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Abstract

The techniques that permit the materialization of organic and curved geometries include those based on curving flat
materials using cut patterns, which have been explored with the improvement of digital manufacturing tools. This study
has analyzed kerfing, lamina emergent mechanisms, auxetic linkages and kirigami, seeking greater knowledge and
differentiation between these techniques. The mechanical principles, objectives, materials and possible applications,
types of cutting patterns, among other aspects, were investigated. It was noted that kerfing and lamina emergent
mechanisms presented similar aspects with regards to aiming at folding or bending the material, the use of materials
with considerable thickness, and the dependence of the torsion of segments for bending the set. Meanwhile, auxetic
linkages and kirigami were also used for stretching the material and depended on buckling or bending of segments,
being more suitable to thin or flexible materials. For kerfing, the focus was on architectural scale applications, while
kirigami was used in small scale applications (such as electronics). No specific applications were identified for LEMs
and auxetic linkages. The information collected and the understanding of each system sought to contribute to a greater
knowledge and adoption of these techniques by designers.
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1. Introduction

Advances in digital tools for design and architecture have resulted in great design freedom, encouraging designers to
idealize complex and organic forms. However, this phenomenon was not accompanied by the development of platforms
that combine this freedom with constructive aspects [1-8].

In the physical world, unlike the digital one, the material limitations are inseparable from their forms, and their behavior
is a decisive factor in defining the geometries [8, 9]. In addition, industrial materials have limitations in size, shape and
stiffness due to requirements for mass production methods [8].

Structure, properties and processing influence each other, reflecting on the possibilities of material application. The
structure is the three-dimensional arrangement of the atoms that compose it, while its properties represent qualities
that are provided both by the structure and by its chemical composition, distinguishing it from other materials. Some of
the typical mechanical properties of a material include stiffness and yield stress - in tension, compression and shear -
rupture stress, etc., and the technological properties, workability, weldability and possibility of recycling, which
influence the manufacturing aspects. Materials processing is defined as the series of steps used in the manufacture of
raw-materials into finished goods to obtain a certain shape and modify the material structure and, consequently, its
properties [10].
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Therefore, the steps used to modify these materials by altering their macrostructure are investigated in an attempt to
confer apparent properties distinct from the original ones, and thus, manipulate their behavior [1, 11, 12]. The
geometric manipulation of materials can be an example and gives rise to metamaterials, which are created from
geometric concepts [13].

Among the interventions based on geometric parameters, there are those that operate by cutting or subtracting
materials and that allow curving or transforming flat substrates into three-dimensional geometries. These studies have
shown potential due to the advancement of digital manufacturing equipment, given the possibility of performing precise
and complex cut patterns at high velocity and precision, allowing an unprecedented capacity to bend some materials.
According to Cho et al. [13], the majority of materials does not have much elastic elongation and are limited to
geometries to which they can deform. However, it is possible to allow greater stresses and changes in macroscopic shape
in any material, using cut patterns.

This way of transforming two-dimensional materials into three-dimensional geometries has inspired studies in
different areas and scales, which is partly due to the possibility of using flat materials processing tools (materials that
are commonly accessible, easy to store and transport), creating new possibilities for uses and functions in many
different areas. However, it is necessary to have great knowledge of these techniques so that they can become
programmable, predictable and accessible to designers and architects.

Therefore, this study aimed at investigating the techniques for bending flat materials using cutting patterns in order to
differentiate them, facilitating their understanding and use. The techniques will be analyzed for their principles of
mechanical behavior, types of applicable materials, scales and application possibilities and other specific and potential
characteristics.

2. Methodology

In order to understand and differentiate the techniques for bending flat materials using cutting patterns, a review was
made on the topic, based on the methodology proposed by Kitchenham and Charters [14]. After a primary search for
data capture and filter definition (carried out in Science Direct and Scopus), a secondary search was performed between
March 20 and May 31, 2019 in the Science Direct, Scopus and Google Scholar databases. The search interval was defined
from 2005 to 2019. The strings consisted of synonyms: relief cut, kerfing cutting, kerf cut, kerfing pattern and kerf for
the technique; flat, sheet and panel for the material; and curving, bending, folding, flexible and elasticity for the expected
result. No field or search source was filtered, except patents and citations.

In addition to using search filters, periods and databases, the studies were also searched by the title, being excluded
those cases not related to the topic. For the remaining studies, the keywords and summary were read. Studies without
original translation into Portuguese or English and duplicate ones were excluded. The fourth and last searches started
from the full reading of the papers, from which it was considered pertinent the exclusion of those that mentioned the
technique without investigating it, those referring to materials stretching, those fully contained in others, and finally,
the papers in which the adopted technique was not crucial for bending materials.

The review allowed the recognition of some techniques used to bend flat materials, namely: kirigami, auxetic linkages,
lamina emergent mechanisms (LEMs) and kerfing. The grouping of techniques was done by the author of this study,
according to the denomination given by the author of each article or, and when not provided, by similarity to other
studies. In the items that follow, the techniques were conceptualized according to the material found. At the end, a
synthesis was made for comparison and differentiation of the techniques.

3. Techniques for bending flat materials using cut patterns

3.1. Kirigami

Kirigami is a japanese art technique that results in complex three-dimensional shapes made of cut paper [15]. This
technique seeks to respond to challenges, such as the involvement of a three-dimensional structure with a flat material,
without deformations or increased bearing stress and without changing its intrinsic properties. Due to the stiffness of
most device components, it is necessary to insert cuts into them to make acute folds possible without shearing and
stretching the material. The cuts consist of simple lines or any geometry to form arrays of cuts with different purposes
[16].
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To obtain great stretching of material, structures with programmable stresses have been used from manipulating the
geometry of the kirigami cuts and consequently predicting the mechanical deformations of the materials and controlling
their properties [17, 18]. These properties can be related to the structure of the material (such as macrogeometry and
the pore shape), mechanical aspects (such as maximum stress), and even properties associated with some structures
(electrical, acoustic, photonic, etc.) [13]. In this way, the performance of materials is improved, especially with regard
to flexibility [19]. Thus, kirigami allows the combination of properties that usually contradict each other (such as high
conductivity and material stretching).

The studies on kirigami structures search for innovative technical solutions in stretchable and wearable electronic
devices [17, 19, 20, 21], biomedical tools [22], energy capture and storage devices [20, 23], soft-robotics [24], among
others. It is important to highlight the potential detected in kirigami for use in flexible electronics. Materials
conventionally used for electronics are not able to adapt their shape in response to external stimuli. As an alternative,
kirigami makes it possible to maintain the conductivity of the material in combination with increasing its stretching
capacity [17, 18, 21].

Kirigami allows an apparent elasticity to the material, facilitating the obtainment of developable surfaces. In addition,
the possibility of extension in the plane allows the metric distortions necessary to conform surfaces of apparent intrinsic
curvature in a global sense (since the materials remain intrinsically flat) due to deformations in small faces connected
with each other [25].

Shyu et al. [18] suggest that the kirigami rules apply to different scales and materials in which high deformations are
desired. Hwang and Bartlett [26] emphasized that these geometric deformations that interfere with the flexibility of the
material and structure resulting from the technique are determined by the pattern and orientation of the cuts. In
addition to the cut design, a crucial parameter in kirigami is the one that translates the relationship between in-plane
stiffness and out-of-plane bending stiffness, with materials that are more easily bent than sheared or stretched those
that obtain higher numbers [15], and therefore, material thickness is also extremely relevant [15, 25]. In general, the
art is applied to thin and unstretchable flat materials [19, 25]. For some authors, the kirigami technique achieves better
results with flexible substrates [13, 27, 28, 29, 30].

Three variations of the kirigami technique were observed in the literature: lattice kirigami, kirigami by fractal cuts and
by parallel cuts. Yang, Choi and Kamien [16] described lattice kirigami as the one realized by embedding an array of cuts
into a thin sheet in which the edges are brought together by folding it, obtaining staggered surfaces. As it involves
folding, this variant has not been further investigated.

Kirigami of fractal cuts is based on the division of the material by cuts in rotational polygons of geometry dictated by
the cut pattern. During the application of loads on the material, the polygons function in an approximately rigid way,
undergoing mostly rotation, while the connections between them function as hinges with high rotational freedom by
bending [13, 16, 25], observed in Figure 1. The final geometry of the material is determined by the angles between
polygons. It is possible to manipulate the material by applying different motifs and hierarchical levels of cut [13],
forming arrays of cuts as simulated in Figure 2. Fractal cuts allow the approximation of surfaces with intrinsic curvature
by biaxial stretching and compression of the material [25]. This curvature occurs in the empty areas, since the polygons
remain flat [27]. If a non-developable surface is sought, a non-uniform extension of the material will occur, resulting in
a distinct opening of the cuts [13].
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® 3

Figure 1 Schematic illustrations of fractal kirigami patterns of square polygons on the original shape (a) and on the
stretched shape (b) and of triangle polygons on the original shape (c) and on the stretched shape (d).

o

Figure 2 Schematic illustrations of arrays of fractal kirigami of square (a) and triangle (b) polygons.

- polygonal units

- joints

In fractal kirigami, some elements can be fixed on rotational units without losing their functional properties. The
technique is applicable to several scales and materials, as long as a joint behavior is possible (such as occurs in
elastomers and metals), keeping the stresses in the joints lower than the material limit. Therefore, it is necessary to pay
attention to the selection of materials in relation to bending stiffness and fracture and yield strength [13].

The parallel-cut kirigami (Figure 3) allows deformation by uniaxially applied tensile stresses that accommodate high
macroscopic deformation even on rigid substrates [30, 31]. Chen et al. [17], for example, used this technique and
obtained elasticity larger than 277% in kirigami metallic glasses. According to Xu, Shyu and Kotov [31], this occurs due
to the difference in bending stiffness and stiffness in the material plane, characteristic of thin flat materials, favoring
out-of-plane deformation to minimize stress energy. [25] emphasized the importance of thickness in this system, since
it depends on the material buckling. Note also the possibility of maintaining important properties of the materials used,
even with high elongation rates [18].
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Figure 3 Schematic illustrations of parallel-cut kirigami in original format (a) and when stretched (b).

There are also studies of kirigami of parallel cuts to obtain pop-up structures [32]. These occur from the application of
load perpendicular to the material plane, with buckling segments resulting in three-dimensional structures.

3.2. Auxetic linkages

Auxetic materials are those that have negative Poisson's ratio. These materials present an increase in width when
stretched and a decrease when compressed. This unexpected behavior is attributed to two factors: the geometry of the
material and its internal structure. One of the potentials of these materials is the optimization of some characteristics
by altering their spatial distribution, which adds to their intrinsic properties. Some examples include improvement of
mechanical properties (such as stiffness), insertion of anisotropy in industrial materials and acquisition of synclastic
curvature. In addition, there are some materials and structures that are developable due to an auxetic property [33].

For Konakovi¢ et al. [34], auxetic linkages are auxetic materials manufactured by introducing a specific pattern of cuts
into approximately inextensible material such as sheet metal, or polymers, which, when stretched, rotate the polygons
formed by the cuts in relation to its neighbors, so that the material expands evenly. The authors [34] associated this
characteristic to the ability of these materials to obtain surfaces with non-zero Gaussian curvature.

Auxetic behavior is achieved by specific topologies, such as reentrant geometry units, rigid or semi-rigid rotational units,
spiral systems, circular shapes forming voids, among others [30, 35, 36, 37, 38], some illustrated in Figure 4. However,

according to the study by Louth et al. [39], there are some limitations in obtaining a developable surface by certain
auxetic cut patterns.

=
s Jpat

Figure 4 Geometries with auxetic behaviour in the original and stretched shape.

Similar to fractal cut kirigami, when the material with cuts forming polygons is expanded, the polygons remain
practically rigid, concentrating the deformation at the joints, which do not resist external forces and allow the mesh to
be opened isotropically, and as a result, the surface scale change is absorbed without great shearing effort. There is,
however, a stress limit that the joints can tolerate without fracturing. It varies for each material, thickness and depth of
the cuts, so that there is a maximum stretching depending on both the substrate and its geometry [34].
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3.3. Lamina emergent mechanisms (LEMs)

Some studies have investigated lamina emergent mechanisms (LEMs) (Figure 5), which are mechanisms fabricated from
planar materials (lamina) that emerge out of the fabrication plane [40, 41], functioning as joints. According to Jacobsen
et al. [41], through simple topology obtained from common manufacturing processes of flat materials, these
mechanisms are capable of performing complex mechanical motions, and according to Nelson et al. [42], its primary
motion is similar to a fold.

Figure 5 Illustration of (a) simple LEM; (b) LEM in bending movement; (c) LEM in tension or stretching; (d) Array of
LEMs.

LEMs motion is partly due to the deflection of flexible members, which means that they can be included in the group of
compliant mechanisms [42, 43, 44, 45]. There are also similarities between origami systems and LEMs [41, 42, 44, 46,
47, 48], which can be considered a surrogate fold. These surrogate folds alter the boundary conditions of the material
at the joint sites, changing its apparent properties and reducing its stiffness, so that movements equivalent to the fold
can occur without fracture [47, 48].

LEM-type mechanisms can be based on different means, which may interfere with the apparent flexibility of the
material: geometric change (width, thickness or length of segments or cross sections), changes in material properties
(such as materials with heterogeneous properties in space, changing boundary conditions by changing the fixation or
the loading conditions) or by creating hybrid components [41]. In the case of LEMs based on geometric changes, the
complex motion observed is due to a combination of fundamental motions made by their segments. As for the load
conditions, they may incur bending, axial tension, torsion or a combination of these [40]. Some motions resulting from
this system may be desirable or not, and the most common type is the one that curves the material by the torsion of its
segments [47].

Some advantages of LEMs over other types of joints are: manufacture from flat materials; reduction of production,
storage and transportation costs; reduction of parts, which simplifies manufacturing, eliminates the friction wear and
tear, reduces the weight of the structure, facilitates recycling and precision, eliminates assembly and has a more
integrated design [40, 41, 42, 46]. Possible applications for LEMs are: limited space mechanisms (such as electronics
and medical equipment), equipment that require compact transportation (such as aerospace, automobile, naval,
furniture items and emergency shelters), and applications that have limited manufacturing (such as microelectronics)
[41, 42].

According to Nelson et al. [42], LEMs can be applied to various materials using additive and subtractive manufacturing
technologies. However, those with a better relation between the yield limit and Young's modulus have a greater
flexibility response [40].

There are several types of LEMs, some of which allow a simple bending movement but facilitate the high concentration
of tension in the bending elements, reducing the bending capacity of the assembly. Conversely, those joints that have
their segments parallel to the axis of rotation, based on their torsion, have the advantage of allowing high deflections of
the joint, maintaining constant stiffness, and reducing joint stress, however, they are more susceptible to unwanted
movements in compression and tension, which generate bending of these elements. This susceptibility increases with
the increase in the length of the torsion segments, despite the fact that a greater angle of curvature of the set is also
obtained. There is also a tendency that the smaller the width of the joints, the more precise the obtained fold, however,
the resistance to compression and tension is reduced, so that joints designed to resist it generally have a greater width
and, as a consequence, an unstable center of rotation. Another movement that can be expected in a joint is lateral
bending, however, it is difficult to obtain it without also allowing joint twisting [47].
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The distribution of LEMs in a network results in a lamina emergent array [42], which allows a much greater movement
than each individual element [47]. The arrays consist of panels in which the joints (geometries) are distributed along
the axis of rotation (in parallel) or in the direction of moving away from the axis (in series), or both, and are adaptable
to different scales [42, 44, 47]. When the LEMs are arranged in an array, the deflection angles of the set are calculated
from the deflection angle of each joint unit [42].

LEM arrays can also be considered modified materials, since they are manufactured from a single material piece and
alter certain apparent properties of a material (in general the bending stiffness outside the plane), resulting in high
elastic deformation. The combination of similar or different LEMs generates different arrays that can be applied to
obtain developable surfaces, including in thick materials [44], and also approximate desired three-dimensional surfaces
[42].

3.4. Kerfing

Kerfing is a technique for bending rigid materials that is based on cutting, or subtracting, some areas of flat substrates
in order to alleviate the stress caused by the bending effort in the material (of compression on the concave face and
tension on the convex face of the curve) [3, 4, 8, 49, 50, 51, 52, 53], as shown in Figure 6. This technique can be used to
curve those materials and also to conform to three-dimensional structures from a continuous panel. The technique is
also found in the literature under the terms relief cutting, living hinge, lattice hinge, kef-bending and dukta [4, 8, 49, 54].

Figure 6 Representations of what happens when trying to bend: (a) a rigid panel (b) a rigid panel with kerfing on one
side of the panel (c) a rigid panel with kerfing through the panel thickness.

As an example of the combination of properties of both the material (particularly its Young’s modulus and thickness,
which affect other properties) and its shape [54], kerfing is a subtractive manufacturing method that alters the strength
of the material and increases its apparent flexibility [49]. In many cases, such as Borhani and Kalantar [2], the technique
aims to meet situations in which contradictory attributes are necessary, such as the simultaneous need for high elastic
deformation and rigidity to support load. One of its advantages is that, by combining it into a single component, the
number of parts, assembly time and maintenance costs are reduced [55], in addition to facilitating transport and storage
in the flat format [49, 50].

Kerfing is usually applied to wood, MDF, cardboard, polymers and metals [54], aiming largely at architectural purposes,
such as acoustic panels [56], systems for facades and roofs [55], furniture [49, 57, 58], structural formworks [4],
decorative or structural panels [1, 50, 52], integrated floor, wall and roof structures [11], among others. One of the
disadvantages of this technique is that, due to the reduced stiffness and strength of the resultant material, it may not be
suitable for situations that require significant structural performance [11, 49, 59], being more appropriate to
applications that explore their aesthetic potential, as in Capone and Lanzara [49], Holterman [56], Jensen, Blindheim
and Steinert [60], Mitov et al. [52] and Wei and Singh [61].

The main mechanical effort responsible for the apparent flexibility of the kerfing materials is the torsion of the segments
parallel to the bending axis, when the set is bent [3, 55, 56]. A minor bending movement also occurs, but in the segments
perpendicular to the rotation axis. The total curvature of the surface represents the sum of the small angles that each
segment is capable of rotating [4, 55, 56]. According to Capone and Lanzara [49], the limiting factor of the deformation
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is the maximum torsional stress of the segments, which depends on the material, thickness, shape and size of the cuts.
The mechanical effort related to each segment of the kerfing material can be observed in Figure 7.

segments perpendicular to the segments parallel to the curving axis of the
curving axis of the assembly assembly

Figure 7 Schematic illustrations of the panel with kerfing in flat (a) and curved (b) positions.

The geometric properties of the cut pattern affect the bending outcomes [54]. There are different types of kerfing
depending on the face of application (side of the material on which the cuts are applied) and the cut pattern (geometric
design of the incisions). Kerfing applied on one side of the material (original from traditional wood-working) leaves part
of its thickness, maintains a continuous face and allows only developable surfaces [4, 50, 52, 55]. Kerfing applied on both
sides of the material using perpendicular cuts results in a structure that can bend and twist and be used to configure a
double curvature surface [1, 49]. In contrast, the type of kerfing that passes through the material thickness is able to
accommodate tension and compression in the direction perpendicular to the applied force, depending on the cut pattern
[55]. There are several kerfing patterns that pass through the material thickness, depending on the geometric shape of
the cuts and the type of curvature allowed by them [49, 57, 59, 60]. In this case it is possible to observe some
predominant cut patterns: cuts made up of parallel linear incisions in series, with one or more segments perpendicular
to the material curving axis arranged in an interspersed manner [11, 49, 54, 55, 56, 58, 62] and interlaced spiral cuts
that allow for bending in more than one direction [2, 3, 4, 8, 53, 56, 59, 62].

4., Discussion

The review of the studies showed that the different techniques overlap or are related. There is, however, a difference
between the main objectives of each technique in relation to the desired movement or geometry: kerfing is used to bend
the material; kirigami enables a material to stretch far beyond what its normal tensile properties would allow; auxetic
linkages are materials that undergo lateral expansion when stretched and become thinner when compressed; and LEMs
are mechanisms fabricated from planar materials (lamina) that emerge out of the fabrication plane and allow the
material to fold and possibly curve (for LEM arrays). In this sense, it is possible to identify similarities between kerfing
and LEMs and between kirigami and auxetic linkages, in both the objectives and the mechanical efforts that each
technique causes in the material.

Despite the differences observed, Greenberg [46] showed similarities between LEMs and kirigami, and the kinetic
models of the latter, especially of the pop-up type, which are often LEMs. Zarrinmehr et al. [53] found that techniques
based on cutting the material to obtain flexible panels, such as kerfing, depend on the auxetic behavior resulting from
the cuts, which occurs through rotation of the polygons formed between them. In turn, Callens and Zadpoor [25] verified
a similarity between kirigami and auxetic metamaterials. Celli et al. [63] investigated the auxetic effect on some cases to
obtain three-dimensional geometries.

There were differences in predicted functions regarding the materials, which in studies on kirigami were predominantly
focused on flexible electronics, and kerfing architectural applications. In kirigami applications, this was attributed to the
maintenance of material properties in parallel cuts; in fractal cuts, to the possibility of positioning electronic elements
over rigid polygons. In addition, it was noted that for kirigami, one of the objectives was to assess how the material
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behaved when subjected to load application and removal efforts, which did not occur in most kerfing cases, used mostly
for static applications. The studies on auxetic linkages and LEMs were investigative and did not focus on specific
applications.

Differences between the materials that are more appropriate to each technique were also observed and were defined
according to the mechanical efforts required. The kirigami of parallel cuts is more suitable for thin or flexible materials
as itis based on the buckling of the segments for the elongation of material [15, 19]. In a similar way, because it depends
on the bending of joints between rotational polygons, fractal kirigami and auxetic linkages require a material that allows
this behavior, such as flexible substrates [13, 27, 28, 29, 30]. LEMs are not geared to a specific material, and different
types of LEMs (which are based on different demands) can be applied to different materials. Conversely, kerfing can be
applied to rigid and thick substrates that do not tolerate bending or buckling easily because it depends mainly on the
torsion of the material segments to bend the set.

Regarding the cut pattern, on kerfing, LEMs and kirigami studies there is a preference for straight lines with
interruptions (forming segments perpendicular to the material bending axis) crossing the thickness of the material [11,
49, 55, 56, 62]. With regards to kerfing and LEMs, however, a portion of the material is commonly removed around the
cut line as the techniques involve thick materials, thus preventing it from intersecting itself when bent. For parallel cut
kirigami, however, cut patterns in which the material close to the line is removed are uncommon, since the intention is
to stretch the material with minimum thickness. In auxetic linkages studies, cut patterns forming internal squares (also
common in fractal kirigami) are more frequent. It was possible to observe that while the studies that included linear
cuts focused mainly on the uniaxial extension behavior or simple curvature, those that included fractal cuts or spirals
focused on biaxial expansion, or bending in more than one direction.

5. Conclusion

Flat materials bending techniques obtained from cut patterns analyzed by this review presented the same basic
principle of operation, which consisted of altering the apparent properties of these materials by geometric
interventions. In some respects, the techniques were similar and in certain situations they may even coincide, however,
it was observed that there were fundamental differences as far as the objectives, the mechanical efforts involved and
possible applications for each technique were concerned.

With the possibility of using digital manufacturing tools, the techniques have the advantage of bringing the project and
execution closer together, thus allowing their adaptation to each situation. A better understanding of the differences
between them, which was the main objective of this study, may help to choose the most appropriate for each project. In
addition, it is necessary to know about the materials and mechanical design demands, and also the development of
prototypes to analyze the techniques variations, as well as the cut patterns and parameters.

The referred techniques show potential in providing innovative material options for designers. There are studies
analyzing the influence of cut patterns and geometric parameters on the flexibility and geometric results, which will
surely improve knowledge on the subject. The understanding of intrinsic properties and characteristics of the materials,
which are already known, can be inserted into digital systems for analysis and simulation of projects. Currently,
experimental researches on the subject are being conducted, however, greater knowledge of the techniques is necessary
to be properly integrated into digital design and manufacturing systems for a broader use.
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