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Abstract

Precise control of tube deformation during rotary draw bending is
critical for automotive, structural, and piping applications to avoid
rework and scrap. This study investigates the deformation behavior
of circular (CHS) and square hollow sections (SHS), focusing on
springback, ovalization, and wrinkling. ASTM A36 tubes @25 mm
CHS and 25 x 25 mm SHS were tested with wall thicknesses of
0.7, 0.8, and 1.0 mm at bending angles of 30°, 60°, and 90° under
controlled conditions. Results show that CHS consistently exhibit
lower springback (= 2.5-5.0°) and ovalization (= 7-14%) than
SHS, which reached up to 7.0° and 16.6%, respectively. Wrinkling
occurred only in SHS, affecting all specimens bent to 90° with wall
thicknesses of 0.7-0.8 mm. ANOVA identified tube geometry as
the most significant factor (F = 764, p < 0.001), followed by
bending angle and wall thickness, with negligible interaction
effects. Unlike prior studies analyzing CHS or SHS individually,
this work provides a systematic comparison under identical
conditions, bridging experimental validation with practical
guidelines. The findings highlight the decisive role of cross-
sectional geometry in tube bending mechanics and suggest
minimum thickness thresholds and compensatory tooling strategies
for defect-free manufacturing.
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1 Introduction

Metal forming through tube bending is one of the most
important and widely applied manufacturing processes in various
engineering fields, ranging from construction, automotive, and
transportation to shipbuilding and piping systems [1]. Bending
enables tubes to be shaped into specific angles and radii without
requiring joints, thus producing stronger and more economical
structures with minimal connection points [2]. In practice, tube
bending is often applied to both circular and square cross-sections.
Both geometries are widely used, each offering distinct advantages
and disadvantages with respect to structural efficiency,
manufacturing feasibility, and design considerations [3-4].

In general, Circular Hollow Section (CHS) tubes possess a
uniform material distribution about the neutral axis, making them
more efficient in resisting loads from multiple directions, including

bending, torsion, and internal pressure [5]. This symmetry explains
the widespread use of CHS tubes in applications requiring isotropic
strength, such as columns, piping systems, and vehicle frames [6].
However, during bending operations, CHS tubes are prone to
specific deformation phenomena. One of the most common is
ovalization, where the circular cross-section becomes elliptical due
to the combined effect of bending moment and radial stresses [7].
Ovalization becomes more pronounced with increasing bending
angle or decreasing bending radius [8]. In addition, CHS tubes
often exhibit springback, where the bent angle partially recovers
after the external load is released, creating challenges for
dimensional accuracy in manufacturing [9-10].

By contrast, Square Hollow Section (SHS) tubes display
different deformation behavior. The flat sides and sharp corners of
SHS tubes result in a non-uniform stress distribution during
bending[11-12]. The inner bend region is prone to stress
concentration and wrinkling, while the outer bend region is
susceptible to excessive stretching and wall thinning [13].
Furthermore, SHS tubes are more likely to experience cross-
sectional distortion, including dimensional changes in the flat sides
and deformation of the corners, compared to CHS tubes [14].
Nevertheless, SHS tubes offer advantages in terms of directional
stability, particularly in planar frame applications and structural
assemblies [15-16].

Numerous studies have sought to explain deformation
phenomena in tube bending. Studied thin-walled SHS steel tubes
(25%25x2 mm, S235JR) and reported that cross-sectional
deformation became significant when curvature exceeded 2.0 m™ 2,
while local wall collapse occurred at 6.0 m™ . For CHS tubes,
parameters such as outer diameter, wall thickness, and span length
were found to influence bending strength and post-failure capacity,
with increasing wall thickness delaying ovalization and improving
load-carrying capacity. These studies highlight the critical role of
cross-sectional geometry in governing tube deformation during
bending [17-18].

Recent developments in tube-bending research have focused on
optimizing deformation control through advanced tooling and
digital monitoring. Wang et al. (2025) introduced a diameter-
adjustable mandrel that significantly improves bending accuracy
for thin-wall tubes [6]. Similarly, Li et al. (2025) developed a
digital-twin-based deformation monitoring system for real-time
defect prediction during rotary draw bending [13]. Studies by Sun
et al. (2024) and Mohammed & Cashell (2021) further explored the
influence of temperature control and cross-sectional geometry on
local instability during bending [7]. Despite these advances, a direct
comparative analysis between CHS and SHS geometries under
identical experimental parameters remains limited. Therefore, this
study aims to bridge this knowledge gap by systematically
quantifying springback, ovalization, and wrinkling in both tube
types. Key questions arise regarding: (i) how differences in cross-
sectional geometry affect springback, ovalization, and defect
formation; (ii) the influence of wall thickness and bending angle on
bending moment capacity and structural stability; and (iii) whether
distinct failure patterns, such as intrados wrinkling or extrados
thinning, can be clearly distinguished between the two geometries.
Addressing these issues is essential not only for advancing
academic understanding but also for providing practical guidelines
to optimize tube bending operations in manufacturing industries.

2 Methodology

This study employed a systematic experimental approach to
investigate the deformation behavior of circular (CHS) and square
(SHS) tubes under controlled bending operations. The methodology
was designed to ensure reproducibility, statistical validity, and
direct relevance to manufacturing practices.

This study experimentally investigates the deformation behavior
of SHS and CHS during bending. Tubes with wall thicknesses of
0.7, 0.8, and 1.0 mm were bent at angles of 30°, 60°, and 90° using

Disseminating Information on the Research of Mechanical Engineering - Jurnal Polimesin Volume 23, No. 5, October 2025 585



a bending machine operating at a constant speed of 30 mm/min.
The analysis focuses on three key deformation phenomena:
springback, ovalization, and wrinkling. Results highlight how wall
thickness and bending angle influence dimensional accuracy and
structural integrity. The findings provide insights for optimizing
bending processes and minimizing defects in manufacturing
applications of tubular components (Fig. 1).

SHS (30°, 60°, 90°
Bending Angle)

‘Wall Thickness) e SPRINGBACK
+ OVALIZATION
nl ﬂ + WRINKLING
BENDING MACHINE
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CHS (30°, 60°, 90°
Bending Angle)

Fig. 1. Experimental schematic diagram

CHS (0.7, 0.8, 1.0 mm (Bending Speed: 30 mm/min)

Wall Thickness)

2.1 Experimental device

The bending tests were conducted using a rotary draw bending
machine (Fig. 2), which provides controlled bending angles and
ensures repeatability. The bending radius, speed, and specimen
length were kept constant throughout the experiments to serve as
control variables. Bending angles of 30°, 60°, and 90° were
selected to represent light, medium, and severe bending conditions.

Fig. 2. Bending machine

The rotary draw bending machine (Fig. 2) was equipped with a
fixed bending radius of 75 mm (corresponding to 3D, where D = 25
mm). The setup used a standard rotary-draw configuration without
a mandrel or pressure die to isolate the geometric effects of tube
shape. The clamping die and bending die were made of hardened
steel, with groove profiles matching the outer diameter or side
length of each specimen.

The experimental specimens consisted of ASTM A36 tubes:
CHS with an outer diameter of @25 mm and SHS with a nominal
cross-section of 25 x 25 mm; each geometry was tested with wall
thicknesses of 0.7, 0.8, and 1.0 mm. A material widely used in
construction due to its good balance of strength and ductility. Two
geometries were investigated:

e CHS : 25 mm outer diameter, 500 mm length.
e SHS: 25 x 25 mm cross-section, 500 mm length.

2.2 Experimental design and measurements

The bending angle was measured using a digital angle gauge,
calibrated against a certified reference block before each test. The
tool alignment and bending radius were verified using a coordinate
measuring arm (accuracy +0.02 mm). Calibration of the
measurement system was performed before testing by comparing
the recorded bending angle of a rigid reference specimen to the
programmed machine setting; deviations were within +0.1°. All
instruments complied with 1SO 2768 standard tolerances.

A factorial experimental design was adopted, considering three
main factors: Shape (CHS vs. SHS), Bending Angle (30°, 60°, and
90°), and Wall Thickness (0.7, 0.8, and 1.0 mm). Each condition
was repeated three times to ensure statistical reliability, resulting in
a total of 54 experimental runs.

The combination of these parameters yielded 18 testing
conditions, which served as the basis for this comparative study.
The variation in wall thickness was selected to evaluate the extent
to which tube wall stiffness influences deformation behavior, as
thin-walled tubes are generally more prone to shape distortion
compared to thick-walled tubes. Meanwhile, the variation in
bending angle provided insight into deformation levels under light,
moderate, and severe bending conditions. Through the experiments
in Table 1, a more comprehensive understanding of the differences
in deformation behavior between square and circular tubes is
expected, while simultaneously analyzing the influence of wall
thickness and bending angle on the quality of the bending.

Wrinkling on the intrados surface was quantified using a digital
optical profilometer (Keyence VR-5000, resolution 1 pm) to
measure the amplitude of surface undulations over a 30 mm gauge
length. A specimen was classified as wrinkled if the maximum
wrinkle amplitude (Amax) exceeded 0.15 mm or if the ratio Amax/t
> 0.2, where t is the wall thickness. Measurements were performed
at 5x magnification, and each reading was averaged over three
locations along the bend region. Specimens below this threshold
were considered wrinkle-free. The quantitative results were
subsequently cross-checked with visual inspection to confirm the
reliability of the optical measurements.

Table 1. Experimental parameters

Parameter Levels/values Notes
Tube shape CHS (@25 mm), SHS (25 x 25 mm) ASTM A36 steel
Wall thickness 0.7,0.8, 1.0 mm Independent variable
Bending angle 30°, 60°, 90° Independent variable
Bending speed 30 mm/min Constant
Specimen length 500 mm Constant
Bend radius Fixed (machine standard) Constant

The mechanical properties of ASTM A36 steel used in this
study are summarized in Table 2. Tensile tests were performed to
determine the yield and ultimate tensile strengths as well as
Young's modulus. At the same Time, the Poisson's ratio and
elongation values were adopted from standard references for
ASTM AS36 steel. These properties ensure adequate ductility and
stiffness suitable for bending operations.

Table 2. Mechanical properties of ASTM A36 steel used in the
experiments

Property Symbol Value Unit

Yield strength oy ~250 MPa

Ultimate tensile strength oy 400-550 MPa

Young's modulus E ~200 GPa
Poisson's ratio v 0.26-0.30 -

The deformation behavior of the tubes was evaluated using
three response variables:
1. Springback (A8)

Measured as the difference between the target bending angle
Owarger and the actual angle after unloading Gacua. Springback (A6)
can be obtained by Eqg. (1).

Af = Qtarget = Oactual 1)

2. Ovalization (%)

For CHS specimens, ovalization was determined using the
maximum (Dpax) and minimum (Dy,) diameters after bending.
Ovalization can be obtained by Eq. (2).

D — D, 2
Ovalization (%) = w x 100 2)

0
where Dy, is the initial diameter for SHS specimens, distortion

was assessed by changes in length (S) and corner angle (6)
compared to the undeformed state.

3. Wrinkling (binary)
Wrinkling at the intrados surface was inspected visually and
recorded as Yes/No.
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2.3 Specimen preparation

Test preparation is carried out in several stages: specimen
preparation, bending machine setup, and bending results data
analysis.

2.3.1 Specimen preparation

The specimen preparation stage involved determining the types
of specimens and the material properties required for the
experimental work. Two types of specimens were used: CHS and
SHS tubes, both commonly used in structural components in the
construction and manufacturing industries. Each specimen was cut
to 500 mm in length using a cutting saw. The initial dimensions,
length, diameter, and wall thickness were measured and recorded
before the bending tests. Fig. 3 shows the prepared CHS and SHS
specimens.

SHS (0.7, 0.8, 1.0 mm
Wall Thickness)

CHS (0.7, 0.8, 1.0 mm
Wall Thickness)
Fig. 3. CHS and SHS specimens

2.3.2 Bending machine setup
The setup of the bending machine began with an inspection of
all components to be used during testing. The bending machine

components were inspected to ensure proper condition and
compliance with standard operating procedures. The next step was
to verify that the machine operation followed the standard
operating procedures (SOP). The setup process was also adjusted
according to the predefined experimental parameters.

2.3.3 Bending result data analysis

The experimental data were analyzed using both descriptive
statistics (mean and standard deviation) and inferential statistics.
Analysis of variance (ANOVA) was performed to determine the
significance of primary factors and interactions on spring back.
Defect occurrence rates were calculated using frequency analysis.
Graphs and interaction plots were generated to visualize the effects
of variables on deformation behavior. The methodology ensures
that the results not only provide insights into material deformation
but also deliver practical implications for manufacturing
optimization.

3 Results and discussion
3.1 Descriptive analysis

Table 3 summarizes the descriptive statistics of the
experimental results, including the mean and standard deviation of
springback and ovalization, as well as the occurrence of wrinkling
defects (Egs. 1 and 2). The results clearly indicate that tube shape,
bending angle, and wall thickness strongly influence the
deformation behavior. HS springback =~ 5.0°, SHS = 7.0°; CHS
ovalization =~ 14%, SHS ~ 16.6%. Fig. 4. Bending results for (a)
30°, (b) 60°, and (c) 90° angles showing CHS (225 mm) and SHS
(25 x 25 mm) specimens, each tested with wall thicknesses of 0.7,
0.8, and 1.0 mm.

Circular tubes (CHS) exhibit lower springback compared to
square tubes (SHS) across all bending angles. For example, at a
bending angle of 90° with 1 mm thickness, the springback of SHS
reached an average of 7°, while CHS remained at approximately 5°.
This demonstrates that the cross-section geometry significantly
affects stress distribution during bending, with SHS being more
prone to elastic recovery after unloading.

Table 3. Descriptive statistics of bending results for CHS and SHS tubes (mean + SD, Defect %)

Shape Bending angle (deg) Wall yhickness (mm) Spring back (Mean + SD) Ovalization (Mean + SD) Defect (%)
CHS 30 0.7 2.50+0.15 7.00 + 0.56 0
CHS 30 0.8 2.67+0.29 8.14 +0.33 0
CHS 30 1 2.73+0.25 7.69+0.49 0
CHS 60 0.7 3.43+0.35 11.93 +£0.87 0
CHS 60 0.8 3.37+0.15 11.03+£0.17 0
CHS 60 1 4.03+0.25 9.99+0.35 0
CHS 90 0.7 4.37 £0.32 1475+ 0.6 0
CHS 90 0.8 443+0.21 14.00 £ 0.47 0
CHS 90 1 5.0+0.17 14.00 £ 0.62 0
SHS 30 0.7 4.47 £0.25 11.32 £ 0.57 0
SHS 30 0.8 453+0.25 10.0+0.64 0
SHS 30 1 5.03+0.12 9.77 £0.36 0
SHS 60 0.7 5.2+0.44 14.06 £ 0.27 100
SHS 60 0.8 5.7+0.26 12.64 + 0.59 100
SHS 60 1 6.0+ 0.26 12.85 £ 0.47 0
SHS 90 0.7 6.37 £0.12 16.62 + 0.94 100
SHS 90 0.8 6.33+0.47 15.98 £ 0.16 100
SHS 90 1 7.00+0.15 16.53 £ 0.66 100

*Wrinkling classification based on Amax > 0.15 mm or Amax/t > 0.2 (measured by optical profilometer

Similarly, ovalization increases as the bending angle becomes
larger and the wall thickness decreases. Thin-walled tubes (0.7
mm) showed ovalization levels exceeding 10%, particularly in SHS
specimens. CHS tubes maintained lower ovalization (7-14%),
while SHS reached up to 16%, confirming that wall thickness is a

critical parameter for maintaining dimensional accuracy during
bending operations. Defect occurrence analysis also revealed that
wrinkling appeared most frequently in SHS tubes bent at 90°, with
a defect rate of up to 100% of the samples (Fig. 4). This
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phenomenon is associated with local instability at the intrados wall
under severe bending conditions.

CHS SHS

CHS SHS
(b)

CHS SHS
(©)
Fig. 4. Bending results: (a) 30°, (b) 60°, and (c) 90° bending angle
3.2 ANOVA analysis

The Analysis of Variance (ANOVA) results confirm the
observed trends. Springback and ovalization were significantly
influenced by Shape, Bending Angle, and Wall Thickness (p <
0.05) in Table 4. Among these, Shape exerted the most potent
effect, indicating that the distinction between CHS and SHS is the
most critical factor. Bending Angle was the next most influential,
followed by Wall Thickness. Interaction effects were not
statistically significant, suggesting that these parameters operate
independently.

Table 4. ANOVA results for springback

Factor Sum Sq Df F p-value
Shape 54.60 1 763.86 <0.001
Bending angle 33.45 2 233.96 <0.001
Wall thickness 3.34 2 23.35 <0.001
Interactions n.s. - - n.s.

*Shapiro-Wilk and Levene tests confirmed normality and homogeneity (p > 0.05)
for all datasets

Before performing ANOVA, data normality was verified using
the Shapiro—Wilk test, and homogeneity of variance was assessed
using the Levene test at a 95% confidence level. The results
confirmed that all datasets satisfied the assumptions of normality (p
> 0.05) and homogeneity of variances (p > 0.05). Residual plots for
both springback and ovalization exhibited random dispersion
around zero, indicating no systematic deviation from the model
assumptions.  Consequently, no data transformation or
nonparametric alternative was required. All analyses were
performed using Minitab® 21.1 software.

The ANOVA results highlight several key insights. First, the
tube geometry (CHS vs SHS) is the dominant factor controlling
both springback and ovalization, which aligns with the descriptive
analysis. CHS, due to its cylindrical symmetry, distributes stresses
uniformly, whereas SHS suffers from stress concentrations at flat
sides and corners, explaining its poorer bending performance.

Second, bending angle strongly affects deformation: larger angles
amplify elastic recovery and dimensional distortion. Finally, wall
thickness contributes to structural stability, with thinner tubes being
more prone to ovalization and defects (Table 5). These statistical
findings reinforce the practical guidelines for manufacturing
optimization, suggesting that CHS tubes and thicker walls should
be preferred when high-dimensional accuracy and defect-free
results are required.

Table 5. ANOVA results for ovalization

Factor Sum Sq Df F p-value
Shape 62.38 1 208.25 <0.001
Bending Angle 298.75 2 498.65 <0.001
Wall Thickness 17.62 2 29.42 <0.001
Interactions n.s. - - n.s.

*Shapiro-Wilk and Levene tests confirmed normality and homogeneity (p > 0.05)
for all datasets

3.3 Discussion

The present findings clearly demonstrate that tube geometry,
bending angle, and wall thickness each play decisive roles in
governing deformation behavior during rotary draw bending.
Among these variables, tube shape emerged as the most influential
factor, as confirmed both by descriptive statistics and ANOVA.
CHS tubes consistently exhibited superior bending performance
compared to SHS tubes. Their symmetric cross-section enabled
more uniform stress redistribution, resulting in lower springback,
reduced ovalization, and no wrinkling under all tested conditions.

The verified results confirm that ovalization decreases with
increasing wall thickness. Specifically, tubes with t = 0.7 mm
experienced the highest ovalization levels (up to 16.6% for SHS
and 14.7% for CHS), while t = 1.0 mm specimens showed
substantially lower distortion (<10%). The reduced flexural rigidity
and greater susceptibility to cross-sectional collapse in thin-walled
tubes can explain this behavior. During bending, the inner wall
experiences compressive stress while the outer wall is subjected to
tensile stress; in thinner sections, the local plastic deformation at
these zones cannot be evenly redistributed, resulting in more
pronounced cross-sectional flattening. Conversely, thicker walls
provide greater resistance to radial compression, mitigating
ovalization.

The contrast between CHS and SHS is most evident (Fig. 5),
which illustrates springback as a function of wall thickness. CHS
specimens consistently recorded lower springback across all
bending angles and thicknesses, whereas SHS specimens exhibited
markedly higher values, especially at 90°. This trend highlights the
geometric disadvantage of SHS tubes, where flat surfaces and
corners promote elastic recovery after unloading [19].

8
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—&— CHS 90
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Wall Thickness (mm)
Fig. 5. Springback vs wall thickness for CHS

Fig. 5 shows the effect of wall thickness on springback in CHS
tubes bent at 30°, 60°, and 90°. Springback decreases gradually
with increasing wall thickness for all bending angles. At 30°,
values range from approximately 2.5° to 2.8°, while at 60° they
increase moderately to about 3.3°-4.0°, and at 90° they reach
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around 4.4°-5.0°. The overall trend indicates that thinner walls (0.7
mm) exhibit greater springback due to lower flexural rigidity and
higher elastic recovery, whereas thicker walls (1.0 mm) show
smaller angular deviation after unloading. Furthermore, larger
bending angles lead to greater springback due to greater bending-
induced elastic energy. These observations show that both wall
thickness and bending angle significantly affect the dimensional
accuracy of CHS bending.

Fig. 6, where ovalization increased with higher bending angles
and thinner walls. Once again, CHS maintained more moderate
levels of distortion, typically 7%-14%, while SHS reached 16%.
The vulnerability of SHS becomes particularly evident in thin-
walled conditions (0.7 mm), where dimensional collapse is more
pronounced. This reinforces the critical role of wall thickness in
maintaining cross-sectional integrity [20].

8

SHS 30
—&— SHS 60
—&— SHS 90

=)
1

N
!

Springback (de

(381

T T T T T T T

0.7 0.8 1.0
Wall Thickness (mm)
Fig. 6. Springback vs wall thickness for SHS

Fig. 7 The effect of wall thickness on ovalization in CHS tubes
bent at 30°, 60°, and 90°. Ovalization increases steadily with wall
thickness, showing higher distortion at 1.0 mm compared to 0.7
mm. Interestingly, tubes bent at 30° exhibit the highest ovalization
(=9-15%), followed by 60° and 90°. This indicates that at smaller
bending angles, cross-sectional distortion is more pronounced,
while larger angles allow for better stress redistribution and
reduced ovalization. Overall, both wall thickness and bending angle
significantly influence ovalization, emphasizing the need to control
these parameters to ensure dimensional stability in tube bending
processes.
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Wall Thickness (mm)
Fig. 7. Ovalization vs wall thickness for CHS

Fig. 8 The effect of wall thickness on ovalization in SHS
(Square Hollow Section) tubes bent at 30°, 60°, and 90°.
Ovalization values remain relatively low compared to CHS,
ranging from about 4% to 7%. As wall thickness increases,
ovalization shows a slight upward trend for all bending angles.
Among them, the 90° bend exhibits the highest ovalization,
followed by 60° and 30°. This indicates that SHS tubes are more
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resistant to cross-sectional distortion than CHS due to their
geometric stiffness. However, higher bending angles and thinner
walls still contribute to increased deformation.

20
SHS 30
—e— SHS 60
SHS 90
154
S
o
g
=
N 104
=
-
o
31 /_

T T T T T T T

0.7 0.8 1.0
Wall Thickness (mm)

Fig. 8. Ovalization vs wall thickness for SHS

The most striking contrast is captured in Fig. 9, which illustrates
wrinkling defect occurrence. While CHS remained completely free
from wrinkling across all bending conditions, SHS displayed severe
instability at the intrados. At 60° and 90° with thin walls, defect
rates for SHS reached 100%. These results underline the structural
limitations of SHS geometry, where compressive stresses on flat
surfaces cannot be accommodated without local buckling [21].
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Fig. 9. Wrinkling defect occurrence (%)

The statistical analysis reinforces these experimental
observations. ANOVA identified shape as the dominant factor
influencing both springback and ovalization, followed by bending
angle and wall thickness. The absence of significant interaction
effects indicates that each factor governs deformation behavior
independently, simplifying optimization strategies in
manufacturing.

Taken together, the combination of Fig. 5 to Fig. 9 with the
statistical analysis provides a coherent explanation of the observed
trends. CHS tubes are inherently more stable and reliable for
applications requiring dimensional precision, whereas SHS tubes
demand additional process control. To mitigate the risks associated
with SHS bending, strategies such as over-bending compensation,
increased wall thickness, or the use of mandrels and specialized
dies become necessary. These findings not only align with
theoretical expectations of plastic deformation mechanics but also
highlight the practical importance of selecting the appropriate
geometry in tube bending operations.

3.4 Practical implications

The comparative analysis between CHS and SHS tubes has
important implications for industrial tube-bending practices. The
consistent superiority of CHS, as demonstrated in Fig. 5 and Fig. 6,
indicates that circular sections should be prioritized in applications
where dimensional accuracy and structural stability are critical. The
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lower springback and reduced ovalization of CHS translate directly
into fewer corrective measures and more predictable bending
outcomes.

For SHS tubes, however, the challenges are more evident. Their
higher springback values require greater overbending compensation
to achieve the desired final geometry. This requirement is
particularly pronounced at severe bending angles, as reflected in
Fig. 5, where SHS consistently deviates more from target angles
than CHS. Similarly, the greater ovalization observed in SHS Fig. 6
suggests that stricter tolerances must be applied in design and
process planning when square sections are used.

The defect occurrence illustrated in Fig. 7 provides the strongest
warning for SHS applications. Wrinkling rates of up to 100% in
thin-walled SHS at 60° and 90° bends highlight the necessity of
additional tooling, such as mandrels or specifically designed dies,
to stabilize the tube wall. Without such measures, the risk of scrap
production ~ becomes  unacceptable  for  industrial-scale
manufacturing.

Finally, wall thickness emerges as a practical design parameter
that can mitigate many of these issues. Maintaining a minimum
wall thickness of 0.8 mm substantially reduces ovalization and
defect rates, particularly in SHS tubes. Although this
recommendation may lead to slightly higher material costs, it
ensures higher-quality bends and reduces rework or wastage,
thereby improving overall manufacturing efficiency.

3.4.1 Summary of findings

The results of this study provide a comprehensive
understanding of how tube geometry, bending angle, and wall
thickness affect deformation behavior during rotary draw bending.
Across all tested conditions, CHS consistently outperformed SHS,
exhibiting lower springback, reduced ovalization, and complete
resistance to wrinkling. These advantages are clearly illustrated in
Fig. 5 and Fig. 6, where CHS demonstrates more stable responses
to variations in wall thickness in Fig. 7, which confirms the absence
of wrinkling in CHS.

SHS tubes showed significant weaknesses, with higher
springback, greater ovalization, and a strong tendency to develop
wrinkling, especially at severe bending angles and reduced wall
thicknesses. These findings emphasize the geometric disadvantages
of SHS, where stress concentrations at flat surfaces and corners
promote elastic recovery, cross-sectional distortion, and local
buckling.

The statistical analysis (ANOVA) reinforced these experimental
observations, identifying shape as the dominant factor, followed by
bending angle and wall thickness, with no significant interaction
effects. This independence means that each factor can be addressed
separately in process optimization, providing a clear path for
industrial improvements.

The findings highlight a fundamental conclusion: CHS tubes are
inherently more reliable and dimensionally stable for bending
applications, while SHS tubes require careful process adjustments,
thicker walls, or specialized tooling to achieve comparable quality.
This knowledge provides both theoretical validation and practical
guidance for industries where precision tube bending is essential.

4 Conclusions

This study confirmed that tube geometry, bending angle, and
wall thickness strongly affect deformation behaviour during rotary
draw bending. Among these factors, tube shape was the most
influential, with CHS exhibiting lower springback (2.5-5.0°) and
ovalization (7-14%) and showing no observable wrinkling within
the current experimental conditions. These findings are valid within
the tested wall-thickness range (0.7-1.0 mm) and bending radius
(3D); minor wrinkling could occur under more severe conditions or
thinner sections. Based on the experimental results, a minimum
wall thickness of 0.8 mm is recommended for SHS tubes to prevent
excessive ovalization and wrinkling, especially for bending angles
> 60° when no mandrel is used. For severe bending (90°), an over-

bending compensation of 1.5°-2.0° can offset the higher
springback in SHS compared to CHS. Additionally, the use of
mandrel support or thicker walls is advised to improve dimensional
stability. These findings directly link the results to practical tube-
bending applications, providing actionable guidance for defect-free
manufacturing. From a practical standpoint, the results suggest that
CHS should be prioritized in applications requiring high-
dimensional accuracy and defect-free performance. When SHS is
required, compensatory measures such as overbending, thicker
walls, or mandrels and specialized dies become essential to ensure
acceptable product quality.
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