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Abstract：Along with the development of “Industrial 4.0”, the application of 

industrial robot is becoming more and more extensive. Based on the industrial robot 

platform, a novel robot tube bending technology has been proposed. In order to provide 

guidance for the forming quality of tube bent by robot, using the plastic forming theory 

and simulation analysis method, compared with the rotary draw bending, the forming 

mechanism and characteristics of robot tube bending were analyzed. The Al6061 thin-

walled tube with small diameter was taken as the research object. The results show that, 

in the novel robot tube bending process, since the bending die is feeding in the direction 

of the pipe axis while rotating, it will reduce to some extent the axial tensile stress T on 

the pipe during the bending process. Therefore, compared with the traditional rotary 

draw bending, the tensile stress and strain and thinning rate on the outer side of bent 

tube are both smaller, while the compressive stress and strain and thickening rate of the 

inner tube are instead larger in the robot tube bending process. With the increase of 

bending angle, the maximum cross-sectional distortion of bent tube in the robot tube 

bending process remains basically unchanged and is always smaller than that in the 

rotary draw bending process, and the greater the bending angle, the more obvious the 

difference. In summary, the robot tube bending technology plays a more positive role 

in reducing the thickness reduction and section distortion of the small diameter tube.  

 

 

Keyboards：Robot tube bending; Rotary draw bending; Forming characteristics; 

Cross-section distortion; Finite element simulation 

 

 

 

 

 

 

 

 

 

 



1 Introduction 

Thin-walled hollow component with small diameter is widely used in aerospace, 

petrochemical, automobile, ship and other fields as structural components and fluid 

transport medium by virtue of its own lightweight, high performance, high efficiency 

and other advantages [1-3]. At present, there are many forming methods of tubular 

hollow components [4-6], including numerical control bending, roll bending, push 

bending, three-dimensional free bending, etc. Robot tube bending technology is a new 

forming process for small diameter thin-walled tube, which adds robot control to the 

tube forming process. With the advantages of high degree of freedom and accurate 

positioning of the robot arm, the posture and position of the end bending actuator 

controlled at the end of the robot arm are adjusted to ensure the accurate spatial position 

of the end bending actuator during the bending process, thereby improving the forming 

quality and forming accuracy of the tube and improving the forming efficiency. 

The structure of the end forming device of the robot tube bending device is similar 

to that of the rotary draw bending device. However, in the bending process, the bending 

die in the robot tube bending device will move along the axis direction of the tube in 

addition to the rotation movement, while the bending die in the rotary draw bending 

device only rotates movement, as shown in Fig. 1. 

 

     Fig. 1. The bending actuator of robot tube bending process. 

In addition to the advantages of high automation and fast forming efficiency, robot 

tube bending technology also has a good application prospect for components with 

complex spatial structures. At present, the traditional numerical control bending system 



cannot form the tube with multiple bifurcation branches and complex spatial 

configuration at one time, and it can only form the spatial shape in advance, and then 

connect the branches by manual welding. There are problems such as poor quality at 

the connection and difficult processing [7]. By using robot tube bending technology, 

each bifurcated branch tube can be connected to the tube in advance, and the end 

effector can be controlled by the robot arm to move to the desired forming position. 

The flexibility of the robot arm can be used to adjust the attitude of the actuator to avoid 

the pre-installed bifurcated branch tube, so as to realize the one-time forming of this 

type of complex spatial configuration tube with branch tube, which greatly improves 

the forming efficiency and forming quality of the tube. 

The aerospace field has strict restrictions on the use of space, and the utilization 

rate of hollow tube components is as high as 90%. Therefore, there is a high requirement 

for the accuracy and quality of tube bending [8]. Tube bending is a complicated process. 

The common defects include thinning and rupture of outer wall thickness, thickening 

and wrinkling of inner wall thickness and distortion of cross section. 

 A large number of scholars in China and abroad have studied the traditional 

bending forming process: Liu et al. [9]in order to improve the prediction accuracy of 

bending cross-section deformation, the bending cross-section deformation of thin-

walled heterogeneous rectangular welded tube considering different yield criteria was 

studied. The results show that Hill48 yield criterion can well describe the anisotropy of 

rectangular welded tube. In addition, the experimental results of Mises, Barlat and 

Hill48 yield criterion are compared under different bending angles and the number of 

core balls. It is found that Hill48 anisotropic yield criterion is the most suitable criterion 

for predicting the cross-section deformation of thin-walled heterogeneous rectangular 

welded tube. Liu et al. [10] the forming quality of thin-walled rectangular waveguide 

with small radius rotating drawing under different boosting conditions was studied. The 

changes of cross section and wall thickness were analyzed. The results show that the 

boosting can reduce the cross-section deformation and wall thickness reduction rate of 

the tube. The effect of increasing the thrust force on the section deformation of the core 

rod support area is less than that of the non-core rod support area, and the effect on the 



wall thickness is opposite. A reasonable boost matching condition is also obtained. Che 

et al. [11] based on the full flow theory, the causes and control methods of the inner 

wrinkling and the outer wrinkling of the tube in the bending process were studied and 

analyzed. The stress-strain formula was established by using the theoretical analysis 

method, and the basis for the occurrence of the outer wrinkling and the inner wrinkling 

of the tube was deduced. The wrinkling occurrence formula in the bending process was 

proposed by using the energy criterion, and the wrinkling instability formula was 

determined to summarize the boundary parameters. Huang et al. [12]by establishing the 

finite element model of numerical control bending of Ti-3Al-2.5V titanium alloy 

seamless tube, the variation characteristics of tube wall thickness under different 

geometric parameters and process parameters were studied. Fang et al. [13]by 

establishing the finite element model of 21-6-9 high strength stainless steel tube with 

elastic modulus, the influence of process parameters on the wall thickness reduction of 

21-6-9 stainless steel tube was analyzed. The results show that the elastic modulus has 

no obvious influence on the variation trend of wall thickness reduction, but increases 

its value. Li et al. [14]by analyzing the mechanism characteristics of aluminum alloy 

thin-walled tube with small bending radius, according to the numerical control bending 

process, the key technologies such as die material, die structure and finite element 

simulation were systematically studied. Finally, the bending forming of aluminum alloy 

thin-walled tube with small bending radius meeting the design requirements was 

realized, and the feasibility of this technology was verified. Safdarian et al. [15] based 

on the response surface method and the finite element method, the effects of the 

pressure-boosting speed of the die, the position of the mandrel, the number of mandrels 

and the pressure of the die on the wrinkling and cross-section distortion of the tube in 

the bending process were studied. The results show that the position of the mandrel is 

one of the main parameters affecting the cross-section distortion of the tube, and the 

ovality of the tube section increases with the increase of the position of the mandrel. 

However, there are few studies on the robot tube bending process. Since the 

bending die is fixed on the spindle of the machine tool in the traditional bending, and 

the bending die in the robot tube bending process will have a  motion in the direction 



of the tube axis while rotating, the research results of the traditional bending cannot be 

simply applied to the robot tube bending process. The evolution law of defects in robot 

tube bending process during forming is not clear, especially for the study of tube, 

internal and external stress and strain, wall thickness thinning rate and section distortion 

rate. In this paper, the mechanism of robot tube bending process is analyzed based on 

the plastic forming principle of tube, and the calculation formula of the internal and 

external equivalent stress of tube is obtained. The ABAQUS finite element simulation 

software is used to analyze the influence of robot tube bending process and rotary draw 

bending process on the forming quality of tube and conduct a comparative study. 

2 Mechanism analysis of robot tube bending process 

2.1 Principle of robot tube bending process 

The robot bending system is mainly composed of the robot system, the end 

bending system and the external clamping system, as shown in Fig. 2(a). The end 

bending system is composed of bending die, insert die, clamping die and pressure die, 

as shown in Fig. 2(b). In the forming process, the tube end is fixed by the external 

clamping system; the front end of the tube is rotated around the bending die under the 

constraint of the clamping die and the inserts die, and the bending die rotates at an 

angular speed of  .The bending radius of the tube is the radius r of the bending die, 

and the pressure die remains static during the bending process. While the bending die 

rotates, the robot system provides a linear velocity   matching the rotation of the 

bending die, as shown in Eq. (1), which drives the bending die to move along the axis 

of the tube and realizes the flexible bending of the tube under the close cooperation of 

the three systems. 

 =   r    (1)                                                 



 

Fig. 2. Principle diagram of robot tube bending technology. 

2.2 Theoretical analysis of stress and strain of tube in robot tube 

bending process 

In the process of robot tube bending, the stress and strain state and geometric 

parameters of the tube subjected to the bending die, clamping block and pressure die 

are shown in Fig. 3, and the meanings of each symbol are shown in Table 1. Due to the 

tube in the bending process will produce very complex non-uniform change, in order 

to simplify the analysis, need to make various assumptions to approximate bending 

stress and strain analysis. Firstly, it is assumed that the tube conforms to the principle 

of constant volume in the bending process; the tangential strain, radial strain and 

circumferential strain of the tube are all the main strains during bending; bending 

tangential stress, radial stress and circumferential stress are main stress; at the same 

time, the plane strain state of the circumferential strain of the tube bending section is 

assumed. 

 

Fig. 3. Schematic diagram of stress-strain state in robot tube bending process. 



Table 1 Symbols of geometric parameters and stress-strain of tube 

geometric parameter physical meaning 

    、 、  Tangential stress、Radial stress、 

Circumferential stress 

    、 、  Tangential strain、Radial strain、

Circumferential strain 

o iRR、  The outermost bending radius、The 

innermost bending radius 

0R  Bending radius of original neutral layer 

of tube 

R  Bending radius of strain neutral layer of 

tube 

  Angle between tube radius line after 

strain neutral layer moving and original 

neutral layer radius line 

  Angle between Cross Section Radius 

Line of Tube and Strain Neutral Layer 

  Bending radius of any point on tube 

 、  Angular velocity of bending die 、 

linear velocity of bending die 

P
U

 Force of die on vertical tube axis 

Mises plastic differential equation is expressed in Eq. (2): 

 d = ( ) 2d            (2)                                

The circumferential strain 0    is introduced into Eq. (2) to obtain the 

circumferential stress of the cross section of the bending part of the tube, as shown in 

Eq. (3):    

  = 2     (3)                                                                                                               

 From the Eq. (3), the equivalent stress at the bending part of the tube is further 

obtained, as shown in Eq. (4): 

 2 2 2
ρθ( ) ( ) ( ) 2 3 2                       (4) 



According to the assumption that the circumferential strain of the tube is equal to 

0 ( 0   )and the volume is constant ( + + =0      ), the equivalent strain of the 

bending part of the tube can be expressed as Eq. (5): 

  2 2 2
ρ φθ θ2 3 2 3         (5) 

 Due to the plastic deformation of most metal tubes presents a power hardening 

law, so this paper uses the equation that the stress-strain relationship conforms to 

the n-order hardening law to fit the stress-strain curve in robot tube bending 

process, as shown in Eq. (6): 

 
n

K   (6)                                                               

The instantaneous strain neutral layer of the tube will move during the 

bending process. Assuming that the angle between the radius line of the tube 

after the strain neutral layer moves and the radius line of the original neutral 

layer is , and 0   is constant, the engineering strain in the tangent direction 

can be expressed as Eq. (7) [16]: 

    0= rsin +rsin R rsin     (7)                                          

From Eqs. (4) - (7), we can get Eq. (8): 

      
1

0= 2 3 rsin +rsin R rsin
n n

K    

      (8)                                                           

Among them, in the interval [0, ] 、[ , ]   and[2 ,2 ]   , rsin +rsin 0 ＞ , 

the tangential tensile stress is generated, and the upper symbol is '+'; and in the interval 

[ ,2 ]      , rsin +rsin 0 ＜  , produce tangential compressive stress, the above 

symbol '-'. 

Substitute Eq. (8) into Hencky stress differential equation (as shown as Eq. (7)[17]): 

  θ 0d d         (9)                                                

The stress equation of both sides of instantaneous strain neutral layer can be 

obtained as shown in Eq. (10): 

      
1

0= 2 3 rsin +rsin R rsin ln C
n n

K    

      (10)                                    



C is an integral constant. Because the radial stress at i=R  and o=R  sides of the tube 

strain neutral layer is 0, the radial stress at the inside and outside of the tube bending 

part can be obtained by Eq. (10), that is Eqs. (11) and (12): 

        
1

0i i= 2 3 rsin +rsin R rsin ln R
n n

K    

    (11)                                           

        
1

o o0= 2 3 rsin +rsin R rsin ln R
n n

K    

    (12)                                                      

Substitute Eqs. (11) and (12) into Eq. (8), the internal and external tangential stress 

of the tube can be obtained as shown in Eqs. (13) and (14): 

        
1

0i i= 2 3 rsin +rsin R rsin ln R 1
n n

K    


        (13)                                    

        
1

o0o = 2 3 rsin +rsin R rsin ln R 1
n n

K    

        (14)                                    

The radial stress on the surface layer of the bending part is 0   , so the 

equivalent stress on the innermost and outermost surfaces of the robot tube bending can 

be obtained from Eq. (4), as shown in Eqs. (15) and (16): 

        0 iK 2 3 rsin +rsin R rsin ln R 1
n n

i             (15)                                   

        o0K 2 3 rsin +rsin R rsin ln R 1
n n

o             (16) 

3 Establishment of finite element simulation model 

The robot tube bending technology and the rotary draw bending technology are 

similar in terms of mold structure and different in terms of forming process. In order to 

ensure the accuracy of the subsequent comparative study and analysis, the same 

structural model is used for the finite element simulation analysis of the two forming 

processes in this paper. 

3.1 Establishment of 3D model 

The 3D finite element models of the robot tube bending and the rotary draw 

bending were established by UG10.0, and then imported into ABAQUS finite element 

simulation software, as shown in Fig. 4. The tube diameter D is 16mm, Wall thickness 

is 1mm, the length is 400mm, the radius of bending die is 40mm, the length of insert 

die and clamping die is set to 3D length, that is 50mm. 



 

Fig. 4. 3D geometric models of each die for robot tube bending forming. 

3.2 Material parameter 

The mechanical properties of Al6061 alloy tube with specification of  16 × 1 mm 

were experimentally studied, and the yield strength, tensile strength, elastic modulus, 

Poisson’ s ratio and other parameters were obtained. The test was strictly carried out in 

accordance with the national standard GB/T228.1-2010 for room temperature tensile 

test of metal materials. Room temperature tensile tests are performed on an electronic 

universal testing machine, as shown in Fig. 5. The tensile strain was recorded by a 

longitudinal extensometer with a model of YYU-10/15 and a gauge of 15 mm. In this 

tensile test, the longitudinal arc specimen was adopted and intercepted along the axial 

direction of the tube, as shown in Fig. 6. 

 

Fig. 5. Electronic universal testing machine. 



 

Fig. 6. Uniaxial tensile specimen: (a) geometrical dimension; (b) Before fracture; (c) After 

fracture. 

The tensile stress-strain curve of Al6061 tube obtained by tensile test is shown in 

figure 7. The elastic deformation stage of the tube is obtained by fitting formula E  . 

The fitting starting point is the stress starting point and the end point is the yield point. 

The plastic deformation stage of the tube is obtained by n( )K b    fitting, and the 

fitting range is from the yield point to the tensile limit, as shown in Fig. 7. where K is 

the strength coefficient of the material, n is the work hardening index, E is the elastic 

modulus, and b is the material constant. 

 

Fig. 7. True stress-strain curve of Al6061. 

The material parameters of Al6061 tube obtained by the test are shown in Table 2. 

The elastic and plastic stage curve fitting results are shown in Eqs. (17) and (18): 



 72663   (17)                                                    

 0.03947273.1144( 0.00336)    (18) 

Table 2 The main material parameters of Al6061 

Material parameters Results 

Elastic modulus 

(E/MPa) 72663 

Poisson ratio 

(μ) 0.33 

Yield strength 

( 0.2 /MPa) 212 

Tensile strength 

(
b

 /MPa) 245 

Strength factor 

(K/MPa) 273.1144 

Cementation index 

(n) 0.03947 

Elongation 

(V/%) 15.5 

Material constant 

(b) -0.00336 

3.3 Settings of key parameters 

In the process of robot tube bending and rotary draw bending, the change of die is 

very small and can be ignored. In order to simplify the model and save computer 

simulation time, the die is set to discrete rigid body and described by R3D4. The 

discrete rigid body material does not deform. In order to improve the calculation 

accuracy, the tube is set to S4R shell element with deceleration integral and sand 

leakage control properties, and the shell thickness is 1 mm, as shown in Fig. 8. 



 

Fig. 8. Mesh division of finite element model. 

The contact mode between the die and the outer surface of the tube is surface-

surface contact, and the contact friction formula in the tangential direction is calculated 

by penalty function. The friction coefficient between the bending die, the insert and the 

outer surface of the tube is 0.05, and the friction coefficient between the clamping block 

and the outer surface of the tube is set to infinity, so as to prevent the phenomenon of 

clamping failure in the bending process. The friction coefficient between the pressure 

die and the outer surface of the tube is 0.1. Set stress interference to ' hard ' contact in 

normal behavior. In order to reduce the influence of inertia effect on the simulation 

results in the simulation process, the amplitude curve in the bending process adopts the 

smooth curve. 

The boundary conditions and load setting of robot tube bending process, as shown 

in Fig. 9(a): create the boundary conditions of 'speed/angular velocity' in the dynamic 

display analysis step, select the reference point of the bending die rotation center, set 

the rotation degree of freedom UR3 on the Z axis and the moving degree of freedom 

2U   in the Y  positive direction, and the remaining degrees of freedom 

1 3 1 2 0U U UR UR     ;the boundary conditions of clamping block and insert 

block are the same as those of bending die; the tube and the pressure die are always 

fixed, and all degrees of freedom are constrained, that is, 

1 2 3 1 2 3 0U U U UR UR UR      . 

The boundary conditions and load settings of the rotary draw bending process, as 



shown in Fig. 9(b): the bending die of the rotary draw bending process can rotate around 

the reference point, so only the rotation freedom UR3 of the open Z axis is needed, and 

the freedom degrees are 0, that is, 1 2 3 1 2 0U U U UR UR      ; the press block 

moves forward along the tangential direction of the tube to set the moving freedom 2U  

in the positive direction of the Y axis, and the other freedoms are 0, that is, 

1 3 1 2 3 0U U UR UR UR     . 

 

Fig. 9. Load setting: (a) Diagram of load setting in robot tube bending process; (b) Diagram of 

load setting in rotary draw bending process. 

Tube mesh is divided by hexahedron structure, the number of circumferential 

direction mesh is 20, the number of axial direction mesh is 200. Because the mold is a 

discrete rigid body, in order to improve the efficiency of finite element simulation, the 

mesh size of the mold part is 3 mm, and the maximum deviation factor is 0.1. In order 

to ensure the calculation efficiency in the simulation process, the 10000mass scaling 

coefficient can reduce the calculation time and ensure the quality of the simulation. 

3.4 Reliability verification of finite element simulation 

In order to ensure the accuracy and reliability of the subsequent analysis, it is 

necessary to test the above established robot tube bending finite element model and 

rotary draw bending finite element model. Based on the prototype of robot tube bending 

principle developed and the numerical control bending machine (as shown in Fig. 10), 



the tube bending verification test is carried out. The accuracy and reliability of the finite 

element model are judged by comparing the error of wall thickness thinning and section 

distortion between the tube formed in actual test and the tube formed in simulation. 

Table 3 is the condition parameters of simulation and experimental forming: 

Table 3 Experimental and simulated bending condition parameters 

Process Robot tube bending Rotary draw bending 

Parameter Simulation Experiment Simulation Experiment 

Diameter/ (mm) 16 16 16 16 

Wall thickness /(mm) 1 1 1 1 

Bending radius /(mm) 40 40 40 40 

Bending angle / (°) 90 90 90 90 

Bending velocity /(rad·s-1) 0.5 0.5 0.5 0.5 

Feeding speed of bending die 

/(mm·s-1) 
20 20 —— —— 

Pressure die advancing speed 

/(mm·s-1) 
—— —— 20 20 

Friction coefficient between 

pressure die and tube 
—— —— 0.1 Dry friction 

Friction coefficient between 

bending die and tube 
0.05 Dry friction 0.05 Dry friction 

Friction coefficient between 

clamp die and tube 
Infinity Carved pattern Infinity Carved pattern 

 

Fig. 10. Experimental equipment：(a) Robot bender machine; (b) Rotary draw bending machine. 

Fig. 11(a) and (b) is the comparison of test and simulation results of robot tube 



bending. Fig. 11(c) and (d) is the comparison curve of the wall thickness reduction rate 

and section distortion rate of the tube under different measurement angles. The 

measurement angle is the angle between the measurement plane and the bending plane, 

which is measured once every 5°. It can be seen from Fig. 11(c) that the wall thickness 

thinning rates of different bending parts of the tube obtained by experiment and 

simulation are similar, and the relative error is about 4.18 %. The relative error of the 

cross-sectional distortion rate of the tube tested and simulated in Fig. 11(d) is about 

11.7 %, indicating that the established finite element model for bending forming of 

6061 aluminum alloy tube robot is reliable. Fig. 12(a) and (b) is the comparison 

between the experimental results and the simulation results of the rotary draw bending. 

It can be seen from Fig. 12(c) and (d) that the wall thickness thinning rate and section 

distortion rate of the simulation and test are very close. The relative error of wall 

thickness thinning rate is about 5.08 %, and the error of section distortion rate fluctuates 

around 14.29 %, indicating that the established finite element model of rotary draw 

bending is accurate. In summary, the robot tube bending finite element model and the 

rotary draw bending finite element model established in this paper can accurately reflect 

the plastic forming process of tube, and can be used to study the influence of these two 

forming processes on the forming quality of tube.  

 

Fig. 11. Robot tube bending results: (a) Experimental results; (b) Finite element simulation results; 

(c) Comparison chart of wall thinning ratio; (d) Comparison chart of flattening of cross-section. 



 

Fig. 12. Rotary draw bending results: (a) Experimental results; (b) Finite element simulation 

results; (c) Comparison chart of wall thinning ratio; (d) Comparison chart of flattening of cross-

section. 

4 Analysis of finite element simulation results 

4.1 Analysis of internal and external stress and strain of tube 

4.1.1 Stress comparison analysis 

In the process of tube bending, the outer side of the bending will be subjected to 

tensile stress, and the inner side of the bending will be subjected to compressive stress. 

When the outer and inner stress is too large, it will cause defects such as thinning of the 

outer wall thickness, wrinkling of the inner side and section distortion. Fig. 13 is the 

equivalent stress change cloud diagram of the two forming methods of 90 ° tube. Fig. 

14 shows the comparison curves of equivalent stress inside and outside the robot tube 

bending process and the rotary draw bending process. It can be seen that similar plastic 

deformations occurred in the bent tubes of robot tube bending and rotary draw bending, 

mainly concentrated near the bending shear point, in Fig. 13. With the continuous 

bending of the tube, When the measurement angle exceeds 25°, the plastic deformation 

area of the two gradually tends to be stable, and the tube enters a stable plastic forming 

stage. 

The comparison curve of the equivalent stress on the outer side of the tube is 



shown in Fig. 14(a). In the initial stage of bending, the equivalent stress on the outer 

side of the tube gradually increases with the increase of the bending angle. With the 

increase of bending angle, the tangential stress of the tube is in a relatively stable stage, 

and the ' platform ' feature appears. In this stage, the equivalent stress of the robot tube 

bending process is lower than that of the rotary draw bending. When the bending angle 

of the tube is further increased, the equivalent stress of the tube decreases, and the 

equivalent stress of the robot tube bending process decreases rapidly. This is because 

the bending die be moved along the axial direction of the tube during the bending 

process, which promotes the stress in the deformed area to move and diffuse to the non-

deformed area, the stress is unloaded and the stress decreases. In addition, the pressure 

die and the tube remain stationary, there is no relative friction and the tube is not 

subjected to additional tangential tension T, which also reduces the external stress to a 

certain extent. 

Fig. 14(b) shows the comparison curve of equivalent stress inside of the tube. It 

can be seen from the figure that there is little difference in the inner stress of the tube 

between the robot tube bending process and the rotary draw bending process. When the 

measurement angle exceeds 45°, the internal equivalent stress of the two forming 

processes begins to decrease, and the internal stress of the robot tube bending process 

decreases faster. The reason is that in the initial stage of bending, the bending 

deformation of the tube is not very large, and the additional tangential tension T of the 

rotary draw bending process has a certain positive effect on alleviating the internal 

stress of the tube. However, with the increase of tube bending angle, the effect of 

additional tangential force decreases gradually, and with the axial feed motion of the 

bending die of the robot tube bending process, the stress inside the tube decreases faster 

and the value is smaller. 



 

Fig. 13. Cloud chart of equivalent stress during different bending process: (a) Robot tube bending 

process; (b) Rotary draw bending process. 

 

Fig. 14. Comparison diagram of internal and external equivalent stress during different bending 

process: (a) External equivalent stress; (b) Internal equivalent stress. 

From the above comparative analysis, it can be seen that the robot tube bending 

process has less stress on the outer side of the tube than the rotary draw bending process, 

and the inner stress is larger. With the increase of tube bending angle, the stress drop 

rate of inner and outer tube in robot tube bending process is faster than that in rotary 

draw bending process. 

4.1.2 Strain comparative analysis 

 Fig. 15 shows the tangential strain contours of the tube using the robot tube bending 

process and the rotary draw bending process when the tube is bent to 90°. The left side 

is the cloud chart of tangential strain change during the tube bending process of robot 

tube bending process, and the right side is the cloud chart of tangential strain change 

during the tube bending process of rotary draw bending process. It can be seen from the 

figure that with the continuous bending, the tangential strain value of the tube gradually 



increases and the range gradually expands to the bending direction of the tube. The 

tangential compressive strain value inside the tube is greater than the tangential tensile 

strain value outside the same angle. The outer tensile strain of robot tube bending 

process is less than that of rotary draw bending process, and the tangential strain 

distribution range is slightly smaller than that of rotary draw bending process. The main 

reason is that the bending die feeds along the axial direction of the tube in the robot 

tube bending process, so the material is easier to flow. When the plastic deformation 

occurs due to the tangential tensile stress on the outer side of the tube during the 

clamping rotation of the clamping die, the material in the deformation area is 

supplemented in time under the action of the bending die feed, so that the tangential 

tensile strain on the outer side is reduced. At the same time, the material flow 

distribution is more uniform and the tangential strain distribution range is reduced in 

the process of bending die feeding. The tangential compressive strain value of the inner 

side of the tube in the robot tube bending process is slightly larger than that in the rotary 

bending forming process. This is because the additional tangential tension in the rotary 

bending forming process can alleviate the inner stress of the tube. 

 

Fig. 15. The distribution of tangential strain of tube under different bending angles by two forming 

processes: (a)30°; (b) 60°; (c) 90°. 



Fig. 16 shows the comparison curves of tangential strain distribution inside and 

outside the tube at different measurement angles when the bending angle is 90°. On the 

figure, the strain value is positive outside the tube, belonging to tensile strain; the strain 

value is negative inside the tube, belonging to compressive strain. It can be found from 

Fig. 16 that the strain at the beginning and end of tube bending deformation is small, 

and the deformation in the middle area of deformation is large. The tensile strain on the 

outer side of the tube shows a platform-shaped, indicating that the outer side is in a 

stable plastic deformation stage, while the compressive strain on the inner side 

fluctuates up and down, indicating that wrinkling occurs on the inner side of the tube. 

The fluctuation of the robot tube bending process is large, indicating that the wrinkling 

phenomenon is more obvious than that of rotary draw bending . From Fig. 16, it can be 

more intuitive to see that the tube is bent under the robot tube bending process, and the 

lateral tangential tensile strain is smaller than that of the rotary draw bending process, 

which is consistent with the law obtained from the tangential strain distribution diagram 

in Fig. 15. The tangential compressive strain of the inner side is slightly larger than that 

of the rotary draw bending process, which is also in line with the comparison results of 

the inner stress of the tube. 

 

Fig. 16. The variation curve of the tangential strain inside and outside the tube along the 

measurement angle. 



4.2 Comparative analysis of tube forming quality 

Tube bending itself belongs to a complex nonlinear physical forming process 

under the coupling of various die structures and conditions [18]. The common 

indicators to measure the forming quality of tubes are the thinning rate of the outer wall 

thickness and the distortion rate of the cross section. The quality of these two indicators 

directly affects the forming quality of tubes and subsequent use. Fig. 17 shows the 

cross-sectional distortion of the tube and the thinning of the outer wall thickness. 

 

Fig. 17. Diagram of wall thickness variation and cross section distortion of bent tube. 

The thinning degree of outer wall thickness of tube is generally expressed by the 

change rate of wall thickness before and after bending, that is, the change rate of wall 

thickness (δ), as shown in Eqs. (19) and (20): 

  out 0 0min 100%t t t  
     (19)                                                  

  max 0 0min 100%t t t  
     (20)                                          

where 0t  is the original wall thickness of the tube, unit mm; mint is the wall thickness 

behind the bending, unit mm; maxt  is the inner wall thickness after bending, unit mm. 

Since the tube bending is carried out under the constraints of the mold, although 

the bending of the radial pressure can make the vertical direction, that is, the long axis 

direction of the tube diameter increases, but will be limited by the bending die groove 

actual change is very small, so the section distortion rate   is usually calculated using 



the short axis [16]. The calculation formula is shown in Eq. (21): 

  0 0minD D D    (21)                                                     

0D  is the original diameter of the tube, minD  is the outer diameter of the short axis 

direction after bending. 

4.2.1 Comparative analysis of wall thickness change of tube 

Fig. 18(a) is a comparison of the outer wall thickness reduction rate of the tube 

under the two forming processes. It can be seen from the figure that in the initial stage 

of measurement, the outer wall thickness reduction rate of the tube increases rapidly. 

With the increase of the measurement angle, the outer wall thickness reduction rate of 

the tube enters a relatively stable stage, and a 'platform' appears. This is because with 

the continuous tube bending, tube plastic deformation will enter a stable deformation 

stage, the wall thickness will change evenly, so the wall thickness reduction rate will 

appear 'platform' characteristics. It can be seen from the figure that the outer wall 

thickness reduction rate of the tube of the robot tube bending process is about 7.3 %, 

and the outer wall thickness reduction rate of the tube of the rotary draw bending 

process is about 8.2 %. The reason is that the equivalent stress value of the outer side 

of the tube represented by Fig. 14(a) is different. The tangential equivalent stress value 

of the outer side of the robot tube bending process is small. During the bending process 

of the tube, the smaller the tangential stress is, the smaller the influence on the wall 

thickness reduction of the tube is. Therefore, the wall thickness reduction rate of the 

robot tube bending process is smaller than that of the rotary bending forming process. 

Fig.18 (b) is the comparison chart of the thickening rate of the inner wall thickness 

of the tube. It can be clearly seen from the figure that the thickening rate of the inner 

wall thickness of the tube under the robot tube bending process is greater than that of 

the rotary bending forming process. The thickening rate of the inner wall thickness of 

the robot tube bending process fluctuates around 19%, while the rotary draw bending 

process fluctuates around 17%. This is because the additional tangential tension T in 

the rotary bending forming process has a certain positive effect on reducing the 

compressive stress on the inner side of the tube, which alleviates the thickening change 



of the inner wall and makes the thickening rate of the inner wall relatively low. It can 

also be seen from the figure that the area with large difference in wall thickness 

thickening rate is 20° ~ 60°, that is, the area with large plastic deformation of the tube. 

The thickening rate of the tube in the end bending deformation area is almost the same. 

In these two forming methods, the thickening rate curves of the inner side wall thickness 

of the tube fluctuate up and down, indicating that wrinkling occurs in the inner side of 

the tube under the two forming processes, which is consistent with the conclusion 

obtained in Fig. 16. 

 

Fig. 18. Effect of two processes on wall thickness variation: (a) Wall thinning rate; (b) Wall 

thickness thickening rate. 

4.2.2 Comparative analysis of tube cross-sectional distortion 

In order to obtain the change of the cross section of the tube in the bending process 

more clearly, a measurement plane is set at every 10° interval in the tube bending 

interval, which is denoted as S1, S2, S3……S10, where S1 is the bending start plane 

and S10 is the bending end plane, as shown in Fig. 19. Fig. 20 is the cross-sectional 

distortion ratio comparison chart of the tube in different bending angles and measuring 

planes under two forming processes. The real line represents the robot tube bending 

process, and the virtual line represents the rotary draw bending process. From the 

diagram, it can be seen that the cross-section distortion rate of the tube formed by the 

robot tube bending process and the rotary bending forming process gradually increases 

with the increase of the bending angle, but the increase rate gradually decreases until it 

tends to be stable. The cross-section distortion rate of the tube formed by the robot tube 



bending process is stable at about 8 %, and the cross-section distortion rate of the tube 

formed by the rotary draw bending process is stable at about 10%. This is because in 

the initial stage of the tube bending, the friction between the die and the tube, the contact 

state and other interactions do not reach the equilibrium and stable state. The increase 

of the bending angle has a great influence on the tangential stress affecting the cross-

sectional deformation of the tube, and the cross-sectional distortion rate shows an 

upward trend. When the interaction reaches a stable state, the bending angle has little 

effect on the stress, so that the section distortion rate tends to be stable. In addition, 

when the bending angle of the tube is the same, the cross-sectional distortion rate of the 

tube under the robot tube bending process is smaller than that of the rotary draw bending 

process, and with the increase of the bending angle, the difference between the 

maximum cross-sectional distortion rate of the two forming processes will gradually 

increase. When the bending angle is 90° and the measurement plane is S4, the difference 

between the two cross-sectional distortion rates is the largest, about 2.01%.  

 

Fig. 19. The schematic diagram of the measured cross-sections. 

 

Fig. 20. Comparison of cross-section distortion during the robot tube bending and  

rotary draw bending process. 



5 Conclusions 

A novel robot tube bending technology has been proposed in this paper. In order 

to explore the forming characteristics of the novel robot tube bending process, based on 

the finite element simulation and experiment, the differences of the stress and strain, 

wall thickness and cross-sectional distortion of the bent tube between the novel robot 

tube bending and the rotary draw bending are compared and analyzed, and some 

conclusions are drawn: 

(1) Compared with the rotary draw bending process, The robot system controls the 

movement of the bending die along the axis of the tube during bending die rotation, 

which has a positive effect on reducing the outer tangential stress of the tube. 

(2) The outer tensile strain of bent tube during the robot tube bending process was 

smaller than that in the rotary draw bending process. While the inner strain fluctuated 

during the robot tube bending process, which indicated that the inner side of the tube 

appeared wrinkling phenomenon easily. This analysis is also verified. 

(3) Compared with the rotary draw bending process, the thinning rate of the outer 

tube is smaller, while the thickening rate of the inner tube is larger in the robot tube 

bending process. 

(4) With the increase of bending angle, the cross-sectional distortion φ of bent 

tube in the robot tube bending process was always smaller than that in the rotary draw 

bending process. When the bending angle was larger than 30 degrees, the maximum φ 

remained basically unchanged in the robot tube bending process, and the difference of 

the maximum φ under the two forming processes also increased with the increase of 

bending angle, the maximum difference is about 2.01 %. 

(5) The robot tube bending technology plays a more positive role in reducing the 

thickness reduction and section distortion of the bent tube than the traditional rotary 

draw bending. That means it has great application potential in the precise plastic 

processing of small diameter thin wall tube. 
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