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Abstract A 3D thermomechanical finite element analysis
model for laser tube bending is developed based on the
software MSC/Marc. The processes of single- and multi-
scan are analyzed numerically. The gradient and develop-
ment of the temperature between the laser scanning side and
the nonscanning side leads to the changing complexity of
the stress and strain. Consequently, the length of the laser
scanning side becomes shorter than that of nonscanning side
after cooling. The length difference between both sides
makes the tube produce the bending angle. The relationship
between the number of scans and the bending angle is about
in direct ratio. The bending angle induced by the first
irradiated time is largest. Meanwhile, the finite element
simulation is integrated with the genetic algorithm. Aiming
at different process demands, corresponding objective func-
tions are established. Laser power, beam diameter, scanning
velocity, and scanning wrap angle are regarded as design
variables. Process optimizations of maximum angle bending
and fixed angle bending after single laser scan are realized.
Groups of optimized process parameters can be obtained
according to different optimization objectives. The bending
angle can approach to the maximum when the laser power,
spot diameter, scanning velocity, and scanning wrap angle
are 381.24 W, 3.37 mm, 16.34 mm/s, and 123.1°, respec-
tively. When the laser power, spot diameter and scanning

velocity are 426.12 W, 4.9 mm, 14.31 mm/s respectively, a
fixed angle bending can be achieved.
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1 Introduction

Laser bending is a noncontact method of 2D bending, 3D
shaping, and precision alignment of metallic and nonmetallic
components using laser energy [1–4]. Based on laser bending,
sheets and tubes can be formed conveniently depending upon
the non-uniform thermal stresses induced by laser heating.

Compared to laser bending of sheet metals, the laser tube
bending is more complex because much more process
parameters are involved. Meanwhile, the laser tube bending
has a high demand on forming machine and tools. Thus, the
forming process is hard to be controlled. Few researches
involved laser tube bending. Nao and Li [5] investigated the
developments of stress and strain during laser tube bending
by means of a thermal–mechanical finite element transient
analysis. A new analytical model [6] describing the bending
angle was established. The model gives an analytical ex-
pression for the bending angle as a function of the energy
(laser power, absorption, and scanning speed), geometric
(tube diameter and wall thickness), and material properties
(coefficient of thermal expansion, density, heat capacity,
Young’s modulus, and yield stress). Hsieh [7, 8] investigat-
ed the buckling mechanism of a thin metal tube with and
without axial preloads during laser forming numerically and
experimentally. Zhang [9] studied numerically different la-
ser scanning schemes for tube bending without and with
water cooling. Safdar [10] studied the effect of scanning
direction on laser tube bending using finite element analysis.
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Guglielmotti [11] studied bending of slotted tubes as well as
enlarging of one tube end by means of a high power diode
laser and found that high power diode lasers are very efficient
laser sources for tube forming due to their large laser spot.

There are many influencing factors on laser tube forming,
such as forming process parameters, material’s properties,
optic parameters, and geometrical parameters. Figure 1 gives
factors of influence on laser tube bending. The melting point
and yield strength are basic conditions to restrict to the form-
ing process. For a given forming objective, material’s proper-
ties and geometrical parameters of the tube are already
decided. The aim of the laser tube bending is to acquire the
desired bending deformation by means of the reasonable
match of the process parameters.

As a high nonlinear forming process, the laser tube bending
is hard to express the relationship of bending angle and process
parameters by using a general formula. The finite element
method is a powerful tool to study the laser bending of tubes.
Using finite element method (FEM) process simulation, can be
not only the final bending angle be acquired, but also kinds of
fields, such as the stress, strain, displacement, and temperature
fields, can be also obtained. The internal forming mechanisms
can be revealed clearly. The FEM process simulation is an ideal
researchingmethod. Due to its complexity, a series of treatment
techniques are necessary according to the characteristics of the
laser tube bending. In this paper, the correlation between mate-
rial’s properties and temperature is considered, and a thermo-
mechanical FEM model of the laser tube bending is
established. Based on the FEMmodel, the process of laser tube
bending is analyzed numerically.

To some extent, the FEM process simulation can realize
the optimization of forming processes, too. However, it is

hard to obtain the optimum process parameters only through
FEM simulation. In practical work, it is very important to
get the optimum process parameters. In this paper, the finite
element method simulation process is integrated with the
genetic algorithms and laser bending of tubes process is
optimized based on different objection functions.

2 FEM modeling of process simulation

In the laser bending of tubes, the temperature and displace-
ment fields affect each other. So it belongs to a typical
coupled thermal–mechanical problem. A 3D coupled ther-
momechanical model for numerical simulation is necessary
to reduce analytical errors significantly. Based on the ther-
mal elastic–plastic finite element method, lots of technical
treatments were done in this work. The coupled model was
established to realize the simulation of the laser bending of
tubes. The fields of thermal stress, temperature, and dis-
placement can be obtained simultaneously by using the cou-
pled model.

2.1 Selection of elements

In laser bending process, the temperature and deformation
of the local heated zone were generated sharp variations
during a very short time. Steep temperature and stress gra-
dients occur. Higher precision can be acquired using brick
element. Thus, brick elements are selected when the sheet is
discretized during simulation.

The brick element is divided into full integral element
and reduced integral element according to numerical
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integral way. For bending problem of the thin sheet, unrea-
sonable results can be induced because of larger precision
loss while selecting full integral element. Not only can be
the calculation time of elements integration decreased using
reduced integral way, but also analytical precision can be
improved because of eliminating the influence of imperfect
high-order term on results.

Meanwhile, a fine mesh is necessary around the laser
beam path due to steep temperature and stress gradients in
the heated zone. It is essential to have at least eight integra-
tion points in the thickness direction [12]. In order to cut the
total number of elements in the simulation, a coarse mesh is
used outside the current heating zone.

2.2 Treatment of the absorption coefficient

The absorption coefficient is up to absorptivity material
versus laser and the surface appearance. When the laser
beam irradiates the metal surface, the metal absorbs the
light energy by means of the interaction of the photons,
free electrons, and crystal lattice. Not only has the ab-
sorption coefficient of material something with physical
characteristics, wavelength, light intensity, actuation du-
ration, and material’s electrical resistivity, but also it
changes with the temperature. The material’s absorption
coefficient increases with the increase of the temperature.
On the other hand, the material’s absorption coefficient
also changes due to the surface oxidization induced by
the temperature rising. The surface appearance mainly
refers to the treating status of the tube surface. In order
to improve the absorption coefficient, the tube surface is
generally coated with graphite or oxide. The different
treatments and coats affect greatly the absorption coeffi-
cient. Obviously, changes of the material’s absorption coeffi-
cient are very complex during the forming process. It is very
hard to be described accurately. Generally, the change of the
absorption coefficient is not considered and it is treated as a
constant. The range of the absorption coefficient can be se-
lected as 0.5–0.7 according to the treatment methods in the
actual laser tube bending.

2.3 Treatment of the laser spot

In the laser tube bending process simulation, the laser beam
is treated as a face flux. The MSC/Marc offers a good
interface program. The user subroutine FLUX (F, TS, N,
and TIME) can be utilized to define the face heat flux or
body heat flux that depends on time, temperature, or posi-
tion. It can satisfactorily describe the laser heat resource in
the laser forming process. Thus, a USER SUBROUTINE
FLUX is developed to describe the heat flux density, geom-
etry, dimension, and the scanning velocity numerically. The
heating load can be exerted automatically to the relative

element faces. Figure 2 gives the flowchart of the user
subroutine.

In practical process, the laser spot may be circular or
square. The square spot is convenient to deal with although
the circular spot is a common shape. The circular spots are
usually transferred to the square spots according to the
principle of area equality. Thus, the spot size can be de-
scribed with the dimension of l× l mm2. In the laser bending
of tubes, the tube absorbs a quantity of heat from the laser
beam when the laser beam irradiates the tube surface at a
certain velocity. Therefore, the moving laser spot can be sim-
plified as a heating source with the dimension of l×l mm2,
the scanning velocity v along the surface of the tube and the
heat flux density Im.

The laser beam is Gauss’s beam, its heat flux density
distribution I is expressed by:

I ¼ 2AP

pr2b
expð� 2r2

r2b
Þ ð1Þ

Then, the average heat flux density Im in the range of the
diameter of the laser beam is given by:

Im ¼ 1
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Zrb

0
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Fig. 2 Flowchart of the user subroutine
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where A is the absorption coefficient, P is the laser output
power, rb is the radius of the laser beam irradiated to the
surface of the tube, and r1 is the distance between the
observed point and the laser beam center. The magnitude
of the absorption coefficient is selected as 0.5 in this paper
according to the treatment methods in the actual laser tube
bending.

2.4 The boundary conditions and initial conditions

The natural cooling-down method is adopted in the paper. In
other word, the tube is cooled down naturally in the air. Heat
convection and radiation exists between the tube and the
surroundings. The convection and radiation boundary condi-
tions are called the third kind of boundary conditions, and can
be expressed by:

� k
@t

@n

� �
¼ aðT � T1Þ ð3Þ

where k is the heat conductivity, a is the heat exchange
coefficient, T is the surface temperature of the sheet metal,
and T∞ indicates the environmental temperature.

The heat exchange coefficient can be written as:

a ¼ hþ hr ð4Þ
where h is the natural convection exchange coefficient and
hr is the equivalent irradiation exchange coefficient. The
natural convection exchange coefficient is determined by
Eq. (6) [13].

h ¼ 2:15ðT � T1Þ0:25 ð5Þ
According to irradiation law, the equivalent irradiation

exchange coefficient can be expressed as follows

hr ¼ σ"ðT þ T1ÞðT2 þ T 2
1Þ ð6Þ

where σ is the Boltzmann constant (5.67×10−8 W/m2 °C), ε
is the surface emissivity. Obviously, the equivalent irradia-
tion exchange coefficient is a function of the temperature.
The curve of the equivalent irradiation exchange coefficient
versus the temperature shown in Fig. 3 can be obtained from
Eq. (7). Therefore, the irradiation boundary condition is
nonlinear.

The displacements at one end of the tube are restricted, and
the other surfaces are displacement free. It is assumed that the
tube is initially stress free and strain free. Initial temperature of
the tube is 20 °C.

2.5 Material properties

Material properties have a strong influence on the laser-
forming process. Because the property parameters are
correlative to the temperature, the correlation between

properties parameters and temperature must be considered
in the simulation. The 321 stainless steel tube is used for the
study. The material properties variations with the temper-
atures extract from Reference [14–16].

3 Process simulation of laser tube bending

A specimen of Φ 10×80×1 mm (diameter×length×thick-
ness) is analyzed. Twenty-node brick elements are used. The
total element number is 10,400. The finite element mesh is
shown in Fig. 4.

The other process parameters are as follows:

Laser output power: P01 kW
Scanning velocity: v01.5 m/min
Laser spot diameter: d05 mm
Initial temperature of sheet metal: T0020 °C
Scanning wrap angle: 180°

Based on above technical treatments, a thermomechani-
cal FEM model of the laser tube bending is established. The
process of laser tube bending is analyzed numerically. The
kinds of fields during the forming process are acquired
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Fig. 3 Variation of equivalent irradiation exchange coefficient with
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numerically. It is shown that the tube exhibits relative the
forming characteristics going with the laser spot scan.

Figure 5 shows the sketch of the laser scanning process and
cross-section of the tube in the heated zone. The central zones
of laser scanning side and nonscanning side are selected to
study the characteristics of the laser tube bending.

3.1 Single-scan process

Figure 6 shows the variation of temperature with time. The
laser spot gets to the zone I at 0.294 s. The irradiation lasts for
0.196 s. The temperature reaches its peak value at 1,099.25 °C
at 0.49 s.

Subsequently, the temperature drops down sharply until it
reaches to the room temperature. The stress and strain vary
with the change of temperature greatly. Figure 7 gives the
variation of axial stress with time. At the beginning, the
stress state in the zoneIis tensile. When the laser spot irra-
diates the zone I, the thermal expansion of materials due to
temperature rise goes up. But, the surrounding materials
restrict the expansion. And then, the stress of zone I become
too compressive. At the beginning of the cooling stage, the
stress in axial direction recovers from compressive to tensile
because of the shrinkage of the material. Subsequently, the
tensile stress diminishes gradually. Finally, the stress state is in
compressive due to the more shrinkage of material.

Figure 8 shows variations of the thermal strain, total
strain, and plastic strain with time. The change of thermal
strain is similar to that of temperature. The thermal strain
increases from zero to its peak value 0.0143, and then
decreases to zero finally. This corresponds with the move-
ment of laser spot. The axial plastic strain is dependent upon
the axial stress. At the beginning of the laser irradiation, the
material in the heated zone expands due to the temperature
rise. When the temperature continues to go up, the axial

stress of in the heated zone becomes too compressive be-
cause of the restriction of the surrounding materials. The
axial compressive stress rises greatly with the increase of the
temperature. In the meanwhile, the yield strength decreases
with the temperature rise. The compressive plastic deformation
is brought out in the heated zone.

Zone II is not irradiated directly by laser beam. The tem-
perature rises slowly due to the heat conduction (shown in
Fig. 6). The temperature reaches its peak value at 111.64 °C at
5.80 s. A great gradient occurs between the laser scanning side
and the nonscanning side. At the beginning, the stress state in
zone II is compressive. The stress of zone I become too tensile
with the development of the temperature. The stress keeps a
lower value all the time. Thus, the plastic deformation in zone
II is not induced.

Obviously, the gradient and development of the tempera-
ture between the laser scanning side and the nonscanning side
leads to the changing complexity of the stress and strain. The

Fig. 5 Sketch of the laser scanning process and cross-section of the
tube in the heated zone
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final strain of the laser scanning side resulting by the shrinkage
of the heated zone is −0.0084 in axial direction. The length of
the laser scanning side becomes shorter than that of nonscan-
ning side after cooling. The length difference between both
sides makes the tube produce the bending angle.

Figure 9 gives the variation of the displacement of the free
end in y direction with the time. At the beginning of the laser
scanning, the displacement of the free end in y direction is
negative. The largest displacement is −0.1519 mm. It is obvi-
ous that the tube produces reverse bending deformation. But
the sustaining time of the reverse bending is very short. The
reverse bending deformation reduces gradually with the suc-
cessive laser scanning. Finally, the displacement of the free end
in y direction remains constant, that is 0.1772 mm. This is
similar to the laser bending of sheet metals.

3.2 Multiscan process

A bending angle acquired in a scan is small. In order to obtain
the desired bending angle in practical engineering, the tube
has to be scanned repeatedly along the same scanning path.
Figure 10 gives the variation of the axial plastic strain of the

irradiated side with time. The axial plastic strain of the irradi-
ated zone becomes larger and larger with the increase of the
number of scans. Meanwhile, the axial plastic strain of the
non-irradiated side is almost zero. The different step of the
axial plastic strain difference is generated between two suc-
cessive scans. Thus, the axial plastic strain difference between
the irradiated side and non-irradiated side augments in the
multiscan laser bending process. Consequently, the bending
angle of the tube increases.

Figure 11 gives the influence of the number of scans on
bending angle, it is seen that the relationship between the
number of scans and the bending angle keeps linear. The
bending angle acquired in the first scan is largest. In the
course of the first scan, the whole heated zone happens to
shrink during the cooling stage, the difference between
shrinkages of the upper surface and lower surface makes
the tube generate the bending deformation. When the tube
continues to be irradiated repeatedly, the shrinking result
during the cooling stage is less than that in the first irradi-
ation. The bending angle obtained in subsequent irradiation
is smaller than that in the first irradiation. The interval
between two successive scans is short. The successive scan
begins before the sheet cools completely. Seen from Fig. 12,
the temperature peak of the heated zone in the successive
scan is a little higher than that in the last time. It should be
helpful to plastic deformation that the material’s yield
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strength drops down because of the higher temperature in
the heated zone, but the plastic strain difference between
two continuous scans becomes smaller and smaller. The step
generated between two successive scans is also lower and
lower. The ability that the successive scans induce the axial
plastic strain decreases. Figure 13 gives the variation of
displacement in y direction with time. It is indicated clearly
that there are distinct differences among different irradiating
process. The contribution of the first scan to the tube defor-
mation is largest, and contributions of successive scans to
the tube deformation decrease gradually.

4 Process optimization of laser tube bending

In order to reduce the time consumption, a 321 stainless
steel tube specimen with Φ 5×24×0.5 mm (diameter×
length×thickness) is analyzed.

4.1 Establishment of process optimization model

4.1.1 Design variable

Although there are many factors that influence the laser
bending of tubes, such as forming process parameters, geo-
metric parameters, and material property parameters,

geometric and material’s property parameters are constant
for a definite forming process. The main variable factors are
forming process parameters, including laser power P, scan-
ning velocity v, spot diameter d, and wrap angle y , which
are determinative factors for laser tube bending. Thus, dur-
ing process optimization, laser power, beam diameter, and
scanning velocity are regarded as the design variables. The
design variable vector can be written as,

X ¼ P; v; d;y½ � ð7Þ
The limits of design variables are determined by capabil-

ity of laser machine and process requirements. According to
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Table 1 Limits of design variables

Design variables Lower limit Upper limit

laser power (W) 100 1200

laser beam diameter (mm) 1 10

laser scanning velocity (mm/s) 10 35

Scanning wrap angle (°) 0 180

Initial process parameter 

N 

N 

Y 

Parameters initialization 

Generate initial population (size N)
(real string chromosomes) 

Calculation of individual fitness

Selection 

Crossover with a probability of 0.85

Satisfy condition?

Extract and obtain optimized process parameters  

FEM process simulation 

Satisfy convergent 

condition?

Y 

Mutation with a probability of 0.2 

End

Start

Fig. 14 Optimization system flowchart
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requirements of the laser tube bending process, the limits of
the design variables are listed in Table 1.

4.1.2 Objective function

During laser tube bending, the principal process requirement
is to obtain the desired bending angle. Meanwhile, the process
must be reasonable on the basis of satisfying the forming
precision and efficiency. Aiming at different process require-
ments, there are different objective functions.

Maximum angle bending In order to improve the forming
efficiency, the maximum bending angle after single laser scan
can be approached by means of matching process parameters.
The precondition of the process optimization is the micro-
structure of the material cannot be destroyed. Thus, the opti-
mization model of the laser bending process is

max f ¼ aðp; d; v;yÞ ð8Þ
where, a is bending angle corresponding to a set of design
variables.

Fixed angle bending Generally, the desired bending angle is
decided during laser tube bending. Therefore, the fixed
bending angle after single laser scan can be approached by
means of matching process parameters. The optimization
model of the fixed angle bending is

min f ¼ aðp; d; v;yÞ � bj j ð9Þ
where, β is the desired bending angle, a is bending angle
corresponding to a set of design variables. When the

objective function approaches zero, the bending angle
approaches the desired bending angle β.

4.1.3 Constraint condition

The precondition of the process optimization is the micro-
structure of the material cannot be destroyed. Thus, the
constraint condition of the laser tube bending is

Tp < T1 ð10Þ
where Tp is the peak temperature during laser tube bending
and T1 is constraint temperature which is less than the materi-
al’s melting point in order to avoid the microstructure of the
material being destroyed. In our work, the studied material is
the 321 stainless steel tube. Its melting point is 1,350 °C. The
constraint temperature T1 is defined as 1,300 °C.

4.2 Establishment of process optimization system

Both objective functions include the item a(p, d, v, and y).
At present, analytical formulas of the laser tube bending are
not perfect, presented analytical formulas cannot satisfy the
demand of process optimization.

Genetic algorithms [17, 18] is a random search method of
solving optimization problems by imitating the evolutionary
process based on the mechanics of Darwin’s natural selection.
During optimization, genetic algorithms only need objective
function value and do not need derivative information. Thus,
theoretically speaking, genetic algorithms may apply to any
optimization problem as long as the objective function value
can be obtained.
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Table 2 Optimized process parameters
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power (W)
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381.24 16.34 3.37 123.1
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Table 3 Optimized process parameters of the fixed angle bending

Laser power (W) Scanning velocity (mm/s) Spot diameter (mm)

426.12 14.31 4.9
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The finite element method has become a powerful tool to
analyze the laser tube bending process. Thus, the commer-
cial finite element analysis software, such as MSC/Marc,
Ansys, and Abaqus, can be used as solvers during optimi-
zation based on genetic algorithms. The process optimiza-
tion system includes two independent modules. They are
genetic algorithms module and FEM process simulation
module. In our study, FEM process simulation solver is
MSC/Marc. Figure 14 gives the optimization system flow
chart.

4.3 Optimization results

4.3.1 Process optimization of the maximum angle bending

Figure 15 gives variation of the objective function value
(bending angles) with genetic generations. Obviously, the
objective function rapidly approach to maximum with the
increase of the genetic generation number. When the genetic
generation number is over 12, the objective function keeps
constant. It is 0.4514°. The bending angle corresponding to
the initial process parameters is 0.2008°. The increasing am-
plitude of optimized bending angle is 124.8 %. Table 2 gives
optimized process parameters of the maximum angle bending.

4.3.2 Process optimization of fixed angle bending

During process optimization of fixed angle bending, the
desired bending angle is 0.3°, namely β00.3° in Eq. (3).
The scanning wrap angle is constant, and it is 180°.

Figure 16 gives variation of the objective function with
genetic generations during process optimization of the fixed
angle bending. When the iterative number is 15, the objective
function is 9.4×10−4°. The corresponding bending angle is
0.30094°. The error comparing with the desired bending angle
0.3° is 0.31 %. Meanwhile, the peak temperature is 1,226 °C.
Table 3 gives optimized process parameters of the fixed angle
bending.

The finite element simulation is integrated with the genetic
algorithm. Process optimizations of maximum angle bending
and fixed angle bending after single laser scan are realized.
Based on process optimizations, the optimummatch of process
parameters can be obtained. Previous work is only limited to
finite element analysis, analytical analysis and experiments,
and is unable to obtain the optimum process parameters.

5 Conclusions

1. The gradient and development of the temperature be-
tween the laser scanning side and the nonscanning side
leads to the changing complexity of the stress and strain.
Consequently, the length of the laser scanning side

becomes shorter than that of nonscanning side after
cooling. The length difference between both sides
makes the tube produce the bending angle. The relation-
ship between the number of scans and the bending angle
is about in direct ratio. The bending angle induced by
the first irradiated time is largest.

2. In our study on laser bending of 321 stainless steel tube
with dimensions Φ 5×24×0.5 mm (diameter×length×
thickness), the maximum bending angle can be reached
when the laser power, spot diameter, scanning velocity,
and scanning wrap angle are 381.24 W, 3.37 mm,
16.34 mm/s, and 123.1°, respectively. When the laser
power, spot diameter, and scanning velocity are
426.12 W, 4.9 mm, 14.31 mm/s, respectively, a fixed
angle bending 0.3° can be achieved.
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