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Abstract Cold rotary draw bending of tubes is a CNC metal
forming process widely used in industry. When planning a new
process, trial and error is often required in order to calculate the
proper overbending and to avoid wrinkling, excessive thinning
and flattening. Process design is a critical, difficult, experience-
based activity, that requires the selection of several variables.

In this paper, a comprehensive, computer-based methodol-
ogy, called Tube ProDes, is proposed for process design of the
rotary draw bending of tubes. The approach can be described as
follows. First, numerical calculations are carried out in order to
compensate for springback, to evaluate the severity of the bend
(i.e. the risk of the occurrence of defects), and to assess the sensi-
tivity of the process to a change in the material properties. Then,
the tooling setup is completely designed by fuzzy logic, using the
tube material properties, the geometrical data of the bend and the
variables previously calculated as input.

Keywords Defect indicator · Fuzzy logic ·
Metal tubes process design · Rotary draw bending

1 Introduction

The minimum tool requirements for the rotary draw bending of
tubes are (Fig. 1) the bend die, the clamp die and the pressure die.
When, due to the tube geometry, bending is more difficult, the
use of a mandrel and a wiper die might be necessary. Especially
when bending long tubes, subsequently assembled into complex
parts, trial and error is often required for calculating overbending
and to reduce or eliminate the risk of defects (wrinkling, exces-
sive thinning and flattening as seen in Fig. 2). Therefore, process
planning is a critical and experience-based activity, that requires
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the selection of several variables. A comprehensive process de-
sign system has been developed by the Università di Cassino, and
it is able to automatically perform process design.

Fig. 1. Complete tooling setup for rotary draw bending

Fig. 2. Main possible defects during tube bending (thinning, flattening,
wrinkling)
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It is worth mentioning that the proposed system is aimed at
automatically providing “good” solutions from a technological
standpoint, where the word good means “similar to a decision
taken by a skilled process designer”. In other words, the goal of
the proposed method is not to reduce the occurrence of defects,
which might be thought as a by-product of the approach, but to
facilitate and accelerate process design.

The sequence of design choices taken by the proposed
methodology (Tube ProDes) is described as follows.

In the first place, according to the desired centreline bend-
ing radius CLR (mm) and bending angle θ (mm) (see Fig. 1),
the operating bending angle θ0 and the required feeding length
Fl must be selected, by taking into account springback effects
and by considering the risk of wrinkling, thinning and flattening.
Once the process parameters θ0 and Fl have been selected, the
tooling must be designed. Many variables are univocally and au-
tomatically dependent on the tube outer diameter OD and on the
actual bend radius R0 (i.e. compensated for springback), whose
selection is neither critical nor difficult. However, there is an-
other set of tooling design variables, whose value may strongly
influence the quality of the bent tube. The length of the clamp-
ing die Lcd and the type Tpd and length Lpd of pressure die
(see Figs. 3 and 4) have to be chosen. Tpd is a linguistic vari-
able, since the pressure die can be “stationary”, “roller”, “friction
follower”, “pressure follower” or “with boosted tube”. In the
present context, a linguistic variable is meant as a variable ob-
tained as an output of the fuzzy decision system, which does not
undergo de-fuzzification.

Fig. 3. Main design parameters for pressure, wiper and clamping dies

Fig. 4. Some types of pressure dies, stationary (top left), roller (bottom),
follower (top right)

Fig. 5. Main design parameters for mandrels (left) and four different config-
urations for mandrels (right)

The basic tooling setup is now designed. For severe bends,
using a mandrel and/or a wiper die might be necessary.

Mandrels are generally used to prevent wrinkling and flatten-
ing. The type of mandrel, if required, has to be chosen (it can
be one of the four kinds depicted in Fig. 5). The related design
variable Tm is therefore of a linguistic nature and can take one
of the values “N” for no mandrel, “P” for plug mandrel, “M” for
a standard pitch mandrel, etc. If a mandrel is used, the tangent
setting Sm (mm) must be estimated and, in case of an M, TW or
UTW kind of mandrel, the number of mandrel balls Bm must be
decided.

Finally, the use of a wiper die must be considered, especially
if wrinkling should be prevented. The related design variable Wd

is Boolean, assuming the value “0” if no wiper die must be used
and “1” if the wiper the should be used. When Wd = 1 the length
Lwd (mm) and tangent setting Swd (mm) of the wiper die have to
be calculated (see Fig. 3).

2 State of the art for computer based process design
of rotary draw bending of tubes

The topics found in the scientific literature, concerning tube
bending process design, are usually focused on the prediction of
one or more of the plastic bending phenomena (springback, thin-
ning, wrinkling and flattening) [1–8]. One of the more recent and
convincing studies on the prediction of bending mechanics can
be found in [9]. Some of the mentioned papers have been used as
an aid in the development of Tube ProDes.

When looking for systematic design guidelines to the selec-
tion of tooling, the literature is a little less extensive [10–12].
In [13], the authors describe a computer package for automatic
calculation of the springback correction in multiaxis tube bend-
ing and for computer aided generation of the NC code for a bend-
ing machine.

Very little published information is available concerning
computer based comprehensive methodologies for complete pro-
cess design. Some examples are described as follows.

In [14] a knowledge-based system has been developed to aid
the design of tube bending processes. Object-oriented program-
ming techniques and goal-driven search mechanisms, featured
by an interactive graphic user interface, have been applied in
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the development of the proposed knowledge-based system. How-
ever, the system is able to propose suggestions for finding out
the causes of defects, but no examples of application are given,
and as a consequence, the actual outcome is not very clearly
stated.

In [15] a comprehensive software tool is described, based
on a combination of numerical calculation and artificial intelli-
gence. The approach is very similar to the one implemented in
Tube ProDes, but is specialised for a special machine for the
post-fabricating of miniature metal tubular components.

From a commercial standpoint, a few software packages
are available and able to assist the designer in simple cal-
culations (e.g. AutoTube, VRbending, etc.), but are very far
from being a comprehensive approach for a complete de-
sign of the rotary draw tube bending process. To the au-
thor’s knowledge, some manufacturers of bending machines do
have developed software tools for tooling design, but their ap-
proach is extremely proprietary and no information has been
published.

3 Description of the methodology

As already shown in Sect. 1, the amount of decision variables
involved in process design are large, and the possible interac-
tions between the different parameters are significant. For these
reasons, process planning is a critical, difficult, lengthy and
experience-based activity.

The proposed approach to process design can be decomposed
into the following steps. First, a proper value for the overbend-
ing coefficient is selected (Sect. 3.1). Then, the feasibility of the
specified bend is assessed, i.e. the thinning risk Riskthin, the flat-
tening risk Risk fl and the wrinkling risk Riskwr are estimated.
The sensitivity of each risk to the tube material properties can
also be known, where useful (Sect. 3.2). Finally, a correct tool-
ing setup is designed, in order to reduce the risk of defects and
to ensure the specified geometrical tolerances with a satisfac-
tory process capability, mainly thanks to a fuzzy logic system
(Sect. 3.3).

3.1 Calculation of overbending parameters

The first design issue is to determine the overbending coefficient
for springback compensation, which can be defined as the ratio
R0/CLR, between the actual bend radius R0 and the desired cen-
treline radius CLR.

It is well known that [4] the springback ratio R0/CLR, is cal-
culated as:

R0

CL R
= 1− M · R0

E · I0
, (1)

where E is the elastic modulus, M is the bending moment and I0

is the moment of inertia. The method for calculating M has been
originally developed and can be found in [16].

After bending, the geometric centroid axis arc length (CLR∗θ)
is larger than the actual neutral axis length L [11], that can be

calculated thanks to the following equation:

L =
(

CL R −0.172 · OD

CL R

)
· θ, (2)

where OD is the tube outer diameter and L is the feed prepar-
ation length that would be used in the case of no overbending. If
the overbending ratio is considered, the required feeding length
Fl must be larger and could be estimated as:

Fl = L ·CL R

R0
. (3)

Knowing the overbended feeding length Fl and the springback
ratio, the overbended (increased) bending angle θ0 can be calcu-
lated as:

θ0 = Fl

(R0 −0.172 · ODR0)
. (4)

3.2 Calculation of the risk of defects and their sensitivity
to the material properties

When bending takes place, the outer wall of the bend gets in-
evitably thinner. If thinning is excessive, the tube may fracture.
When a minimal tooling setup is used (bend die, clamp die and
pressure die), a plain strain assumption can be done, and the tube
axial strain εax is equal, with the opposite sign, to the radial thin-
ning strain εth = −εax . The maximum axial strain in the tube
during bending is equal to:

εax = ln

(
1+ OD

2 · R0

)
. (5)

A minimum bend radius MBRthin can be defined as the mini-
mum admissible R0, before excessive thinning occurs, i.e. before
εax becomes equal to εmax , the maximum admissible axial strain.
For instance, εmax can be calculated by an empirical FLD model,
such as the ones found in [17]. Thus, MBRthin can be expressed
as in Eq. 6.

MBRthin = 1

2

OD

eεmax −1
(6)

If comparing the actual bend radius R0 with the minimum ad-
missible bend radius MBRthin , one can get an indication of the
risk of excessive thinning. A quantitative indicator of the risk of
thinning is therefore given by the following equation:

Riskthin = MBRthin/R0 −1. (7)

Fracture may occur when Riskthin > 0, and the greater
Riskthin is, the more likely is a fracture.

Analogously, the risk of wrinkling when a minimal and stan-
dard tooling setup is used (bend die, clamp die and pressure die)
can be indicated by Riskwrink = MBRwrink/R0 −1. The value of
the minimum bending radius MBRwrink , when the risk for wrin-
kling is considered, can be calculated as:

MBRwrink = OD

(
k1 + k2

OD

t

)
. (8)
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If assuming the isotropic flow stress law σ = K (ε0 + ε)n , where
the initial plastic flow stress is σ0 = Kεn

0, the empirical constants
k1 and k2 in Eq. 8 are:
{

k1 = 0.7208 · (n − ε0)
n −0.4514

k2 = 0.1294 · ln
(

1+σ0
K

)
+0.876

. (9)

Equation 9 has been developed by elaborating several empirical
and theoretical formulas found in the literature (e.g. [7]), and by
testing them with bending experiments, both newly executed and
found in the literature.

The risk of flattening when a minimal standard tooling setup
is used (bend die, clamp die and pressure die) can be connected
to the indicator Risk flat = MBR flat/R0 − 1. The value of the
minimum bending radius MBR flat , when the risk of flattening is
considered, can be calculated as follows.

MBRflat =
[

(ε0 +n)·n

18 · δ
]4 OD6

t
, (10)

where δ is the maximum admissible reduction in the tube diam-
eter due to ovalization. Equation 10 has been experimentally
determined, thanks to a large number of experimental tests on
different kinds of steel tubes.

For each of the mentioned defect indicators Riski , three pos-
sible cases are given.

When all defect indicators are Riski � 0 (say <−0.5), the
probability of a defect occurrence is very low, regardless of how
accurate the tooling design is and of variations in the incoming
material properties. The required tooling is usually simple and
inexpensive.

When any of the risk variables is Riski � 0 (say >0.5), the
probability of a defect occurrence is very high, and a feasible de-
sign solution, if any, can be found only after a careful design of
the tooling. If a feasible solution is found, the economical conve-
nience of the production must be evaluated.

When no Riski is � 0, but any of the defect indicator vari-
ables is Riski ≈ 0 (say, −0.5 < Riski < 0.5), there is still some
probability of a defect occurrence. Therefore, a careful tooling
design is necessary. Besides, the quality of the bends could be
strongly affected by a variation in the mechanical properties of
the incoming tubes. In this case, a sensitivity analysis is required
in respect of a change in the material properties. The sensitiv-
ity of the process to a change in the material properties j, with
respect to the defect i, can be obtained as:

∆ j_i = |Riski |
∂Riski/∂ j

· 1

j
. (11)

As an example, the sensitivity to a change in the strain harden-
ing exponent n, with respect to the wrinkling risk is given by the
following ratio:

∆n_wrink = |Riskwrink |
∂Riskwrink/∂n

· 1

n
=

= 1250 · R0 · t · |Riskwrink |
901 · OD2 (n − ε0)

n
[
ln (n − ε0)+ n

n−ε0

] · 1

n
.

(12)

The value of ∆n_wrink gives an indication of how large the re-
duction of the n-value must be, before a bending process with
a small negative Riskwrink becomes a positive Riskwrink (or how
large the increase of the n-value must be, before a process with
a small positive Riskwrink becomes a negative Riskwrink).

3.3 Design of the tooling setup

After the overbended angle θ0 and the defect risks Riski have
been calculated, the tooling setup must be completely designed,
i.e. all variables previously listed must be selected: Tm , type of
mandrel; Bm , number of mandrel balls; Sm , mandrel tangent set-
ting; Wd , use of a wiper die; Lwd , length of wiper die; Swd ,
tangent setting of wiper die; Lcd, length of clamping die; Tpd ,
type of pressure die and Lpd , length of pressure die. Several of
these variables are not of a numerical nature, i.e. they are ei-
ther Boolean or categorical. Furthermore, most of the design
activities are not based on equations or mathematical models,
but rather on decisions tables, rules of experience and design
guidelines provided by the manufacturers of bending machines.
For these reasons, most decisions for tooling design are taken
by a fuzzy logic design system, interfaced to Tube ProDes, and
developed thanks to a commercial software development tool
(fuzzyTECH).

In the following, the tooling design methodology is described.

3.3.1 Input variables of the fuzzy design system

The fuzzy design system is based on nine input variables (see
Table 1). Some of them are independent geometrical variables:
the centreline radius CLR, the tube outer diameter OD and
the wall thickness t. Some are calculated geometrical variables,
such as the degree of bend DoB = CLR/OD, the wall factor
WF = OD/t and the average bending angle, calculated as the
average of all angles θi to be bent during one operation:

teta_avg =
Ni∑

i=1

θi

Ni
. (13)

Finally, the three risk indicators (Riskthin , Riskwrink and
Risk flat ) described in Sect. 3.2 are used as input of the fuzzy
system.

Table 1. Input variables of the fuzzy design system

I N P U T

Variable Unit

Centre line radius CLR mm
Degree of bend DoB –
Outer diameter OD mm
Flattening risk Risk flat –
Thinning risk Riskthin –
Wrinkling risk Riskwrink –
Wall thickness t mm
Average bending angle teta_avg degree
Wall factor WF –
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As well as many other developments of the present work,
the membership functions of the fuzzy input have been de-
duced by a combination of specially designed experiments, by
a thorough and extensive study of the technical literature, and
thanks to suggestions by process engineers. As an example, the
membership functions for the input variable CLR are shown in
Fig. 6.

3.3.2 Output variables and rules of the fuzzy design system

Seven out of nine tooling output design variables (Tm , Bm , Sm ,
Wd , Lwd , Lcd and Tpd) are selected by fuzzy logic, and are listed
in Table 2. The two remaining variables (Swd , Lpd) are calculated
within Tube ProDes.

The fuzzy design system is then built onto about 90 mem-
bership functions, six main rule blocks, containing about 360 IF-
THEN rules. Each rule block confines all rules for the same con-
text. A context is defined by the same input and output variables
of the rules. The rules implemented in the fuzzy decision model
have been built by re-processing the extensive raw information
material provided by the available technical literature, specially
designed original experiments, suggestions by experienced pro-
cess engineers and machine manufacturers’ decision tables. All
this information and data, coming from different sources, has
been compared, combined and transformed into intermediate de-
cision tables, such as Table 3, which helps in selecting the type of
mandrel (Tm ).

Fig. 6. Membership functions for fuzzification of the input variable centre-
line radius, CLR

Table 2. Output variables of the fuzzy design system, with indication of the
defuzzification method

O U T P U T

Variable Unit Type

Number of mandrel balls Bm no
Length of clamping die Lcd – Centre of
Length of wiper die Lwd mm maximum
Mandrel tangent setting Sm mm

Type of mandrel Tm – Fuzzy input/
Type of pressure die Tpd – Fuzzy output
Use of wiper die Wd –

Finally, all the intermediate decision tables have been used
for building the six rule blocks of the fuzzy system and for de-
ciding the degree of support (DoS) of each rule. As an example,
a portion of the rule block for the selection of Tm and Wd is
pictured in Fig. 7.

The designed fuzzy system, as further shown in the follow-
ing Sect. 4, has been used a number of times with changing
tube geometry and material and produced encouraging results,
since it always provided a feasible process with a sound prod-
uct. However, in order to verify if the degree of support of
each rule has been correctly evaluated, the system has been
interfaced with a neuro-fuzzy learning module, provided by
the mentioned software package. A few parts of the fuzzy
system have been excluded from learning, since the author
is very confident in their formulation. The system has been
trained with the available experimental data. The neuro-fuzzy
training showed no significant change in the DoS. This re-
sults is probably explained by the fact that the same experi-
mental data, although combined with other sources, has been

Table 3. A small extract from one of the decision tables used for the selec-
tion of Tm (mandrel type)

Degree of bend: DoB = CLR/OD

1 2 3 4 5

0 M M P
20 M M M P
30 M M M M M

Wall factor 70 TW M M M M
WF 100 TW TW M M M

= OD/t 125 TW TW TW M M
200 TW TW TW TW TW
225 UTW TW TW TW
275 UTW UTW UTW UTW

Fig. 7. A small extract from one of the rule blocks
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Fig. 8. Structure of the fuzzy logic system

used for manually designing the fuzzy system. Nevertheless
it cannot be excluded that, in the future, training the sys-
tem with a more extensive data set would produce different
results.

Figure 8 shows the whole structure of rule blocks, identi-
fying the fuzzy logic inference flow from the input variables
to the output variables. The connecting lines symbolise the
data flow. Every output variable is connected to only one rule
block.

Within all rule blocks, the compensatory operator GAMMA
(with parameter γ = 0.10) has been used for input aggregation,
i.e. for the calculation of the “IF” part of the rule blocks.

As for result aggregation, the fuzzy composition combines
the different rules to one conclusion: the BSUM method is used,
meaning that all firing rules are evaluated. The degree of support
(DoS) is used to weigh each rule according to its importance. The
default value of an output variable is used if no rule is firing for
this variable.

Different methods can be used for the defuzzification, result-
ing either in the most plausible result or the best compromise.
The best compromise is produced by the centre of maximum
(CoM) method, used in this context. As well as for input vari-
ables, the membership functions of the output variables are not
uniformly distributed.

Further insights into the methodologies used for defuzzifica-
tion in the proposed fuzzy system can be found in [18].

4 Application of the methodology

The described methodology has been implemented in a software
tool (called Tube ProDes). The software has been developed,
tested and evaluated exclusively with reference to stainless and
carbon steel tubes, with changing wall factor. No other material

has been tested. In the following, two examples of application of
the software are presented.

4.1 Example 1: carbon steel tube with large wall factor

Tube ProDes has been tested with a dual phase steel tube with
wall factor (OD/t) WF = 20 and degree of bend (CLR/OD)
DoB = 1.96. Material properties and geometrical input data are
given in Table 4.

The suggested overbending ratio is 1.041; the correct (exper-
imentally verified) coefficient is 1.035.

The flattening indicator is Risk flat = 0.65 > 0.5 (positive and
greater than 0.5). This indicates that flattening will probably
occur, regardless of the tooling setup.

The calculated wrinkling indicator is Riskwrink = 0.34,
which is positive, but smaller than 0.5. This indicates that
wrinkling is likely to appear, but it might be reduced or sup-
pressed with a proper tooling selection. Besides, the sensitivity
of the process to a change in the strain hardening exponent
n is low, since ∆n_wrink = 45%. Thus, a correct selection of
the tooling should be able to ensure an unwrinkled and robust
process.

A comparison between the tooling designed by a process
engineer and the tooling designed by Tube ProDes is briefly re-
ported in Table 5. The tooling designed is simpler than the one
selected by Tube ProDes.

It has been experimentally verified that, if using the tool-
ing designed by the process engineer, the measured flattening is
δ = 2.26 mm, greater than the prescribed maximum admissible
diameter reduction (2 mm). Besides, wrinkles grow on the in-
ner tube profile (Fig. 9). If using the setup suggested by Tube

Table 4. Input data to Tube ProDes for example 1

Geometrical input Material input

Outer diameter OD 30 mm Young modulus E 200 000 MPa

Wall thickness t 1.5 mm Tensile strength 660 MPa
UTS

Bending radius CLR 60 mm ε0 0

Bending angle θ 90◦ Strain hardening 0.138
exponent n

Max reduction on 2 mm Strain hardening 996 MPa
diameter δ coefficient K

Table 5. Tooling design suggested by Tube ProDes and by a process engi-
neer for example 1

Tooling design TuBe ProDes Process engineer

Mandrel type (see Fig. 5) Close pitch Formed end plug
Tm (with Bm=4)

Mandrel setting Sm 3.46 mm 7 mm
Wiper die Wd yes no

Pressure die (see Fig. 3) Tpd roller roller
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Fig. 9. Wrinkling on example 1

ProDes, flattening is closer to tolerance and no wrinkling is
visible.

4.2 Example 2: stainless steel tube with small wall factor

Tube ProDes has been tested with a stainless steel tube with wall
factor WF = 7 and degree of bend DoB = 2. Material properties
and geometrical input data are given in Table 6. The overbending
ratio, suggested by TuBe ProDes is 1.044, whereas the correct
(experimentally tested) coefficient is 1.047.

The calculated thinning and wrinkling indicators are well be-
low zero (−0.68, −0.50, respectively). Thus, there is no risk of
these two defects even with a basic tooling , and the sensitivity of
the process to a change in the material properties is not relevant.

Table 6. Input data to Tube ProDes for example 2

Geometrical input Material input

Outer diameter OD 6.35 mm Young modulus E 193 120 MPa

Wall thickness t 0.914 mm Tensile strength 625 MPa
UTS

Bending radius 12.7 mm ε0 0.0114
CLR

Bending angle θ 90◦ Strain hardening 0.336
exponent n

Max reduction on 0.3 mm Strain hardening 1262 MPa
diameter δ coefficient K

Table 7. Tooling design suggested by Tube ProDes and by a process engi-
neer for example 2

Tooling design TuBe ProDes Process engineer

Mandrel type (see Fig. 5) Tm Standard pitch Formed end plug
(with Bm = 2)

Wiper die Wd no no
Pressure die (see Fig. 3) Tpd roller follower

On the contrary, the flattening indicator is 0.64, which is pos-
itive and above 0.5.

A comparison between the tooling designed by a process
engineer and the tooling designed by Tube ProDes is briefly re-
ported in Table 7. The experiments show that, if using the setup
suggested by the process engineer, the measured flattening is
δ = 0.33 mm, which is greater than the prescribed maximum ad-
missible diameter reduction (0.3 mm). No significant wrinkling
or thinning appears.

5 Conclusions

A comprehensive computer based approach for the automatic
process design of rotary draw bending of tubes has been de-
scribed, based on a combination of numerical calculation, fuzzy
logic and empirical rules. The proposed method is able to cor-
rectly predict the risk of the occurrence of defects. Besides, it
seems to be able to perform an effective design of the tooling
setup. It has been used a number of times at an Italian company
(Sicamb of Latina, Italy, hereby thanked and acknowledged),
with changing tube geometry and material and produced encour-
aging results, since it always provided a feasible process with
a sound product.

A limitation of the proposed approach is that the economical
feasibility and convenience of the solution is not automatically
evaluated. Currently, cost constraints are being tentatively in-
cluded in the system.
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