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Abstract
With the development of the shipbuilding, chemical engineering, and military industry, the demand for bending the metal plates
with large curvature is increasing dramatically. Take the shipbuilding as an example, the line heating method is widely applied.
However, this traditional method has significant disadvantages. In order to improve the manufacturing efficiency and precision, a
novel method called incremental bending has been presented by our team, which is based on the minimum energy principle and
model-less control method. However, due to the limited formability of the metal plates at room temperature, the bending
curvature of the plates during the incremental bending process cannot meet the requirements of the shipbuilding industry.
Researches show that heating can reduce springback and improve the metal formability effectively. So here in this paper, a
new method called heat-assisted incremental bending is presented. In this method, the metal plate is supported by several
supporting pillars and the punch moves according to the loading trajectory, which is calculated by minimum energy method.
In addition, the induction heating system is applied to heat the plates at the punching positions. The bending process continues
step by step until the metal plate achieves the designed shape finally. During this study, the springback behavior of the metal
plates during the heat-assisted incremental bending process was investigated based on theory, numerical simulation, and exper-
iment. Then, the metal plates with large single curvature and variable curvature were deformed based on the novel thermal-
mechanical coupled metal forming process. The experimental results show this new forming process can better control the
springback behavior of the metal plates and achieve the objective metal plates with lager curvature with higher processing
efficiency and accuracy.
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Nomenclature
w Width of the plate
Rn Radius of curvature
Rd Rotation radius of supports
Rp Radius of punching tool
εmax The maximum longitudinal strains

σ0 Yield stress
t Plate thickness
k Strength coefficient
F Index related to anisotropy and stress/strain states
θ1 Bending angle before springback
θ2 Bending angle after springback
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θc Punch-plate contact angle
θs Springback angle of one side
ν Poisson’s ratio
θst Total springback angle
S1 Length of bending arc
Ld Span of supports
n Strain hardening exponent

1 Introduction

Bending of curved plates plays an important role in the indus-
try development, such as shipbuilding, chemical engineering,
and military industry. Generally, there are two kinds of curved
plates used in various industries. Curved plates with a single
curvature are commonly obtained by roll bending while
curved plates with variable and multiple curvatures are usually
obtained by die stamping or line heating method [1]. It should
be noted, it is expensive and time consuming to manufacture
the required die for stamping each curved plate, and thus die
stamping method is not suitable for the small batch produc-
tion. For the line heating method, the working condition is
terrible and it takes much time to correct the work-piece. To
overcome the problems of the traditional methods mentioned
above, a lot of flexible forming methods have been proposed.

For example, Li et al. proposed multi-point forming (MPF)
[2–4], which decomposes the punches and dies into a number
of adjustable units. The height of each hydraulic cylinder can
be changed based on the target metal plates with multiple
curvatures. Compared with the traditional die stamping pro-
cess, the huge cost of manufacturing target die with specific
shape is reduced. However, the metal plates achieved byMPF
have significant surface quality problem. In order to reduce
dents and wrinkles, Wang et al. optimized the globular hy-
draulic cylinder head to flexible squared one based on MPF,
which increases the contact area between the stamping tool
and the metal plate [5]. Generally, the forming force and
springback behavior of the curved plates duringMPF are quite
large and the formability is low. In order to decrease the
forming force, Luo et al. presented cyclic multi-point incre-
mental forming method (CMPIF) [6]. In the CMPIF process,
only one punchmoves a small step at each load time, and all of
the punches load circularly until the objective part is achieved.
Obviously, this method is complex and time consuming. To
sum up, the springback prediction and control are not very
well resolved through the above cold-forming methods.

Our team has been working on metal forming processes for
a long time. For reducing forming force, improving the pro-
cessing efficiency and forming accuracy, the incremental
punching forming and incremental bending were proposed
to achieve thin plates and thick plates, respectively [7–9].
For this flexible incremental bending process, the bending
trajectory is calculated by beam bending minimum energy

principle. So far, the prototypes with different maximum load-
ing forces have been designed and manufactured. Some metal
plates with small curvatures have been obtained based on this
incremental bending method [9, 10]. However, it is found that
the deformed metal plates with large curvature cannot meet
the requirement due to the huge springback behavior and low
formability of the curved plates during the whole process.

Review of the previous metal forming methods reflects that
the springback and low formability are the common defects of
metal plates in sheet metal forming processes. In recent de-
cades, many scholars have carried out researches on how to
improve the springback prediction and reduce the springback
behavior. For example, Wang et al. proposed a mathematical
model base on plane-strain bending of sheet and plate and they
developed a computer code called “BEND” to simulate the air
bending and die bending processes [11]. Xi et al. developed an
analytical model to predict the springback in air bending of
advanced high-strength steels and the accuracy of the model
was validated by the experimental results [12]. Fayiz et al.
used the Kriging metamodel approach to predict the
springback behavior of the metal plates in the air bending
process [13]. It should be noted that only the middle position
of the sheet was investigated in the above methods. The
springback behavior of sheet metal at different punching po-
sitions must be studied for the 3D free form metal plates. To
reduce springback, lots of localized and global heating
methods, including laser-assisted incremental forming [14],
electric hot incremental forming [15], air blowers hot incre-
mental forming [16], and fluid hot incremental forming [17],
have been applied to heat the metal sheet during the forming
process. For the incremental bending process, the proper
heating method is necessary to use to reduce the springback
behavior of the metal plates with large curvature.

In order to improve the formability of the metal plates, lots
of studies have been carried out in recent years. For example,
Gisario et al. adopted external force laser-assisted bending
method to achieve the bending angles from over 80° to about
140° for titanium alloy, from about 90° to about 140° for
aluminum, and from over 70° to 140° for AISI 304 stainless
steel [18]. Roohi et al. obtained the 90° bending angle for Al-
5005 alloy with thickness of 5 mm [19]. During this method,
the metal sheets must be clamped by a custom-built device in
the forming process, which increases the cost and limits the
application for complex metal forming. So the die-less heat-
assisted incremental bending process is very necessary for
achieving the metal plates with large and complex curvature.

Here, in this paper, the heat-assisted incremental bending
method is presented. The bending behavior of the metal plates
in the heat-assisted incremental bending is investigated based
on theoretical analysis, numerical simulations, and experi-
ments. The new heat-assisted incremental bending method is
validated by forming the metal plates with large curvatures
based on the springback law and minimum energy method.
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The rest of the paper is organized as follows: the heat-assisted
incremental bending theory is presented in Section 2.
Section 3 gives the experimental procedure and corresponding
numerical simulation. Section 4 discusses and analyzes the
experimental results and validation of the numerical simula-
tion. Finally, Section 5 contains conclusions.

2 Heat-assisted incremental bending theory

2.1 Heat-assisted incremental bending system-
working principle introduction

Heat-assisted incremental bending is one flexible and die-less
forming process for manufacturing different types of metal
plates. As shown in Fig. 1, the metal plate is supported by
several supporting pillars. Each supporting pillar has a rotating
head for accommodating the bending of the metal plate. As
the punching tool moves down to press the metal plate, plastic

deformation occurs around the punch point when the local
stress exceeds the yield limit of the metal plate during the
incremental bending process. To achieve the objective metal
plate shape, the incremental bending method is carried out by
continuous bending operations. In each bending operation, the
metal plates are punched at different punching position with
different punching depths. At the same time, the induction
heating system is applied to heat the plates at the punching
positions. The bending process continues step by step until the
metal plate achieves the designed shape finally.

Based on forming principle shown in Fig. 1, three incre-
mental bending prototypes with different maximum punching
forces have been designed (Fig. 2). As shown in Fig. 3, the
machine tool used for this study is composed of a punching
tool, 4 × 3 supporting pillars, a control system, and a visual
inspection system. In the heat-assisted incremental bending
study, a robot and an induction heating system are also intro-
duced. The dimension of the machine is 1750 mm × 1750mm
× 1950 mm and the kinematic accuracy is ± 0.005 mm. The

Fig. 1 Schematic illustration of
heat-assisted incremental bending
process
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Fig. 2 Prototype machines: a
maximum punching force 20 kN,
b maximum punching force 50
kN, c maximum punching force
6000 kN

Fig. 3 Experimental setup of the
heat-assisted incremental bending
process
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maximum punching force is 20 kN and the working stroke of
the punching tool is 500 mm in z direction. The supporting
pillars can move along x-axis and y-axis, with the correspond-
ing working stroke of 500 mm and 400 mm, respectively. To
accommodate the bending of the sheet metal plate, each pillar
has a rotatable head. The metal plate is fixed on the rotatable
head by screws or electromagnets. The visual inspection sys-
tem is used to measure the shape data of work-piece. The
induction heating system includes high frequency induction
heating equipment, infrared temperature controller, and an
infrared radiation thermometer. The robot is used to clamp
the infrared temperature controller to keep the inductor
heating the plate continuously.

2.2 Loading path generation—minimum energy
principle

The loading trajectory is very important for achieving the
target metal plates with better surface quality and less process-
ing time during the metal forming process. In our previous
study [9], the metal plate was discretized into a series of strips,
and each strip can be modeled as a beam. The minimum en-
ergy principle based on Euler-Bernoulli beam theory was ap-
plied to obtain the incremental loading trajectory. As shown in
Fig. 4, E is the error point between the designed shape and
current shape. During the incremental bending process, the
supporting points are at the two ends while the punching point
is at the largest error point. For this novel heat-assisted incre-
mental bending process, the elastic-plastic deformation rule of
the curved plates is influenced by the heating temperature, and
thus, the optimal loading path can be changed accordingly.

2.3 Elastic-plastic-thermal bending deformation
theory of the metal plates

The springback behavior of the metal plates is caused by elas-
tic recovery and it is an unavoidable phenomenon in metal

forming processes. In the heat-assisted incremental bending
process, a number of bending steps should be carried out, and
after each step, there is springback phenomenon. In order to
obtain the better forming accuracy, the springback behavior of
the meal plates at each step should be taken into account.
Many studies have been conducted on springback, while most
studies focus on the press-brake bending such as air bending,
V-die bending, and U-die bending. In the press-brake bending
process, the punching position is only at the mid-span of the
sheet. However, in the heat-assisted incremental bending pro-
cess, the punching position is constantly changing based on
the minimum energy principle. So, the springback behavior of
the metal plates at different punching positions must be
investigated.

In this paper, the ratio of width to thickness (w/t) of the
metal plate is greater than 8, so the plain-strain bending defor-
mation mode is used to analyze the springback behavior of the
metal plates during the heat-assisted incremental bending.

The basic bending model used for heat-assisted incremen-
tal bending analysis is shown in Fig. 5. The coefficient α is
applied to describe the different stamping positions in the
incremental bending process. In this model, true strain hard-
ening and normal anisotropy of the plate are taken into con-
sideration. The Swift’s exponential hardening model
(σ ¼ k ε0 þ εð Þ n ) and Hill’s 48 yield criteria [20] are selected
to describe the material property and yield behavior, respec-
tively. It should be noted that the basic mechanical properties
of the material changes with the heating temperature. So the
elastic-plastic bending deformation behavior of the material
changes accordingly. The yield value of stress (σ0) decreases
with increasing the temperature. In addition, several assump-
tions are considered in the incremental bending deformation
analysis model. These assumptions include (1) the thickness
of the plate is constant during the whole process; (2) the bend-
ing moment distribution is linear along sheet length; (3) as
shown in Fig. 5, the plate can be divided into six deformation
regions along the length in the incremental bending process:

Fig. 4 Schematic illustration of
the punching and supporting
points
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OA andOA′, the punch-plate contact region, are the fully plas-
tic bending deformation zones, AE and AE′ are the elastic-
plastic bending deformation zones, and EN and EN′ are the
elastic bending deformation zones.

For the elastic bending zone, the bending moment Me is
found as

Me ¼ w∫εx−εxσxydy ¼ 2wR2
nE

0

3
ε3x 0≤εx≤εe ð1Þ

The bending moment for fully elastic bending,ME, can be
calculated as shown in

ME ¼ w∫εe−εeσxydy ¼ wt2σ0

6E
0 ð2Þ

And for the elastic-plastic bending process, the bending
moment Mep is comprised of the elastic moment Me and the
plastic moment Mp

Mp ¼ 2w∫εmax

εe σxydy

¼ 2wkFnþ1R2
ne

2 εe−ε0ð Þ=F ∑
∞

j¼0

2 j−e2 εe−ε0ð Þ=F

jþ 1þ nð Þ j! � εmax þ ε0−εeð Þ=Fð Þ jþ1þn− ε0=Fð Þ jþ1þn
h i� � ð3Þ

Then,

Mep ¼ Me þMp

≈
2

3
ε2eσ0wR

2 þ 2wKFnþ1

nþ 2

t
2

� �nþ2

=Rn þ 3wKFnþ1

nþ 3

t
2

� �nþ3

=Rnþ1 ð4Þ

For the fully plastic bending, the maximum bending mo-
ment, MA, can be obtained by neglecting the εe in Eq. (3)

MA ¼ 2wkFnþ1R2
ne

−2ε0=F ∑
∞

j¼0

2 j−e2ε0=F

jþ 1þ nð Þ j! � εmax þ ε0=Fð Þ jþ1þn− ε0=Fð Þ jþ1þn
h i� �

ð5Þ

For the springback behavior analysis, the curvature change
before and after springback can be defined as follows. 1

r
−
1

r0
¼ M

E
0
I
¼ 12M 1−ν2ð Þ

wt3E
ð6Þ

Fig. 5 Geometric relationship
and coordinate system for
bending at specific temperature
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As far as the springback angle be concerned,

Δθs ¼ ΔS
1

r
−
1

r0

� �
¼ M

E
0
I
dS ð7Þ

where 1
r is the curvature of the plate in bending, 1

r0
is

the curvature of the plate after the bending moment is
removed, E′ is the plane-strain modulus (E′ = E/(1 − ν2)),
I is the second moment of area about the middle axis
(I = wt3/12), and the dS is the length of a small element
of the plate.

The springback consists of two components, which are the
springback in punch-sheet contact zone and springback along
the bending arm. The springback angles, θs and θs

′, can be
calculated by Eqs. (8–9).

θs ¼ ∫S10
1

4

M Sð Þ
E

0
I
dS þ ∫l10

1

4

MA

E
0
I
dl ¼ 1

4

MA

E
0
I
S1 þ l1ð Þ

¼ 3

2

KFnþ1

2þ n
1

E
0

t
2Rp þ t

� �n

1þ 3

2

nþ 2

nþ 3

t
2Rp þ t

� �
S1 þ l1

t

ð8Þ

θs
0 ¼ ∫S1

0

0

1

4

M Sð Þ
0

E
0
I

dS þ ∫l1
0

0

1

4

MA

E
0
I
dl ¼ 1

4

MA

E
0
I

S1 þ l1
0

� �

¼ 3

2

KFnþ1

2þ n
1

E
0

t
2Rp þ t

� �n

1þ 3

2

nþ 2

nþ 3

t
2Rp þ t

� �
S1 þ l1

0

t

ð9Þ

The total springback angle, θst, is expressed as

θst ¼ θs þ θ
0
s ð10Þ

Based on the geometrical relationship in Fig. 5, the punch
stroke, d, can be expressed as

d ¼ ∫S10 sin θdS þ Rd− Rd þ t=2ð Þcos θ1½ �
þ Rp− Rp þ t=2

� 	
cos θc


 �þ t ð11Þ

The springback height of the punching position, h, can be
calculated

h ¼ d− Rd 1−cos θ2ð Þ þ αLd−Rd sin θ2ð Þtan θ2½ � ð12Þ

With the increase of the heating temperature, the yield
stress σ0 and elastic modulus of the mild steels decrease,
and thus, the maximum bending moment MA and the
springback angle θs decrease accordingly. Therefore, the
bending angle after springback θ2 = θ1 ‐ θs increases. As a
result, the springback height shown in Eq. 12 decreases
accordingly.

3 Experimental and numerical simulation
study

3.1 Experimental study of the strip in heat-assisted
incremental bending process

For this experiment, the forming force at various stamping
positions and temperatures should be taken into consideration.
The forming force should not exceed the nominal force of the
machine tool, and the springback law of the metal plates dur-
ing the heat-assisted incremental bending process should be
investigated to better control the whole deformation process.
So the target of the experimental study is to find out the de-
formation rule including the forming force rule and
springback law under different forming factors.

The mild steel Q235 is used in this experiment. The me-
chanical properties and the thermal properties of the mild steel
at different temperatures are listed in Tables 1 and 2 [21]. The
dimension of the plate used in this experiment is 440 mm ×
38 mm × 3 mm. As shown in Fig. 3, during the experiments,
the metal plates were fixed on the supporting cylinders by two
screws to prevent the metal plates from sliding, and the infra-
red radiation thermometer was used to measure the tempera-
ture at the punching position. The feed speed of the stamping
tool was 100 mm/min. The forming force was recorded by
force sensor during the whole process. The experimental ar-
rangement is listed in Table 3 and the corresponding experi-
mental samples are shown in Fig. 6. Besides the room tem-
perature, other two temperatures, 250 °C and 500 °C, are
chosen in the experiment process. Three different punching
positions (0 mm, 30 mm, and 60 mm) from the center are
adopted in the experiment process. The experimental setup
and the schematic diagram are given in Figs. 3 and 5 (where
P is the distance between the punching position to the center
of the plate), respectively. For each experimental state, the 3D
optical scanning system was applied to obtain the metal
plates’ shape before and after unloading to analyze the
springback behavior during the heat-assisted incremental
bending process.

3.2 Numerical simulation study of the strip in heat-
assisted incremental bending process

Nowadays, finite element simulation has been widely used to
investigate the metal plates’ deformation behavior during var-
ious forming processes. The numerical simulation shown in
this study is based on the general commercial finite element
software.

To obtain the accurate simulation results, it is very impor-
tant to select the appropriate finite element analysis method.
Generally speaking, two methods, the dynamic explicit meth-
od and static implicit method, are usually applied for analyz-
ing punching process and springback process, respectively.

1489Int J Adv Manuf Technol (2021) 112:1483–1500



However, for this heat-assisted incremental forming process,
the feed speed of the stamping tool is 100 mm/min, and the
bending process can be regarded as quasi-static deformation.
In addition, for the experimental cases with several incremen-
tal steps, successive punching-springback processes are con-
ducted; thus, it is not convenient to change the finite analysis
methods over and over again. Besides, there is significant
dynamic effect if using the dynamic explicit method to simu-
late the incremental bending process since the constraint con-
dition is quite limited. Therefore, the static implicit method is
selected for the whole simulation process.

In this simulation study, the elastic-plastic-thermal coupled
constitutive model is used. Von Mises isotropic yield criteria
is used to describe the yielding behavior of the mild steel
Q235, and the bilinear stress-strain curve lines, decided by
the mechanical properties shown in Table 1, are used to de-
scribe the stress-strain behavior of the mild steel Q235 under
different temperatures. Meanwhile, the rigid model is used to
describe the tools. As shown in Fig. 7, the numerical model is
composed of one metal plate, one punch (the diameter is 50
mm), and two rotatable supporting pillars. The dimensions of
all the strips in the numerical simulation and experiments are
the same (460 mm × 38 mm × 3 mm). In the finite element
numerical model, the full integrated shell element is used to
mesh the strip. The metal plate can rotate around the mass

center of the supports with the rotation radius of 42 mm.
Besides, the one way surface to surface contact method is
chosen to define the contact between the strip and the tools.

Three different kinds of mesh sizes (2 mm, 4 mm, and 6
mm) are used for calculation. For all the three cases, five
integration points are defined for the shell elements. The cal-
culation times for the three cases are 5 min, 3 min, and 2 min,
respectively. The predicted stamping forces are compared
with experimental ones (as shown in Fig. 8). It can be seen
that for the simulation cases with mesh sizes of 2 mm and 4
mm, the predicted stamping forces coincide well with the
experimental data. However, for the case with mesh size of
6 mm, the predicted stamping force is seriously distortion. So,
considering both the accuracy and efficiency, the optimal
mesh size for the strip is 4 mm.

3.3 Springback behavior and force analysis of the
strip under different heating temperatures

As shown in Fig. 3, the force sensor was installed on the
punching tool to measure the forming force during the incre-
mental bending process. Figure 9 illustrates the reported
forming force-punching depth curves at different punching
positions and temperatures, respectively. Results show that
there is a good consistency between the numerical simulation

Table 2 Thermal properties of
mild steel [21] Temperature

(°C)
Thermal
conductivity
(W/mm/°C)

Specific heat
(kJ/kg/°C)

Temperature
(°C)

Thermal
conductivity
(W/mm/°C)

Specific heat
(kJ/kg/°C)

0 51.9E−3 486 500 39.4E−3 557

100 51.1E−3 486 600 35.6E−3 586

200 48.6E−3 498 700 31.8E−3 619

300 44.4E−3 515 800 26.0E−3 691

400 42.7E−3 536 900 26.4E−3 695

Table 1 Mechanical properties of
mild steel [21] Temperature

(°C)
Elasticity
modulus
(N/mm2)

Poisson’s
ratio

Expansion Yield stress for
ep = 0 (N/mm2)

Yield stress for
ep = 0.1 (N/mm2)

20 0.206E+06 0.296 0.117E−04 344.64 422.64

100 0.203E+06 0.311 0.117E−04 331.93 409.93

200 0.201E+06 0.330 0.122E−04 308.30 386.30

300 0.200E+06 0.349 0.128E−04 276.07 342.57

400 0.165E+06 0.367 0.133E−04 235.22 290.22

500 0.120E+06 0.386 0.144E−04 185.77 230.77

600 0.600E+05 0.405 0.148E−04 127.71 162.71

700 0.400E+05 0.423 0.148E−04 68.55 96.05

800 0.300E+05 0.442 0.148E−04 64.35 84.35

900 0.200E+05 0.461 0.148E−04 46.65 60.65
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results and experimental results. The maximum discrepancy is
about 10%. The discrepancy can be attributed to the errors in
sample preparations and signal measurements in the experi-
mental process, and the ignorance of shear stress in the nu-
merical simulation process. In addition, it is revealed that the
tendency of the forming force during the bending processes
under different conditions is quite similar. That is, the forming
force increases first with the punching depth, then the forming
force becomes stable, and last, the forming force decreases.
That is because at the beginning of incremental bending pro-
cess, the elastic deformation occurs, and the elastic bending
moment increases quickly with the increasing punching depth.
As a result, the forming force increases accordingly. Then, the
bending moment increases slowly when the plastic

deformation occurs in the vicinity of the punch tip.
Therefore, the forming force increases to the maximum value
slowly until the bending moment reaches to maximum when
the full plastic deformation occurs in the vicinity of the punch
tip. As plastic hinge occurs, the bending moment does not
increase anymore, so the forming force becomes stable corre-
spondingly. However, the decrease in forming force due to the
plastic deformation resistance decreases with increasing plas-
tic deformation region continually. Moreover, Figure 9 also
shows that the maximum forming force during the bending
process increases with bigger punching distance (P) due to the
bigger bending moment.

In addition, it is also shown that the forming force de-
creases with raising the temperature. And the higher the tem-
perature is, the more the forming force decreases. It is due to
the fact that increasing the temperature can reduce the mate-
rials’ yield limit and thus reduce the bending moment accord-
ingly. However, according to the previous experimental study,
the punching depth has no obvious effect on the forming force
and springback behavior in the same temperature. In addition,
the forming force can decrease to 0 in punching position
60 mm when the punching depth is 60 mm and the tempera-
ture is 500 °C.

Figure 10 shows the springback heights of the strips at
different stamping points and different temperatures based
on theoretical analysis, experiments, and numerical simula-
tion. Results show that the springback heights of the strips
decrease with the increasing temperature for all the three
methods. The theoretical springback values overestimate the

Table 3 Experimental arrangement

Number Punching position
(mm)

Punching depth
(mm)

Temperature (°C)

Case 1 0 60 20

Case 2 0 60 250

Case 3 0 60 500

Case 4 30 60 20

Case 5 30 60 250

Case 6 30 60 500

Case 7 60 60 20

Case 8 60 60 250

Case 9 60 60 500

Fig. 6 Experimental samples
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experimental results with the maximum discrepancy of about
12%. It can be attributed to the fact that the analytical model
shown in Section 2.3 (Eq. 12) is calculated with simplified
assumptions in material, geometry model, and bending pro-
cess. However, the numerical simulation results coincide well
with the experimental results. Based on the data of Figure 10,
the springback heights for different positions at different tem-
peratures can be obtained, which helps to obtain the shape of
the plate after each springback process and then achieve the
proper loading path. It should also be noted that the
springback heights at 500 °C are smaller than 2 mm, so the
springback behavior is almost eliminated. So, following the
above study, the optimal temperature 500 °C with minimum
springback height is applied for the incremental bending
process.

3.4 Experimental study of the curved plates in heat-
assisted incremental bending process

Here, the single curvature plate and variable curvature
plate are selected as the target shapes. The design of the
large single and variable curvature part is shown in Figs.
11 and 12, respectively. In this study, the single curvature
plate and the variable curvature plate are discretized into
three paralleled strips along x direction. As shown in Figs.
13 and 14, the loading trajectories were calculated based
on the springback law at 500 °C and minimum energy
principle. The dimension of the plate used in this experi-
ment is 460 mm × 330 mm × 3 mm. Four screws and two
electromagnets were used to fix the metal plate on the
supporting cylinders.

Fig. 7 Numerical simulation models at various states. a Initial state, b punching state, c heating state, and d springback state

Fig. 8 Influence of mesh size on
stamping force
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Figure 15 shows the actual experimental states. First, the
punching tool moved down to press metal plate to the specific
depth at the punching position, then the punching positionwas
heated linearly to the designed temperature by the heating
inductor, and finally, the punching tool moved back after the
heating process was completed.

3.5 Numerical simulation study of metal plates with
large curvature in heat-assisted incremental bending
process

For this study, the deformation process of the metal plates
with both large single curvature and large variable curvature
is simulated. Here, taking the numerical simulation of the
metal plate with large variable curvature as an example, the
simulation parameter settings are described as follows: the
basic simulation parameter settings (including the material
models used for the metal plate and the tools, the punching
speed, and the control setup) are the same as that used for the

strip shown in Section 3.2. However, the numerical model
is composed of one metal plate, one punch, and six
supporting pillars. The dimensions of all the metal plates
in the numerical simulation and experiment model are the
same (460 mm × 330 mm × 3 mm). And the metal plates
are meshed with full integrated shell element. Since the
hourglass can be completely eliminated by using full inte-
grated element, there is no hourglass control in the simu-
lation. Besides, the coulomb friction law is used to de-
scribe the frictional behavior between the tools and the
plate. During the simulation process, the punching tool
moves to the target positions following the loading trajec-
tory as shown in Fig. 16. When the punch moves down
along z direction, the objective temperature is loaded at
the punching position region of the metal plate. For the
simulation of the metal plates with large variable curva-
ture, the calculation time is about 2 hours. Figure 17 shows
the whole simulation process, including the initial state,
punching state, heating state, and springback state.

Fig. 9 Forming force with the change in punching position using experimental and numerical methods with the stamping displacement of 60 mm under
different temperatures, a 20 °C, b 250 °C, and c 500 °C
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Fig. 11 Large single curvature
metal plate bending: a designed
surface. b Curve of a strip

Fig. 12 Large variable curvature
metal plate bending: a designed
surface. b Curve of strips.

Fig. 10 Springback law under
various temperatures
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4 Results and discussion

4.1 Analysis on the deformation behavior of metal
plates with large single curvature

The experiment results in large single curvature metal plate
bending are shown in Fig. 18. Figure 18 is the experimental
bended metal plates at room temperature and 500 °C. The
surface of the bended part appears smooth and there is no

visible dimples and wrinkles. Figure 18(b) shows the mea-
sured curve of the mid-line of the plates with a comparison
of that of the designed curve. Figure 18(c) shows the error
between the measured curves and designed curve. The maxi-
mum error is 5.8 mm and the average error is 2.4 mm at 500
°C. However, the maximum error is 15.3 mm and the average
error is 11.2 mm at room temperature. It is noted that large
errors occur near the quarter and middle part of the metal
plates. This may be attributed to the fact that more plastic

Fig. 13 Punching trajectory for
large single curvature metal plate

Fig. 14 Punching trajectory for
large variable curvature metal
plate

Fig. 15 Experimental plates at various states. a Initial state. b First punching state. c Middle heating state. d Last state
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deformation and displacement take place in the middle part of
the metal plates for the large single curvature metal plate
wherever the punching position is located in the incremental
bending process, whereas this deformational behavior can be
restrained by the heating method. In our previous study, the
dimension of the deformed single curvature metal plates is

1000mm× 800mm, and the achieved radius curvature is only
2500 mm [9], while in this study, the achieved radius curva-
ture for the single curvature metal plate is 180 mm, so the
formability of the metal plates during the heat-assisted incre-
mental bending process is greatly improved. The simulation
results in large single curvature metal plate bending are shown

Fig. 16 Loading trajectory of
simulation in curved metal plate

Fig. 17 Punching at various states during the whole heat-assisted incremental bending process
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in Fig. 19. Figure 19(a) is the simulated results of the bended
metal plates at room temperature and 500 °C. Figure 19(b)
shows the simulation curve of the mid-line of the plates with
a comparison of that of the designed curve. Figure 19(c)
shows the error between the simulated curves and designed
curve. Results show that there is a good consistency between
the numerical simulation results and experimental results. The
maximum relative error of numerical simulation is less than
10% for the case that are heated at 500 °C, so the numerical
simulation results are validated. The slight difference between
the experimental data and numerical ones may be caused by
the simplification of support during the finite element numer-
ical simulation. The error between the experiment, simulation
curves, and designed curve reduce significantly when the met-
al plate was heated to 500 °C.

4.2 Analysis on the deformation behavior of metal
plates with large variable curvature

The experiment results and the simulation results in large var-
iable curvature metal plate bending are shown in Figs. 20 and
21. Figures 20b and 21b show the measured and simulated
strip curves with a comparison to that of the designed strip
curves. As we can see, the numerical simulation results also
coincide well with the experimental data. Figures 20c and 21c
show the errors. It can be found that the maximum error is
28.2 mm at room temperature. It is noted that large errors
occur at the Y = − 110 part of the metal plates. It is due to that
there is a large effect of the neighboring strips for the large
variable curvature metal plates at room temperature. As a
comparison, the maximum error is 6.8 mm at 500 °C. It

Fig. 18 Experimental results in large single curvature metal plate bending: (a) bending plates; (b) measured curves in the middle of the plate with a
comparison the designed curve; (c) error between the designed curve and the measured curves

Fig. 19 The simulation results in large single curvature metal plate bending: (a) bending plates; (b) simulation curves in the middle of the plates with a
comparison the designed curve; (c) error between the designed curve and the simulation curves
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Fig. 20 Experimental results in large variable curvature metal plates bending: a bending plates; bmeasured curves of the three strips with a comparison
to the designed curves; c error between the designed curve and the measured curves

Fig. 21 Simulation result in large variable curvature metal plates bending: a bending plates; b simulated curves of the three strips with a comparison to
the designed curves; c error between the designed curve and the simulated curves
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demonstrates that the heating method is effective to reduce the
effect of the neighboring strips. With a comparison of the
previous experiment results [9], the radius curvature of the
variable curved metal plate during the heat-assisted incremen-
tal bending process is decreased from 1785.7 to 202.5 mm.

5 Conclusions

In this paper, one novel heat-assisted incremental bending
process was proposed to achieve metal plates with large cur-
vature. In this method, the metal plate is supported by several
supporting pillars and the punch moves according to the load-
ing trajectory determined by the minimum energy method. In
addition, the induction heating system is applied to heat the
plates at the punching positions. The bending process con-
tinues step by step until the metal plate achieves the designed
shape finally. The objective of this paper is to report the
springback behavior and plastic deformation of the large
curved metal plates during the heat-assisted incremental bend-
ing process and to provide a comprehensive explanation of the
novel thermal-mechanical coupled sheet metal forming pro-
cess based on theoretical analysis, numerical simulation, and
experiments. The key conclusions are summarized as follows:

1) The heating temperature can greatly influence the
punching force and springback behavior of the bending
plates. The springback height of the Q235 steel plate is
smaller than 2 mm when the temperature is 500 °C and
punching depth is 60 mm.

2) The elastic-plastic-thermal coupled finite element model is
validated by the corresponding heat-assisted incremental
bending experiments. Thus, the finite element model can
better guide the deformation process of the bending plate.

3) Comparison of the deformation results of the metal plates
under different heating temperatures indicated that the
heat-assisted incremental bending process can reduce
the springback behavior and improve the deformation ac-
curacy greatly.

In our future study, the new loading trajectory and heating
method for the doubly curved metal plates that cannot be
simply discretized into strips will be proposed.
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