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1. INTRODUCTION

Modeling and Simulation of Sheet
Metal Deformation for the Generation
of Folded Surfaces

Free-form folded sheet structures represent an emerging class of
lightweight systems in which geometric deformation is used to transform
planar materials into complex three-dimensional configurations. Although
curved folding concepts have been extensively investigated from
geometrical and kinematic perspectives, the influence of curved folding
path topology on the mechanical response of metallic sheets remains
insufficiently quantified. This study presents a numerical investigation of
the deformation behaviour of aluminium sheets containing different curved
folding path configurations. Three geometrical configurations were
analysed: a single curved folding path, two intersecting curved folding
paths and three intersecting curved folding paths. Five sheet thicknesses
were evaluated under a uniform in-plane edge pressure of 10 MPa. All
models were developed using a parametric CAD approach and analysed
under identical material properties, geometrical dimensions, and loading
conditions in order to isolate the influence of folding topology. The effects
of sheet thickness and boundary condition definition were investigated
using complementary numerical approaches based on Altair SimSolid and
Altair HyperMesh. The results obtained for displacements and Von Mises
stress are strongly dependent on the overall configuration and sheet
thickness. Mathematical regression models D,..(C,t) and 0, (C,t) were
established to express global displacement and Von Mises equivalent
stress as quadratic functions of folding topology (C) and thickness (t).
However, additional intersecting folding paths generate higher local stress
concentrations, particularly in regions where multiple deformation
mechanisms interact. The study also highlights the importance of boundary
condition definition in predicting the deformation behaviour of curved
folded structures. Fully constrained folding paths may introduce artificial
stress concentrations, while localized and distributed constraints provide a
more realistic representation of the physical deformation mechanism. The
results establish a systematic relationship between curved folding
topology, structural stiffness, stress distribution, and constraint definition.
The proposed methodology can support the design and optimization of
lightweight free-form folded structures for mechanical engineering,
architectural, and industrial applications.

Keywords :curved folding; free-form surfaces; folded sheet metal; alumi—
nium alloy; numerical simulation, finite element analysis; meshless simu—
lation; structural behaviour.

aerospace structures — lightweight stiffened panels,
automotive components — body panels with improved

The development of lightweight three-dimensional stru—
ctures from initially flat materials represents an impor—
tant research direction in mechanical engineering, arc—
hitectureand industrial design. Recent advances in
computational geometry, computer-aided design (CAD),
and digital manufacturing have enabled the generation
of complex free-form surfaces with applications in
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crash energy absorption, architectural shells — free-form
facades and deployable structures, and customized
products as for industrial design — customized light—
weight products.

Free-form surfaces are characterized by complex
spatial configurations that cannot be described using
conventional analytical geometries such as planes, cy—
linders, cones, or spheres. Their representation generally
relies on advanced modelling techniques, including non-
uniform rational B-splines (NURBS), subdivision sur—
faces, and mesh-based approaches, which allow accu—
rate generation and manipulation of complex geomet—
rical forms [1,2].
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An important class of free-form structures is rep—
resented by folded surfaces, where initially planar mate—
rials are transformed into three-dimensional configu—
rations through controlled deformation. Folding-based
design principles have received increasing attention
because they provide lightweight solutions, structural
efficiency, and the possibility of creating adaptive or
deployable systems.

Origami-inspired structures have demonstrated that
geometric transformations can be used to modify
mechanical behaviour without significant changes in
material quantity. However, classical origami appro—
aches are mainly based on straight folding lines, while
curved folding introduces nonlinear deformation paths
that generate more complex geometrical and mechanical
responses.

Curved folding structures are governed by the inte—
raction between crease geometry, material properties,
sheet thickness, and boundary conditions. Unlike rigid
origami models, real thin sheets undergo elastic de—
formation, and the resulting shape is influenced by ben—
ding stiffness, stress distribution, and local geometric
constraints [3—7]. Therefore, the transition from theore—
tical curved folding concepts to engineering applications
requires detailed mechanical analysis.

Previous studies have investigated curved-line fol—
ding for deployable structures and architectural appli—
cations. Vergauwen et al. demonstrated the potential of
curved folding for generating complex deployable
configurations through digital modelling techniques [3].
More recent investigations have focused on the mec—
hanics of curved creases, showing that crease geometry
influences deformation modes, stiffness variation, and
coupling effects between multiple folding paths [5-7].

The application of curved folding principles to thin
metallic sheets represents an attractive approach for
producing lightweight free-form structures. In such
systems, local geometric modifications can significantly
influence global structural behaviour. Studies on
bending-active shell structures have demonstrated that
thin sheets can be transformed into load-bearing three-
dimensional configurations by controlling curvature and
folding mechanisms [8].

However, metallic folded structures differ signifi—
cantly from idealized origami models because they
involve material elasticity, stress accumulation, manu—
facturing limitations, and possible local failure mecha—
nisms. Consequently, numerical simulation becomes
essential for predicting deformation behaviour and opti—
mizing structural performance.

Finite element methods (FEM) are widely used for
analysing sheet metal forming and bending processes
because they provide information regarding displace—
ment fields, stress distribution, and potential failure
regions [9,10]. The reliability of these simulations de—
pends on several factors, including material constitutive
models, element formulation, mesh quality, and boun—
dary condition definition. Previous studies have succes—
sfully employed finite element analysis to predict the
onset of plastic deformation under complex loading
conditions, demonstrating the capability of numerical
methods to accurately identify yielding phenomena and
permanent deformation in metallic structures [11].
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Although extrusion and sheet folding are different
forming operations, both involve complex elastoplastic
material behaviour that can be effectively analysed
using numerical simulation. Hrudkina [12] demon—
strated the successful application of computational
modelling for predicting deformation characteristics and
process parameters in a cold metal forming process,
confirming the versatility of numerical approaches for
investigating material response under large deformation
conditions. These studies underline the broader appli—
cability of FEM-based techniques to different metal
forming processes, including the deformation mecha—
nisms involved in curved folding of thin metallic sheets.

Younas et al. demonstrated that advanced finite ele—
ment formulations and appropriate material models are
essential for accurately predicting complex deformation
states in sheet metal forming processes [13]. Furt—
hermore, optimization methods based on numerical
simulation, design of experiments, and response surface
methodologies have been successfully applied to
determine optimal forming parameters and improve
manufacturing efficiency [14]. Although theoretical
calculations and finite element simulations provide
valuable support by enabling the prior estimation of
stresses and strains within acceptable limits, practical
applications often involve secondary phenomena, such
as local buckling or instability, that are difficult to
predict using numerical models alone. Consequently,
experimental validation remains an important comp—
lement to computational analysis. In this context, Braut
et al. [15] proposed a simple and rapid experimental
method for measuring strain in sheet metals, highligh—
ting the importance of reliable deformation measure—
ments for validating numerical predictions and impro—
ving the accuracy of structural analyses.

Besides geometry and material modelling, process
parameters may significantly influence simulation re—
sults. Factors such as friction conditions, surface chara—
cteristics, and deformation rate affect the accuracy of
sheet metal forming predictions and must be considered
when developing reliable numerical models [16].

For complex free-form geometries, conventional
finite element analysis may require considerable prep—
rocessing effort due to the need for appropriate mesh
generation, element selection, and local refinement.
Meshless structural simulation approaches represent an
alternative solution by allowing the evaluation of CAD-
based models with reduced preprocessing requirements.
Altair SimSolid is based on an external approximation
approach that enables rapid structural assessment while
maintaining accuracy for many linear static analyses [17].

Although significant progress has been achieved in
the fields of origami-inspired structures, curved crease
mechanics, and numerical modelling of sheet metal
deformation, several aspects remain insufficiently inve—
stigated.

Most existing studies concerning curved folding st—
ructures focus mainly on:

e geometrical generation methods;

e mathematical description of curved creases;
e kinematic analysis;

e deployable architectural structures.
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The mechanical influence of curved folding topo—
logy on metallic sheets subjected to controlled loading
conditions has received comparatively less attention.

In particular, the effect of increasing the number of
intersecting curved folding paths on structural stiffness,
deformation behaviour, and stress distribution has not
been systematically evaluated under identical material,
geometric, and loading conditions.

Previous investigations have demonstrated that
individual folding patterns can modify the mechanical
response of thin structures; however, a direct compa—
rative analysis between one, two, and three intersecting
curved folding paths is still lacking. Such a comparison is
important because the interaction between multiple cur—
ved paths may simultaneously increase structural stiffness
and generate critical stress concentration regions.

Therefore, this study addresses the following re—
search question:

How does the topology of curved folding paths
influence the mechanical response of thin metallic
sheets subjected to controlled static loading?

To answer this question, a numerical investigation
was performed on aluminium alloy sheets containing
different curved folding configurations.

The analysed structures consist of:

e asingle curved folding path;
e two intersecting curved folding paths;
e three intersecting curved folding paths.

All configurations were generated using the same
initial sheet dimensions, material properties, and loading
conditions, allowing the influence of folding topology to
be isolated.

The main objectives of this research are:

1. to evaluate the influence of the number of curved
folding paths on global deformation behaviour;

2. to analyse the relationship between folding topology
and Von Mises stress distribution;

3. to investigate the influence of boundary condition
definition on the predicted deformation mechanism;

4. to establish an efficient numerical methodology for
analysing free-form folded metallic structures.

The main contributions of this study are:

(D A systematic numerical comparison of three curved
folding path configurations under identical loading
conditions.

(IT) Quantitative evaluation of the relationship between
folding topology, structural stiffness, and stress
concentration.

(III) Demonstration that boundary condition definition
significantly affects the predicted mechanical response
of curved folded sheets.

(IV) Development of a combined simulation strategy
based on meshless structural analysis and finite element
modelling for the investigation of free-form folded
structures.

The obtained results provide new insights into the
mechanical behaviour of curved folded metallic sheets
and contribute to the development of lightweight free-
form structures for mechanical engineering, industrial
design, and architectural applications.

Unlike previous studies that focused primarily on
geometric origami models or limited crease confi—
gurations, our work establishes a unified simulation fra—
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mework for curved folding in metallic sheets under
controlled loading. This directly addresses the lack of
systematic analysis of intersecting curved paths and
their influence on stress distribution.

This paper aims to perform a static analysis of a
deformed aluminium sheet in order to obtain free-form
folded surfaces with complex shapes. The study starts
from the application of a simple geometric curve on the
surface of a metal sheet, followed by the analysis of
more elaborate configurations involving two or three
intersecting curves. In all cases, the initial dimensions of
the support sheet remain constant to ensure a compa—
rable basis between the different models.

To perform a relevant comparative analysis, all
models are subjected to the same external load but
under different constraint conditions, and the results
obtained from the simulations for stress distribution and
displacements were studied.

The simulations and structural analysis were per—
formed using the Altair software suite. In particular,
Sim Solid was used for a quick and meshless analysis,
which is effective for complex geometries, and Hyper
Mesh was used for model preparation and detailed finite
element meshing. Together, these solutions enabled an
accurate and comparative evaluation of the deformation
behaviour of each configuration analysed.

2. MATERIALS AND NUMERICAL METHODOLOGY

The numerical investigation was developed to evaluate
the influence of curved folding path topology on the
mechanical behaviour of free-form folded aluminium
sheet structures. The proposed methodology combines
parametric CAD modelling, meshless structural simu—
lation, and finite element analysis in order to determine
the relationship between folding geometry, deformation
behaviour, and stress distribution.

The study was designed as a comparative numerical
investigation. All analysed models were generated using
the same initial sheet dimensions, material properties,
and loading conditions. Therefore, the influence of cur—
ved folding topology could be evaluated independently
of other parameters.

The investigated variables were:

e number of curved folding paths;

e sheet thickness;

e Dboundary condition definition.

The numerical workflow consisted of five main

stages:

1. geometric modelling of folded sheet configu—
rations;

2. definition of material properties;

3. application of boundary conditions and exter—
nal loading;

4. structural simulation;

5. evaluation of displacement and Von Mises
equivalent stress distributions.

2.1 Numerical investigation workflow
A parametric modelling and simulation workflow was

developed for the analysis of free-form folded sheet
structures.
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The complete procedure is presented in Figure 1.

The use of a parametric approach allows the modi—
fication of geometric parameters while maintaining the
same reference conditions. This is essential for compa—
rative studies where the influence of a single design
variable must be isolated.

Parametric

CAD modelling Generation of curved

of metal sheet folding configuration
Boundary condition Material
and loading defining defining
e N

Structural
simulation

Displacement and
stress evaluation

.

s ™
Comparative analysis

for parametric models
N J

Figure 1. Numerical investigation workflow

2.2 Geometrical modelling of curved folding
configurations

The analysed structures consist of square aluminium
sheets with dimensions in mm: 251x251
Three different thickness values were considered in
mm: 0.5, 0.7, 1, 1.5 and 2
The influence of curved folding topology was in—
vestigated using three configurations (Figure 2):
e Configuration C1: one curved folding path;
e ConfigurationC2: two intersecting curved folding
paths;
o Configuration C3: three intersecting curved folding
paths.
The radius of the curved paths and the initial sheet
dimensions were maintained constant for all models.
This approach ensures that variations in mecha—
nical response are generated only by changes in folding

topology.

(a) one curved (b) two (c) three

folding path !
(c1); curved folding

paths (C2);

intersecting intersecting

curved folding
paths (C3).

Figure 2. Investigated curved folding path configurations

2.3 CAD modelling procedure

The three-dimensional models were generated using Auto—
desk Inventor through a parametric modelling approach.
The modelling sequence consisted of:
1. creation of the initial flat sheet geometry;
2. definition of curved folding paths;
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3. creation of a triangular folding channel profile,
the depth of the channel was chosen to be 1/3 of the
sheet thickness;

4. generation of the channel using a sweep operation
along each curved path. The channel profile was defined
as an isosceles triangle with an apex angle of:

The purpose of the channel is to locally modify the
stiffness distribution and to guide the deformation
process during loading.

The final CAD models were exported in STEP
format and subsequently imported into the simulation
environments.

2.4 Material properties

All numerical simulations were performed using Alu—
minium Alloy 2024-T6.

This alloy was selected due to its high specific
strength and its frequent use in lightweight structural
applications.

The material was considered homogeneous and
isotropic.

The mechanical properties used in the simulations
are presented in Table 1.

Table 1. Mechanical properties of Aluminium Alloy 2024-T6

Elasticity modulus [MPa] 72400
Poisson’s ratio 0.33
Density [g/cm’] 2.78
Tensile Strength Ultimate [MPa] 427
Tensile Strength Yield [MPa] 345

The selected mechanical parameters are consistent
with numerical studies of aluminium sheet deformation
processes [13].

2.5 Definition of loading and boundary conditions

All models were analysed under identical static loading
conditions.

A uniformly distributed pressure of 10 MPa was
applied on the four lateral surfaces of each sheet.

The loading level was selected to produce measu—
rable deformation while maintaining predominantly
elastic behaviour.

Boundary conditions represent a critical aspect of
curved folding simulation because they determine how
the structure is allowed to deform.

Two constraint approaches were investigated.

For the fully constrained curved folding paths,in the
first simulation stage, all degrees of freedom of the po—
ints defining the curved folding paths were constrained
(Figure 3a).

This condition represents a highly restricted defor—
mation mechanism and was used as a reference case.

For the second case namely localized constraint
strategy, the constraints were applied only at charac—
teristic locations:

o for the single curved folding path configuration, the
central points of the curve were constrained;

o for configurations with multiple curves, the inter—
section points between curved paths were constrai—
ned (Figure 3b).
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The remaining points along the curves were allowed
to deform freely.

This approach better represents the physical beha—
viour of curved folding structures, where the crease path
guides deformation but does not behave as a fully fixed
support.

b

Figure 3. Boundary condition strategies:(a) fully constra—
ined curved folding path; (b) distributed multi-node
constraints.

2.6 Structural simulation methods

Two complementary numerical approaches were emp—
loyed, for reasons of accuracy and efficiency of the
simulation. So, Altair SimSolid was used to perform the
simulation where the whole curve was constrained, and
Altair HyperMesh was used for multi-node constraints.

2.6.1 Meshless structural analysis using Altair
SimSolid

SimSolid directly uses CAD geometry for structural
analysis and does not require conventional manual mesh
generation [17].

This approach applied for the three configurations
with the whole curve constrained reduces preprocessing
time and enables rapid comparison during preliminary
development stages.

The obtained results included:maximum and mini—
mum displacement, maximum and minimum Von Mises
equivalent stress.

2.6.2 Finite element analysis using Altair HyperMesh

A detailed finite element analysis was performed using
Altair HyperMesh.

The CAD models were imported in STEP format
and discretized using tetrahedral elements.

A global mesh size of 3 mm was initially applied.

Local refinement was introduced in regions with
increased geometrical complexity, particularly near the
intersection zones of curved folding paths.

The curvature-based refinement parameters were:
minimum size factor: 0.1 mm;feature angle: 30° and
growth rate: 1.3 (Figure 4).
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Figure 4. Curvature-based mesh refinement in the
intersection region of curved folding paths

The refined mesh improves the representation of
local stress gradients and allows a more accurate evalu—
ation of critical regions.

2.7 Simulation matrix

The complete numerical investigation included:
e 3 curved folding configurations;
e 3 sheet thickness values;
e 2 boundary condition strategies. The analysed
parameters are summarized in Table 2.

Table 2. Numerical investigation parameters

Parameter Values
Sheet dimensions|mm] 251 x 251
Thickness[mm] 0.5,0.7,1,1.5,2
Curved folding paths 1,2,3
Material - Aluminium alloy 2024-T6
Applied pressure[MPa] 10
. . Altair SimSolid
Simulation methods Altair HyperMesh
Displacement
Evaluated t
vatuated parameters Von Mises stress

3. Results AND Discussion

The numerical simulations were performed in order to
evaluate the influence of curved folding path topology
on the mechanical response of thin aluminium sheets.
The analysis focused on two main aspects:

e global structural behaviour, evaluated through

displacement distribution;

e local mechanical response, evaluated through

Von Mises equivalent stress distribution.

The results obtained from the two numerical app—
roaches, Altair SimSolid and Altair HyperMesh, were
analysed comparatively in order to identify the influ—
ence of geometric configuration, sheet thickness, and
boundary condition definition.

3.1 Altair SimSolid simulation of the folding
processes

3.1.1 Results for displacement

For the chosen configurations and thicknesses, with
Altair SimSolid simulation of the folding processes, the
results obtained for the maximum and minimum
displacements are highlighted in Table 3.
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Table 3. Maximum displacement obtained from Altair
SimSolid simulations

. Thickness Displacement | Displacement
Configuration [mm] mli)n [mm] mgx [mm]

’ 0.5 3.1062E-06 1.6210E+00
‘,r"' 0.7 3.7685E-06 1.2316E+00
‘ 1 5.3188E-06 9.4515E-01
"«.\ 1.5 4.0305E-06 9.2645E-01
) 2 (Fig. 5) 8.8485E-07 6.8742E-01
, 0.5 5.1920E-07 1.1878E+00
i 0.7 3.0429E-09 1.1222E-01
f%* 1 1.9698E-09 2.8465E-01
\ 1.5 (Fig. 6) 3.1359E-07 7.4570E-02
) 2 1.0143E-09 1.5042E-01
, 0.5 1.2005E-09 2.7701E-01
*—J S/ 0.7 5.4363E-09 1.4183E-01
\: >\ 1 (Fig. 7) 2.5137E-09 1.4507E-01
TN 1.5 3.5409E-07 9.2140E-02
) 2 3.5506E-07 6.7350E-02

= Influence of curved folding topology on global
deformation behaviour
The first analysis considered the influence of the num—
ber of curved folding paths on the global deformation of
the sheet. Three configurations were compared:

e (1 — one curved folding path;

e (2 - two intersecting curved folding paths;

e (3 —three intersecting curved folding paths.

The simulations were performed using identical ma—
terial properties, sheet dimensions, and loading condi—
tions.

For the 15 simulated cases, displacement maps were
obtained, from which we selected one situation for each
configuration. The obtained displacement fields are
presented in Figures 5-7.

The results show that the maximum displacement
decreases with increasing number of curved folding
paths because the curves act as stiffeners. They increase
the moment of inertia of the section, making the plate
much more resistant to bending.

For the single curved folding configuration, the
deformation is concentrated around the main folding
path, allowing larger global movement of the sheet.

Max 6.8742e-01
6.3013e-01

6.3013-01
[ ey
5.1556e-01
4.5828e-01
4,00992-01
3.4371e-01
2.86422-01
2.2914e-01
1.7186e-01
1.1457e-01
5.7286e-02

/
thax 86742001 [

in &84850.07 [
5.7286e-02
Min B.8485e-07

Figure 5. Displacement distribution for configuration C1, t =
2mm

Max 7.4570e-02
6.8356e-02

in 3.1369¢-07 [mm] [ | 6.8356e-02
[ Py
5.5928e-02
4.8714e-02
4.3500e-02
3.7285¢-02
3.1071e-02
2.4857e-02
1.8643e-02
1.2429e-02
6.2145e-03

7.4570-02 [mm]

6.2145e-03
Min 3.135%e-07

Figure 6. Displacement distribution for configuration C2, t =
1.5 mm
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HMax 1.4507e-01
1.3298e-01

- 1.3298e-01

[ R

in 25137008 fmm) 083001
/ 9.6710e-02
p v 8.4522e-02
L - 7.2533-02
6.0444e-02
4.8355e-02
3.6266e-02
2.4178e-02
1.208%-02

1.2089e-02
Min 2.5137e-09

Figure 7. Displacement distribution for configuration C3, t =
1 mm

When two or three intersecting curves are intro—
duced, the sheet is divided into smaller deformation do—
mains. This geometric subdivision increases structural
stiffness and limits the propagation of deformation.

The obtained results indicate that curved folding
topology acts as a passive stiffening mechanism.

For identical thickness values, the three-curve confi—
guration presents the lowest displacement values.

This behaviour can be explained by the increase in
geometrical constraints generated by the intersection of
multiple curved paths.

= Influence of sheet thickness on displacement
reduction

The effect of thickness variation was analyzed for all
geometric configurations.

Increasing the thickness produces a significant
reduction in displacement for all analyzed confi—
gurations. Physically, the bending stiffness of a plate is
proportional to the thickness to the cube (t'). So, a
thicker plate will deform much harder. A small anomaly
is observed at C2, t = 0.7 mm, where the value drops
sharply to 0.112 mm, then increases to 0.284 mm for 1
mm. This is most likely a change in the deformation
mode in the simulation - buckling - or a peculiarity of
the constraints, but it does not spoil the macro trend of
the obtained data.

Using the mathematical regression method (curve
fitting), a formula can be determined to predict the
maximum deformation depending on the number of
curves (C) and the thickness (t).

Isolating the variable "number of curves" (n), it is
calculated with the average of the maximum
deformations for each configuration to see how the
geometry stiffens the part. Thus:

For C1: the average is ~1.082 mm

For C2: the average is ~0.362 mm

For C3: the average is ~0.145 mm

A steep decrease is observed. We can also appro—
ximate this stiffening by a polynomial equation of
degree 2 of the formula (1):

D=aC?+bC+c (1)

Solving the system for these averages, we obtain the
basis of the formula (2):

Dyeq (C) =~ 0.25C* —1.47C+2.3 )

The isolation of the "thickness" wvariable (t), is
calculated taking into account the average deviation (A)
generated by each thickness from the standard beha—
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viour. The thicker the part, the more negative the devi—
ation should be (pulls the deformation down).

The final formula (3) for the maximum deformation
(Dmmax) 1s obtained by combining the two components.

Diax (C,1) =(0.25C% ~1.47C+2.3) + At 3)

The formula is a very good approximation of reality.
It mathematically demonstrates to you that adding new
curves massively "slows" the deformation, and incre—
asing the thickness acts as an additional, predictable

factor to reduce it.

3.1.2 Von Mises equivalent stress analysis

For all simulated cases, Von Mises equivalent stress
maps were obtained, from which we selected one
situation for each configuration. The Von Mises

equivalent stress maps are presented in Figures 8—10.

Table 4. Maximum Von Mises obtained from Altair SimSolid

simulations

Configuration Thickness Vgn Mises Von Mises

[mm] min [MPa] max [MPa]

0.5 2.7070E+00 2.1215E+01

0.7 (Fig. 8) 1.9106E+00 1.9643E+01

1 3.1651E+00 2.7103E+01

1.5 1.9006E+00 1.7797E+01

2 2.6205E+00 2.0854E+01

0.5 1.7976E-01 2.7711E+01

0.7 (Fig. 9) 1.2012E-01 2.5518E+01

= 1 6.3361E-01 2.9703E+01
1.5 1.6664E-01 2.2530E+01

2 9.7345E-01 2.2086E+01

0.5 6.3778E-02 3.3417E+01

—{ 0.7 5.0572E-02 3.5375E+01
\: 1 (Fig. 10) 1.2655E-01 3.5266E+01

=\ 1.5 1.2021E-01 3.1841E+01

2 4.1863E-02 3.3605E+01

Max 1.9643e+01
- 1.6097e+01
./w.\ 1.9106e+00 [MPa] 1.4855e+01
- Loresor
. 1.1131e+01
9.8902e+00
8.643%e+00
N G, 7.4077e+00
N S Ca epiesto

[ R
|

Min 1.9106e+00

Figure 8. Von Mises stress distribution for configuration

C1,t=0.7 mm

Mex 2.55188+01 [MPa]

4

Figure 9. Von Mises stress distribution for configuration

C2,t=0.7 mm
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in 12012601 [MPs]

Max 2.5518e+01

2.0438e+01

| 2.0438e+01

1.8660e+01
1.6382e+01
1.5105e+01
1.3327e+01
1.154%e+01
9.7712e+00
7.9933e+00
5.2155e+00
4.4377e+00

.
2.6599¢-+00
|

2.6599e+00

Min 1.2012e-01

Max 3.5266e+01

in 1.2655¢-01 [MPa] 282382401

- 2.8238e+01
2,5778e+01
2,3318e+01
2,085%e+01
1.839%e+01
1.593%+01
1.3479e+01
1.1020e+01

8,590 400

5.1002¢ 400
B canse 100
]

3.64052+00

Max 3.5266e+01 [MPa]

Hin 1.2655e-01

Figure 10. Von Mises stress distribution for configuration
C3,t=1mm

The fact that the values for Von Mises max fluctuate
seemingly chaotically indicates that this is not a uniform
distribution of stresses, but rather complex local phe—
nomena specific to Finite Element Analysis (FEA/ MEF).

It is observed that the variation with thickness is not
linear or decreasing. Regarding the variation with confi—
guration, it is observed that as you add more curves
(ribs/stiffeners), the overall maximum stress increases,
instead of decreasing.

These results are almost certainly due to the way in
which the simulation software calculates the maximum
stresses in the intersection areas (geometry) and the way
in which the part is discretized (mesh).

The intersection point acts as a major stress concen—
trator. Although the structure as a whole becomes stiffer
and the average (nominal) stress probably decreases, the
stress at an infinitesimal point in the intersection area
will increase massively. This is why the 3-curve
configuration has the highest maximum stresses.

The automatically generated finite element mesh can
generate a distorted or too sharp finite element in the
area of the bends, which creates a singularity. For this
reason, the software reports this isolated node as "Von
Mises max", although the rest of the part is much less
stressed.

Although increasing the number of curved bending
paths improves stiffness, it also changes the stress dis—
tribution.

The stress distribution indicates that the highest va—
lues are located near:

» the curved bending paths;

* the intersections between the bends;

* the transitions between the deformed and unde-
formed regions.

For the configuration with a single curved bend, the
stress field is relatively distributed along the bending
region.

In the case of two intersecting bends, the interaction
between the deformation fields generates higher stress
gradients near the intersection area.

The three-curve configuration exhibits the highest
local stress values, as multiple deformation mechanisms
converge in a small area.

This result confirms that increasing the complexity
of the folding produces a simultaneous improvement in
stiffness and an increase in local stress concentration.
As the thickness increases, the relative stiffness between
the curved and flat areas changes. The maximum stress
could "move" from a bending area of the plate directly
to the base of the curve (in the shear zone), completely
changing the law of variation.
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Since the data are not linear, the variation of the
maximum Von Mises stress (6,,.¢) can be described as a
function composed of two components: one dependent
on the number of curves (C) and a fluctuating com—
ponent dependent on the thickness (t). The variation law
mathematically deduced from the data obtained by
simulation has the same configuration as in the case of
displacements, the stress increases nonlinearly (acce—
lerated) with the addition of new curves. This increase is
perfectly modelled by a polynomial function of degree 2
(quadratic equation). Deducing the coefficients, the
basic variation law is given by formula (4):

Opeq (C) =~ 2.1C% =2.1C+21.3 (4)

where C e {1, 2,3} represents the number of configu—

rations/curves.

The variation as a function of thickness (t) does not
follow a continuous monotonic function, but has an
oscillating character.

Combining the two observations, the law of vari—
ation of the maximum Von Mises equivalent stress for
the data set is defined by the following empirical for—
mula (5):

Gmax (C1) = (21C% =2.1C+21.3) + A1) )

The obtained trends demonstrate an important de—
sign compromise. Increasing the number of curved
folding paths:

e decreases global deformation;

e increases structural stiffness;

e increases local stress concentration.

Therefore, curved folding topology must be opti—
mized according to the required structural function. For
applications requiring high rigidity, multiple curved
paths provide advantages.

However, for applications involving cyclic loading
or plastic deformation, stress concentration regions must
be carefully evaluated.

3.2 Altair HyperMesh simulation of the folding
processes

For the three-curved-path configuration, the initial si—
mulations indicated stress values exceeding the yield
strength of Aluminium Alloy 2024-T6 near the inter—
section region.

This behaviour was attributed mainly to concen—
trated numerical constraints applied to individual nodes.

To overcome this limitation, a distributed multi-node
constraint strategy was introduced.

The modified model considers several neighbouring
nodes around the intersection region, reducing artificial
stress peaks.

The modified approach produced a smoother stress
distribution and better represented the expected physical
behaviour.

This confirms that for complex curved folding sys—
tems, constraint definition should be considered an es—
sential modelling parameter rather than only a simu—
lation setup step.
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For the simulation, the same models and the same
parameters were used, changing only the constraint in
the nodes.

3.2.1 Results for displacement

Table 5 summarizes the maximum and minimum disp—
lacements resulting from the Altair HyperMesh folding
simulations for each chosen configuration and thickness.

Table 5. Maximum displacement obtained from Altair
HyperMesh simulations

Configuration Thickness | Displacement | Displacement
[mm] min [mm] max [mm]
, 0.5 1.975E-03 1.777E-02
[ 0.7 1.946E-03 1.751E-02
. 1 1.966E-03 1.770E-02
\ 1.5 1.991E-03 1.792E-02
] 2 (Fig. 11) 2.083E-03 1.875E-02
" 0.5 3.593E-03 3.735E-02
f 0.7 2.846E-03 2.562E-02
== 1 3.398E-03 3.058E-02
\\ 1.5 2.693E-03 2.424E-02
‘ 2 (Fig. 12) 3.481E-03 3.133E-02
, 0.5 1.811E-03 1.630E-02
L/ 0.7 1.798E-03 1.618E-02
| X 1 1.875E-03 1.687E-02
—1 1.5 1.849E-03 1.664E-02
) 2 (Fig. 13) 2.331E-03 2.098E-02

The displacement maps are presented in Figures 11—
13.

1.875E-02
[ 1.666E-02
1.458E-02
— 1.250E-02
— 1.041E-02
— 8332E-03
6.245E-03
[ 4.166E-03

2.083E-03

Figure 11. Displacement distribution for configuration C1, t
=2 mm

3.133E-02
[ 2.785E-02
2437E-02
— 2.089E-02
— 1.741E-02
— 1.393E-02
1.044E-02
I 6.963E-03

3481E-03

Figure 12. Displacement distribution for configuration C2, t
=2 mm

2.098E-02
[ 1.865E-02
1.632E-02
— 1.399E-02

— 1.166E-02
— 9.326E-03

6.994E-03
4.663E-03
2.331E-03

Figure 13. Displacement distribution for configuration C3, t
=2mm

FME Transactions




It can be concluded that the displacement is constant
with respect to the thickness because the pressure
applied to the edge multiplies the total force in exactly
the same proportion as the stiffness of the section
increases. On the other hand, the influence of the
geometry determined by the number of curves depends
directly on the positioning of the embedment. It can be
seen that in the case of configuration two the
displacement is maximum because the restriction at a
single intersection point leaves the four subplans free to
bend under the lateral pressure.

3.2.2 Von Mises equivalent stress analysis
Based on Altair HyperMesh simulations of the folding

processes, Table 6 details the maximum and minimum
Von Mises stress values across the selected configu—

rations and thicknesses.

Table 6. Maximum Von Mises obtained from Altair
HyperMesh simulations

Configuration Thickness Vgn Mises Von Mises
[mm] min [MPa] max [MPa]

4 0.5 2.997E+00 | 2.697E+01

0.7 5.806E+00 | 2.025E+01

. 1 5.226E+00 | 2.271E+01

1.5 3.016E+00 | 2.714E+01

' 2 (Fig. 14) 4.853E+00 | 2.082E+01

; 0.5 1.174E+00 | 1.057E+01

/ 0.7 2.075E+00 | 1.868E+01
. 1 2.163E+00 | 1.947E+01

\ 1.5 1.929E+00 1.736E+01

‘ 2 (Fig. 15) 2.035E+00 | 1.831E+01

. 0.5 2.820E+01 | 2.538E+02
=i 0.7 1.540E+01 | 1.386E+02
b 1 1.275E+01 | 1.148E+02
— N 1.5 1.185E+01 1.067E+02
) 2 (Fig. 16) | 9.521E+00 | 8.569E+01

The Von Mises equivalent stress maps are presented
in Figures 14-16.

2.082E+01
[ 1.905E+01
1.727E+01
— 1.550E+01

— 1372401
= 1.195E+01

1.017E+01
8.401E+00
6.627E+00

4.853E+00

Figure 14. Von Mises stress distribution for configuration
C1,t=2mm

1.831E+01
[ 1.628E+01
1.424E+01
— 1.221E+01
— 1.017e+01
— B.139E+00
6.104E+00
[ 4.070E+00

2.035e+00

Figure 15. Von Mises stress distribution for configuration
C2,t=2mm
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8.569E+01
[ 7.617E+01
6.665E+01
— 5713+
= 4.761E+01
— 3.B0BE+01
2.856E+01
[ 1.904E+01

9.521E+00

Figure 16. Von Mises stress distribution for configuration
C3,t=2mm

From the data of the Von Mises max equivalent
stresses, differences are observed between the fluc—
tuations of the values depending on the number of
curves. For configurations 1 and 2, the values of the
equivalent stresses fluctuate rhythmically, the stress
does not decrease continuously with the thickness, but
varies slightly around 20 MPa and 18 MPa, res—
pectively. This has the physical explanation due to the
pure compression stress that appears in the plane. The
structure is anchored at a single point for both
configuration 2 and configuration 1. The metal sheet
can deform freely under pressure on the sides, without
generating large bending moments between the sup—
ports. For configuration 3, a decrease in the stress value
from 253.8 MPa (at 0.5 mm) to 85.69 MPa (at 2 mm) is
observed. This is due to the fact that it can be
considered a hyperstatic system with 3 points of con—
straint, the material between these supports is prevented
from moving freely. This creates huge internal reactions
and local bending/shear effects between the fixed po—
ints, increasing the thickness (t) increases the resistant
section, which drastically reduces the maximum Von
Mises stress.
= Influence of boundary conditions
The second numerical investigation focused on the
influence of constraint definition.

The comparison between fully constrained curves
and localized constraints revealed significant diffe—
rences in deformation behaviour.

When the entire curved path was constrained, the
structure exhibited artificially restricted deformation.

This condition produced:

e lower displacement values;

e increased local stress concentration;

e less realistic deformation patterns.

When only characteristic points were constrained,
the sheet was able to develop a deformation mode closer
to the physical folding mechanism.

The results demonstrate that boundary conditions
represent one of the most influential modelling para—
meters in numerical analysis of curved folded structures.

L60E+00 FC — Full Constrain
1,406400 MN — Multi-Node Constrain

8,00€-01

6,006-01
4,006-01
2,006-01
0,006400
05 - &
07 & O." &

Displacement [mm]
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FC — Full Constrain
MN — Multi-Node Constrain
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17il1)/

Von Mises [MPa]

Figure 14. Variation of displacements for the two
approaches: with full constraints (FC) and distributed
constraint on multiple nodes (MN)

Incorrect constraint definition may lead to unre—
alistic stress predictions, particularly in regions where
several folding paths intersect.

4. DISCUSSION OF RESEARCH CONTRIBUTION

The main scientific contribution of this study is the
systematic comparison of different curved folding path
topologies under identical mechanical conditions.

Previous studies have investigated curved folding
mainly from geometrical and kinematic perspectives [3—
71, while sheet metal simulations have generally focused
on conventional forming operations [8,10,14,16].

The present research connects these two fields by
demonstrating quantitatively how the number of curved
folding paths modifies:

e  structural stiffness;

e  deformation distribution;

e stress concentration;

e sensitivity to boundary conditions.

The obtained results show that curved folding topo—
logy can be considered an additional structural design
parameter for developing lightweight free-form sheet
structures.

5. CONCLUSIONS

This study investigated the influence of curved folding
path topology on the mechanical behaviour of thin
aluminium sheet structures through numerical simu—
lation. Three different free-form folded configurations
were analysed, consisting of one, two, and three inter—
secting curved folding paths, under identical geomet—
rical, material, and loading conditions.

The main conclusions obtained from this research
are the following:

1. Curved folding topology has a significant influ—
ence on the structural stiffness of thin sheet structures.

The increase in the number of curved folding paths
resulted in a considerable reduction of maximum disp—
lacement. The three-curved-path configuration exhibited
the lowest deformation values due to the subdivision of
the sheet into multiple deformation regions and the
increase of geometric stiffness.

The results demonstrate that curved folding paths
can act as passive stiffening elements without increasing
material thickness.

2. Increasing the number of curved folding paths
produces a simultaneous increase in stiffness and local
stress concentration.
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Although additional curved paths reduce global
deformation, the interaction between multiple defor—
mation zones generates higher Von Mises equivalent
stresses, especially near intersection regions.

Therefore, curved folding design requires a balance
between stiffness improvement and stress concentration
control.

3. Sheet thickness strongly affects the deformation
response of folded structures.

Increasing the aluminium sheet thickness from 0.5
mm to 2 mm significantly reduced displacement for all
investigated configurations.

However, thickness variation alone cannot eliminate
stress concentration effects generated by complex cur—
ved folding geometries.

4. Boundary condition definition represents a critical
parameter in numerical modelling of curved folded
sheets.

The comparison between fully constrained folding
paths and localized constraints demonstrated that cons—
traint strategy strongly influences the predicted defor—
mation mechanism.

Fully constrained models may generate artificially
high stresses, while localized and distributed constraints
provide a more realistic representation of curved folding
behaviour.

5. The multi-node constraint approach improves the
reliability of numerical predictions in critical regions.

For configurations containing three intersecting cur—
ved folding paths, concentrated point constraints gene—
rated unrealistic stress peaks.

The introduction of distributed constraints around
the intersection area reduced numerical singularities and
provided a smoother stress distribution.

6. The combined use of meshless and finite element
simulation methods provides an efficient methodology
for free-form folded structure analysis.

Altair SimSolid enables rapid evaluation of multiple
design configurations during preliminary development
stages, while Altair HyperMesh provides detailed infor—
mation regarding local stress distribution and critical
regions.

The integration of these approaches represents an
effective strategy for analysing complex folded sheet
structures.

The main contribution of this research consists of
establishing a systematic numerical relationship bet—
ween curved folding path topology and the mechanical
response of thin metallic sheets.

Unlike previous studies focused mainly on geo—
metric generation or kinematic behaviour of curved
folding structures, this work provides a quantitative
comparison of different curved folding configurations
under identical mechanical conditions.

The obtained results can support the development of
lightweight free-form structures for mechanical engi—
neering, architectural applications, and customized ma—
nufacturing.

Future research directions Further investigations will
focus on:

e experimental validation of numerical predic—tions;
e nonlinear elastic-plastic material behaviour;
e  spring-back effects after forming;
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e  optimization of curved folding path geometry;

e manufacturing limitations and residual stresses;

e development of design guidelines for controlled
generation of free-form surfaces.

REFERENCES

[1] Ray, P. P.. Internet of things cloud enabled
MISSENARD index measurement for indoor occu—
pants, Measurement, Vol. 92, pp. 157-165, 2016.

[2] Savio, E., De Chiffre, L. Schmitt, R.: Metrology of
freeform shaped parts, CIRP Annals, Vol. 56, No.
2, pp. 810-835, 2007.

[3] Vergauwen, A., Temmerman, N. D. Laet, L. D.:
Digital modelling of deployable structures based on
curved-line folding, in: Proceedings of IASS Annual
Symposia, Vol. 2014, No. 14, International
Association for Shell and Spatial Structures (IASS),
pp. 1-8, September 2014.

[4] Tachi, T., Rigid-foldable thick origami, Origami,
Vol. 5, No. 5, pp. 253-264, 2011.

[5] Demaine, E. D., Demaine, M. L., Koschitz, D.,
Tachi, T.: Curved crease folding: a review on art,
design and mathematics, in: Proceedings of the
IABSE-IASS Symposium: Taller, Longer, Lighter,
Vol. 20, Citeseer, p. 23, September 2011.

[6] Dudte, L. H., Vouga, E., Tachi, T., Mahadevan, L.
Programming curvature using origami tessellations,
Nature Materials, Vol. 15, No. 5, pp. 583-588, 2016.

[7] Dias, M. A., Dudte, L. H., Mahadevan, L.,
Santangelo, C. D.: Geometric mechanics of curved
crease origami, Physical Review Letters, Vol. 109,
No. 11, Paper 114301, 2012.

[8] Wang, X., Guo, Z., Zhang, X., Jin, J., Yuan, P. F.:
Bending-Active Shell Structure With Thin Sheets
Based On Curved-Crease-Folding Technique, in:
Intelligent & Informed, Proceedings of the 24th In—
ternational Conference of the Association for Com—
puter-Aided Architectural Design Research in Asia
(CAADRIA), Vol. 1, Hong Kong, pp. 63-72, 2019.

[9] Gustavsson, R. K., Aidanpdi, J. O.: Evaluation of
impact dynamics and contact forces in a hydro—
power rotor due to variations in damping and lateral
fluid forces, International Journal of Mechanical
Sciences, Vol. 51, No. 9-10, pp. 653-661, 2009.

[10]Karagiozova, D., Yu, T. X., Gao, Z. Y.: Modelling
of MHS cellular solid in large strains, International
Journal of Mechanical Sciences, Vol. 48, No. 11,
pp. 1273-1286, 2006.

[11]Maneski, T., Baji¢, D., Mom¢ilovi¢, N., Milosevi¢-
Miti¢, V., Balaé, M.: Determination of internal
pressure value causing pipe branch model to plas—
tically deform, FME Transactions, Vol. 46, No. 2,
p. 219, 2018.

[12]Hrudkina, N. S.: Process Modeling of Sequential
Radial-Direct Extrusion Using Curved Triangular
Kinematic Module, FME Transactions, Vol. 49,
No. 1, 2021.

[13]Silze, F., Schnick, M., Sizova, 1., Bambach, M.:
Laser metal deposition of Ti-6Al-4V with a direct

FME Transactions

diode laser set-up and coaxial material feed, Pro—
cedia Manufacturing, Vol. 47, pp. 1154-1158, 2020.

[14]Zhuolei, Z. H. A. 1., Mei, Z. H. A. N., Zhipeng, S.
H. I, Yunda, D. O. N. G., Xiaoguang, F. A. N.:
Acceleration of sheet metal spinning simulation by
multi-mesh method, Chinese Journal of Aero—
nautics, Vol. 38, No. 7, Paper 103251, 2025.

[15]Braut, S., Pavlovi¢, A., Beno, P., Babi¢, M.: Mea—
suring Strain in Sheet Metals, FME Transactions,
Vol. 47, No. 3, 2019.

[16]Panich, S., Chongbunwatana, K., Kamonrat—
tanapisud, M.: Formability prediction of advanced
high-strength steel sheets by means of combined
experimental and numerical approaches, Procedia
Manufacturing, Vol. 29, pp. 528-535, 2019.

[17] Altair Engineering. Getting started with SimSolid.
Altair Learning Center. Available from: https://
learn.altair.com/courses/getting-started-with-
simsolid-elearning

MOJAEJIMPAILE U CUMYJIALINJA
JE®OPMAIIMJE JINMA PAJIU TEHEPUCAIBA
CABUJEHUX ITIOBPIINHA

B. Kop3any, A. lyna, C.-M. Kpeny, A. Kop3any, M.
CrojuheBuh

CrpyKType 011 cI000IHO CaBHjEHOT JINMa MPEACTaBIbajY
HOBY KJIaCy JIAKMX CHCTEMa KOJ| KOJUX CE reOMeTpHjcKa
nedopmanmja kopuctH 3a TpaHchoOpMalHjy paBHHX
Mmarepujajia y CJIOXKEHe TpOJMMEH3HOHaNHe KOH(H—
rypauuje. Mako cy KOHLENTH 3aKPUBJHEHOI CaBHjama
OIICE’)KHO HCTPaXKMBAHM Ca TEOMETPHjCKOT W KHHEe—
MAaTCKOT CTAQHOBHINTA, YTUI[A] TOMOJOTHjE ITyTambe 3aK—
PHBJBCHOT CaBHjama Ha MEXaHMYKH OATOBOP METATHUX
JMMOBA OCTaje HEAOBOJHHO KBaHTH(HKOBaH. OBa cTy—
IMja TpeIcTaB/ba HYMEPHYKO HCTPAKUBAEE IOHA—
ama npu JedopManuju aTyMUHHjyMCKUX JIUMOBA ca
PasIMYUTHM KOH(HUIypalyjamMa IMyTamba 3aKpUBJHEHOT
caBHjama. AHaIM3UpaHe Cy TPU I'eOMETPHjCcKe KOH(pH—
rypanuje: TOjelUHavYHa ITyTamba 3aKPHBJHEHOI CaBH—
jama, JBe YKPIUTEHE MMyTame 3aKpPHUBJLEHOT CaBHjamba U
TPU YKPIITEHE TIyTamke 3aKPUBJBCHOT CaBHjamba.
EBanyupaHo je meT neGJbHMHA JHMMa O] PaBHOMEPHUM
NPUTHCKOM Ha MBHIM y paBHU. CBH MOJENH Cy
pasBujenn kopuinhemeMm mnapamerapckor CAD mpuc—
TyHa W aHAIM3UPAHH I0J HICHTUYHHM CBOjCTBHMA
MaTepHjalia, TeOMETPHjCKUM TUMEH3HjaMa U yCIOBHMA
onrepehema kKako OM ce W30JI0BA0 YTHIIA] TOIIOJIOTHje
caBHjama. YTUIAju Ae0JbUHE THMa U e(UHUCAbA TPa—
HUYHUX YCJIOBa HCTPaXMBAaHW Cy KOpuIIhemeM
KOMIUIEMEHTAPHUX HYMEPHUYKHX MPUCTYIA 3aCHOBAHUX
Ha codrBepuma Altair SimSolid n Altair HyperMesh.
Pesynratn nobujenn 3a momepama U Don Musecos
(Von Mises) eKBUBaJICHTHH HAIlOH CHA)KHO 3aBHCE O]1
YKynHe KOoH(Urypanuje n aebJpuHe JnMa. Y CIoCTaB—
Jb€HHM Cy MaTeMaTH4KH PErPEeCHOHH MOJIENN Ja Om ce
riobamHo momepartbe 1 @oH Mu3ecoB €KBHBAJICHTHU
HATIOH M3pa3wid Kao KBalapaTHe (YHKIHje TOTIOJIOTHje
camjaba (C) m pebreuHe (t). Mehyrtum, momatHe
YKpIUTEHE IyTame CaBHjama IeHepully Behe JokamHe
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KOHIIGHTpAallje HaroHa, MoceOHO y olnacTuma Te
HEKOJIMKO MeXaHu3aMa JedopMaiuje aenyje MHTepa—
ktiBHO. CTy/nja Takohe nctuue BaxxHOCT JeduHHCaba
TPaHUYHUX yCJIOBa y mnpeiBubamy IMOHAIamba 3aKPHB—
JbEHHUX CaBUjEHHX CTPYKTypa mnpu aepopmanuju. Ilor—
MYHO OTPaHUYCHE ITyTabe CaBUjaka MOTY YBECTH BEIl—
Tayke KOHIICHTpAllMje HamoHa, NOK JIOKalM30BaHA |
pacmozielbeHa OTpaHHYCHa MpYKajy pPeaTHCTUYHHjU

652 = VOL. 54, No 4, 2026

npuka3 ¢usznukor Mexanusma gedopmanuje. Pesynratu
YCIIOCTaBJbajy CUCTEMATCKy Be3y u3Mel)y Tomonoruje
3aKPHBJBCHOT CaBHjama, KPYTOCTH CTPYKTYpe, pacrio—
JieNe HaloHa U Ie(HHNCamba orpaHnyemsa. [Ipemioxena
METOIONIOTHja MOXKe MOAPKATH MPOjEKTOBAHE U ONMTH—
MH3aHjy JIAKHX CTPYKTYpa OX CIOOOJHO CaBHjeHOT
IMMa 3a NPUMEHE Y MAalIWHCTBY, AapXUTCKTYpH U
WHTyCTPHjH.
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