The principle of flexible roll bending forming
2.2 Generatrix straightness

Generatrix straightness (AH ) is defined as the offset between the theoretical contour (S;) of the bus line on the outer surface
of the integral panel skin and the actual contour (S;). This deviation is consistently measured along the normal direction to
the panel's curvature, as illustrated in Fig 2. To ensure measurement accuracy, the measurement plane of the bus bar gauge
must remain aligned with the normal direction of the panel's curvature.

AH =| Sr - St |: \/(Xm Xmm) +( max mln) (1)

In the equation, AH represents the deviation of the bus line straightness, S, denotes the actual contour, and S; represents

the theoretical contour. The actual contour Sr consists of NV discrete nodes, with S;; (X, Y) denoting the coordinates of the i-th
node.

The generatrix straightness coefficient ( K ) is closely related to the generatrix deviation and the width of the integral

panel. A smaller coefficient indicates a lower deviation, resulting in less pronounced surface depression defects on the panel
skin and thereby reflecting higher forming precision of the integral panel.

K, =—- @

where K _ denotes the generatrix straightness coefficient, and B represents the width of the integral panel.
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Fig. 2 Characterization of generatrix straightness

As shown in Fig.3, to evaluate the shape quality of the wall panel during the roll-bending process, six equally spaced
sampling positions are defined along the longitudinal direction of the bent panel. At each sampling section, nodal
displacement data are extracted from the finite element simulation along the generatrix direction of the panel. Based on these
data, the generatrix straightness deviation and the corresponding straightness coefficient are calculated to quantitatively assess
the shape accuracy of the panel skin.
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Fig. 3 Illustration of generatrix straightness of the integral panel

2.3 Curvature radius

During the flexible three-roll bending process, due to its foundation in the three-point bending principle, a localized
straight-edge effect tends to occur at the front end of the wall panel during the initial stage of roller indentation. Therefore,
to accurately characterize the post-forming bending radius, it is necessary to select the region of the wall panel that remains
in a state of uniform bending as the analysis area.

To determine the formed bending radius, the nodal coordinates along the geometric neutral layer of the panel are
extracted to form the dataset R{x; y;}, upon which an arc fitting is conducted using the least squares method. The general
equation of a circle in Cartesian coordinates is:

(x=x)" +(y=p) =r’ (3)
Where (Xc, Ve) is the center of the circle, 7 is the radius of the circle.

The objective function for least squares circle fitting aims to minimize the sum of squared differences between the actual
distances of data points to the estimated circle center and the estimated radius. the least squares objective function is:
xﬂgnZ[((x )+ (3 =) =) ] 4)

Combining Equations (3) and (4), the fitted arc radius 7 is derived, which accurately characterizes the bending radius of
the formed integral panel.



3 Simulation and validation
3.1 Profile and roller dimensions

According to the actual overall panel structure, the geometric structure and dimensional parameters of the integral panel
specimen were designed. The grid type of the wall panel was a square grid. The height of the rib is 6 mm and the width is 3
mm. The internal fillets of the grid ribs of the integral panel will be generated during the milling process. In the finite element
simulation process, in order to improve the calculation efficiency of the finite element model, the internal fillets of the integral
panel grid are simplified to right angles, as shown in Fig. 4a,b. The size of the rigid roller and elastomer are shown in Fig.
4c, the rigid roller diameter is 60mm, the thickness of the elastomer layer is 50 mm, and the length of the roller is 110 mm.
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Fig. 4 The geometrical parameters of integral panel and roller (a) The 3D model of Integral panel specimen (b) The
dimension of Integral panel specimen (¢)Contact roller

3.2 Establishment of FE model for flexible roll bending
Geometric model

Finite element simulation has been extensively applied in the elastic—plastic analysis of materials, offering an effective
means to address complex nonlinear problems and to visually reproduce the forming processes and deformation behaviors.
The Abaqus software was employed to simulate the flexible roll bending process. To enhance the computational efficiency
of the finite element analysis while ensuring result accuracy, reasonable model simplifications are implemented. Firstly, the
driving effect of the transmission shaft on the elastic layer is simulated by coupling the nodes on the inner surface of the
polyurethane elastomer with the centroid points of the transmission shaft. This approach simplifies non-essential components,
reduces the number of contact pairs, and streamlines the contact interactions within the model. Secondly, given that the lower
roller exhibits significantly higher stiffness compared to the integral panel, it is modeled as a rigid body component to
effectively decrease the computational cost. Finally, during the roll forming process, rolling friction primarily occurs between
the wall panel and each roller, accompanied by minor tangential sliding friction. By constraining the panel’s movement in
the width direction, sliding friction in this direction is neglected, which further simplifies the model and improves
computational efficiency.

The finite element model of the roll bending forming process consists of one flexible roller, two rigid rollers, and the
integral panel. The center distance between the two lower rollers is A=150 mm, and the initial gap between the upper roller
and the top surface of the wall panel is H= 3 mm, as illustrated in Fig. 5.



Fig. 5 FE model of flexible roll bending forming

The flexible roll bending process involves large deformation of elastic materials. Therefore, an explicit dynamic solver
was selected for the analysis. The longitudinal downward pressing was simulated over a duration of 1 s, while the active
rotation of the flexible roller was simulated over 2 s. The two lower rollers were modeled as rigid bodies, whereas the flexible
roller and the integral panel were modeled as deformable bodies. All components have regular geometric shapes, thus
hexahedral elements were used for meshing to ensure high computational accuracy and efficiency. During the roll bending
process, significant mesh distortion occurred in the outer elastic layer of the flexible roller. To improve simulation accuracy,
mesh refinement was applied to this outer elastic layer. The integral panel mesh size was approximately 1 mm X 1 mm,
resulting in 59,844 elements. The mesh size of the flexible roller’s elastic layer was approximately 2 mm x 2 mm, resulting
in 35,280 elements.

Material properties

The high-strength aluminum alloy integral panels are made of 7050-T7451 aluminum alloy, which is widely used in
aviation, aerospace, automotive and other fields. The mechanical property parameters of the material are shown in Table 1.

Table 1 Properties of AL 7050-T7451

Density tensile strength  yield strength  Young modulus
(g-em?) (MPa) (MPa) (MPa)

Magnitude 2.83 502 442 66000 0.33

Properties Poisson's ratio

Polyurethane rubber was adopted as the elastic layer material in this study. Polyurethane rubber is a typical
superelastomer, featuring significant nonlinear mechanical response, large deformation capacity and approximately
incompressible properties [28,29]. In the finite element analysis software ABAQUS, the hyperelastic material is usually
described by the strain energy density function U. Commonly used models include Mooney-Rivlin model and Neo-Hook
model. The Mooney-Rivlin model effectively describes the mechanical behavior of polyurethane rubber under large
deformation and nonlinear conditions, and is suitable for analyzing its complex deformation response during roll bending. In
this paper, the Mooney-Rivlin model is used to characterize the superelastic behavior of polyurethane rubber. The expression
of the strain energy density function of this model is as follows:

2
U =Gy (h=3)+Cy (1, -3)+ 0 5)
1

Among them, U is the strain potential energy, /; is the invariant of the first strain bias, /; is the invariant of the second
strain bias, J is the volume ratio, Cio and Cy; are Rivlin coefficients, and D is the incompressible parameter of the material.
For the rubber material constants Cio and Coi, methods such as uniaxial stretching, biaxial stretching, planar shearing and
simple shearing are usually adopted. Among them, the tensile stress o, tensile ratio A of the rubber material and the material

constants Cio and Co; can be expressed by the following formula:



O
m=C10+Cm//1 (6)

Based on the research and experiments of relevant scholars, the constants of polyurethane rubber materials
in the Mooney-Rivlin model are shown in Table 2.

Table 2 Mooney-Rivlin Model Polyurethane Rubber Material Constant

Hardness Cio Coi
95A 3.58 0.48
85A 1.41 0.4

Contact definition and constraint

The flexible roll bending forming process of the integral panel involves complex multi-body contact interactions, which
can be categorized into two primary contact pairs. The first contact pair occurs between the outer surfaces of the two lower
rollers and the bottom surface of the integral panel (i.e., the outer surface of the skin). The second contact pair is established
between the upper surface of the integral panel (i.e., the outer surface of the stiffening ribs) and the outer surface of the
flexible roller (i.e., the elastic layer). Among these, the second contact interaction is more intricate due to the presence of
groove structures in the rib region. When defining the contact surface on the upper side of the integral panel, the geometrical
characteristics of these grooves must be accurately represented, as shown in Fig.6.
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Fig. 6 Contact Condition (a) Rigid roll and panel (b) Flexible roll and panel

All contact interactions in the finite element model are defined using the penalty method with finite sliding formulation.
A friction coefficient of 0.25 is assigned between the integral panel and the rigid rollers, with the rigid rollers designated as
the master surfaces. For the contact between the integral panel and the flexible roller, a higher friction coefficient of 0.45 is
specified, and the flexible roller is defined as the master surface. In the master—slave surface assignment, selecting the
component with lower deformation and a relatively finer mesh as the master surface helps mitigate mesh distortion during
the contact computation, thereby enhancing the numerical stability and accuracy of the simulation.

Process Parameter and analogue simulation

By comparing different processes and two process parameters of hardness and press amount, the influence of flexible
roll bending process on the bending forming law of integral panel is studied. The process parameter combination is shown in
Table 1.

By comparing the two processes and the two process parameters of polyurethane hardness and pressure reduction, the
influence of the flexible roll bending forming process on the bending deformation behavior of the overall wall panel was
studied. The specific process parameters are as follows: The hardness of polyurethane is 85A and 95A respectively, and the
reduction amounts are 17.5mm,20mm, and 22.5mm. The combination of process parameters is shown in Table 1.



Table 3 Process Parameter Combinations

Polyurethane hardness press amount
No. Bending type
(Shore Hardness A) (mm)

Pl 17.5
P2 95 20

flexible
P3 22.5

roll

P4 17.5

bending
PS5 85 20
P6 22.5

3.3Validation of the numerical model

The integral panel is milled as shown in Fig.7a. The flexible roll bending forming process can be equivalently regarded
as three-point bending at multiple consecutive positions. Based on this, three-point bending tests of the integral panels with
the elastic coating layer were carried out on the E45.305 electronic universal testing machine, and the loading speed of the
flexible head was 1 mm/min, as shown in Fig.7b. The experiment employed a polyurethane rubber elastic layer with a
hardness of 95A, with compression depths set at 17.5 mm and 22.5 mm respectively. Each operating condition was tested
three times, with the average value recorded. Force-displacement relationship curves were obtained experimentally, and the
bending angles of specimens after unloading were measured using a YHD OMQ190 optical coordinate measuring machine,
as shown in Fig.14c. Results indicate that the maximum error in force-displacement response predicted by the finite element
model did not exceed 14.31%, while the bending angle prediction error remained below 14.19%. This validates that the
established finite element model's accuracy meets engineering application requirements and can be employed for research
into the flexible roll-forming process of integral panels, as shown in Fig.7d.

&

Press-down E

Deformed 2
panel

Shape scanning i

(c)

Fig. 7 Experimental verification



4 Results and discussion
4.1 Comparison of stress uniformity

By conducting rigid and flexible roll bending simulations on the integral panels respectively, the system obtained the
stress distribution laws under different process paths, and the results are shown in Fig.8.
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Fig. 8 Comparison of (a) rigid roll bending and (b) flexible roll bending
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Under the rigid roll bending process, the equivalent stress in the rib regions of the wall panel reaches its peak value of
400.6 MPa during the initial downward pressing stage. In contrast, the equivalent stress remains relatively low throughout
the subsequent continuous bending phase. This is due to the rigid three-roll bending forming process. During the downward
pressing stage, the contact interface between the rigid roller and the integral panel corresponds to the outer surface of the
stiffening rib, where the contact area is relatively limited.

In comparison, the flexible roll bending process yields a more uniform stress distribution across both the downward
pressing and continuous bending stages, with the equivalent stress reaching a maximum of 263.1 MPa. It can be seen that the
flexible roll bending forming process effectively improves the contact condition with a relatively small contact area during
the roll bending and pressing stage, thereby making the pressure on the ribs more uniform and effectively avoiding the
instability and deformation of the ribs.

To further investigate the stress variation characteristics in the rib region, a comparative analysis was conducted based
on finite element simulation results of the local ribs. The study focused on the stress distribution of the tensile surface (i.e.,
the outer surface of the skin) and the compressive surface (i.e., the outer surface of the ribs) of the integral panel.

As Fig.8a shows, during the rigid roll bending process, on the compressed surface, the residual stress at this position is
mainly concentrated on the transverse bars, and the stress at the center of the skin grid is relatively large. The stress
distribution is uneven in both the transverse and longitudinal directions. There are obvious stress faults from the middle and
lower parts to the root of the transverse bars. The stress at the transverse center is relatively small, while the stress on both
sides is relatively large. On the tensile surface (the outer surface of the skin), the stress distribution presents a ring-shaped
structure with the center of the skin as the core, and the stress gradually increases as the distance from the center position
decreases, indicating that this area is subjected to a strong tensile load. Meanwhile, in the rolling and bending direction, the
equivalent stress in the connection area between the skin and the transverse bars is significantly lower than that in the
surrounding area.

As Fig.8b shows, the stress distribution characteristics of the integral panel under the flexible roll bending process. On
the compressed surface (the outer surface of the ribs), the stress distribution in the transverse rib area is more uniform, and
the stress in the area originally in the low-stress zone inside the skin grid has increased, effectively alleviating the stress
concentration phenomenon. No obvious stress faults appeared in the middle and lower parts to the root area of the transverse



bars, and the stress distribution in the longitudinal direction also tended to be consistent, indicating that flexible roll bending
is helpful to improve the force continuity of the bar structure.

On the stretched surface (the outer surface of the skin), the equivalent stress values at the edge area of the skin and the
junction of the skin and the transverse ribs are basically the same. The stress distribution along the width direction of the wall
panel and the rolling direction is relatively uniform, further indicating that flexible rolling can effectively improve the stress
balance of the wall panel after forming.

Overall, the flexible roll bending process has significantly improved the residual stress distribution characteristics of the
integral panels. Compared with the traditional rigid roll bending process, the maximum equivalent stress at the lower rib in
the flexible roll bending has decreased from 400.6 MPa to 263.1 MPa, with a reduction of 34.3%. This significant difference
indicates that the elastic layer material of the flexible roller expands the force-bearing contact area of the ribs during the
deformation process, thereby achieving a more uniform load distribution in the width direction and the rolling direction of
the wall panel, and significantly improving the stress uniformity of the overall wall panel.

4.2 Influence of forming radius

To explore the influence of roll bending process parameters on the forming quality of the integral panel, the influence
laws of the roller downward pressure and the hardness of the elastic layer material of the flexible roller on the curvature
radius and the straightness of the generatrix of the formed wall panel were studied. The simulation results are shown in Fig.
9.
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Fig. 9 Simulation results of roll bending with different process parameters

Based on the neutral layer theory of plate parts, the bending characteristics of the whole wall panel are analyzed and the
coordinates of the neutral layer are extracted, as shown in the Fig.10.

It can be seen that the six curved contours all have small straight sections at the ends. This is because the flexible rolling
bending is based on the three-point bending principle, so a straight edge phenomenon will occur at the front end of the panel
after forming. It can be seen from the bending profile that the radius of curvature at the initial position of roll bending is
smaller than that at the continuous roll bending stage. This is because at the initial position of roll bending, the rolling speed
is relatively small, the contact time between the roller and the wall plate is longer, the accumulation of stress during the roll
bending process increases, and the time for plastic deformation to occur is longer. During the continuous roll bending stage,
there is a certain uniform speed, so the forming radius increases.

To avoid the curvature deviation caused by the straight edge effect, the curvature profile of the continuous roll-bending
section is taken in the study of the influence of the curvature radius.
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Fig. 10 Bending profile results with different hardness and different pressure

In order to analyze the influence of the hardness of different elastic layers on the curvature radius of the overall wall
panel, the coordinate values of a row of nodes along the bending direction after roll bending were taken from the above results,
and the corresponding forming diameter was obtained by fitting the coordinates through the least square method. Fig.11
shows the relationship between the hardness of the elastic layer and the curvature radius of the wall panel. It can be seen from
the figure that the curvature radius gradually decrease as the downward pressure increases. This is because as the downward
pressure increases, the overall wall panel is subjected to greater deformation force, and the plastic deformation area during
the forming process increases, resulting in a decrease in the forming curvature radius.
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Fig. 11 The relationship between forming radius and pressure of polyurethane wheel with different hardness.

4.3 Influence of Generatrix straightness

In the process of continuous roll bending, the straightness of the busbar changes with the position as shown in Fig.12a.
It can be observed that with the advancement of the roll bending process, the generatrix straightness shows a decreasing trend.
This is mainly due to the uneven distribution of the force of the roller on the panel in the time dimension, resulting in
differences in the degree of plastic deformation in the local area of the panel. The maximum deviation of bus straightness at
different positions is up to 20 %. The maximum deviation values of the 6 groups of data appear at the initial downward
pressure position. Due to the low speed of the roller at this position, the wall plate undergoes longer stress accumulation in



this area, resulting in more obvious plastic deformation, which in turn causes a large deviation in the straightness of the
busbar.
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Taking the maximum value of busbar straightness as the characterization index of busbar straightness of the whole panel,
the evaluation standard of busbar straightness coefficient Km is established, as shown in Fig.12b. From the diagram, it can
be seen that the straightness coefficient Km of the whole panel bus bar obtained by the six groups of flexible roll bending
tests is lower than the minimum value of the bus bar straightness coefficient under the rigid roll bending process. When the
pressing amount is 17.5mm and the hardness is 95A, the bus straightness coefficient Km is reduced by 51.6 %. This shows
that the flexible roll bending process has a significant advantage in forming accuracy. In addition, under different process
parameters, the bus straightness coefficient has a certain rule. Under the condition of the same elastic layer hardness, the bus
straightness coefficient Km increases with the increase of the pressing amount. This is because a larger amount of press will
cause a larger normal load, which will aggravate the plastic deformation of the local area of the panel and easily lead to
concave defects in the panel. Therefore, the geometric deviation along the generatrix direction increases and the forming
accuracy decreases. Under the same pressing amount, when the hardness of the elastic layer is low, the bus straightness
coefficient is significantly smaller than the corresponding value under higher hardness conditions. This is because the low-
hardness elastic layer has greater deformation capacity and greater compression deformation after compression, thereby
reducing the actual effective pressing amount, resulting in a reduction in the bus straightness coefficient.

5 Conclusion

1) A flexible roll-bending process using an elastomer-covered roller system for the fabrication of integral panel is
proposed and experimentally validated. This method provides a more uniform contact pressure during the forming process.
This approach ensures more uniform contact pressure across the panel surface, significantly mitigating stress concentration
and substantially reducing the risk of buckling defects commonly associated with conventional rigid roll forming.

2) Compared to rigid roll bending, the flexible approach achieves a markedly more uniform stress distribution across
stiffened ribs, with a 34.3% reduction in peak stress. At an optimal press amount of 17.5 mm and an elastic layer hardness of
95A, generatrix straightness coefficient is improved by 51.6%.

3) The hardness of the elastic layer markedly influences the curvature radius, with greater hardness correlating with a
smaller radius of curvature. The flexible process also yields superior generatrix straightness, consistently outperforming rigid
roll bending. Optimal straightness is achieved at a press amount of 17.5 mm and an elastic layer hardness of 95A, resulting
in a 51.6% improvement in straightness coefficient. These findings establish the flexible roll-bending method as a reliable
and efficient strategy for producing high-integrity, lightweight acrospace panels.
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