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in rotary-draw tube bending process using
finite element method
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Abstract

Rotary-draw tube bending operation is one of the most universal methods used for the tube forming processes. Similar
to the other forming methods, some problems such as wall thinning, cross-section distortion, wrinkling, and springback
can also be seen on the tubes formed by rotary-draw bending operations. Springback is a very common problem and its
prediction plays a crucial role in increasing the efficiency of the tube bending operations and also to overcome the
difficulties in the assembly processes. Tube diameter, wall thickness, bend radius, bend angle, and coefficient of friction
can be considered as the most effective parameters that cause the variation of springback magnitude. In this study, not a
simple one-at-a-time sensitivity analysis, but a thorough investigation of the springback phenomena involving interactions
between the geometrical and mechanical parameters is done and surrogate models are developed via the data obtained
from finite element analysis using a multi-purpose explicit and implicit finite element software LS-DYNA to analyze the
non-linear response of structures. The constructed surrogate models can be utilized to perform fast prediction of
springback for a given combination of parameters. Three different surrogate modeling techniques are exploited and it
is found that the linear polynomial response surface approximations can provide acceptable accuracy. Finally, experiments
are conducted to validate the accuracy of surrogate models. It is observed that the cross-validation error predictions are
close to the errors observed in the experiments.
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Introduction

Tube bending operation is a manufacturing process,
which has a wide range of applications in many indus-
tries including automotive, aerospace, shipping, con-
struction, furniture, etc. The tube bending operations
are performed using tube bending machines, which
have become widespread as the computer numerical
control (CNC) technology is integrated with them.
Although there are various types of tube bending pro-
cesses, such as rotary-draw, compression, ram, press,
and roll bending, the rotary-draw tube bending oper-
ation is the most common method and can handle
about 95% of tube bending operations." Thin-walled
tubes can be easily bent in desired small radii using a
rotary-draw tube bending machine; moreover, low
operating costs and high tooling variety are the most
obvious advantages of this bending method.” A typical

CNC rotary-draw tube bending machine includes five
main bending components, as shown in Figure 1. These
are: (i) the bend die, (ii) the bend die assistant, (iii) the
clamp die, (iv) the wiper die, and (v) the pressure die.

The rotary-draw tube bending operation has been
investigated using analytical, numerical as well as the
experimental methods in various studies. Pan and
Stelson® explored the relation between bend radius
and cross-section deformation for tube bending oper-
ations using analytical methods. A comprehensive
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Figure |. Components of rotary-draw tube bender.

Table |. Geometrical properties for validation
model.

Outside diameter of the tube (mm) 20
Thickness of the tube (mm) 1.5
Bend radius (mm) 50
Clamp die length (mm) 55
Pressure die length (mm) 160
Wiper die length (mm) 55

Table 2. Mechanical properties. Data from®

Material Steel A573-81 65

Yield strength (MPa) 270
Tangent modulus (MPa) 900
Young’s modulus (MPa) 219,400
Poisson’s ratio 0.3
Coefficient of friction 0.3

study was performed by Shr* that included experimen-
tal, analytical, and numerical studies about thickness
reduction, surface strain distribution, and springback
occurrence for rotary-draw tube bending operations.
Khodayari® experimentally examined thickness distri-
bution, amount of ovality, and springback for two dif-
ferent types of materials using rotary-draw tube
bending machine. Wang and Agarwal® modified the

rotary-draw tube bending operations by applying
axial pull and internal pressure in order to reduce
cross-section distortion and wrinkling.

Rotary-draw tube bending process is also used as a
pre-form operation before hydroforming, which is gen-
erally used in order to obtain complex tube geometries.
The success of the hydroforming operations widely
depends on the quality of pre-bent operations often
applied prior to hydroforming.” Grantab® studied
crashworthiness of hydroformed tube geometries and
also performed the rotary-draw tube bending experi-
ments and simulations. Sorine’ also analyzed pre-form-
ing and hydroforming operations performed on
advanced high strength steel tubes using experimental
and numerical methods. Li et al.'” performed a numer-
ical study on the effect of mandrel on stress distribution
to reveal wrinkling using both stainless steel and alumi-
num rotary-draw bend tubes. The deformation behav-
ior of the tubes which have large diameter, and a small
bending radius is also investigated by the help of an
analytical model and series of finite element (FE)
models in order to observe the bending capacity of
the tubes with respect to wrinkling, wall thinning, and
cross-section deformation.!' Another study, which
focuses on wrinkling problem occurring in rotary-
draw bending operation, is performed by Yang
et al.'? They studied on prediction of wrinkling for
the large diameter aluminum alloy thin-walled tubes
depending on diameter, clearances and coefficient of
friction. For the rotary-draw bending operations, not
only circular formed geometries, but also rectangular
formed ones are also investigated by the help of finite
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lar shaped aluminum tubes in order to obtain the
tangential stress distribution.'® It should be noted
that instead of using the FE method, meshfree methods
can also be used to perform springback prediction in
tube bending and forming process. There exist several
studies including Song et al.'* and Liu et al.'® that
showed that the meshfree methods can provide more
accurate results for springback analysis in sheet metal
forming.

There are some fundamental studies about spring-
back problem in tube forming operations that are
worth mentioning. The most comprehensive study
was performed by Gu et al., where the effects of par-
ameters are investigated using a one-at-a-time (OAT)
sensitivity analysis.'® The effect of mandrel on the
occurrence of springback is also investigated and the
whole process is analyzed in three steps: (1) bending
the tube, (2) retracting the mandrel, and (3) spring-
back.!” The parameters that affect the amount of
springback angle are also investigated by Da-xin
et al.'"® The results show that mechanical properties of
the materials, the bend radius, and the wall thickness
should be considered while determining the springback
angle. The studies also revealed that springback occur-
rence can be compensated online by the help of the
adaptive bend correction algorithm. This algorithm
stores online measurements in each step and modifies
the updated bends in order to reduce springback occur-
rence according to the previous bend values.'”*°

The aforementioned studies generally focused on
forming processes and investigated geometrical prob-
lems such as cross-section deformation, surface thin-
ning, and wrinkling occurrence. On the other hand,
the studies related to the springback occurrence gener-
ally focused on the fundamental forming parameters
such as the material properties, the tube thickness, the

‘ t=0.2s
' t=0.25s

t=0.3s

Figure 3. Effective plastic strain contours at different stages of
rotary-draw tube bending. Bend radius (R): 50 mm, tube diameter
(D): 20 mm, and tube thickness (t): .5 mm.

bend angle, and the bend radius. The prediction of
springback before the beginning of the bending oper-
ation stands out as a topic which has not been ade-
quately  studied.  Although there are some
parametrical studies about occurrence of spring-
back,'®!” they are generally performed using a OAT
sensitivity analysis. In OAT analysis, each variable is
changed between its corresponding limits while the
other parameters are kept constant at their nominal
values. There are two major drawbacks of this
approach: (1) the computed sensitivities are local and
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Figure 4. Effective plastic strain distribution at the extrados and intrados segments.
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Figure 5. Simulation and experimental results for springback
angles.

(2) the interactions between the variables are ignored.
To overcome these drawbacks, we perform the sensitiv-
ity analysis using analysis of variance (ANOVA) tech-
niques that can provide global sensitivities and can
handle variable interactions. In addition, surrogate
modeling techniques are utilized to generate approxi-
mate models that can mimic the behavior of FEA
models and can provide fast prediction of springback
for a given combination of process variables. In this
study, the diameter of the tube (D), the tube thickness
(), the ratio of bend radius to the tube diameter (R/D),

the bend angle (), and the coeflicient of friction
between the dies and the tube (f;) are considered as
fundamental process variables affecting the occurrence
of springback.

The study of the springback prediction includes two
main steps in our methodology. First, springback
values are obtained using FEA for various combin-
ations of forming and geometrical parameters, which
are considered as effective on formation of the spring-
back. These combinations of parameters are deter-
mined wusing Taguchi techniques to keep the
computational cost at a minimum. Note that prediction
of springback by experimental methods is considered as
a time-consuming and costly procedure, and FEA
provides us the achievement of different bending
simulations for various parameters in a cost-effective
manner. In the second step, approximate models are
generated using the results obtained from the FEA
using three well-known surrogate modeling tech-
niques—polynomial response surface (PRS), radial
basis functions (RBF), and Kriging (KR). While con-
structing the surrogate models, the following procedure
is pursued. First, ANOVA techniques are utilized to
perform a main effects analysis to determine the most
influential parameters of the rotary-draw tube bending
process. Then, the training point data and the spring-
back values, calculated at the training points, are
used to construct surrogate models to build a func-
tional relationship between the springback and the
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Figure 6. Effective stress contours before and after springback. Material: A573-81 65, bend angle (): 90°, bend radius (R): 50 mm,

tube diameter (D): 20 mm, and tube thickness (t): 1.5 mm.

problem parameters. Once constructed, these surrogate
models provide a very quick springback prediction for
any combination of problem parameters.

Finite element analysis

The rotary-draw tube bending simulations are per-
formed on the basis of real bending operations. The
functions of the main components of a rotary-draw
tube bending machine should be well understood
before exploring the FEA. Therefore, in this section,
a brief description of the rotary-draw tube bending pro-
cess is given before describing the details of the FEA of
the forming and springback simulations. A typical
rotary-draw bending operation can be described as fol-
lows: prior to the bending process, the bend die assist-
ant, the clamp die, and the tube are aligned with the
feeding axes, and then the clamp die is engaged with the
bend die assistant in order to prevent sliding of the tube
during the bending operation. The operation starts with
the rotation of the bend die. In this way, the bend die
assistant and clamp die draw the tube with the bend die
and against the pressure die. This movement provides
plastic deformation both at intrados and extrados seg-
ments of the tube. The pressure die provides an add-
itional moment in order to help completing the bending
operation and it also reduces the section thinning.* The
main purpose of using the wiper die is to provide add-
itional support to the tube behind the tangent point of
the bend and it helps to prevent wrinkling at the intra-
dos of the tube.” The wiper die also minimizes frictional
drag during the bending operation.® An internal

mandrel should be used for the operations, which
include larger diameter and thin-walled tubes to sub-
stantially prevent cross-section deformation and to
reduce ovality. Based on the values of the thickness
and the diameter of the tube, bend tooling can be
equipped with a plug or 1-3 balls of mandrel.®

Forming simulation

FE model of the rotary-draw tube bending operation is
prepared in ANSA?! and validated with the analytical
and experimental studies cited in the literature.*> Solid
model of the tube and bend tools are prepared accord-
ing to the geometrical properties of Khodayari’s®
experimental study, the parameters of which are given
in Table 1. In the FEA model, 3 mm element mesh size
is considered to be reasonable after the mesh conver-
gence studies. Belytschko-Tsay shell element with 10
integration points along the thickness is used in the
FEA.

The accuracy of the springback simulations are
highly dependent on forming simulations, which are
performed explicitly using the non-linear explicit FE
code LS-DYNA.* In the explicit forming simulations,
determining the most appropriate tooling velocity is
essential in order to reduce the simulation time and
the artificial dynamic effects.”> The tube material is
modeled as ‘Piecewise Linear Plastic’ using MAT-024
model from the LS-DYNA material library. Table 2
lists the material model parameters, which include the
Young’s modulus, the tangent modulus, the yield
strength, and the Poisson’s ratio. Bend tools are
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Table 3. Geometrical properties of the training models (L25-Taguchi array).

D R Clamp Pressure Wiper Tangent
Model (mm) (mm) die (mm) die (mm) die (mm) Mandrel length (mm)
I 30 60.0 60 100 51 RP-2 48
2 30 75.0 60 150 51 RP-1 48
3 30 90.0 60 200 51 P 48
4 30 105.0 60 250 51 - 48
5 30 120.0 60 300 51 - 48
6 40 100.0 80 200 64 RP-2 3.9
7 40 120.0 80 300 64 RP-1 3.9
8 40 140.0 80 350 64 P 3.9
9 40 160.0 80 200 64 - 3.9
10 40 80.0 80 200 64 RP-2 3.9
I 50 150.0 100 400 76 RP-2 48
12 50 175.0 100 200 76 P 48
13 50 200.0 100 300 76 - 48
14 50 100.0 100 250 76 RP-3 48
I5 50 125.0 100 300 76 RP-2 48
16 60 210.0 120 350 76 RP-1 5.8
17 60 240.0 120 400 76 RP-1 5.8
I8 60 120.0 120 350 76 CP-4 48
19 60 150.0 120 400 76 RP-3 5.8
20 60 180.0 120 250 76 RP-3 5.8
21 70 280.0 140 550 102 RP-1 6.4
22 70 140.0 140 450 102 CP-4 5.8
23 70 175.0 140 250 102 CP-4 5.8
24 70 210.0 140 350 102 RP-3 6.4
25 70 245.0 140 450 102 RP-1 6.4

P: Plug mandrel; RP-N: Regular pitch ‘N’ numbered ball mandrel; CP-N: Close pitch ‘N’ numbered ball mandrel.

modeled as rigid materials using the material model
MAT-20 from the LS-DYNA material library. The
contact between the tube and the bend dies are modeled
using the surface-to-surface contact algorithm using the
‘CONTACT_ONE_WAY_SURFACE_TO_SURFA-
CE’ keyword and the frictional effects are included by
selecting the friction coefficient as 0.3, which is consist-
ent with the validation case study. The validation run is
performed for a 90° of bend angle.

In Figure 2, the change in the wall thickness is
plotted using the data obtained from the segment of
the tube having 45° of angle with respect to the
feeding axes. The outcomes are compared with the
analytical results obtained the expression given by
Shr,* the experimental data of Khodayari’ and the
FEA results of Wang.® When the change in the
wall thickness graph is examined, a sufficient agree-
ment was observed between the experimental and
simulation results and thus, we concluded that the

FE model used in this study is reliable and sufficiently
accurate.

Another decisive parameter for the determination
of the accuracy of the FEA model is to compare the
effective plastic strain distribution of the FE model
with the corresponding analytical calculations. The
plastic strain, which causes permanent deformation
of the tube, can be obtained both analytically and
numerically. Effective plastic strain contour plot
obtained from FEA is given in Figure 3 for seven
different time steps in series and the analytical data
of the effective plastic strain are obtained from the
expression given by Shr.* The simulation results are
given for both extrados and intrados segments. In
Figure 4, the comparison results for the effective
plastic strain distribution at the extrados and intra-
dos segments of the tube, which is measured at the
end of the 90° of angle bending simulation, is given.
It should be noted in this comparison that an
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Table 4. Springback results corresponding to the training
points.

Diameter, Thickness, Bend Springback
Number D (mm) t (mm) R/D angle (°) Friction (°)
| 30 1.5 2 30 0.05 1.09
2 30 2 25 45 0.1 1.05
3 30 3 3 60 0.15 1.38
4 30 4 35 75 0.2 1.65
5 30 6 4 90 0.25 1.41
6 40 1.5 25 60 0.2 1.01
7 40 2 3 75 0.25 1.43
8 40 3 35 90 0.05 1.68
9 40 4 4 30 0.1 1.01
10 40 6 2 45 0.15 1.04
I 50 1.5 3 90 0.1 0.94
12 50 2 35 30 0.15 0.96
13 50 3 4 45 0.2 1.28
14 50 4 2 60 0.25 0.89
15 50 6 25 75 0.05 1.06
16 60 1.5 35 45 0.25 1.05
17 60 2 4 60 0.05 1.17
18 60 3 2 75 0.1 0.87
19 60 4 25 90 0.15 1.15
20 60 6 3 30 0.2 0.68
21 70 1.5 4 75 0.15 0.63
22 70 2 2 90 0.2 0.93
23 70 3 25 30 0.25 0.77
24 70 4 3 45 0.05 1.04
25 70 6 35 60 0.1 0.78
Table 5. ANOVA table.

Sum of Mean Effect

Source squares df.  squares F p>F (%)
D 0.77012 4 0.19253 10.4 0.0218  43.76
t 0.22368 4 0.05592 3.01 0.1553 12.71
R/D 0.19976 4 0.04994 269  0.1805 11.35
Bend angle  0.27716 4 0.06929 373 0.1150 15.75
Friction 0.21484 4 0.05371 289  0.1640 12.21
Error 0.07424 4 0.01856
Total 1.75980 24

ANOVA: analysis of variance.

analytical result shows the maximum value of the
effective plastic strain at the extrados segment of
the tube.

For both the extrados and intrados segments, meas-
urements show good agreement with the analytically
calculated maximum plastic strain values.

Springback simulation

Springback is defined as the deviation from the pre-
defined bend angle after the bending operations. The
reversion of the elastically deformed part of the tube is
considered as the main cause of the springback. In this
study, springback simulations are performed implicitly
using ‘DYNAIN’ springback method in LS-DYNA.
This method is applied by the help of a file, which
includes strain and stress data of the tube’s deformed
elements. For the implicit springback simulations,
double precision version of the LS-DYNA is used in
order to obtain a better convergence. Obtaining accept-
able springback values depends on the load steps
used in the springback simulation. In this study, spring-
back is calculated in every 10 load steps.
‘IMPLICIT_STABILIZATION’ keyword is required
for the implicit springback simulations in order to
extend springback occurrence into several steps and
the scale factor is chosen as 0.1 to allow the bent tube
springback freely over the first steps. Fully integrated
shell element with 10 integration points is used for the
springback simulation of the validation model.

Springback simulations were performed for A573-81
65 steel alloy using the geometrical and mechanical
properties given in Tables 1 and 2, respectively.
Figure 5 shows the comparison between Khodayari’s®
experimental results and our simulation springback
results for different bend angles. Springback angles
obtained from FEA show reasonable agreement with
the experimental results for A573-81 65. Therefore,
the springback model can be conveniently applied to
the parametric springback study. Effective stress con-
tours are also plotted before and after the implicit
springback simulations for the A573-81 65 steel in
Figure 6.

Parametrical study

Since there are various parameters including bend
angle, bend radius, tube diameter, thickness, and coef-
ficient of friction, analyzing the effect of combination of
these parameters on springback is a cumbersome pro-
cess. Thus, a preliminary examination is conducted,
which included examination of a baseline case and devi-
ation of each individual parameter from the baseline
case. Later on, combinations of the parameters are sys-
tematically changed and a mathematical expression is
developed using the data obtained from the simulations
performed in LS-DYNA.

Bend angle is one of the most effective parameters
that determine the amount of the elastic strain during
the simulation. Figure 5 shows the effect of bend angle
on the occurrence of the springback. It is clearly seen
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Figure 9. Main effects plot for springback.
Table 6. Geometric properties of the test models.
D Clamp die Pressure Wiper Tangent
Model (mm) R (mm) (mm) die (mm) die (mm) Mandrel length (mm)
26 34 86.1 68 200 64 RP-1 4.8
27 44 137.4 88 300 76 RP-1 48
28 66 234.8 132 500 102 RP-1 6.4
29 50 195.6 100 250 76 P 4.8
30 60 138.9 120 250 76 RP-3 5.8
31 54 216.0 108 300 76 RP-1 5.8
32 38 129.2 76 150 64 P 39
33 32 89.6 64 200 51 P 48
34 57 165.3 114 400 76 RP-3 5.8
35 63 132.3 126 400 102 CP-4 48

P: Plug mandrel; RP-N: Regular pitch ‘N’ numbered ball mandrel; CP-N: Close pitch ‘N’ numbered ball mandrel.

that increasing the bend angle causes higher springback
angles.

Tube diameter is considered as another very effective
parameter linked to the occurrence of the springback.
Figure 7(a) shows the change of the springback angle
depending on the various bent tube diameter values,
while the thickness and friction coefficient are assumed
to be constant. Simulations performed for three differ-
ent diameters (i.e. 30, 40, and 50mm) show that
increasing the diameter of the tube reduces the
springback.

Forming and springback simulations are also per-
formed for different thickness values and the results
are given in Figure 7(b). Tube diameter and coefficient
of friction are considered to be constant and taken as
30mm and 0.1, respectively. The bending simulations,
which have 90° of bend angle, show that increasing the
thickness value reduces the springback angle almost
linearly.

Springback angle is also affected by changing the
coefficient of friction between the dies and the tube.
Simulations are performed for 90° of bend angle
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while keeping the tube diameter and thickness constant.
In Figure 7(c), it is clearly seen that increasing the fric-
tion coefficient from the values 0.10 to 0.15 increases
the springback angle significantly; however, higher
coefficient of friction values leads to smaller amount
of increase on springback angle.

To observe the combined effect of the parameters
mentioned above, ANOVA techniques are utilized.
For that purpose, 25 different FE models having differ-
ent geometrical and forming properties are prepared.
The models, which include large diameter thin-walled
tubes, should be equipped with an internal mandrel in
order to prevent the wall from collapsing during the
bending simulation. Depending on the diameter of the
tube, different types of mandrels, which are shown in

Table 7. Test points.

Test Diameter, Thickness, Bend Springback
points D (mm) t (mm) R/D angle (°) Friction (°)
tl 32 42 2.8 65 0.25 1.19
t2 34 44 25 59 0.21 1.40
t3 38 2.7 34 30 0.15 0.99
t4 44 5.4 3.1 72 0.05 1.13
t5 50 3.8 3.9 31 0.13 091
té6 54 5.8 4 43 0.07 1.06
t7 57 1.5 29 75 0.2 0.93
t8 60 1.9 23 45 0.09 0.96
t9 63 4.8 2.1 90 0.12 0.93
tl0 66 2.9 3.6 8l 0.24 1.48

Figure 8, are used. For the flexible ball mandrel,
‘CONSTRAINED_JOINT_SPHERICAL’ keyword is
used to provide spherical movement ability to the
balls. Dimension of the dies and the geometrical prop-
erties of the internal mandrels are designed using the
data obtained from Miller’s’ guide and they are also
given in Table 3 for clarity.

Explicit forming and implicit springback simulations
are performed for 25 training points generated using
Taguchi orthogonal arrays given in Table 3. A573-81
65 steel, for which the mechanical properties are given
in Table 2, is used as a material for the simulations.
Springback values for each model are measured and
given in Table 4.

Determination of the most influential parameters

ANOVA is carried out to determine the effects of the
input variables on the springback value. Table 5 repre-
sents the ANOVA results generated using ‘anovan’
built-in function of MATLAB?** that performs multi-
way ANOVA for testing the effects of multiple factors
on the mean of the springback values. It is found that

Table 9. Error metrics for surrogate models.

Linear PRS Quadratic PRS RBF KR
RMSE 14.2 38.3 16.3 14.2
MAE 12.1 31.5 14.5 12.1

PRS: polynomial response surface; RBF: radial basis functions; KR: Kriging;
RMSE: root mean square error; MAE: mean absolute error.

Table 8. Computed springback values (°) and errors (%) at the test points.

Linear PRS Quadratic PRS RBF KR
Test points  Springback®  Springback®  Error (%) Springback® Error (%) Springback® Error (%) Springback® Error (%)
tl [.19 1.30 8.99 0.71 40.16 1.38 16.14 1.30 8.99
t2 1.4 1.22 13.43 0.58 58.63 1.23 13.08 1.22 13.43
t3 0.99 1.13 14.04 0.95 3.98 1.05 5.64 1.13 14.04
t4 1.13 1.22 7.86 0.82 27.37 1.28 13.01 1.22 7.86
t5 0.91 1.04 13.90 0.83 8.59 0.99 9.29 1.04 13.90
t6 1.06 1.05 0.89 0.46 56.38 0.89 16.40 1.05 0.89
t7 0.93 1.05 12.93 0.90 271 0.89 3.79 1.05 12.93
t8 0.96 0.82 14.12 0.72 24.54 0.77 20.04 0.82 14.12
t9 0.93 0.97 3.89 1.53 64.80 1.09 17.42 0.97 3.89
tl0 1.48 1.03 30.46 1.07 27.90 1.03 30.56 1.03 30.46

*FEA results using LS-DYNA.
®Predicted values.

PRS: polynomial response surface; RBF: radial basis functions; KR: Kriging; FEA: finite element analysis.
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the diameter of the tube is the most influential variable
among the other parameters. Figure 9 shows the main
effects plot for the springback value with the five input
variables (normalized between 0 and 1). None of the
variables are found to be insignificant; hence, the sur-
rogate models are constructed in terms of all five vari-
ables. If any of the variables were found to be
insignificant, those variables could have dropped from
the set of variables used in the surrogate models.

Constructing surrogate models

For constructing the surrogate models, first a group of
training points are generated using a design of experi-
ments (DoE) technique and the springback values are
computed at these training points. Then, a surrogate
model is constructed utilizing the training data.
Finally, the prediction of the response at any random
point can be achieved using the constructed surrogate
model.

Design of experiments

DoE can be divided into two main categories:* (i) clas-
sic designs and (ii) space filling designs. Fractional

Table 10. Cross-validation errors.

Case Data set RMSE  MAE
| 25 training points 23.7 17.9
2 35 training points (25 original training  21.3 15.8

points combined with 10 test points)

RMSE: root mean square error; MAE: mean absolute error.

Figure 10. CNC rotary-draw tube bender used in the
experiments.
CNC: computer numerical control.

factorial design, central composite design and Box-
Behnken designs® are the most generally preferred
classic experimental design types. On the other hand,
maximum entropy designs,?® Latin hypercube sampling
(LHS) designs,?” minimax and maximin designs,”® and
orthogonal arrays are the well-known space filling
design types. In this study, Taguchi orthogonal arrays
DoE is used to keep the computational cost at min-
imum. L25-Taguchi array (5-factors, S-levels) is used
to create training points provided in Table 3. After
generating the training points, the springback values
at the training points are computed using LS-DYNA
and listed in Column 7 in Table 4.

Surrogate models

A brief overview about these surrogate models is given
in the following sections.

Polynomial response surface. PRS models can be custo-
mized for any given number of predictor variables x;
(i=1... L). The most frequently used PRS model is the
second-order model defined as follows®

L L L-1 L
) =bo+ Y bixi+ Y bixi+ Y > byxix; (1)
i=1 i=1

i=1 j=it+1

where p is the response surface approximations of the
actual response function f, L the number of variables in
the input vector x, and bg, b;, b; and b; are the
unknown coefficients to be determined by the least
squares techniques.

Radial basis functions. A RBF can be modeled as™

y() =Y " ng( llx = x; 1)) )
i=1

where A; are unknown interpolation coefficients to be
determined, n the number of data points and ¢ the RBF
of the Euclidean norm from the ith sampling point,
which is the radial distance r of the design point x
from the sampling point or center x;

r=llx—x; | =/(x—x)"(x=x) 3)

The unknown coefficients (1;) can be found by mini-
mizing the residual of the deviations formulated as

n n 2
R= ; |:f(xk) - ;M‘P( [l vk —xi ||):| 4)
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Table 11. Experimental results for the springback for various geometrical parameters.

Experimental Diameter, Thickness, Bend Springback
points D (mm) t (mm) R/D angle (°) Friction )

| 15 2 2 90 0.1 1.3

2 15 2 2 45 0.1 1.1

3 15 2 2 30 0.1 1.4

4 20 4 2 90 0.1 22

5 20 4 2 45 0.1 1.3

6 20 4 2 30 0.1 1.0

Figure 11. Sample tubes having different geometrical properties bended using CNC rotary-draw tube bender.

CNC: computer numerical control.

In this study, multi-quadratic formulation
@(r) = /1 + ¢ with ¢=1 is used, as suggested in the
study of Wang et al.*!

Kriging. A KR model basically assumes a synthesis of a
trend model and stochastic component of the form

k
F="Bifix) + Z(x) ©)
i=1

where the trend model globally approximate the
response and Z(x), the stochastic component creates
deviations with mean zero and covariance

COV[Z(x)), Z(x;)] = " R[R(x;, ;)] (6)
where o” is the process variance and R the N x N cor-

relation matrix; N is the number of sampling points.
The term R(x;, x;) is the correlation function between

two sampling points x; and x;. In this study, the trend
model is chosen as constant and the correlation model
is chosen as Gaussian as suggested by Simpson et al.>*
The MATLAB® KR toolbox developed by Lophaven
et al.’® is used in this study.

Accuracy of surrogate models

The accuracies of the constructed surrogate models are
estimated at various test points (Table 6) generated
using LHS technique. Note that these test points are
not used while fitting the surrogate models. Springback
values at the test points are compared to the predicted
springback values of the response using the surrogate
models (Table 7). After computing the error values for
each test point (Table 8), root mean square error
(RMSE) and mean absolute error (MAE) metrics are
calculated from these results (Table 9). As seen from
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Table 9, error metrics for the linear PRS are the
smallest.

The constructed linear PRS model (using 25 training
points) is given in equation (7)

§5 = 1.1334 — 0.0122D — 0.0009¢ + 0.0976(R/ D)
+0.00456 — 0.0320f; (7)

Recall that we first generated 25 training points, con-
structed the surrogate models, generated 10 test points
and evaluated the accuracy of surrogate models using
the test points. The accuracies of constructed surrogate
models can also be assessed using leave-one-out cross-
validation error metrics. The cross-validation error is
calculated as follows. A surrogate model is constructed
N times with N-1 training points, each time one of the
training points is reserved as the validation data for
testing the accuracy of the model. Then, RMSE and
MAE metrics (%) are calculated as given in equations
(8) and (9), respectively

- <yi—J7(i) )2
RMSE = |— = x 100 8
N; i ®

1< '.Vi -0 '
MAE = — S =20 4 100 )
N Zl Vi

where y; is the exact value of the response at the
retained training point x; and y; the predicted value
of the response using surrogate model.

Table 10 presents accuracy evaluation of surrogate
models for two different cases. In the first case, the
leave-one-out cross-validation error values are com-
puted using 25 training points for the linear PRS
model. It is seen by comparing Tables 9 and 10 that
the cross-validation errors are larger than the errors
evaluated at test points. The second case indicates the
cross-validation error when 10 test points are merged
with 25 training points to get a data set of 35 points. It
is seen that this operation reduced the cross-validation
errors. Therefore, a new linear PRS model is con-
structed using the data set of 35 points. The constructed
linear PRS model (using 35 data points) is given in
equation (10). It can be argued that if 10 more test
points were generated and the accuracy of this new
linear model PRS were evaluated at those test points,
the RMSE and MAE of the new linear model would be
smaller than those provided in Table 9.

§p = 1.0096 — 0.0109D — 0.00237 + 0.0984(R/D)

+0.00510 + 0.1739f; (10)

Figure 12. Springback measurement from a sample. Material:
A573-81 65, bend angle (0): 90°, bend radius (R): 30 mm, tube
diameter (D): |5 mm, and tube thickness (t): 2 mm.

Comparison of experimental and
numerical results

The CNC rotary-draw tube bender used in the
experiments is shown in Figure 10. The experiments
are conducted using the tubes having the same
mechanical properties given in Table 2. The tubes
used in the experiments have different thicknesses and
bended for various bend angles (Table 11). The bended
tube shapes after the experiments can be seen in
Figure 11. The springback angles are measured in
CATIA using the digital photographs of the bended
tubes, as shown in Figure 12. Six different geometrical
parameters are used in the experiments. The geomet-
rical properties of the samples used in the experiments,
the bending angles, and the springback results
obtained for different experiments are presented in
Table 11.

The comparison between the experimental results
and the PRS models using 25 training points (equa-
tion 7) and 35 training points (equation 10) is given
in Table 12, which also shows the percentage error
between the numerical and experimental results. It is
observed that as the number of training points
increases, the error in springback prediction
decreases. It is seen that the mean absolute error
is reduced from 18.7% to 16.9%. In addition, com-
paring the errors reported in Tables 10 and 12, it is
seen that the cross-validation error predictions are in
line with the errors observed in experiments. The
reason for these errors might be due to the clearance
between the tube and the dies, misalignment of the
tube when it is mounted by the operator to the
bender, the machine setting (the radial and axial
pressures applied by the pressure die to the tube),
and the placement of the mandrel nose relative to
the line of tangency.
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Table 12. Comparison between experimental and numerical springback results.

Experimental Springback (°) Springback (°)

Error (%) Springback (°) Error (%)

points experiment equation (7) equation (7) equation (10) equation (10)
I 1.30 1.63 25.12 1.51 16.51
2 1.10 1.38 25.78 1.29 16.84
3 1.40 1.30 6.96 1.21 13.67
4 2.20 1.56 28.92 1.46 33.84
5 1.30 1.32 1.60 1.23 5.69
6 1.00 1.24 23.98 1.15 14.96

MAE 18.73 16.92
MAE: mean absolute error.

Conclusions .
Funding

In this study, we investigated springback phenomena in
rotary-tube bending process involving interactions
between the geometrical and mechanical variables.
For that purpose, the main tools of a typical rotary-
draw tube bending machine were modeled and simula-
tions were performed explicitly using non-linear FE
code LS-DYNA. ANOVA techniques were utilized to
determine the most influential parameters. Surrogate
models are constructed to obtain fast springback pre-
dictions for a given combination of the parameters.
From the results of this study, the following conclu-
sions can be drawn.

1. Springback simulations were performed for differ-
ent bend angles and it was found that the magnitude
of the springback increases almost linearly with
increasing bend angle.

2. Tube diameter was found to be the most effective
parameter and the springback linearly decreases
with increasing diameter.

3. Increasing the tube
springback.

4. Increasing the bend radius increases the amount of
area that elastically deformed, and thus causes an
increase in the springback.

5. As the coefficient of friction increases, the spring-
back increases rather non-linearly.

6. Three different surrogate modeling techniques were
utilized: PRSs, RBFs, and KR. It was found that
the linear PRSs provided the most accurate spring-
back predictions.

7. Experiments were conducted to validate the accur-
acy of surrogate models. It was seen that the cross-
validation error predictions were in line with the
errors observed in experiments.

thickness reduces the

Future research may focus on the use of meshfree
methods to study the springback behavior on rotary-
tube bending process.
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