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Abstract 

Laser tube forming is a flexible process in which the heat generated by the laser beam 

scanning on the tube surface results in bending. Unlike laser sheet forming, few studies have 

been carried out on laser tube forming. This originates from the complexity of this process 

compared to the sheet forming, as well as the limited applicability of the forming strategies. In 

this research, a new idea is proposed based on the circular scanning method, which is presented 

in the form of two step-by-step and reverse schemes. Using this new strategy, it would be easy 

to precisely extract the laser scanning path for all 2D and 3D shapes. Since this strategy is 

programmable, it can be designed and implemented in a variety of forms only by changing the 

input parameters. In order to form a desired 2D and 3D shapes on a tube based on this idea, the 

proposed strategy was verified with both finite element and experimental methods. Fiber laser 

was used to form the AISI 304L tubes with certain parameters to achieve a specific bend angle. 

The experimental results are in a very good agreement with the designed path strategy and FE 

simulations, which confirms the efficiency and effectiveness of the path scanning strategy 

proposed in this paper. 

Keywords: laser tube forming; laser path strategy; step-by-step design; reverse design 

 

1. Introduction 

Today, the tremendous advances in laser technology have improved the quality of products 

and devised new manufacturing methods in the industry. Progress has been made in cutting, 

welding, forming and surface treatment. With enormous advances in laser materials processing, 

a more careful look at laser technology is necessary in order to invent new methods or to 

increase the production choices in manufacturing [1]. 

One of the production methods with high industrial potential is laser tube forming (LTF) 

process. Tube forming is of particular importance in manufacturing of steam boilers, motors, 

heat exchangers, and air-conditioning systems. Laser tube forming can be used in forming of 
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titanium alloys and hard-to-shape superalloys, where expensive tools and equipment are 

replaced by laser beam. 

A review of recent studies has shown that laser tube forming is much more complicated than 

laser sheet forming. Also, it may be not economically feasible in comparison with other 

common tube forming methods. Therefore, more study is necessary to overcome its 

disadvantages in industrial applications. The main disadvantages of LTF process are its high 

cost, long production time, low production rate, and complexity in prediction of the final shape. 

But the flexibility of this process and its capability to form hard-to-form materials makes it a 

good choice in unit production and prototyping [2]. 

Several numerical and experimental studies have been performed to understand the forming 

mechanisms and the effects of influential parameters in LTF process. Silve et al. [3] studied 

the laser bending methods of carbon steel tubes with a square cross-section. Finite element 

analysis of laser forming of square cross-section tubes was performed by Kraus [4]. Li and Yao 

[5] investigated the numerical and experimental modeling of LTF using circular scanning 

method. The effects of tube geometry, laser and process parameters on bending angles were 

investigated. Also, the effect of ellipticity of cross-section and symmetry in the laser forming 

process was studied in this study. Hao and Li [6] presented an analytical model for describing 

the bending angles in order to identify the relations between the LTF parameters.  

Several studied were dedicated to investigate the path scanning strategies. Zhang et al. [7] 

investigated the effects of various scanning designs on the bending angle of the tube 

numerically and experimentally. It was found that axial scanning compared to circular scanning 

has higher efficiency in terms of time and energy consumption in LTF process. It has to be 

considered that the laser profiles for axial and circular scanning were not uniform in this study. 

Safdar et al. [8] studied these two scanning methods both numerically and experimentally with 

the same parametric conditions. It was also found that the axial scanning design creates a 

double bend angle in comparison with a circular scan with the same control parameters. Wang 

et al. [9] succeeded in developing a suitable path strategy for forming of a straight tube into a 

coil-shaped tube using a circular scanning. In their research, the scanning path to achieve the 

three-dimensional shape was obtained by combination of two scanning schemes in a two-

dimensional space with determining their extrema and inflection points. This design was made 

due to the symmetry on the longitudinal axis of the tube. Sheikholeslami et al. [10] investigated 

the effects of different laser scanning strategies for square cross-sectional tube bending. Che 

Jamil et al. studied the laser forming of pre-stressed thin-walled micro-tubes made of nickel 

alloy [11]. Li et al. [12] were succeeded in 3D forming of  stainless steel tubes using laser 

thread form bending method. Abolhasani et al. [13,14] proposd a double raster laser scanning 

strategy for laser forming of 3D shapes and studied the effects of laser parameters on 

bendability and microstructure of stainless steel. 

The literature review shows that most researchers agree that the dominant mechanism in 

laser tube forming is the Shortening (upsetting) mechanism [4-8]. However, Hsieh et al. [15] 

have considered the LTF process under the buckling mechanism. In general, two axial and 

circular scanning schemes have been used to form the tubes with laser irradiation. The 

implementation of axial scanning is much simpler than circular scanning. Also, the bending 

angle, total process time, and energy consumption to create a bend in the axial scan is better 

than the circular scanning [7, 8]. 
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Although the effects of laser parameters on the bending angle are studied well, a fully 

efficient path scanning strategy able to precisely create the desired shape is not proposed yet. 

In this research, two new strategies for designing the scanning path in forming of two and three-

dimensional tubes are proposed based on segmentation of the tube axial curve into a polygonal 

chain. Both strategies are programmable. This is a great advancement for simplification and 

industrial application of this process. With this method, the designer can simply define the laser 

scanning paths and predict or design the final shape. The final shapes can include a wide variety 

of two- and three-dimensional tube shapes. This would expand the choices in forming of 

difficult-to-form materials. 

 

2. Methodology 

Fig. 1 shows the circular scanning in LTF process. A stepper motor provides adjustable 

speed and angle of rotation. In this method, an unconcentrated laser beam with a specific power 

is irradiated on the surface of a tube rotating at a given speed. The angle of rotation of the tube 

is usually considered to be 180 degrees or more. In the shortening mechanism, a high ratio of 

the beam diameter to the tube thickness is usually selected. Therefore, the scanned area is 

heated almost homogeneously in the direction of the tube thickness. A compressive plastic 

strain is created along the tube axis as a result of the resistance of the materials around the 

scanned area against the thermal expansion in this region. Subsequently, the shortening along 

the tube axis makes it bend down towards the laser beam [5]. 

 

 

Fig. 1 Circular scanning strategy in the LTF process 

 

In the shortening mechanism, the resistance against thermal expansion caused by the 

material around the scanned area is very important, because it causes a compressive plastic 

strain in this region bending the tube. Therefore, in cases where several scans are used to 

achieve the required bending angle, a cooling delay has to be considered between each 

successive scans to achieve the maximum temperature gradient between the scanned area and 

the surrounding materials [7]. 

The strategies presented in this paper are based on the shortening mechanism and circular 

scanning method. Advantages of the circular scanning method are as follows: 
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- Possibility of designing a path strategy for achieving 2D and 3D bends [9,10]. 

- Achieving the desired bend angle by repeating the scan paths [5]. 

- Independence of the final bend on the tube length [7,8]. 

As depicted in Fig. 2(a), the strategy is inspired by the skeletal structure of a snake, in which 

the longitudinal axis of the tube is divided into distinct intervals, such as the snake’s vertebral 

column. The design is based on measurement of the change in the angles of the vertebrae (bend 

angle; Fig. 2(b)) and the ribs (scan angle; Fig. 2(c)) relative to their initial position. 

 

 

Fig. 2 The principle of the presented idea to design the laser scanning strategy; a) snake 

vertebral column, b) bend angle, c) scan angle 

 

In the circular scanning procedure, a two-dimensional bend is created by a single or multiple 

irradiations in one or more pre-specified sequential paths. The beam source is stationary in this 

process, and the scan is performed by rotating the tube with specific speed and angle. The basis 

of the proposed strategy in this paper is the deliberate change of the origin of the tube rotation 

angle for each path in the circular scanning process to reach the desired shape. The most 

important advantage of this design is its capability to be modelled and programed which has 

been implemented using Grasshopper. Grasshopper is a visual programming language that runs 

within the Rhinoceros 3D commercial CAD software. 

This strategy can be used in two ways: 

1. Step-by-step design to achieve a desired 2D/3D shape  

2. Reverse design to obtain the scanning path strategy for an existing 2D/3D shape 

It is necessary to note that to achieve a target angle, the optimal or designed values of all 

parameters for the target material has to be investigated first. It means that the designer must 

know the amount of bending angle obtained using specific parameters. These parameters 

include laser power, beam diameter, number of passes, and tube rotational speed (scan speed), 

angle of rotation (scan angle), outer diameter and wall thickness. 
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2.1. Step-by-step design 

Using this method, it is possible to design the beam path strategy simultaneous with initial 

modeling. This method is based on the modeling rules and the effective laser forming 

parameters. Step-by-step modeling is carried out by changing the effective forming parameters 

at each path, such as bending angle, scanning origin, tube angle of rotation, and distance 

between adjacent paths. 

Whether to design the path from the tube’s free end or the clamped end will have different 

expressions in the modeling. In order to better understand this method, the reference point for 

the design of the described path is the clamped end of tube. The important thing in this regard 

is how to apply LTF process. Since the tube bend is formed from the free end towards the laser 

beam in circular scanning, care should be taken when the design starts from the clamped end, 

and the designed paths during the experiments should be run in a reverse order. 

Design steps shown in Fig. 3 are summarized as follows: 

1- Determine L1 (input parameter): the distance between the clamp and the 1st laser path 

(point B); Draw the line segment AB, where A is the clamp position on the tube axis and B the 

location of 1st irradiation (Fig. 3(a)). 

2- Determine L2 (input parameter): the distance between the 1st and the 2nd path; This 

distance can be equal to or different from the line segment AB. 

3- Determine the bending angle α1 (input parameter) for the 1st path. This is the bending 

angle created after the irradiation on the 1st path. 

4- Create a new plane perpendicular to the line segment AB, at a distance O1 from point B 

(Fig. 3(a)) where 

(1) 𝑂1 = 𝐿2. cos(𝛼1) 

5- Draw a circle with radius r1 (as Eq. (2)) on a new plane at the point of the shadow of the 

line segment AB (Fig. 3(b)). r1 is the displacement of the tube axis after α1 degree bending due 

to laser irradiation on path 1 at distance L2. Circumference of the circle is divided into 360 

degrees to determine the direction of displacement (Fig. 3(c)). Therefore, according to the 

determined bending angle and rotational angle, wherever the scanning origin point is, the tube 

axis is about to bend at the distance of L1+L2 on the circumference of the circle. The scanning 

angle in this section is 180 degrees. So, if the origin point is 0 to 180 degrees, the displacement 

is perpendicular to the scanning path towards the laser beam. If the origin point is in the same 

position on all paths, 2D forming occurs, otherwise the final shape would be three-dimensional. 

Now, if the starting point of the irradiation in a path is 135 to 315 degrees, the displacement of 

the tube axis at the distance L1+L2 is equal to r1, and the position of the tube axis after the 

operation would be at point C (Fig. 3(d)). Point C is the irradiation start point of path 2. In the 

step-by-step design, the scanning start point on the circle can be changed based on the 

requirements (the angle of rotation as an input), and accordingly, the scanning origin for each 

path is determined. 

(2) 𝑟1 = 𝐿2. sin(𝛼1) 

6- Draw line segment BC (Fig. 3(d)). 
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7- Repeat steps a to c to define the next paths. As seen in this figure, the designer can obtain 

2D or 3D curves by repeating steps A to C. The parameters defined for each path can be equal 

or different from each other. In Fig. 3(f), the origin of 0 to 180 degrees is selected for the path 

2, and its effect is shown in Fig. 3(g). Again, if the position of the origin point in path 2 is the 

same as the first path, the final shape will be two-dimensional. 

8- After the paths are finalized, one can draw a curve passing through the points A, B, C, 

and D (Fig. 3(h)). This curve shows the final shape of the central axis of the tube after its 

forming. It is possible to predict the final shape of the tube using the sweep method as in Fig. 

3(i). Finally, laser irradiations should start from the free end of the tube in a reverse order, i.e. 

first path 2 and then path 1. 

 

Fig. 3 Step-by-step design; example of designing a laser scan strategy with two paths 

 

2.2. Reverse design 

With this method, it is possible to design the laser path strategy in LTF process for an 

existing 2D or 3D model. The design basis in this method is the segmentation of the tube central 
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axis using the modelling rules and programming. This axis can be a 2D or 3D curve depending 

on the tube shape. The path design in this section is carried out from the tube clamped end, too. 

Reverse design steps shown in Fig. 4 are summarized as follows: 

1. Determine the 2D/3D curve of the axis of tube as the input (Fig. 4(a)); In this step, the 

central axis curve of tube is called from a CAD software. 

2. Segmentation of the curve (Fig. 4(b)); In this step, the defined curve is divided into 

specific distances which specify the irradiation locations. These distances can be equal or 

different (input parameters). Since the design starts from the clamped end, a base distance must 

be defined (input parameter). This is basically the distance between clamped position and the 

tube end.  

3. Designate the points and draw a polyline resulted from the segmentation (Fig. 4(c)). 

4. Measure the angle between polygonal lines; In this step, the angle between the two line 

segments AB and BC is measured according to Fig. 4(d). In this case, first a hyperplane is 

defined between the two lines, and then the angle between these lines on this plane is measured. 

The angle α1 represents the bending angle which has to be obtained from the beam irradiation 

on the 2nd path. 

5. Create a new plane perpendicular to the base line AB at O1 distance from the point B (Fig. 

4(e)). 

6. Draw a circle with the radius r1 on the new plane at the center point obtained from the 

shadow of the line segment AB (Fig. 4(f)). As shown in this figure, point C is on the circle's 

circumference. Various methods can be used to determine the start and end points of the scan 

which is the diameter perpendicular to the sector of the circle which connects its center to point 

C. By grading the circle, the direction of scanning can be easily expressed (Fig. 4(g)). The 

reference point should be the same at all subsequent steps for this purpose. As it is clear, the 

start and the end of the scan for the 2nd path are 135° and 315° in the selected curve (Fig. 4(h)). 

7. Repeat steps a to h for the next desired paths. As shown in Fig. 4((i-k)), by repeating the 

steps, it is easy to determine the bend angle and the angle of rotation for the next paths. 

According to the results for the called curve (tube axis), for the first path, the start-to-end angle 

of the scan is from 0 to 180 degrees, while for the second path is 135° to 315° (Fig. 4(h) and 

Fig. 4(l)).  
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Fig. 4 Reverse design; stages of extraction of the path strategy for a 3D shape 

 

3. Finite element simulations and experiments 

As mentioned before, some prerequisite information is needed to design the scanning paths. 

In this study, a seamless annealed AISI 304L tube with an external diameter of 12.25 mm and 

a wall thickness of 0.9 mm is used in experiments. A simple bend, a 2D curve and a 3D curve 

are used for numerical and experimental validation the proposed strategy. A fiber laser with a 

Gaussian distribution and a maximum power of 1000 W supplies the energy needed during the 
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forming. The fiber laser wavelength is 1080 nm. The output power of 655 W and the beam 

diameter of 7mm were determined on the tube surface. The tube rotation velocity (scan speed) 

was 90 deg/sec and the tube rotation angle (scan angle) was 180°. Laser parameters are shown 

in Table 1. The cooling delay between each pass to achieve the temperature gradient is 144 

seconds. It should be noted that the parameters of the laser are selected according to the 

executive limitations and have been investigated beforehand. The items listed in this section 

are constant throughout the experiments. 

 

Table 1. Laser parameters in simulations and experiments for LTF process 

Angle of rotation (deg) Beam diameter (mm) Scanning speed (deg/s) Power (W) 

180 7 90 655 

 

In this paper, to reduce the time and experimental costs, the bending angle is considered the 

same for all paths. So in this section, the purpose of the simulation and experiment is to achieve 

a specific bend angle of 3.8° for validation of the path strategy. The number of irradiations to 

obtain this angle for each path is 6 times. 

Abacus software IS used to simulate the LTF process by carrying out the coupled heat 

transfer analyses. The geometric model defined for the tube is 60 mm in length. The material 

is homogeneous and isotropic with constant density during the process. Heat-dependent 

properties such as thermal conductivity, specific heat, thermal expansion coefficient, elasticity 

modulus, Poisson’s ratio and yield stress are also defined. The ambient temperature is assumed 

to be 20°C and the heat transfer. 

The position and distribution of thermal flux created by the laser beam at the tube surface is 

characterized with a subroutine written in Fortran. The heat flux density is calculated by the 

following equation [16]: 

(3) 𝑄 =
2𝜂𝑃

𝜋𝑅𝑏
2 exp(−

2𝑅2

𝑅𝑏
2 ) 

where η is the absorption coefficient, P the laser power, Rb the laser beam radius, and R the 

distance between the examined point and the laser center. The absorption coefficient in this 

research is considered to be 50% [17]. 

 

4. Results and discussion 

4.1. Simple bend 

As shown in Fig. 5, the bending angle obtained from the simulation is consistent with the 

results of the experimental tests with three replicates. Since the angle was measured offline in 

experiments, the data for each scan was not separately available. The final formed tube after 

the simulation and experiment is shown in Fig. 6. It should be noticed that due to the low 

thermal conductivity of AISI 304L, the heat is restrained in the irradiated area. So, there might 

be a severe surface melting, if the laser parameters are not correctly set. It also happens if the 
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start and end time of laser scanning is not properly synchronized with the tube rotation. As is 

shown in Fig. 6(a), the irradiated surface is free of surface melting which is clear in 

magnification of the scan start. All angles in this study were measured using the NI Vision 

Assistant software using the back-lighting technique. 

 

Fig. 5 Comparison of bending angles obtained from experiments and simulations 

 

Fig. 6 The final shape of the tube after the 1st scan in LTF process obtained a) 

experimentally and b) numerically 

 

The plastic strain in the irradiated region is specified in Fig. 7. Figs. 7(b,c) show the plastic 

strain in S and T directions, respectively as shown in Fig. 7(a). The compressive plastic strain 

at the upper and lower surfaces of the tube in the irradiated region indicates that the tube is 
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formed under the shortening mechanism. Also, due to this compressive strain and the volume 

constancy, the irradiated region is bulged. 

 

(a) 

 

(b) 

 

(c) 

Fig. 7 Axial plastic strain in simulation of LTF process; a) FE model, b) at S direction, c) 

at T direction 
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Fig. 8 shows the displacement in direction of y-axis. The amount of displacement in the 

lower part of the tube determines the value of the bending angle after the process. Comparison 

of schematic simulation and experimental test shows a good agreement between the results. By 

carefully observing Figs. 7(b,c) in the areas where tensile plastic strain has occurred, the wall 

thinning due to the volume constancy is evident. 

 

Fig. 8 Comparison of the displacement in the y-axis direction in experiment and 

simulation 

The final bend in the circular scan has an undesirable deviation along the x-axis which 

reduces the product’s symmetry. This is because of the thermal gradient difference between 

the material being scanned and the material surrounding it at the start and end points of the 

path. This deviation may have an undesirable effect on the final tube shape, especially in multi-

path processes. To overcome this problem, two ways are proposed by Lee and Yao [5]; a) 

scanning a path in two steps, b) scanning with variable speed. But in this research, reciprocal 

scanning is used to reduce the complexity. In this case, even number of scans is selected. As 

presented in Fig. 9, undesirable deviation of 0.08° was measured in experiment which shows 

that the obtained symmetry in simulation is acceptable using this method. If odd number of 

scans is required to obtain a precise angle, then n-1 scans can be performed reciprocally and 

then the final scan in two steps. In this way, implementation will be easier. 

 

 

Fig. 9 Comparison of undesirable deviation along x-axis in simulation and experiment 
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4.2. 2D shape 

The step-by-step design showed that the basic principle in designing the 3D path strategy is 

a deliberate change of the origin of the tube rotation in each path. This is also evident in the 

reverse design strategy. Fig. 10 shows that if the origin point of rotation is the same in all paths, 

the final shape will be two-dimensional. 

 

 

Fig. 10 Two-dimensional laser tube forming; (a) Prediction of the final tube shape in 

accordance with the 2D design of the path strategy, b) Final tube shape after experimental 

implementation 

 

4.3. 3D shape 

According to the experimental and finite element results, a simple path strategy for 3D tube 

forming using a step-by-step method was designed. This design consists of nine paths in which 

the input parameters are chosen to be the same for simplicity and better understanding of the 

process. Hence, the distance between each successive paths is 15 mm, the bend angle 3.8° and 

the angle of rotation of the tube 45° in each path. 

Fig. 11(a) shows the final tube shape predicted by the program using the step-by-step design. 

The order of the paths execution is shown in Fig. 11(2). In fact, using the previous data for 

achieving a 3.8° bend angle in each path, six reciprocal repetitions are required. Totally 54 

iterations are needed for this design. 
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Fig. 11 The path strategy designed according to the proposed idea for a sample 3D tube; 

(a) prediction of the final shape, and (b) the order of execution to achieve this shape 

 

In this paper, the design is validated both numerically and experimentally. Since all the 

effective parameters in each path are equal to the previous path, only four primary paths are 

simulated to reduce the computational time. The beam position for each path was developed 

using Fortran for Abaqus according to the design and parameters mentioned above. 

The final form of the tube after simulating the four primary paths is shown in Fig. 12. The 

plastic deformation at the beam passage in these four paths shows a general view of this 

method. Fig. 13 shows a very good fit between the predicted model by step-by-step design and 

FE simulation. It should be noted that the bending angle defined in the path strategy in this 

section is defined according to the simulation result for 6 iterations, i.e. 3.8°. 
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Fig. 12 Deformation of the tube after simulation of four initial paths of the designed path 

strategy 

 

 

Fig. 13 Comparison of the designed model according to the proposed idea and the simulation 

result for the four primary paths (green: designed model, black: simulated model). 

 

In Figs. 14 and 15, both side and top views of the final tube shape after full implementation 

of the design in experiment are compared to the predicted models according to the proposed 

idea. It is seen that they have a very good fit in the top view and a very slight deviation in the 

side view. 
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Fig. 14 Shape conformity of the designed model and experimental specimen; top view 

 

Fig. 15 Shape conformity of the designed model and experimental specimen; side view 

 

 

Successful implementation of the aforementioned designs indicated the high potential of 

tube forming with laser. This potential can be applied to the formation of titanium alloys and 

superalloys that are usually expensive and difficult to form at room temperature [12,15]. This, 

in particular, can prove its applicability in unit production and prototyping of hard-to-form 

materials. 
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5. Conclusion 

Prediction of the final tube shape after LTF process is very complex which has limited its 

application in industry. In this paper, a new idea for designing a path strategy is proposed for 

2D and 3D forming of tubes using the laser technology. The idea is inspired by the skeletal 

structure of snake based on the segmentation of the tube central axis into a polyline. The 

programmability of this design makes it possible for all designers to easily extract the path 

strategy of a desired tube shape to be precisely formed by LTF process. This strategy can be 

used in step-by-step design to create a new shape and reverse design to model an existing form. 

The path strategy obtained from these two designs provides a clear solution for the 

implementation of LTF process to produce a wide range of 2D and 3D forms only by 

determining a few input parameters. The results of experiments and FE analyses could very 

well validate the designs proposed in this research, and revealed the potential of LTF process. 

Accuracy of execution plays an important role on the final shape and its compliance with the 

design in this process. The results show that the strategies presented in this paper are efficient 

and have high potential for further application in industry. 
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