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Abstract: Presently, the realization of complex, unconventional designs using efficient modalities is
possible due to an increasing interest in interdisciplinary approaches: materials science, mathematics,
IT, architecture, etc. Computerized techniques, among which the algorithmic/generative design is
the most advanced one, that are associated with the individualized production methods are used for
finding solutions for modern spatial forms with an unconventional spatial geometric shape, which
are generically called “free-forms”. This work presents the design, realization and testing of a thin-
walled metallic structure proposed as a light structural unit. An integrated research approach was
proposed that utilized an algorithmic/digital design applied to the curved-crease-folding method
with the study (at different length scales) of the metallic material behaviour after folding. An original
method was proposed for the digital design and simulations. The specific mechanical behaviour
of the metallic material in the elastic–plastic regime was used in this case to improve the structural
performances; mechanical and structural tests were realized to analyse the behaviour of the entire
structure. The results are useful for enhancing the accuracy of the digital design, the structural
simulation programs and the fabrication methods.

Keywords: algorithmic/generative design; curved-crease-folding process; thin-walled metallic
structure; local and global material behaviour

1. Introduction

Constitutive parts of the metallic structures need innovative technologies for their
design and realization, together with a deep understanding of the specific features of the
materials’ behavior. A possible topic idea could be to create intelligent, easy-to-process and
highly efficient forms for the intended purpose. To fulfill this purpose, a new approach
called parametric or algorithmic design is used for overcoming many limitations. If the
latest advancements in material science are integrated into this approach (a difficult task,
already), new flexible design models as part of complex production programs are realizable.

Complex spatial structures often have free-form surfaces [1,2] with an unconven-
tional spatial geometric shape; they play a prominent role in contemporary design and
can be designed via algorithmic or generative design [3–8]. Generative design (GD), also
called algorithmic/computational design or parametric design [9–14], is a new class of
digital design media and associated software tools that are totally different from the con-
ventional CAD (computer-aided design), CAM (computer-aided manufacturer) and CAE
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(computer-aided engineering) procedures. Using GD, one can represent 3D objects by using
object-generating operations according to mathematical algorithms. A shape, in this case, a
free-form type, is described by a sequence of processing steps. Rhinoceros, the main mod-
eling medium in GD, works nowadays with Grasshopper extensions (Karamba, Kangaroo,
Geometry Gym) that are specialized for structural analysis based on a generative mode
(algorithmic, parametric and automatized) that is a different approach from numerical
mathematical methods/analysis (FEM–finite element method, or similar). Therefore, struc-
tural data for many parameters can be provided. The specific properties of the generative
systems are: the ability to generate complexity; the ability to self-maintain and self-repair;
the ability to generate novel structures, behaviors, outcomes or relationships [10,15–17].

However, for operating in generative/parametric design, advanced expertise and
knowledge are presumed regarding: mathematics, smart geometry, physical systems codes
and rules and IT abilities regarding operating with dedicated software. Another important
mention refers to material properties and behaviour integration in the design process.
For this, complementary knowledge about material science must exist and even then, the
problems remain difficult.

A modality to generate complex free-forms from different materials is curved-crease
folding (CCF) [18–22], which is a method that is a mixture of folding and bending, resulting
in a spatial surface with curved creases and smooth curved developable surface patches.

Folding is developed along spatial curves [19,23–25], not along straight lines. CCF is
an expanding scientific research domain that is not yet fully theoretically established.

Inside the whole process of spatial form-finding, the digital simulation of the defor-
mations that arise when a metallic material is folded along curved lines is complex. For
this reason, working with physical models is often the starting point in the design process.

The simplest scenario for the curved folded surfaces obtained is when the fold lines
result from the intersection of a developable surface with a cutting plane. In this case,
the result is the reflected geometry of one of the two sides [26], as can be seen in David
Huffman’s cone designs [27] (Figure 1a) and Philip Chapman-Bell models [28] (Figure 1b).
Using multiple sectioning and the reflection of a cone, a curved folded pattern results
(which is ultimately a developable area for a flat development).
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Figure 1. (a) Curved crease folding through a plane reflection [27]; (b) curved folded model resulted
through multiple sectioning and reflection of a cone [28].

CCF is, however, an underexplored topic. Folding techniques have the potential
to be widely applied to engineering, architecture and object design. The precedents for
folding along curves are for paper and some other materials, but their physical shapes
are poorly understood [29–33]. One of the difficult problems to explain mathematically in
the case of curved crease folding is that the surface cannot be represented using simple
parameters, such as NURBS (non-uniform rational B-splines) surfaces, because of the
restrictive constraints induced from its geometry [30].

The CCF technique has the potential for realizing complex structures using different
materials, but it is still at the beginning; usually, a trial and error approach is applied.



Processes 2021, 9, 1110 3 of 22

Therefore, the analysis of the complex forms using computational means associated with
advanced processing methods, such as digital fabrication (computer numerical control
(CNC) or robotic equipment for the folding process) [34–37], will lead to progress in this
domain. Generative design can be applied to the CCF process, but the most challenging
task is to integrate, understand and explain the specific behaviour of materials.

Obtaining useful applicative results is rather difficult to achieve in a single research
line due to all the aspects pointed out above because different and often antagonistic
information must be managed from: mathematics, IT, engineering and material science.
During a far-reaching approach, some important stages should be accomplished:

- The realization of an algorithm based on generative methods that are able to describe
the curved-crease-folding process;

- Describing the material’s behaviour in the algorithm;
- The selection of suitable production methods for spatial structures realization.

In our study, all these steps were completed to develop an experimental model of a
metallic structure, namely, a column-like one, consisting of six metallic elements that were
folded following curved paths.

An original method was developed for the generative digital design stage of the
curved-crease-folding process for the constitutive elements of the experimental model.
A specific technological method was designed for the experimental model realization.
Then, different mechanical tests were performed to study the local and global mechanical
behaviour of the metallic material at curved crease folding for the constitutive elements of
the experimental model and to analyse the entire structure’s response to loading. Detailed
results from the analysis of the above aspects are presented in this paper.

2. Materials and Methods

For the present study, a metallic material (Fe360 (CEN-EN)/A283 (USA ASTM, Arcelor-
Mittal Galati, Romania) was used for realizing the experimental model of a thin-walled
metallic structure, namely, a column-like one, with a spatial shape that is reminiscent
of the columns used in the classical architectural orders and with transparency through
the openings that appear in the bulging section of the column (Figure 2b (right)). The
aims were:

- The development of an algorithm for the curved crease folding design;
- The analysis of the material behavior after folding at different length scales from

micro/mesoscale to macroscale level in the proximity and at a distance from the
folding paths;

- The development of a production method for the experimental model realization and
specific testing of the spatial structure to validate the design.

2.1. The Development of the Curved-Crease-Folded Surfaces Using Digital Design

This section of the article presents the generative digital design of the spatial metallic
structure that was realized using the CCF method.

The main steps for the digital design stage for the spatial metallic structure were as
follows. Several preliminary designs [38,39] were produced using algorithmic tools and
different models were made from cardboard (Figure 2a,b); they represent possible column
shapes to be further realized using curved folded sheet metal. The shape seen in Figure 2b
(right) was chosen [40,41] having in view possible future applications of the object in a
built environment.

The steps of the virtual simulation of the CCF process [42] were as follows:

- Initially, a design solution was sought using physical models (usually cardboard models).
- Once a plausible idea arose, the planar development was digitally generated (un-

derstood as a two-dimensional shape that could be folded into a three-dimensional
shape, also called the “net” of the crease-folded element), preferably in an algorithmic
manner; this approach allowed for easily changing many parameters. The planar
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development/the net with the folding trajectories that were already marked was a
key object in the design process. Depending on the design accuracy and the material’s
intrinsic mechanical properties, the result may or may not the expected one.

- The simulation of the curved-crease-folding process took place using an interpre-
tation/conversion of the planar development (that would be used for fabrication)
as a rigid origami pattern (Figure 3a (bottom)). No analogies with the numerical
simulations (FEM, for example) could be done. Rigid origami uses polyhedral planar
plates that are joined by rectilinear hinges [43]; just for the rigid origami pattern,
everything was based on straight lines.

- The above conversion required the so-called “ruling lines” of the curved folded
spatial shape (Figure 3b). A particular curved crease planar development did not
describe a single possible folding outcome (Figure 4); it depended on the way the first
strip/surface was bent. This, in turn, determined the shape/curvature of the adjacent
piece, and so on. In any case, the outcome was a ruled surface, which was therefore
developable and integrated the ruling lines.

- Different folding variations of the same planar development exhibited differently
oriented ruling lines, which changed their orientation depending on the curvature
of the strips that formed the overall shape. This means that the “rulings pattern”
determined the way in which the planar development was digitally folded; more
specifically, it determined the way the separate strips/parts of the planar development
were folded/bent during the folding process.

- The orientation of the ruling lines on the planar development could be transferred in
the digital representation.

- Digital analysis: at this stage, the planar development (converted initially into poly-
hedral planar plates joined by rectilinear hinges, i.e., a rigid origami) was folded
digitally/virtually; after the virtual folding, the folded element could be subjected to
different analyses, either structural or otherwise.

Processes 2021, 9, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 2. (a) Model studies for the curved folded column design families—frontal and top view; (b) 
design family described in this paper—frontal and top view. 

The steps of the virtual simulation of the CCF process [42] were as follows: 
- Initially, a design solution was sought using physical models (usually cardboard 

models). 
- Once a plausible idea arose, the planar development was digitally generated (under-

stood as a two-dimensional shape that could be folded into a three-dimensional 
shape, also called the “net” of the crease-folded element), preferably in an algorith-
mic manner; this approach allowed for easily changing many parameters. The planar 
development/the net with the folding trajectories that were already marked was a 
key object in the design process. Depending on the design accuracy and the material’s 
intrinsic mechanical properties, the result may or may not the expected one. 

- The simulation of the curved-crease-folding process took place using an interpreta-
tion/conversion of the planar development (that would be used for fabrication) as a 
rigid origami pattern (Figure 3a (bottom)). No analogies with the numerical simula-
tions (FEM, for example) could be done. Rigid origami uses polyhedral planar plates 
that are joined by rectilinear hinges [43]; just for the rigid origami pattern, everything 
was based on straight lines. 

- The above conversion required the so-called “ruling lines” of the curved folded spa-
tial shape (Figure 3b). A particular curved crease planar development did not de-
scribe a single possible folding outcome (Figure 4); it depended on the way the first 
strip/surface was bent. This, in turn, determined the shape/curvature of the adjacent 
piece, and so on. In any case, the outcome was a ruled surface, which was therefore 
developable and integrated the ruling lines. 

- Different folding variations of the same planar development exhibited differently ori-
ented ruling lines, which changed their orientation depending on the curvature of 

Figure 2. (a) Model studies for the curved folded column design families—frontal and top view;
(b) design family described in this paper—frontal and top view.



Processes 2021, 9, 1110 5 of 22

Processes 2021, 9, x FOR PEER REVIEW 5 of 22 
 

 

the strips that formed the overall shape. This means that the ”rulings pattern” deter-
mined the way in which the planar development was digitally folded; more specifi-
cally, it determined the way the separate strips/parts of the planar development were 
folded/bent during the folding process. 

- The orientation of the ruling lines on the planar development could be transferred in 
the digital representation. 

- Digital analysis: at this stage, the planar development (converted initially into poly-
hedral planar plates joined by rectilinear hinges, i.e., a rigid origami) was folded dig-
itally/virtually; after the virtual folding, the folded element could be subjected to dif-
ferent analyses, either structural or otherwise. 

 
Figure 3. (a) The planar development and the reinterpreted planar development as a rigid origami 
pattern; (b) finding the ruling lines of the paper model. 

 
Figure 4. The same paper model presenting different curvatures in different positions. 

The process of the spatial form finding generated different models for the curved 
folded design for our study (Figure 2b). The authors focused on the possibility to realize 
the experimental model of a free-form metallic column using the curved-crease-folding 
process. The design also benefited from the natural flow of the metallic material under 
tension, which generated smooth surfaces that added an aesthetic value, especially since 
sheet metal has reflective properties that highlight the curvature. 

The end design (Figure 2b (right)) used a hexagonal footprint so that it better illus-
trated the idea of a circular section (rather than quadratic or triangular), which is specific 
to the concept of a column, but also because it presented a three-axial symmetry [44]. 

2.2. Algorithmic Design of the CCF Thin-Walled Metallic Structure 
The general algorithm was developed so that fewer symmetrical designs could be 

employed (i.e., that had a wider/longer bottom part of the constitutive element). This 
paper presents only the parts of the algorithm that were relevant for the presented design. 
The study aimed to generate all possible designs while keeping the visual identity of the 

Figure 3. (a) The planar development and the reinterpreted planar development as a rigid origami pattern; (b) finding the
ruling lines of the paper model.

Processes 2021, 9, x FOR PEER REVIEW 5 of 22 
 

 

the strips that formed the overall shape. This means that the ”rulings pattern” deter-
mined the way in which the planar development was digitally folded; more specifi-
cally, it determined the way the separate strips/parts of the planar development were 
folded/bent during the folding process. 

- The orientation of the ruling lines on the planar development could be transferred in 
the digital representation. 

- Digital analysis: at this stage, the planar development (converted initially into poly-
hedral planar plates joined by rectilinear hinges, i.e., a rigid origami) was folded dig-
itally/virtually; after the virtual folding, the folded element could be subjected to dif-
ferent analyses, either structural or otherwise. 

 
Figure 3. (a) The planar development and the reinterpreted planar development as a rigid origami 
pattern; (b) finding the ruling lines of the paper model. 

 
Figure 4. The same paper model presenting different curvatures in different positions. 

The process of the spatial form finding generated different models for the curved 
folded design for our study (Figure 2b). The authors focused on the possibility to realize 
the experimental model of a free-form metallic column using the curved-crease-folding 
process. The design also benefited from the natural flow of the metallic material under 
tension, which generated smooth surfaces that added an aesthetic value, especially since 
sheet metal has reflective properties that highlight the curvature. 

The end design (Figure 2b (right)) used a hexagonal footprint so that it better illus-
trated the idea of a circular section (rather than quadratic or triangular), which is specific 
to the concept of a column, but also because it presented a three-axial symmetry [44]. 

2.2. Algorithmic Design of the CCF Thin-Walled Metallic Structure 
The general algorithm was developed so that fewer symmetrical designs could be 

employed (i.e., that had a wider/longer bottom part of the constitutive element). This 
paper presents only the parts of the algorithm that were relevant for the presented design. 
The study aimed to generate all possible designs while keeping the visual identity of the 

Figure 4. The same paper model presenting different curvatures in different positions.

The process of the spatial form finding generated different models for the curved
folded design for our study (Figure 2b). The authors focused on the possibility to realize
the experimental model of a free-form metallic column using the curved-crease-folding
process. The design also benefited from the natural flow of the metallic material under
tension, which generated smooth surfaces that added an aesthetic value, especially since
sheet metal has reflective properties that highlight the curvature.

The end design (Figure 2b (right)) used a hexagonal footprint so that it better illustrated
the idea of a circular section (rather than quadratic or triangular), which is specific to the
concept of a column, but also because it presented a three-axial symmetry [44].

2.2. Algorithmic Design of the CCF Thin-Walled Metallic Structure

The general algorithm was developed so that fewer symmetrical designs could be
employed (i.e., that had a wider/longer bottom part of the constitutive element). This
paper presents only the parts of the algorithm that were relevant for the presented design.
The study aimed to generate all possible designs while keeping the visual identity of the
design. The 3D modeling software used was Rhinoceros 3D and the plugin used to define
the algorithm was Grasshopper. Grasshopper is a node-based visual programming tool
that provides basic (geometric, mathematical and data management) functions that were
used to develop the algorithms. There are also other plugins that expand the capabilities
of Grasshopper, such as Kangaroo and Karamba, which were both used in the process
(Kangaroo for the digital bending and Karamba for the stress analysis). Some explanations
are presented in the Supplementary Materials attached to this article.
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2.2.1. The Algorithm for Rationalized Planar Development

The metallic column was based on a number of strips (in this case, six) that had a
symmetrical arrangement of the folding lines (Figure 5), which eased the determination of
the “ruling lines” needed for the digital/virtual folding simulation.
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Obtaining the planar development with the final folding trajectories was done algorithmically.
Figure 6 shows a flow diagram for the part of the general algorithm dedicated to

obtaining the folding paths on the planar development.
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Figure 6. Flow diagram of the algorithm developed for the planar development (part of the
general algorithm.

This part of the algorithm generated one of the six planar elements that formed the
column. The algorithm started with a line with the final length of the planar development,
which was the precursor to the folding line. On this, a segment was cut in the middle
part of the planar element where the folding line was to be curved. The extremities of
this segment were defined using user input data. The middle segment was replaced by
a curve that was generated using a cosine function. The three “segments” were joined to
form the completed folding line, which was mirrored. The outside boundary was then
generated, which was based on the desired lateral flaps’ widths. This planar development
went further into the general algorithm to be digitally folded using the curved creases.

2.2.2. Concept of the Digital/Virtual Simulation of Curved Crease Folding for the
Constitutive Element of the Column

The simulation of the curved-crease-folding process used a conversion of the planar
development as a rigid origami pattern, which used polyhedral planar plates joined by
rectilinear hinges.

Rotating anchor points around the folding lines at the base of the strip determined
a chain reaction through the entire model due to the implemented rigid plate origami
behaviour. The folding angle was not constant along the crease [42]. According to the
way the planar development was folded, there were a couple of principles [42] that related
the orientations of the ruling lines (Figure 7): a straight line in the crease pattern (ruling
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pattern) could not be bent; the curved fold was twisted when the rulings had kinks at the
rulings. Both were taken into consideration for the algorithm, and the digital simulation
did return an acceptable approximation of the physical model (Figure 8). In this way, the
algorithm included an automated adaptation of the ruling lines pattern that generated
the planar development (which was the key object necessary for the starting point of the
curved folding process).
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2.2.3. The Development of the Algorithm for Digital Curved-Crease-Folding Simulation

Once the rationalized planar development was generated, a planar quadrilateral mesh
could be developed on it and then digitally folded [45].

The deformation (folding) can be performed using a specific origami software, such
as Freeform Origami and Rigid Origami Simulator [46], but the Kangaroo plugin for
Grasshopper can also be used in some steps of the algorithm; however, Kangaroo can
simulate deformations mainly for post-folding analysis. Figure 9 illustrates the flow chart
for the algorithm of the digital folding simulation with the connections that was used
to digital simulate the geometries and behaviours. The algorithm for the digital CCF
simulation is a specific part of the general algorithm.
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Figure 9. The algorithm for the digital CCF simulation.

The planar quad mesh method [42,47], which is based on the Tachi/Kilian method [42],
was used for simulating CCF to obtain the three-dimensional folded shape (Figure 10a). The
developed algorithm for this study implemented resistance to folding (a material property)
in a digital manner using specific digital instrument development. The main steps (named
“goals” in Kangaroo) of the digital simulation of the CCF process are as follows:

- A set of points on the lower straight segments of the folding lines are used as anchors,
meaning they keep the mesh in place when it gets folded.

- Their counterparts on the upper straight segments are able to slide toward the middle
as the mesh folds and therefore compress longitudinally, but they are not allowed to
migrate away from the area where they are originally located.

- Kangaroo works on assembles made of “springs,” which are straight-line segments
that can be rigid or flexible; the mesh is interpreted as a network of rigid springs along
the edges of the quads, but rigid springs are also generated on the diagonals to ensure
they do not skew during the process.

- A “planarize” component is also used to ensure the quad faces remain planar when
the folding occurs so that they reproduce the mechanics of real-world rigid plate
origami (which can estimate a curved folding process).
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- A “plastic hinge” goal is used that implements a limited resistance to the folding of
the model.

- A solid point collide goal is used so that the points on the lateral flaps of the de-
velopment/mesh are pushed by two virtual “banks.” These banks are a pair of
boxes/parallelepipeds that will gradually rotate (via user input) to fold the mesh into
place. The folding process should be gradual, from the initial flat net to folded one,
allowing for providing a relevant shape of the mesh with Kangaroo. The final folding
angle cannot be used directly.

- After the conditions for folding are defined and Kangaroo (compiler) is running, the
angle is gradually increased until it reaches its end value, which is based on the
number of sides of the column.

- After the mesh is folded, it is reproduced in a circular array to display the column as
a whole.
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Figure 10. Development of a personalized planar quad algorithm: (a) individual folded strips;
(b) strips splaying; (c) virtual banks (grips) used to fold the flat sheet/allow for planar development.

The developed algorithm virtually implements the metallic material resistance to
folding in the digital folding process. The method used to bend the steel sheets in place
involves folding the end parts (with the rectilinear folding trajectories) using a virtual tool
for progressive bending while the middle part of the folded element conforms. However,
the angles of the end parts do not propagate fully where the virtual tool is not used for
progressive bending due to the material’s resistance.

Therefore, the rectilinear parts at the extremities of the planar developments were
bent with a specific angle, while the midsection, which was governed by curved folding
lines, bent to another angle. This generated an additional problem because the lateral strips
tended to splay in the midsection (Figure 10b), which led to overlapping when they were
used as a six-piece ensemble. This issue was resolved using virtual banks (grips) as digital
instruments to digitally/virtually fold the flat sheet into place (Figure 10c).

Finally, the planar development was generated algorithmically (using Grasshopper
and Kangaroo) to easily modify the column proportions and generate the variations of the
fold paths’ trajectories.

2.3. Post-Folding Analysis

A metallic material changes its properties when it is folded (where the creases are,
between the gaps); furthermore, additional tension is induced in the material when it
adopts a curved shape. Therefore, it is very difficult to make a simulation that considers all
these aspects; as such, physical testing of a real-world model is necessary. As concerns the
simulation programs available at present for the post-folding analysis of a digitally folded
element, some of the following items are not yet implemented:

- The gradient of properties in different areas of the folded element.
- The additional tension gained after folding; this was partially implemented by some

authors just for certain particular designs [48].
- The influence of the solid–void ratio for the case in which the folding lines are marked

on the physical planar cut-out using perforations.
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However, the post-folding simulations can predict where the weak spots are on
the design and can steer the design process for the models/prototypes toward a more
efficient solution.

The purpose of the analysis was not to reproduce the folding process but to identify
the weak spots of the ensemble for future modifications of the design given that the metallic
material behaviour is totally different during and after folding than before folding.

During the folding process, the real deformation of the metallic material is complex,
with a gradient from undeformed areas to permanently deformed areas. This behaviour
was solved using the developed algorithm for digital folding simulation. The behaviour of
the metallic material was completely different at post-folding; the folded element behaved
elastically until the collapse/failure moment. This behaviour was also shown in the
experimental results, which are described further in this article.

The model that was introduced in Karamba was the final (already digitally folded)
element of the column with the dimensions (1 m in height) of the experimental model.

Kramba3D [49] uses a given (folded) mesh geometry without taking into consideration
the digital process that led to the final shape.

The computational analysis done in Grasshopper using Karamba [49] showed that
the middle section was where the stresses and deflections arose (Figures 11 and 12). The
goal was to implement the bending stresses that occurred due to the sheet material, which
transformed from the flat state to its curved state. Therefore, the intersection contour of
the two sides must be extracted, which is easily done in the digital realm once the digital
folding simulation is complete (Figure 11).
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Using this intersection path, the quadrilateral mesh was stripped and could be welded
in that area. Two scenarios (welded and non-welded) could be structurally tested and
compared by using Karamba. By applying the same axial force on the two models, the
deflections and internal stresses [49] were compared and it was revealed that the welded
solution performed two to three times better than the non-welded one (Figure 12a,b).

Once a satisfying shape was reached, Karamba was also used to determine the needed
material thickness to withstand the anticipated load of the column. The metallic material
thickness affected the ease with which the surface curvatures were formed and the bending
process along the folding path (noting that the bending angle varied along the folding path).

2.4. The Thin-Walled Metallic Spatial Structure Fabrication

The metallic material used for the spatial structure fabrication was a 1 mm thick sheet
of Fe360 (CEN-EN)/A283 (USA ASTM, ArcelorMittal Galati, Romania), which is a common
alloy used for stamping.

The fold paths’ trajectories needed to be transferred from the digital design to the
physically developed metallic planar cut-out (Figure 13a (left)).
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Figure 13. The results after the curved folding process: (a) circular perforations used for the folding
contour—planar development (left), folded element (right); (b) elongated perforations used for the
folding contour—perforation distribution (left), folded element (right).

The folding contour must be marked using mechanical means for a folding process
that requires sheet metal. By using milling or making perforations to ease the folding
process, a certain material quantity is lost. We selected perforations instead of milling; for
the milling case, the process is difficult to control when a thin metallic sheet is used.

By using perforations, the objective was to lose an amount of material with a suitable
ratio that was favourable for the folding process versus the local weakening of metallic
material. The individual geometry of the perforations and their distribution along the
folding path influence, among the other variables, the folding process.

When circular perforations (Figure 13a (left and middle)) or elongated perforations
(Figure 13b (left)) were used for marking the folding contour; the results after folding were
influenced by the geometrical form of the perforations and their distribution, namely, the
solid/void ratio. As concerns the influence of the dimension of the perforations, they were
appreciated as insignificant; the distribution ratio was more important, which was shown
by comparing the curved folding results in Figure 13a (right) and Figure 13b (right); even
if the diameter of the circular perforation varied, as can be seen in detail in Figure 13a
(middle), at the same distribution ratio of 1:1, the folding process failed (Figure 13a (right)).
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The elongated perforations produced a better folding process for geometrical reasons.
If the distribution ratio was increased to 2:1 (Figure 13b (left)), the folding process was
possible with good results (Figure 13b (right)). Obviously, this ratio must be placed within
reasonable limits, according to the mechanical particularities of each material. As a general
observation, the CCF was possible just for a limited variation in perforation distribution on
the fold paths’ trajectories. Outside of this variation, folding was not possible.

A CNC stamping machine was used to manufacture the planar development/the
net of the future spatial object (the flat sheets that formed the six elements of the metallic
structure/column). The height of the planar developments was 1 m, while the height of
the three-dimensional model was a few millimetres shorter than the development due to
the curvature of the finished shape.

The folding process was realized using a manual press brake. Preliminary tests
showed that the folding process needed to start from the centre with a narrow punch and
gradually move toward the extremities, using wider punches at both ends of the strip. The
process was then repeated to achieve the finished geometry and to ensure the 60◦ angles
at the ends (Figure 13b (right)). After the folding process, the six column elements were
welded using a controlled atmosphere, where the welding was executed in the inner areas
on the reinforcement’s edge. The metallic column had a final weight of 4.7 kg and it is
shown in Figure 14.
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Figure 14. (a) The experimental model of the thin-walled metallic structure (column); elongated
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2.5. Evaluation and Validation of the Design Results

2.5.1. Analysis of the Metallic Material’s Behaviour after the CCF Process

The general aim of the investigations was to understand the complex metallic mate-
rial’s real behaviour after folding. The approach was to obtain the variation in the local
metallic material’s characteristics in some relevant areas of the folded element: (1) along
the folding contour, (2) in the proximity of the folding contour and (3) in the mid-section of
the strip (Figure 15).
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Different kinds of samples were collected from a single folded element and then
subjected to uniaxial tensile tests to obtain representative stress–strain curves and the flow
stress profile of the metallic material in different areas of the folded element.

2.5.2. Mechanical and Structural Testing of the Metallic Column

The experimental model of the thin-walled metallic structure (column) was mechani-
cally tested regarding compression using an Instron 3382 universal testing machine (SC
Ro-Mega Control SRL, Romania). Thirty successive individual loading/unloading tests
were performed according to the following scenario: for the first test, the total loading force
was 1.0 kN; the total loading force increased for the following tests with an increment of
1.0 kN per test. The loading rate was 0.5 kN/s for all 30 individual tests. For each test, at
the maximum load, additional measurements of deformed zones in the inner gaps of the
column were made for the detailed evaluation of the locally deformed zones.

3. Results

3.1. Analysis of the Metallic Material’s Behavior after the CCF Process

Experimental techniques based on material science were applied to evaluate the
metallic material’s deformation mechanisms and deformation components (elastic and
plastic); they are here described.

The procedure for the sample selection was as follows: the planar cut-out was obtained
digitally after the virtual simulation of the folding process in the Rhino environment. It was
physically transferred to the metallic sheet and then the metallic sheet was curved crease
folded to obtain one single element of the spatial structure (the column, which was made of
six folded elements). This process was repeated many times to obtain the necessary number
of constitutive elements. Samples were extracted as depicted in Figure 15 using a single
folded element as a specimen. The other folded elements were used for the realization of
the column assembly.

Two kinds of samples were collected from a single folded element: the first kind
of samples was used to obtain data about the mechanical characteristics of the metallic
material in different areas of the folded element: in the proximity of the folding contour
(blue) and in the centre of the strip (red) (Figure 15a); these samples were used for the
uniaxial tensile tests with the orientation marked with arrows. For the base material
properties, samples from the sheet metal were separately realized. All these samples
were dog-bone-shaped samples with a calibrated section/gauge length of 40 × 5 × 1 mm.
The second kind of samples was collected transversally on the column longitudinal axis
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to analyse the variation of the folding angle along the folding paths in four sections
(Figure 15a (purple) and Figure 15b).

The samples were collected using a Metkon MICRACUT 200 machine (Metkon In-
struments Inc., Bursa, Turkey) with precision cutting. The samples used for the analysis of
the folding angle variation were mounted in phenol conductive resin, metallographically
polished and then etched for the microstructural analysis (Figures 15b and 16).
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The folding angles were measured using Inkscape 0.92.1. (SC Ro-Mega Control SRL,
Romania) to obtain a real image of the metallic material’s local deformation features
(Figure 16). Post-folding, with the increase of the folding angle, the reorientation of the
material’s crystalline grains was observed (Figure 16 (right)) due to the local deformation
process in the proximity of the folding line.

An INSTRON 3382 machine (SC Ro-Mega Control SRL, Romania) was used for
uniaxial tensile tests to obtain representative stress–strain curves and the flow stress profile
for the samples marked with red and blue (Figure 15a) and for the base metallic material
properties. The tensile testing measurements were performed at a 1 mm/s crosshead speed
on the testing machine, which was equipped with a 12.5 mm displacement extensometer.
The samples were tensile tested along the vertical axis direction.

The mechanical properties were computed based on recoded engineering strain–stress
curves; the diagrams are given in Figure 17. The following mechanical characteristics
were determined from the strain–stress diagrams: yield strength—σ0.2 (MPa), ultimate
tensile strength—σUTS (MPa), elongation to fracture—εf (%) and elastic modulus—E (GPa)
(Table 1).
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Table 1. Local mechanical characteristics of the metallic material before and after folding.

Mechanical Characteristic Base Material Edge Sample Middle Sample

Yield strength—σ0.2 (MPa) 165.3 177.5 146.5
Ultimate tensile
strength—σUTS (MPa) 267.5 300.9 278.8

Elongation to fracture—εf (%) 42 40 32
Elastic modulus—E (GPa) 141.3 143.5 138.4

3.2. Mechanical Testing of the Metallic Column

The experimental model of the metallic column was mechanically tested for compres-
sion in the conditions presented in Section 2.5.2 (Figure 18a,b).
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Figure 18. Deformations during the compression tests: (a) before loading; (b) at maximum load; (c) the ultimate state before
the metallic column started to collapse; (d) metallic column showing permanent damage in 3 key areas.

At the maximum load of 30 kN, the metallic column had a vertical compression of
only 0.94 mm; the performing-weight-to-load-bearing ratio of the column was a good ratio
of 1:64 (which can be compared with other values, for example, 1:10 in the case of other
unconventional structures [50]).

A second series of mechanical tests was executed to test the experimental model to its
collapse, which started with an axial force of 33 and 34 kN (Figure 18c,d).
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During each of the mechanical tests, in situ measurements were made in the cen-
tral/ median part of the metallic column for the deformation evaluations of the critical
elastic/plastic deformed zones of the column (Figure 19a).
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The measurements during the mechanical tests for the deformation evaluations of the
critical zones of the metallic column were directly realized in situ during each of the 30
successive mechanical tests of the spatial structure. The experimental setup is described
in the following. The median section of the spatial structure was identified on a digital
representation and then it was marked directly (physically, in situ) on the column with
specific makers. A deformed real image of this median section can be seen in Figure 14b.
For a better illustration of the median transverse section of the column, a graphical rep-
resentation (Figure 19b) was realized to show the places where the measurements were
made. For one location out of six in Figure 19b, the types of measurements are marked
with colours (yellow, blue, magenta). The measurements were made with an INSTRON
AVE-2 non-contacting video extensometer (SC Ro-Mega Control SRL, Romania), which can
measure deformation by tracking the movement of two attached markers on the specimen.
A gauge length of 60 mm was used during each mechanical test for each of the 30 loading
tests in each of the six zones to determine the variation of deformations, expressed in
specific metrics, in the critical zones of the spatial structure as a function of the testing
load applied. Insignificant differences in the behaviour between the six locations were
observed during one single column test because the data acquisition showed quite similar
values. The measurements’ data were acquired for all six locations for each of the 30 tests
for statistical processing, which was done algorithmically based on the usual formulas to
obtain the graphs in Figure 20b,c and the metrics of deformation presented in Section 4.
The colour code used for the measurements (Figure 19b) and the graphs (Figure 20b,c)
obtained after the processing of the experimental data is the same.

The evolution of specific parameters concerning the local deformations is presented in
Figure 20b,c.
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4. Discussion

4.1. Metallic Material’s Behavior after the CCF Process

The mechanical behaviour of polycrystalline metallic materials is defined by stress–
strain fields, which occur as a result of external stimuli/loads and are mediated by the
microstructure–mechanical properties relationship [51–53]. In this analysed case, the
deformation-induced effects were the result of stresses and strains acting on the metallic
material during and after the folding process.

A general characteristic observed from the curves in Figure 17 is the presence of a flat
segment corresponding to the plastic deformation zone. The flat part of the curve indicates
a consolidation in the plastic deformation regime, which caused the yield strength to be
rather close to the ultimate tensile strength.

By analysing the stress–strain curves, the following observations can be highlighted:
compared with the material situated in the proximity of the folding contours, the material
situated in the centre of the folded element had lower σ0.2 and σUTS values, which can be
explained by the lack of local plastic deformation, accompanied by strain hardening. In
addition, the modulus of elasticity in the middle region had a lower value. As concerns the
elongation, the obtained value for the metallic material situated in the centre of the folded
element was smaller than for the metallic material situated in the proximity of the folding
contour (32% compared to 40%). These variations in the metallic material mechanical
characteristics were augmented for the entire folded element by the variation in the folding
angle along the folding contours (Figures 15b and 20c). A small value of the folding angle
meant a stronger local plastic deformation with additional strain hardening; therefore, the
intensity of the local plastic deformation effects varied depending on the folding angle;
further investigations of this aspect will follow.

The features described above were due to complex interrelations between the stress,
stress state, strain and strain rate of the folding process. Within the material, strain
hardening increased the local stiffness of the sheet and the overall rigidity within the
structure (the entire column).

The way in which the gradient of strain hardening and local plastic deformation
variation associated with the curve folding process affects the final properties of the en-
tire structure needs to be very well known for the final design and material selection.
Each metallic material has its own deformation reaction [54,55] to mechanical stimuli,
with curved folding processing being a particular one. This reaction depends mainly
on the specific structural state of the metallic material, which provides certain deforma-
tion/mechanical properties. These properties have a specific variation, as it was described;
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algorithmic design permits the changing of many parameters, including some referring
to the material’s behaviour till a good solution is reached (Figure 13b (right)). Just for
the present design, due to the specific spatial form, the deformation was quite similar
in the middle part of the folded element (middle sample) with the deformation of the
base material, with some small differences due to the additional tension that was induced
after folding.

4.2. The Mechanical Behavior of the Metallic Column during Loading

The weak zones of the design, where the structural element caved in due to folding,
clearly stood out in the permanently deformed metallic column state (Figure 18c,d). Ad-
ditionally, the post-folding simulations could predict where the weak spots were on the
design by noting that the metallic material’s behaviour was totally different during and
after folding compared with before folding. The weak spots identified in Figure 12 after
folding were confirmed by testing the experimental model to its collapse (Figure 18d).

By measuring the deformations in the central zone of the metallic column (Figure 19a),
at each of the 30 steps of the mechanical testing, the following behaviour was observed:
at the maximum load, the inner gap of the column increased by 94%, while the distance
between the fold lines had a minute enlargement of 3.7% (Figure 20b); the angle variation,
in absolute values, is presented in Figure 20c. At the fold lines, the angle presented a
maximum variation (at the centre) of 6.85 degrees or 0.12 rad (Figure 20). Although crinkles
started appearing close to the 30 kN load, after the final test, the plastic deformations were
very small, 8.1% for the inner gap, which was practically negligible, and 0.37% between
the fold lines; therefore, the column shape was practically unaltered after the loading. The
predominant elastic behaviour of the column shows the structure’s capacity to store energy
under a load and release it when unloaded (Figure 18b). Finally, the good load ratio of
538 kgf/kg demonstrates the efficiency of design, which was due to the intrinsic properties
of the metallic material.

4.3. Design Modifications and Prospects

Considering the results of the build and tested sheet of the metal experimental model,
the next step was to identify possible design enhancement directions. There are several
categories that can be explored, and they are mentioned below.

The tendency of the composing elements of the metallic column to buckle needs to
be mediated with the architectural aspiration to have a sinuous column. There are some
specific weak areas that were revealed in the mechanical tests. These can be modified
through different methods.

One approach is to use a punching press to emboss the material in the problematic
regions to locally harden it. Another approach would be to use edge stiffeners (Figure 21a),
which is a common way to improve the structural properties of cold-formed linear pro-
files [56]. A linear stiffening of the naked edges of an element was tested but was found to
hinder to a great extent the willingness of the material to adopt the curved shape when the
planar development is folded. Another option is to use pairs of U-shaped elements so that
the profiles are closed (Figure 21b). These elements could also be used as beams or to build
semi-transparent walls. The deformations would decrease in size and the load-bearing
capacity of the column would increase; however, the weight would become almost double.

An alternative to this approach is to connect the six elements into one, filling the gaps
with material. The column can be manufactured out of one continuous strip that has only
one connection line (albeit not necessarily convenient from a fabrication point of view at a
1:1 scale). The weight of the column would be the same as in the model analysed in this
study, but the amount of deformation would significantly decrease. The disadvantage is
there are no distinctive elements that form the column and the gaps disappear (Figure 21c
(right)). However, new folding lines appear, which do offer some transparency due to the
whole elongated pattern.
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5. Conclusions

A thin-walled metallic structure (column) of a free-form type, which was algorithmi-
cally designed based on CCF, was realized and mechanically tested.

A new method for the (algorithmic) curved folding digital design was proposed; the
developed algorithm digitally implemented resistance to folding (a material property)
using specific instruments and their associated mathematical functions; resistance to bend-
ing was implemented into the algorithm as a feature of the metallic material’s behaviour;
furthermore, virtual banks (grips) to fold the flat sheet into place were used to control the
lateral strips’ tendency to splay. A post-folding analysis was realized; the purpose was not
to reproduce the folding process but to identify the weak spots of the ensemble.

The developed planar cut-out was algorithmically generated (using Grasshopper
and Kangaroo) to easily modify the column’s proportions and generate variations of fold
paths; it was then physically realized from the metallic material using different individual
perforation patterns along the fold paths. The effects of the elongated perforations on the
test results were discussed.

The experimental model of the column, consisting of six metallic elements that were
folded following curved paths, was realized using 1 mm thick Fe360 (CEN-EN)/A283
(USA ASTM, ArcelorMittal Galati, Romania) sheet metal as the metallic material. A punch
press was used to define the folding trajectories; the folding process was realized using
a manual press brake. The metallic material was used in both plastic and elastic regimes.
It was partially plastically deformed when folded into its three-dimensional shape and
elastically deformed when tested as an ensemble under load. When unloading, the residual
plastic deformations were negligible before the structure collapse.

The specific material behaviour that was augmented by the proposed curved folded
design allowed for obtaining a light structural element with a good load capacity ratio of
538 kgf/kg.
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After folding, the analysis of the metallic material behaviour was realized at two
scales: locally, in different regions of the folded elements, and globally, for the entire
structure/column. The evolution of the mechanical characteristics of the metallic material
in different regions of the folded element showed the variations of local mechanical charac-
teristics due to the hardening process acting at a microstructural scale. Furthermore, these
processes developed with different intensities due to the variations in folding angle along
the folding contour. The data were useful for understanding the complex behaviour of a
metallic material when it is processed using folding.

This study highlights the importance of the connections between the design constraints
with the specific metallic material’s behaviour in a CCF process.
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