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Abstract
Continuous roll process based on sheet thickness reduction can effectively form 3D curved parts. In the forming process, work
hardening is always an important factor for affecting thickness reduction of a rolled plate. In this paper, incremental multi-step
forming technology is proposed for the first time, which is different from the previous multi-step forming technology, which only
one set of roll gap is needed in the whole forming process. The forming process of convex and saddle curved parts is simulated,
and the effect of incremental multi-step forming technology on longitude bending deformation is studied. The results show that in
continuous roll process for a 3D curved part, roll gap distribution is uneven, so thickness reduction of the rolled plate is different
along the roll gap. By maximizing the thickness difference between the middle and both sides of the rolled plate, the longitudinal
bending deformation of the rolled plate is maximized. When the forming steps are one, two, three, and six, the longitude
curvature radiuses of forming a convex curved part is 227 mm, 186 mm, 161 mm, and 154 mm in order, so the longitude
bending deformation increase to 18%, 29%, and 32% in order; the longitude curvature radiuses of forming a saddle curved part is
239 mm, 185 mm, 167 mm, and 164 mm in order, so the longitude bending deformation increases to 23%, 30%, and 31% in
order. Therefore, this technology is suitable for forming 3D curved parts with large bending deformation.
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1 Introduction

Traditional die forming processes were widely used for
forming 3D curved parts. In recent years, individuation de-
mands of 3D curved parts are increasing. For example, in
the manufacturing field, individualized body shell, ship hull
plates and internal components, and artworks are also individ-
uation demands. Individualized 3D curved parts will be ap-
plied to more fields such as medical and micro vehicle.
Traditional forming processes are gradually replaced by flex-
ible forming processes, and the rolling processes are the hot
topics [1–3]. YAMASHITA developed the forming experi-
ment apparatus for a doubly curved part, but poor forming
quality was caused by forming tools with discrete linear

profile [4]. Yoon et al. developed the line array roll process
apparatus with three upper and lower rolls. In the forming
process, the forming tool profiles cause the transversal bend-
ing of the rolled plate and the longitude bending is achieved
by 3-point bending [5–7]. Because of the discontinuous con-
tact in the forming process, the forming quality was also weak.
A continuous contact forming process was developed [8, 9];
the forming apparatus employs three flexible working rolls
and the rolled plate is bent into a doubly curved part with
the continuous contact [10]. But the forming system of three
flexible rolls is complex, so forming efficiency is low.
Forming parts with only cylindrical and conical shapes could
be formed in traditional roll-bending forming apparatus with
straight rigid rolls [11, 12]; the forming variety is poor.
Through the years, continuous roll forming process was de-
veloped: this forming process has the advantages of rolling
and multi-point process. Bending deformations are caused
by roll gap with the non-uniform distribution. Only two flex-
ible working rolls are employed, so the forming system is
easier to control in contrast with the previous ones [13, 14].
In later researches, the necessary conditions of convex and
saddle curved surface were discussed, and an applicable
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model was presented and the forming formation and the para-
metric equations were derived by Cai [15, 16]; in the forming
of large curvature surface studies, the forming zone of a con-
vex curved part was analyzed and the utilization rate was
studied [17]; Li combined differential speed rotation

technology [18] and multi-step technology [19] with continu-
ous roll process.

In the previous study [15], rolling reduction compensation
is a common method for increasing the longitude bending
deformation, but work hardening is a key factor for limiting
bending deformation. While incremental multi-step forming
technology can effectively reduce the influence of work hard-
ening and increase bending deformation and forming preci-
sion. In this study, the forming process of a convex and saddle
curved part will be simulated, and the effect of incremental
multi-step forming technology on longitude bending deforma-
tion in continuous roll forming process for 3D curved parts
will be studied.

2 Forming process

The continuous roll forming experiment apparatus is shown in
Fig. 1. The apparatus is mainly composed of forming rolls and
controlling units. The schematic of the forming experiment
apparatus is presented in Fig. 2. Two working rolls arranged
up and down are employed in this apparatus, and the profile of

Fig. 1. Continuous roll forming experiment apparatus. (a) 3D view (b)
Front view

(a) 3D view

Controlling unit

RU

Upper roll set

Roll gap height

T RL

Lower roll set

T’
T’

(b) Front view

Fig. 2. Schematic of continuous
roll forming process apparatus.
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each working roll can be bent into an arc by adjusting the
displacement of the controlling unit. The profiles of working
rolls are like two different arcs, RU is defined as the radius of
upper working roll profile and RL is defined as the radius of
lower working roll profile.When the target 3D curved part is a
convex curved part, RU <RL; when the target 3D curved part is
a saddle curved part, RU > RL. As regards the distribution of
roll gap, the transversal thickness of the convex curved part is
increasing from the middle to both sides, while the transversal
thickness of the saddle curved part is decreasing (T is the

middle thickness; T’ is the thickness of both sides). Roll gap
consists of upper and lower working roll profile; roll gap
height is the minimum distance between two working rolls,
and the processed thickness of the formed curved part is de-
termined by the roll gap height. The forming process of the 3D
curved part is shown in Fig. 3. First, the profiles of working
rolls should be configured into the specific shape. Second, the
lower working roll is fixed, and the upper working roll moves
to the target position; then, the rolled plate is clamped. Third,
the working rolls begin to turn about their own middle axis

The adjustment of roll

sets contours

The pressing down

process

The rotation and

forming process
Fig. 3. Forming process of 3D curved part in continuous roll forming process

Fig. 4. Schematic of rolled plate
thickness reduction
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and the rolled plate is continuously fed and forming. Finally,
the target 3D curved part is formed.

3 The formationmechanism of 3D curved part

Schematic of rolled plate thickness reduction is shown in
Fig.4; the thickness of the rolled plate is reduced, and its
length elongates in the rolling direction. At different points,
the longitudinal elongation is varied along the roll gap. The
forming length of the rolled plate is defined asΔl(v) at point v,
and the initial length of the rolled plate is defined asΔl0, so the
longitude elongation can be presented:

εu vð Þ ¼ ∫Δl
Δl0

d Δlð Þ
Δl

¼ ln
Δl vð Þ
Δl0

ð1Þ

The longitude forming length of the rolled plate is:

Δl vð Þ ¼ Δl0exp εu vð Þ½ � ð2Þ

The transversal thickness of the rolled plate is uneven
thinned, so the transversal bending deformation of the rolled
plate is caused by roll gap shape. The longitude elongation is
changed along the roll gap and the part of the rolled plate with
more elongation is restrained by the adjacent part with less
elongation; it caused additional compressive stress; while the
part with less elongation is stretched by the adjacent part with
more elongation, it caused additional tensile stress. Under the
effect of additional tensile and compressive stress, the longi-
tude bending is obtained (Fig. 5). The gradient change of
thickness difference between the both sides and middle of
the formed curved part decided the longitude bending defor-
mation: the larger the gradient, the larger the longitude defor-
mation; the smaller the gradient, the smaller the longitude
deformation.

Longitude curvature of the formed curved part at any
point can be presented as ρu

−1 = dl/dθ, where θ is the
normal angle of the longitude contour. The longitude
elongation is presented:

Δl vð Þ ¼ ∫Δθ
0 ρudθ≈ρu vð ÞΔθ vð Þ ð3Þ

Where ρu is used as the longitudinal curvature radius, it is
presented:

ρu vð Þ ¼ Δl0
Δθ vð Þ exp εu vð Þ½ � ð4Þ

So the longitudinal contour of the formed curved part can
be obtained.

Fig. 6 The bending deformation schematic of rolled plate in multi-step
forming

Fig. 5. Principle of longitude bending deformation of 3D curved part

Fig. 7. Finite element model of continuous roll forming process

Table 1. Material properties of 1050 aluminum alloy in the numerical
simulation

Material Density(kg m−3) Young’s modulus (MPa)

1050 aluminum alloy 2720 76000

Poisson’s ratio Yield stress (MPa) Tangent modulus (MPa)

0.34 145 25
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4 The principle of incremental multi-steps
forming technology

Incremental multi-step forming technology is a novel
technology, which combines multi-step technology and
incremental forming technology. The basic idea of multi-
step forming technology is to divide a large target defor-
mation into several small ones and realize a 3D curved
part forming step by step (as shown in Fig. 6). By reason-
ably designing the deformation amount of each step, the
overall deformation of the rolled plate can be as uniform
as possible, so as to eliminate the forming defects and
improve the forming ability of the rolled plate.

The principle of incremental multi-step forming tech-
nology is that with the forming steps increasing, the most
thickness reduction position of the rolled plate has the
most forming times, while the flexible rolls contact with
the least thickness reduction position of the rolled plate
until the final step. Under the effect of multi-step forming
technology, the influence of work hardening on the thick-
ness reduction is minimized, so as to realize the thickness

difference maximization between the middle and both
sides of the rolled plate. Based on the longitude bending
principle in continuous roll forming process, the maximi-
zation of longitudinal bending deformation can be
obtained.

5 Finite element model

In the numerical simulation, rolling direction is defined as
longitude direction (X direction), transversal direction is de-
fined as Y direction, and thickness direction is defined as Z
direction. The finite element model of continuous roll forming
process should have these features: (1) the working rolls
should have enough stiffness; (2) the roll profile should be
configured into a various curve; (3) the working rolls can turn
about their middle axis. The finite element model is shown in
Fig. 7. A number of short rolls are used as a working roll; they
can arranged in a various curve and turn about their middle
axis at the same time. Because working rolls need enough
stiffness, so a rigid-body element is used in the short roll;
flexible-body element is used in the rolled plate. Rolling pro-
cess along the transversal direction is symmetrical, so 1/2
model is applied in the numerical simulation; it can effectively
reduce the calculation time. To prevent the abnormal offset
and rotation of the rolled plate in the rolling process, symme-
try constraint conditions are used in the forming process; the
motion freedom in the Y direction and the rotation freedom in
the Z direction are constrained. A reference point is set in each
short roll, and the motion and rotation of short roll are con-
trolled by the reference point. As the rolled plate is fed under
friction, the Coulomb friction model is applied, which is sim-
ple and has strong applicability in the numerical simulations.
Based on practical engineering experience, the friction coeffi-
cient between steel and mild steel is approximately 0.1~0.2. In
the finite element simulation of continuous roll forming, the

(a) Convex curved part (b) Saddle curved part

Fig. 9 The formed curved parts in the forming experiment. (a) Convex curved part. (b) Saddle curved part

Fig. 8. The tensile stress–strain curve of material in the numerical
simulation
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friction coefficient is set to 0.2 to ensure sufficient friction to
realize rolled plate feed. In order to save calculation time, shell
element is used in short roll, so the short roll thickness is
ignored. Reduction integral element is used in sheet, which
can avoid the shear self-locking problem caused by large stiff-
ness and small deflection of the element and ensure the con-
vergence. Quadrilateral mesh is used for meshing the short
roll; the hexahedral mesh is used for meshing the sheet, and
the thickness direction of the rolled plate is divided into three
layers. In this paper, the forming material is 1050 aluminum
alloy, material properties in the numerical simulation is shown
in Table 1, and the stress-strain curve is shown in Fig. 8.

6 Verification of finite element model
reliability

With the purpose of verifying the reliability of the finite
element model, the forming experiments are carried out.
The forming 3D curved parts in forming experiments are

shown in Fig. 9. Under the same conditions, the finite
element models are built. The forming 3D curved parts
in numerical simulation are shown in Fig. 10. By compar-
ison, it can be seen in Fig. 9a, the direction of transversal
and longitude bending deformation are the same, the
forming characteristics in the experiment is in accordance
with that in the numerical simulation (in Fig. 10a); in Fig.
9b, the direction of transversal and longitude bending de-
formation are opposite and the forming characteristics in
experiment also agree with that in the numerical simula-
tion (in Fig. 10b).

The profile curves of convex curved parts are shown in
Fig. 11. As the bending direction of the transverse profile
curve is the same with the longitudinal profile curve, so
the characteristics of formed curved parts conform to the
characteristics of the convex curved parts. The profile
curves of saddle curved parts are shown in Fig. 12. As
the bending direction of the transverse profile curve is
opposite with the longitudinal profile curve, the character-
istics of formed curved parts conform to the characteris-
tics of the saddle curved parts.

(a) Transversal direction      (b) Longitude direction
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Fig. 11 The profile of the convex curved part. (a) Transversal direction. (b) Longitude direction

(a) Convex curved part (b) Saddle curved part

Fig. 10 The formed curved parts in the numerical simulation. (a) Convex curved part. (b) Saddle curved part
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The thickness distributions of convex curved parts in
numerical simulation and forming experiment are shown
in Fig. 13. In transverse direction, the thickness increases
gradually from inside to outside. In the longitudinal direc-
tion, the thickness increases near the front end, and it
gradually tends to be stable far away from the front end,
when towards the back end, the thickness decreases grad-
ually from the stable state. The thickness distributions of
saddle curved parts are shown in Fig. 14. In transverse
direction, the thickness decreases gradually from inside to
outside. The longitude thickness distribution regularity
basically agrees with the one of convex curved part. It
can be seen that the characteristics of formed curved parts
in the numerical simulation agree with the ones in exper-
iment, but there are differences between numerical simu-
lation and experiment results. The reason is that continu-
ous roll is a process for 3D curved parts based on thick-
ness reduction, so the bending deformation error is caused
by the thickness reduction error. Mesh is a key factor for
affecting thickness reduction precision, so the mesh

density decides the difference between numerical simula-
tion result and experimental result, and the numerical sim-
ulation result of finite element model with a more dense
mesh is closer to the forming experiment result. In con-
clusion, the feasibility of numerical simulation is verified
in guiding experiment.

7 Results and discussion

7.1 Analysis of numerical simulation results

n order to study the effect of incremental multi-step
forming technology on the forming results of the convex
curved part, the finite element models were established.
The target formed curved part is a convex curved part
with large curvature, and the desired width and length
are 100 mm. When the ratio of width and length is 1:1,
the percent of longitude effective forming zone in the
rolled plate is close to 50% [17], so the width of forming
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Fig. 13 The thickness distribution of convex curved part. (a) Transversal direction. (b) Longitude direction
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Fig. 12 The profile of the saddle curved part. (a) Transversal direction. (b) Longitude direction
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material is 100 mm, the length is 200 mm, and the thick-
ness is 1.8 mm. The forming path is shown in Table 2.
Maximization means that in this process, when the flexi-
ble roll is in contact with the smallest thickness reduction
position of the rolled plate, the longitude bending defor-
mation of the rolled plate is maximum. Based on the pre-
vious study’s conclusion of multi-step forming technology
[19], equivalent bending deformation in each forming step
can make the bending deformation of the formed curved
part more uniform and there is no defect.

The plastic strain nephograms of convex curved parts
in incremental multi-step forming technology are shown
in Fig 15. The plastic strain presents a gradual trend
from middle to both sides in the transverse direction.
In the longitudinal direction, the plastic strain changes
monotonically near both ends of the forming curved
part; far away from both ends, the plastic strain distri-
bution is stable. It can be seen that the formed convex
curved parts have high qualities in incremental multi-
step forming technology. The plastic strain distributions
of convex curved parts are shown in Fig. 16. In the
transverse direction, the plastic strain gradually de-
creases from middle to outside. Moreover, with the in-
creasing forming steps, the plastic strain in the middle
of the formed convex curved part increases most obvi-
ously, and the plastic strain gradient change decreases

successively from middle to outside. The maximum
plastic strains of formed curved parts with one step,
two steps, three steps, and six steps are 0.13, 0.17,
0.22, and 0.30 in order, while the plastic strain near
the both sides of formed curved parts basically doesn’t
change. In the longitudinal direction, with forming step
increase, the plastic strain increases at the same posi-
tion. When the forming steps are one, two, three, and
six in order, the plastic strain values of the stable zone
are 0.13, 0.17, 0.22, and 0.30 in order. It can be seen
that with the increase of forming steps, the plastic strain
near the middle of the convex curved part increases
most significantly, and the maximum plastic strain in-
creases 57% from one step to six steps.

The effect of incremental multi-step forming technology on
thickness reduction precision is presented in Table 3. There is
a difference between the formed thickness of the formed
curved part and the roll gap height. With the forming step
increase, the thickness reduction difference decreases signifi-
cantly from 0.168 to 0.139 mm, so the thinning precision
increases 17%. The reason is that in incremental multi-step
forming technology, a larger bending deformation is divided
into several smaller bending deformations, so the target thick-
ness reduction is also divided into many smaller thickness
reductions. Under the condition of same thickness reduction,
the influence of work hardening is decreasing with forming
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Fig. 14 The thickness distribution of saddle curved part. (a) Transversal direction. (b) Longitude direction

Table 2 The forming paths in
incremental multi-step forming
technology

Forming step One step Two steps Three steps Six steps

1 Maximization 700 mm 700 mm 700 mm

2 - Maximization 450 mm 600 mm

3 - - Maximization 500 mm

4 - - - 400 mm

5 - - - 300 mm

6 - - - Maximization
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step increases, so the influence of work hardening on thick-
ness reduction is obviously decreasing in contrast with one
step forming, so thickness reduction in the results are differ-
ent, the difference between the minimum thickness and roll
gap height are also significantly reduced.

The thickness distribution curves of convex curved parts
are shown in Fig. 17. In the transverse direction, the thickness
increases gradually from inside to outside. With the increase
of forming steps, the thickness near the middle decreases ob-
viously. The longitudinal thickness in the stable zone is 1.738
mm, 1.731 mm, 1.722 mm, and 1.709 mm in order, the thick-
ness thinning is 0.62 mm, 0.69 mm, 0.78 mm, and 0.91 mm in
order, so the thickness thinning increases 32% from one step
to six steps.

The effect of incremental multi-step forming technolo-
gy on longitude bending deformation is shown in Table 4.
When the forming steps are one, two, three, and six, the
longitude curvature radiuses are 227 mm, 186 mm,
161 mm and 154 mm in order, so the longitude curvature
radius decreases 18%, 29%, and 32% in order. It can be

seen that the longitude bending deformation shows an
increasing trend with the forming step increase.

In order to study the effect of incremental multi-step
forming technology on the forming results of the saddle
curved part, the finite element models were established. The
target formed curved part is the saddle curved part with large
curvature. The desired width of the saddle curved part is
100 mm and the length is 100 mm, so the width of forming
material is 100 mm, the length is 200 mm, and the thickness is
2.0 mm. The forming path is shown in Table 5.

The plastic strain nephograms of saddle curved parts
in incremental multi-step forming technology are shown
in Fig. 18. In the transverse direction, the plastic strain
changes gradually from middle to both sides. Near both
longitude ends of the forming curved part, the plastic
strain changes monotonically; far away from both ends,
the plastic strain is smooth and continuous. It can be
seen that the forming quality of the formed saddle
curved part is satisfied in incremental multi-step
forming technology. The plastic strain distribution
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Fig. 16 The plastic strain curves of convex curved parts in incremental multi-step forming technology. (a) Transversal direction. (b) Longitude direction

Fig. 15 The plastic strain
nephograms of convex curved
parts in incremental multi-step
forming technology. (a) One step.
(b) Two steps. (c) Three steps. (d)
Six steps

Table 3 The effect of incremental
multi-step forming technology on
the thickness reduction precision

Forming steps Roll gap height (mm) Formed thickness (mm) Difference (mm)

One step 1.57 1.738 0.168

Two steps 1.57 1.731 0.161

Three steps 1.57 1.722 0.152

Six steps 1.57 1.709 0.139
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curves of forming saddle curved parts are shown in Fig.
19. The transverse plastic strain distribution of the sad-
dle curved part is opposite with the one of the convex
curved part; the plastic strain gradually increases from
middle to outside. With the forming steps increase from
one to six, the plastic strain near the both sides in-
creases most obviously, and the change degree increases
successively from inside to outside. The maximum plas-
tic strain of forming saddle parts with one step, two
steps, three steps, and six steps are 0.23, 0.34, 0.39,

and 0.42 in order, while the plastic strain near the mid-
dle doesn’t change. In the longitudinal direction, with
forming step increase, the plastic strain also increases
at the same position. The plastic strain values in the
stable zone are 0.23, 0.34, 0.39, and 0.42 from one step
to six steps respectively. It can be seen that with the
increase of forming steps, the plastic strain near the
both sides of the saddle curved part increases most sig-
nificantly, and the maximum plastic strain increases
45% from one step to six steps.
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Fig. 17 The thickness curves of convex surface parts in incremental multi-step forming technology. (a) Transversal direction. (b) Longitude direction

Table 5 The forming paths in
incremental multi-step forming
technology

Forming step One step Two steps Three steps Six steps

1 Maximization 600 mm 700 mm 1000 mm

2 - Maximization 450 mm 800 mm

3 - - Maximization 600 mm

4 - - - 400 mm

5 - - - 200 mm

6 - - - Maximization

Table 4 The effect of incremental
multi-step forming technology on
the longitude bending
deformation

Forming steps One steps Two steps Three steps Six steps

Longitude curvature radius (mm) 227 186 161 154

Fig. 18 The plastic strain
nephograms of saddle curved
parts in incremental multi-step
forming technology. (a) One step.
(b) Two steps. (c) Three steps. (d)
Six steps

Int J Adv Manuf Technol (2019) 105:1777–17891786



(a) Transversal direction      (b) Longitude direction
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Fig. 19 The plastic strain curves of saddle curved parts in incremental multi-step forming technology. (a) Transversal direction. (b) Longitude direction

Table 6 The effect of incremental
multi-step forming technology on
the thickness reduction precision

Forming steps Roll gap height (mm) Formed thickness (mm) Difference (mm)

One step 1.61 1.852 0.242

Two steps 1.61 1.757 0.147

Three steps 1.61 1.743 0.133

Six steps 1.61 1.706 0.096
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Fig. 20 The thickness curves of saddle surface parts in incremental multi-step forming technology. (a) Transversal direction. (b) Longitude direction

Table 7 The effect of incremental
multi-step forming technology on
the longitude bending
deformation

Forming steps One steps Two steps Three steps Six steps

Longitude curvature radius (mm) 239 185 167 164
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The effect of incremental multi-step forming technology on
thickness reduction precision is shown in Table 6. With the
forming step increase, the thickness reduction difference de-
creases significantly from 0.242 to 0.096 mm, so the thickness
reduction precision increases 60%.

The thickness distribution curves of the saddle curved
part are presented in Fig. 20. In the transverse direction,
the thickness decreases gradually from inside to outside.
With the increase of forming steps, the thickness near
the both sides decreases obviously. The longitudinal
thicknesses in the stable zone are 1.852 mm, 1.757
mm, 1.743 mm, and 1.706 mm, and the thickness re-
duction is 0.148 mm, 0.243 mm, 0.257 mm, and
0.294 mm in order, so the thickness reduction precision
increases 50% from one step to six steps.

The effect of incremental multi-step forming technology on
longitude bending deformation is shown in Table 7. When the
forming steps are one, two, three, and six, the longitude cur-
vature radiuses are 239 mm, 185 mm, 167 mm, and 164 mm
in order, so the longitude curvature radius decreases 23%,
30%, and 31%. It can be seen that the longitude bending
deformation shows an increasing trend with the increase of
forming steps.

7.2 Discussion

In this paper, the minimum thickness reduction is zero;
zero thinning point is in the both sides of the convex
curved part, while zero thinning point is in the middle
of saddle curved part. When the forming steps are one,
two, three, and six, the thickness difference values be-
tween the both sides and middle of the convex curved
part are 1.738 mm, 1.731 mm, 1.722 mm, and 1.709
mm, and longitude curvature radius values are 227 mm,
186 mm, 161 mm, and 154 mm; the thickness differ-
ence values between the both sides and middle of the
saddle curved part are 1.852 mm, 1.757 mm, 1.743 mm,
and 1.706 mm, and longitude curvature radius values
are 239 mm, 185 mm, 167 mm, and 164 mm. When
the forming step is one, two, three, and six, the longi-
tude bending variation rate of adjacent forming time is
18%, 13%, and 4% in the convex curved part; the lon-
gitude bending variation rate of adjacent forming time is
23%, 10%, and 2% in the saddle curved part. By com-
parison of the 3D curved part in one forming steps and
six forming steps, it can be seen that the plastic strain
in six forming steps is larger. This is mainly due to the
poor forming path and large thickness reduction amount
in one forming step; work hardening takes effect great-
ly, so the thickness reduction is restrained; based on
longitude bending deformation principle, the longitude
bending deformation is decreasing. As the longitude
bending variation decreases with forming steps’

increase, the forming efficient is also lower. So the
forming path is needed to be designed as forming pre-
cision requirements.

8 Conclusion

In this paper, the forming process of the convex and saddle
curved part is simulated and the effect of incremental multi-
step forming technology on longitude bending deformation in
continuous roll forming process are studied.

1. With the forming step increase from one to six, the plastic
strain near the middle of the formed convex curved part
increases most obviously, and the change degree de-
creases successively from inside to outside. The maxi-
mum plastic strain increases 57%, while the plastic strain
near the both sides of the formed saddle curved part in-
creases most obviously, and the plastic strain variation
increases successively from middle to both sides. The
maximum plastic strain increases 45% from one step to
six steps.

2. The thickness near the middle of the convex curved part
decreases obviously. From one step to six steps, the thick-
ness reduction increases 32%, and the thickness reduction
precision increases 17%, while the thickness near the both
sides of the saddle curved part decreases significantly. The
thickness reduction increases 50% and the thickness re-
duction precision increases 60%.

3. When the forming step is one, two, three, and six, the
longitude curvature radius of the convex curved part de-
creases 18%, 29%, and 32% in order; the longitude cur-
vature radius of the saddle curved part decreases 23%,
30%, and 31% in order. It can be seen that the longitude
bending deformation shows an obvious increasing trend
with the increase of forming steps.

Incremental multi-step forming technology has an obvious
effect on improving longitude bending deformation of the 3D
curved part. As this technology is based on multi-steps, the
forming efficient is lower, so it can be expected that the more
effective forming path with less forming steps will be studied.
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