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Abstract

This study investigates the synergy between additive manufacturing (AM) technologies and computational design strategies
in jewellery and how that synergy can be successfully exploited to extend innovation in that field further. A case study called
Ecdysis, a bioinspired jewellery collection, is presented. A dedicated computational algorithm has been developed and is
described in detail. This algorithm allows for the exploitation of the shape and functional complexity dimensions allowed
by AM and the control of the printability of the generated concept. Shape and functional complexity are exploited to mimic
the beauty and dynamism of snakes’ slithering mechanism. At the same time, starting from the developed algorithm, mul-
tiple digital models and physical prototypes have been fabricated, leveraging material extrusion, vat photopolymerisation,
and powder bed fusion processes. This further development step of the collection thus confirms the versatility of both the
proposed approach and AM technologies for jewellery. Therefore, the paper demonstrates how unique wearing experiences
can be created and how uniqueness can be simultaneously preserved and democratised in jewellery by deepening the synergy
between AM technologies and computational strategies.
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1 Introduction

Additive manufacturing (AM) processes have opened new
design scenarios regarding shape, material, and functional
complexity [1]. Shape complexity can now be reached at
multiple scales [1]. Material complexity concerns the pos-
sibility of tuning material properties locally [1]. Functional
complexity concerns the possibility of printing working
mechanisms and embedding external components inside
[1]. All these design dimensions and other opportunities are
summarised within the Design for Additive Manufacturing
(DfAM) topic [1]. This increased design freedom and com-
plexity has further stimulated the possibility of mimicking
and/or implementing natural principles and structures into
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physical objects in multiple fields [2]. For example, in the
field of wearables, pioneering products developed exploiting
3D printing, computation, and bioinspiration, among others,
are the Hyphae [3] and Florescence [4] jewellery collec-
tions, designed by the generative design studio Nervous Sys-
tem [5]. Hyphae jewels are inspired by the structure of the
veins of organisms [3]. Fluorescence exploits the growing
process of flowers and of the arms of jellyfish [4]. Another
visionary project is Mushtari [6], part of the Wanderers col-
lection [7]. It is a fluidic wearable designed to act as a poten-
tial environment for the culture of microorganisms to impart
biological functionalities [6].

These cases confirm that the binomial between digitalisa-
tion, including AM technologies and computational strat-
egies, and nature has already been successfully explored.
Together with these iconic examples, other studies have also
discussed and, in some cases, applied computational strate-
gies in jewellery to support generative design and customi-
sation [8—10]. The approaches available are multiple and
focused on supporting the generation of shapes by exploiting
optimisation [9], math-inspired approaches and forms [8, 9,
11], and strategies for topological transformations [6].
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This paper also deepens this binomial, but it targets a
different purpose. Our study does not focus on a specific
aspect, i.e. the computational strategy, the bioinspiration, or
the description of an iconic design. Instead, through a case
study represented by the design of a novel jewellery collec-
tion, this study aims to provide a comprehensive perspective
on how all these aspects can be systematically linked in a
design process to stimulate product and process innovations
in jewellery. To develop the computational part of our case
study, we have used Rhinoceros with its Grasshopper visual
programming environment [12]. It is among the most used
platforms for digital modelling in jewellery [13] and a ver-
satile 3D modelling environment [12]. It supports design
exploration by allowing the generation of custom scripts but
also can count on the availability of multiple plug-ins [14],
including those dedicated to jewellery (e.g. Peacock [15]
and others, see [12]). However, other general-purpose CAD
environments and dedicated software tools can be exploited
for jewellery design [11], such as MatrixGold® [16]. Dedi-
cated tools have built-in libraries for specific jewel elements
to simplify the modelling phase [11]. However, in our study,
we decided not to use a dedicated plug-in or software for
jewellery design but to benefit from Grasshopper’s compu-
tational capabilities and algorithm-based modelling to sup-
port parametric design. This and other platforms are already
exploited in multiple sectors, from architecture [17] to works
in the DfAM field [18-21]. In our study, we took advantage
of these computational capabilities to support abstraction,
which is at the basis of the model generation, the form-find-
ing process, and the management of changes [22] (related,
among others, to the specific AM process selected).

The novelty of our study is threefold. First, in addition to
shape complexity, we also exploited functional complexity,
i.e. the possibility of printing already assembled mechanisms
[1]. There are already examples of jewels exploiting this
possibility, such as the Kinematics collection [23], devel-
oped by the Nervous System studio [5] and printed in nylon
via selective laser sintering [23]. There are also fabric-like
metal jewels [24] printed via metal AM. However, as under-
lined in [24], examples of jewels that have harnessed the
metal AM design potential are still limited. Therefore, we
developed a new jewel collection by exploiting functional
complexity with polymer and metal AM. Such a target was
reached through bioinspiration and motivated by the intent
to explore new interaction modalities between the wearer
and the jewel. Besides, shape complexity was also exploited
for aesthetic and functional purposes and production-related
aspects. Indeed, AM allows having complete control over
density. Local density reductions enable control over the
weight of the jewel, which is fundamental when evaluat-
ing its cost [24, 25]. That added value of AM, especially
with precious metals [24], should be further pointed out.
AM also allows discriminating the distribution of high- or
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low-density regions based on aesthetic needs and functional
requirements, such as local stiffness and strength of the part
[26]. Given the jewel-user interaction, density control can
modulate even the acoustic response of the jewel, like what
is currently investigated for different materials [27, 28]. All
these opportunities have yet to be deeply discussed.

Second, we leveraged functional complexity to create new
interaction modalities with the jewel. The paper describes a
case study called Ecdysis, a 3D-printed jewellery collection
inspired by the shape and dynamism of snakes. The Ecdysis
collection envisions the creation of several dynamic interac-
tion modalities between the user and the jewel by exploit-
ing the behaviour of the ventral scales of the animal. While
the dynamism of snakes is already a source of inspiration
in soft robotic applications [29, 30], examples in jewellery
are still limited and, most importantly, do not fully lever-
age the available DfAM opportunities. The interaction does
not include information communication technology (ICT)
content as in digital jewellery [31, 32], but it is enabled
thanks to the proper combination of DfAM considerations
and computational strategies.

Third, we further demonstrated how computational strat-
egies can be used to stimulate new designs, as in [8-10],
keep under control the effectiveness of the designed interac-
tion modality, and guarantee that the combination between
the shape and its working mechanism is feasible from a
manufacturing perspective. The 3D model of the jewel is
conceived by parametrising those variables influencing the
interaction quality and modality, the product’s customisabil-
ity, and its technical feasibility in printability. This approach,
therefore, guarantees the fulfilment of the so-called restric-
tive design for AM rules [33, 34] and ensures that these
rules do not alter the targeted interaction. Besides, these
parameters and rules are considered so that multiple fab-
rication technologies can be used. Multiple versions of a
bracelet were generated and 3D-printed using material extru-
sion (MEX), vat photopolymerisation (VPP), and powder
bed fusion (PBF) processes as a further demonstration of
the versatility of the implemented digital process. How-
ever, it is also worth explaining that in our study we will
not explore processability and finishing-related aspects from
an experimental point of view. Studies in those fields and
related to jewellery are already ongoing, for example, con-
cerning the processability of platinum alloys [35] or other
precious materials [36]. In those studies, the shape of the
jewel refers to standard or typical designs/samples since
those works focus on processing and/or post-processing
operations. Our study is instead dedicated to presenting a
real case to strengthen the role of AM in jewellery from
an engineering design and industrial perspective. Through
conventional manufacturing processes, artisans can already
give life to unique shapes in high-end jewellery. However,
AM technologies can still enhance their work. AM could
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allow the creation of easy-to-customise and unique forms
within the same production batch. The uniqueness is pre-
served, although production volumes can be increased, and
production flexibility can be extended. Hence, uniqueness
can also be democratised, having AM democratised manu-
facturing [37].

Nevertheless, the interest in AM and precious metal AM
is significantly rising [38—40], but still, small laser powder
bed fusion (LPBF) machines are considered the ideal solu-
tion in this field [41]. Besides, experts are also conscious
that the full exploitation of the potential of AM in jewel-
lery demands the development of a new design mindset [38]
and awareness of the design and production opportunities
available [39]. Therefore, further case studies and examples
are needed to allow jewel designers and artisans to exploit
AM’s potential in their field. The objective is to show how
the jewellery industry can significantly extend design and
fabrication possibilities by leveraging the synergy between
AM technologies and computational design strategies. It is
also worth pointing out that to develop the Ecdysis collection
and thus leverage this synergy, a multidisciplinary team was
involved with competencies in the following areas: DfAM
and AM technologies, material science, interaction design,
and jewel design and manufacturing.

The rest of the paper is structured as follows. Section 2
describes the development process of the Ecdysis collection,
starting with an explanation of why new multisensory inter-
action modalities should be explored in jewellery and how
bioinspiration has been implemented. Section 3 summarises
the study’s contribution and ends the article.

2 Case study: the Ecdysis collection

This section details the process followed to develop the
Ecdysis collection to fully exploit the potential of 3D print-
ing technology and computational design. First, a reflection
on consumers’ behaviour as buyers and wearers of jewels
was performed to set design and market needs. This analysis
identified the snake as the animal that has always played
a strategic role in jewellery and the importance of explor-
ing new interaction modalities between the wearer and the
jewel. Then, the idea of providing an alternative solution
to exploit the iconic role of this animal in jewellery was
generated by leveraging the design potential of 3D printing
technologies. The challenge was identifying an innovative
concept, considering the high number of famous and iconic
snake-inspired jewels already available (e.g. see [42]). That
solution was found by deepening the characteristic of the
animal less exploited in jewellery, which is its way of slith-
ering. This characteristic also matched the need to explore
a new form of dynamism for the jewel. Then, the design
activity started to render this slithering mechanism into a

jewel both from a functional and shape point of view. Ini-
tially, we created a computational model to generate and
control a 2D parametric and simplified representation of
that mechanism and its main elements. Then, once the vari-
ables were set in 2D, we moved to the 3D and finally to
the prototyping phase. Multiple 3D printing technologies
were tested to gradually validate the solution with polymer
3D printers before moving to the metal one. That approach
also demonstrates the generated model’s versatility. Indeed,
from a reference model, variants were generated to adapt to
the specific printing constraints and opportunities. All these
reasoning and the related implementing details are described
in this section.

2.1 The need for new sensory engagements
and interaction modalities and the role
of snakes in jewellery

Our sensory channels allow us to elaborate judgements about
a product, which is our cognitive response to the product as
consumers [43]. Not only are visual or olfactory messages
conveyed by the products, but tactile and auditory cues also
affect how the consumer appraises the product [44]. The
tactile evaluation can overtake visual information, and the
feel-good touch factor could become an essential marketing
aspect [45]. This cognitive response is elaborated starting
from three main interconnected aspects [43]: the Aesthetic
Impression, the Semantic Interpretation, and the Symbolic
Association. The Aesthetic Impression is related to the
attractiveness or not of a product [43]. The Semantic Inter-
pretation refers to the product’s function, use, and qualities
[43]. The Symbolic Association concerns the product’s abil-
ity to express the owner’s identity [43].

Shapes, style lines, textures, and materials can determine
the Aesthetic Impression of a jewel. Until now, iconic animal
shapes have been mimicked in jewellery by preserving the
animals’ most recognisable features. In the case of snakes,
these features are the head, tongue, and dorsal scales. Great
attention is paid to rendering the multi-coloured and irides-
cence properties typical of the animal’s skin. The keratinised
scales characterise the animal’s appearance and represent
the jewel’s eye-catching feature. However, snakes have also
strongly influenced the Symbolic Association. The snake
in jewellery has been associated with multiple meanings,
including rebirth [46], due to the animal’s capability of
sloughing the skin. It expresses the capability of the wear-
ers to hypnotise or catch the attention of those looking at
them. It thus communicates a strong message of presence
on behalf of the person who wears it. Nowadays, even more
jewels should be able to express the wearer’s personality
[47]. Despite scales correlating to self-reported fear of
snakes [48], they have always played a central role in jew-
ellery design for their symbolic meaning. Concerning the

@ Springer



1534 The International Journal of Advanced Manufacturing Technology (2024) 131:1531-1549

Semantic Interpretation, particularly the interaction between
the wearer and the jewel, some snake-inspired jewels are
flexible, thanks to metallic spring-based mechanisms. This
flexibility allows wearers to easily roll up the jewel around
the wrist or the neck, as the animal would. The jewel’s flex-
ibility enables them to interact physically with it, creating a
correlation between their actions, the jewel’s response, and
how it perfectly adheres to their body. However, although
snakes have strongly influenced the Aesthetic Impression and
the Symbolic Interpretation of jewels, their influence on the
Semantic Interpretation could be further leveraged by, for
example, exploring new interaction modalities.

If we reflect further on how people interact with jewels,
we can easily recognise common patterns regarding gestures
and movements. A bracelet, as well as a ring and a necklace,
is not just interacting with the body as a surface to deco-
rate, but the act of wearing it requires an engagement that
would entice us “into the haptic realm” ([49] p. 40). This
haptic interaction would involve elements of friction and
effort, inviting the users “to register the consequences of
their actions” ([49], p. 40). During the shopping experience,
customers keep moving the items they wear to see them
better and check how shiny and shimmery they are, as a
playful interaction [50, 51]. They turn their wrist repeatedly
before buying a ring or a bracelet. The jewel responds to the
wearer’s input mainly through visual, tactile (also influenced
by the material and texture), and, in some cases, auditory
cues. A jewel should thus be designed to invite the person
who wears it to touch and move it spontaneously as if it
were a de-stressing object. Besides, the clasping of the wrist
is a natural action that can be made even in the dark with
good precision [52]. In addition, the wrist naturally affords
rotation [52]. Hence, people usually wear a bracelet on the
non-dominant wrist and use the dominant hand to interact
with it [52]. They can touch, clamp, and make it slither on
the wrist. The movements of a jewel can be unpredictable
when they autonomously follow and adapt themselves to
the wearer’s body actions or, on the contrary, the wearer can
fully control them.

Hence, considering how snakes are fundamental for
influencing both the Aesthetic Impression and the Symbolic
Interpretation of jewels and how their role in influencing the
Semantic Interpretation could be more intensely exploited,
the Ecdysis collection was ideated and developed. We first
started by deepening the animal behaviour and then reflected
on how to transfer such behaviour into a jewellery collection.

2.2 Implementing the bioinspiration
Snakes’ movements are versatile, allowing them to adopt
the most suitable locomotion system according to specific

situations [53, 54]. The terrestrial lateral undulation on
non-sliding surfaces is the most iconic snake movement.
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During this movement, which is possible when a bot-
tom non-sliding surface can support the whole mass, all
the points of the snake move simultaneously, following
the same path along the snake’s length and with a corre-
spondence between wave propagation and forward speed
[54]. The snake’s skin is a combination of rigid and soft
inter-scale zones, responsible for providing flexibility and
mechanical resistance to the animal [55] and whose cyclic
shedding process is called ecdysis [56]. Snake scales
are usually differentiated into head, dorsal, and ventral
(Fig. 1a). Dorsal scales are small-sized and arranged in
rows perpendicular to the snake axis [57]. They are usu-
ally more frequently reproduced in snake-inspired jewels
because they determine the visual appearance of the ani-
mal [54]. They are also on the bottom side of the snake’s
body (Fig. 1a). However, the scales that play a central role
in the snake’s locomotion ability are not the dorsal but the
ventral ones [58].

The ventral scales have an elongated hexagonal shape
[59] (Fig. 1a), with varying aspect ratios (Fig. 1b) [59]. They
are bigger than dorsal scales and generally homogeneous in
colour and appearance but not in dimensions because big-
ger scales are placed in heavier sections of the snake’s body
[59]. This variable aspect ratio (Fig. 1b) determines the fric-
tion coefficient variability of the bottom part of the snake’s
body [59]. In terrestrial snakes, they ensure the contact of
the snake to the ground. Some functional inhomogeneities
and anisotropies could be observed at the microscopical
level. They vary depending on specific movement functions
[60]. The number of ventral scales has been recently dem-
onstrated to have, in some species, a 1:1 correlation with
the number of vertebrae of snakes [61], which, on the other
hand, are connected to some of the muscles responsible for
snakes’ movements. Despite their crucial role in determin-
ing snake movements, the ventral scales have not played the
same relevant role in jewels until now. They are not consid-
ered the most distinguishing feature of the animal, being not
visible, except when the animal, particularly cobras, lifts the
head during defensive actions to show their neck [62, 63].

However, considering their crucial function in the snake’s
slithering on the ground, we decided to investigate further
how to mimic their functionalities into a jewel; i.e. the jewel
should behave like a snake that, instead of slithering on the
ground, is slithering on the wearer’s body.

As explained, the snake interacts with the ground through
the ventral scales. The head is usually at the same level as
the body except during defensive actions [62, 63]. Hence,
the wearer’s dominant hand (or any surface of the human
body where the jewel is placed) and the ground (or any sur-
face where the animal typically slithers) play similar roles in
enabling the movements of the jewel (for the wearer) and the
ventral scales (for the snake). Hence, since the bracelet and,
more generally, the jewel in our collection are the animal,
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Fig.1 A graphical representation of the snake’s body bottom view with its ventral and dorsal scales. a How the scales are shaped and positioned.
b How the aspect ratio of the ventral scales could vary along the snake’s body axis. Images inspired by [58, 59]

like the animal, they should be able to transform themselves
dynamically and continuously.

Starting from these further considerations, the Ecdysis
collection was designed. It consists of several static brace-
lets, rings, and a kinetic and interactive bracelet: sketches
related to the static and dynamic versions of a bracelet are
shown in Fig. 2, while further details are provided in the
following sub-sections.

2.3 Main design targets and embodiment design

The Ecdysis collection is conceived to mimic the func-
tion of the snake’s ventral scales and evoke the iridescence
phenomenon of the snake’s skin. To this aim, scales were
created as separate but overlapping elements (i.e. moduli),
as in the snake, whose three-dimensional texture should be
designed to enable it to hide or show different parts and col-
ours, according to the observer’s point of view. In the kinetic
version, the movements of the modules should be allowed
by the touching, clamping, and slithering actions operated
by the dominant hand, as it occurs due to friction when the
snake’s ventral scales slither on the ground. These modules
are thus conceived as slightly superimposed to implement a
“domino” effect, leading to their simultaneous and progres-
sive rotation once stimulated by the dominant hand.

As the study intends to create an innovative 3D-printed
bioinspired collection of jewels and exploits the potentiality

of AM and computational approaches in this field, we paid
attention to the following aspects.

Concerning how to physically render the ventral scale
behaviour, the problem was initially simplified as a 2D pla-
nar representation, and multiple virtual tests and small-scale
virtual prototypes were modelled. Figure 3a summarises
some initial experiments performed using the Grasshopper
environment of Rhinoceros [12] and a combination of com-
mands that allows the creation of a twisting effect (imple-
menting details are provided in Sect. 2.4). This effect was
considered the potential solution for mimicking the ventral
scale geometry (Fig. 3b) and enabling the dynamics of the
jewel. A further fascinating aspect of this effect is the visual
cues it triggers (Fig. 3a), which seem to recreate the irides-
cence characterising the snake’s skin. Indeed, some snake
species look iridescent, such as the rainbow boa, sunbeam,
and indigo snake [64]. Their bright glint is caused by a com-
plex and dynamic physiological process, which leads to a
rapid change in pigment and patterns [65]. As the reproduc-
tion of this physiological process is not feasible with the cur-
rently available AM materials and technologies, we decided
to render this dynamic effect through a three-dimensional
texture enabled by this twisting pattern and the possibility
of generating the scales as separate but interlinked modules
(Fig. 3).

Concerning 3D printing, we consider the possibility
of implementing the following design heuristics for AM
[66]: (1) customisation to adapt the jewel to the wearer’s
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Fig.2 Sketches of some ele-
ments of the Ecdysis collection.
a Static bracelet. b Kinetic
bracelet

anthropometric characteristics; (2) part consolidation to
reduce the jewel assembly time; (3) lightweight for product
wearability, especially in the case of precious metal jewels;
(4) material distribution to guarantee the relative movements
of the jewel’s elements and fulfil specific density require-
ments; and (5) convey information, i.e. exploiting the DfFAM
freedom to mimic the main distinguishing characteristics of
the scales also to arouse the Aesthetic Impression. Another
crucial point was the manufacturability of the proposed col-
lection through multiple AM technologies, which implies
the definition of dedicated constraints that, in turn, influ-
ence the design process to allow the creation of prototypes.
Finally, because AM technologies allow the so-called mass-
customisation of the product, it was considered fundamental
not only elaborating a dedicated set of variables controlling
the generation of multiple product configurations but also
properly mastering the influence of these changes on the
product manufacturability.

Finally, it is worth mentioning that although the main
objective of the design activity was to create an interactive
jewels collection, we also developed the static version. We
discovered that the twisting effect (Fig. 3) in its static condi-
tion was also appropriate to mimic the defensive action of
the snake, during which the animal lifts its head and shows
its ventral neck scales.

@ Springer

2.4 The computational model

For the sake of simplicity, here we focus the discussion on
the computational model of the kinetic bracelet (Fig. 2b).
This one consists of two plates connected by the modules
representing the ventral scales. The modules do not faith-
fully replicate the ventral scales morphology; however,
the shape of the modules reminds them through a series of
aligned torsions (Figs. 2 and 3). The torsion of the modules
is not applied to replicate any twist of the ventral scales. In
contrast, it is a way to visually remind the snakes’ sinuous
movements by juxtaposing the hexagonal ventral scales and
the rhomboid dorsal ones (Fig. 3b) and creating a play of
colours that resembles the iridescence phenomenon. Beyond
the twist of the modules, which allows a static representation
of the scale morphology, the other key aspect of the jewel is
its motion design: it should mimic one of a snake and allow
human-jewel interaction.

As mentioned, the computational model was devel-
oped within the Grasshopper environment of Rhinoceros.
The first step was to identify the main elements of the
model and how they are linked. Based on some prelimi-
nary evaluations and attempts, we identified ten groups
that were clustered into four categories (Table 1): Shape,
Customisation, Feature imitation and interaction, and
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Table 1 The four categories and the ten groups defined for the devel-
oped computational model

Category Group

Shape Jewel silhouette
Modules generation
Pins
Plates

Customisation Body sizes

Modules dimensioning
Feature imitation and interaction Torsion
Mechanism of motion
Colour

Manufacturability Pin-hole joint

Manufacturability. This classification is the strategy fol-
lowed to organise the algorithm, even if it is evident that
some choices surpass the limits of a single group. The
Shape category oversees the shape complexity dimension.
Hence, within this category are assigned the groups that

control the generation of the shape of the main elements of
the jewel. The Customisation category concerns the main
variables that must be changed to adapt the jewel to the
wearer’s body. The Feature imitation and interaction rep-
resents the functional complexity dimension in combina-
tion with the bioinspiration. It integrates the groups deter-
mining the capability of the jewel to render the slithering
mechanism correctly and the simulated iridescent effect.
Manufacturability is focused on guaranteeing the printa-
bility of the jewel as pre-assembled. It is, therefore, aimed
at managing the pin-hole joint because it is responsible
for the movements of the modules. The values assigned
to the geometry also influence manufacturability; hence,
the groups and, specifically, the variables defined within
them are strongly interlinked (Fig. 4a). An overview of the
whole Grasshopper model is provided in Fig. 4b. Some
Grasshopper components were clustered to facilitate the
comprehension of the relationships between the model
groups. The full algorithm is available upon request from
the corresponding author. Further implementing details
are provided later.
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Fig.4 Overview of the computational model through its ten groups:
schematic view (a) and Grasshopper model (b). Four categories
have been identified, highlighted with different colours: Customisa-
tion (in blue), which contains the “Body sizes” and “Modules dimen-
sioning” groups; Shape (in red), which includes “Plates”, “Modules
generation”, “Pins”, and “Jewel silhouette”; Feature imitation and

2.4.1 The“Body sizes” and “Modules dimensioning” groups

The Customisation category considers two groups: “Body
sizes” and “Modules dimensioning”. They allow the defi-
nition of the parameters that control the bracelet size. An
elliptic profile was chosen instead of a circular one since
it fits the wrist shape better. The size can be modified by
adjusting the two radius dimensions (Fig. 5a, in millimetres)
to obtain a perfectly tailor-made jewel instead of just select-
ing standard sizes. The modules’ number and length are the
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interaction (in green), which contains the “Torsion”, “Mechanism
of motion” and “Colour” groups; and Manufacturability (in yellow),
which coincides with the “Pin-hole joint” group. The links among
these groups are highlighted through arrows in the schematic view
(a). In (b), some Grasshopper components were clustered based on
the schematic view in (a) to facilitate the model comprehension

other essential parameters for defining the overall bracelet
dimensions (Fig. 5a, in millimetres). These variables have
been treated as input for the computational model.

2.4.2 The“Jewel silhouette” group

The four parameters defined in the Customisation category
are the inputs of the “Jewel silhouette” group, which belongs
to the Shape category (Table 1). In this group, the elliptical
selected for the jewel is designed. The geometrical entities



The International Journal of Advanced Manufacturing Technology (2024) 131:1531-1549 1539

a)

Modules dimensioning

Geometry
to be
b) twisted

#Modules =5
(in this example)

Fig.5 The “Modules dimensioning”, the “Body sizes”, and the
“Torsion” groups. a Number sliders allow changing four param-
eters (the two radii of the elliptic shape, the modules’ length, and
number), obtaining a perfectly tailor-made jewel. Length and radii

defined are the inputs of the other three geometrical groups,
in which the plates, the pins, and the modules are designed
(Table 1).

2.4.3 The“Torsion” group

The peculiar shape of the modules is obtained inside the
“Torsion” group (Fig. 5b), whose inputs are the two mod-
ules’ parameters already defined. To explain how the mod-
ules were designed, the number of modules, called N and
equal to 22 in the 3D-printed prototype (Fig. 5a), was set
equal to 5 in this example (Modules’ number in Fig. 5b). The
Grasshopper component, which allows deforming objects by
twisting them around an axis is called “Twist” (Fig. 5b). Its
main inputs are the base geometry to be twisted, the twist
axis, and the twist angle (which can be expressed in degrees
or radians). Each input can be changed independently from
the others. The geometry to be twisted was designed as a
set of N adjacent rectangles, whose two dimensions were
defined according to the desired dimensions of the brace-
let. The longitudinal axis was determined for each rectangle

15t graph 2nd graph
mapper mapper
Nz |
& =

N

Twist axis

Twist
component

are expressed in millimetres. b The “Torsion” group, exploiting the
Grasshopper “Twist” component, allows the design of the module’s
shape. Size and length are expressed in millimetres

(Fig. 6a). It is the twist axis input of the “Twist” component
(Fig. 5b).

The tricky part was the definition of the twist angle set. A
range of N equally spaced numbers is defined in the domain
[0;1] to obtain a gradual torsion of the modules. In this
simplified example, the set is {0; 0.25; 0.5; 0.75; 1}. By
using these values times 180 to obtain an angle value in
degrees, as angles input in the twist, the obtained result is
a progressive torsion by {0°; 45°; 90°; 135°; 180°} of the
five modules (Fig. 6b). Once the twist of the modules is
completed, the next step would be their wrapping around the
elliptical shape. However, the current configuration (Fig. 6b)
is unsuitable for this operation. Even if there is a gradual
torsion from module #1 to #5, the transition from #5 to #1
is discontinuous. For this reason, the set of angles was rema-
pped using a first sinusoidal function, shown in Fig. 5b (1st
graph mapper). This function is symmetric with respect to
the midpoint of the domain [0;1], is equal to O at the two
extremities, and reaches its maximum (1) at the midpoint
(x=0.5). Practically, considering the set previously defined
{0; 0.25; 0.5; 0.75; 1} and remapping it, the set {0; 0.5; 1;
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Rectangle #5

Longitudinal axis #1

D

Rectangle #1

c)

Rectangle #5
Torsion angle: 0°

180°

Rectangle #3
Torsion angle: 180°

Rectangle #1
Torsion angle: 0°

e)

[ Rectangle #6

Torsion angle: 90°

Rectangle #1
Torsion angle: 180°

Fig.6 Steps of the twisting process (isometric views). a The geom-
etry used as input in the “Twist” component (a set of N=5 adjacent
rectangles) and twist axis (the related set of the N=5 longitudinal
axes of the rectangles). b Resulting twist of the geometry (a) consid-
ering as twist inputs the angles {0°; 45°; 90°; 135°; 180°}. ¢ Result-
ing twist of the geometry (a) considering as twist inputs the angles
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Longitudinal axis #5

Rectangle #1
Torsion angle: 0°

b)

Rectangle #5
135° Torsion angle: 180

/

0°

d)

Rectangle #5
Torsion angle: 180°

Rectangle #3
Torsion angle: 180°

Rectangle #1
Torsion angle: 180°

Rectangle #22
Torsion angle: 180°

™\ Rectangle #17
Torsion angle: 90°

k
¥. Rectangles #11 and #12
Torsion angle: 180°

{0°; 90°; 180°; 90° 0°} obtained through the 1st graph mapper
(Fig. 5b). d Resulting twist of the geometry (a) considering as twist
inputs the angles {180°; 90°; 180°; 90°; 180°} obtained through the
combination of the 1st and 2nd graph mappers (Fig. 5b). e Resulting
twist of the geometry considering N=22 modules
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0.5; 0} is obtained, which corresponds to twisting angles
equal to {0°; 90°; 180°; 90°; 0°} (Fig. 6¢).

Even if this remap solved the problem of closing the ellip-
tical shape, the juxtaposition of two modules with no torsion
is not favourable for transmitting motion from one module
to the next. For this reason, a second remap was performed
using the sinusoidal function shown in Fig. 5b (2nd graph
mapper). Analogously to the previous one, this function is
symmetric with respect to the midpoint of the domain; dif-
ferently, it is equal to 1 at the two extremities and reaches
its minimum at the midpoint (x=0). The minimum value is
equal to 0.5 (meaning that the amplitude of this function is
half of that of the previous one). The effect of this remapping
is twofold: on the one hand, it removes all the modules with
no twist; on the other, it allows the continuity of the wrapped
configuration. The resulting sets are indeed {1; 0.5; 1; 0.5;
1} in the domain [0;1], which corresponds to {180°; 90°;
180°; 90°; 180°} (Fig. 6d). This algorithm works with differ-
ent numbers of modules. In the kinetic 3D-printed bracelet,
N was set equal to 22. The isometric view of the output of
the Torsion group is shown in Fig. 6e.

2.4.4 The“Modules generation” group

The output of the “Torsion” group is shown in Fig. 6e, and
it is one of the primary inputs of the “Modules generation”
group (Fig. 4a), in which the geometry of the modules is
created.

The first step is wrapping the half module’s surfaces
around the ellipse representing the wrist. The objective is
to create a closed shape. This is done by first creating a new
set of planes perpendicular to the y-axis and having as origin
22 equally spaced points on the wrist size ellipse (defined on
the z-y plane); then, through the Grasshopper “Orient” com-
ponent, the set of 22 geometries shown in Fig. 6e is rema-
pped from the initial set of planes to the final one (Fig. 7a).
The second step mirrors the half module design to obtain a
symmetric central configuration. Before mirroring, a cen-
tral transition rectangle was added (Fig. 7b). It increases
the contact area between the module and the wrist skin dur-
ing the jewel rotation and, at the same time, contributes to
mimic the shape of the ventral scales (Fig. 3b). The resulting
geometry is shown in Fig. 7b. The third step is to offset the
module surfaces to obtain solids, as shown in Fig. 7c. In
addition, filleting was applied on selected edges to smooth
the shape of the modules.

2.4.5 The“Pin-hole joint” group

The Manufacturability contains the “Pin-hole joint” group.
The connection between the central configuration and the
two plates was properly conceived to connect each module
to the others and make them roll around their axis. This

connection must satisfy several requirements. First, it should
allow the rotation of each module around its axis. Secondly,
the rotation of one module should cause the synchronous
rotation of all the others. A pin-hole joint with a truncated
conic shape was selected, whose parameters were defined
in this group and are shown in Fig. 8a. The pins were con-
nected to the modules. To this aim, holes were designed
in the two plates. The truncated cone, being axisymmetric,
permits the rotation of the pin inside the respective hole.
A clearance value (clearance pin-hole in Fig. 8a, b) is
defined to tailor the distance between each pin and the rela-
tive hole. A slightly different value (clearance mod-plate in
Fig. 8a, b) was set to tailor the distance between the plate
and the modules. These values can be adjusted according
to the chosen 3D printing technology and material. In this
group, other variables, such as the pin radius (pin radius
in Fig. 8a, b), cone angle (angle in Fig. 8a, b), and cone
height (cone height in Fig. 8a, b), were established. The
connection between the module and the respective pin was
obtained through a cylinder whose height equals the clear-
ance mod-plate value. To block the axial disassembly of
the coupling, the cone angle and the clearance values were
chosen to have the hole’s minor radius bigger than the pin's
major radius (Fig. 8b). The geometry of the pins was also
selected to guarantee the printability of the bracelet for the
chosen printing orientation.

2.4.6 The”Plates”and“Pin” groups

The other two groups of the Shape category are the “Pins”
and the “Plates” (Table 1), which depend on the parameters
defined in the “Pin-hole joint” and on the geometrical enti-
ties defined in the “Jewel silhouette”. In these groups, the
geometries of the two pierced plates and the pins were cre-
ated. The plates are fundamental to guarantee the synchro-
nous rotations of the modules.

2.4.7 The“Mechanism of motion” and “Colour” groups

Once the static geometry of the whole bracelet had been
obtained and the proper interface between the modules
and the plates had been defined, it was necessary to devise
the bracelet mechanism of motion. This was done in the
“Mechanism of motion” group. First, it is essential to design
how to connect the truncated conic pins to the modules.
The two pins of each module were not aligned to obtain the
synchronised rotation of all the modules. Still, they were
positioned staggered with respect to the torsion axis by
translating them towards opposite directions (Fig. 8c). This
means that to maintain the alignment of each pin with the
respective hole, a translation of the two plates in the oppo-
site direction should be applied. This implies that a rotation
of the modules around their axis should correspond to a
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Initial plane set

\ N

b)

Original half module
Transition rectangle

3

Fig.7 Steps of the modules’ 3D model generation (isometric views).
a Wrapping of the 22 modules around the wrist size ellipse: the
inputs (left) and output (right) of the “Orient” component are shown.

rigid translation of the two plates along a circular trajectory,
whose radius corresponds to the translation of the pins with
respect to the module axis.

To verify the proper mechanism of movement and the
effect of the possibility of colouring the jewel surfaces to
strengthen the simulated iridescent effect, first, different
colours were assigned to the bracelet elements through the
“Colour” group: the whole jewel was painted gold, and then,
the internal surface of each module was dyed pink. Then,
the movement can be visualised through a number slider
that acts on the rotation angle of the modules around their
axis and simultaneously on the rotation of the vector, con-
trolling the translation of the two plates. The isometric and
lateral views of the jewel at four rotation stages are shown
in Fig. 9a, b. The Rhinoceros environment also allows for
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Geometry
set

Mirrored half module

Final plane set

\
Output geometry
c)

Extruded modules

g

&

b Design of the transition rectangles and mirroring of the half mod-
ules to obtain their entire profile. ¢ Extrusion of the modules’ profile

visualising the motion mechanism before printing the proto-
type, as shown in Fig. 9c. In the case of the static version of
the bracelet, its computational model has a simplified struc-
ture compared to the one described above. The ‘“Mechanism
of motion” and “Pin-hole joint” groups are not present. The
groups related to the shape are modified to obtain the geom-
etry shown in Fig. 2a. Concerning the rings, a 360° elliptical
geometry is created. At the same time, for the bracelet, it is
also possible to design an open profile (further details in
Sect. 2.5) facilitating the wearing.

2.4.8 Generation of multiple configurations

A further aspect to underline concerning the developed com-
putational model is the possibility of customising the jewel
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a) b) Module C)
Pin radius
—n
| Pin-hole joint
110 —_— 4 Clearance mod - plate
. Module’s
050 | torsion
axis
u—no}——— ) 'Angle
Cone height +——— Plate
= s p——
V\
Clearance pin - hole Pin

7 . Pinand plate
translation

Fig.8 The “Pin-hole joint” and the “Mechanism of motion” groups. coupling and its parameters. ¢ Pin and plate translation with respect
a Parameters of the pin-hole clearance coupling (linear dimensions to the module’s torsion axis
expressed in millimetres, angles in degrees). b Representation of the

Fig.9 The mechanism that allows mimicking the snake ventral scale plates along a circular trajectory. ¢ A collection of frames (from left
slithering. a Isometric views of the jewel at four stages of the rota- to right) shows the kinetic bracelet’s working mechanism, i.e. the
tion (0°, 90°, 180°, and 270°). b Lateral views of the entire jewel at rotation of the modules around their axis and the synchronous transla-
the same four stages. It is possible to notice the translation of the two tion of the two plates
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and keeping its density under control. In jewellery, density
control is essential for cost reasons [26]: different sizes
of the same jewel are characterised by different volumes,
therefore different weights, and thus different costs, which is,
however, something unwanted. For example, three different
sizes of the kinetic bracelet with their relative dimensions
are shown in Fig. 10a.

The sizing is not merely performed by scaling the jewel,
this is fundamental to preserving the jewel’s manufactur-
ability, aesthetics, and functionalities in all configurations.
To this aim, all the parameters defined in the “Pin-hole joint”
group should be kept constant; therefore, only the ellipse’s
two radii and the modules’ length and width can be changed.
However, to avoid cost differences among the three con-
figurations, a practical way possible thanks to the freedom

a) SMALL SIZE MEDIUM SIZE
Radius 1 25.2 mm Radius 1 30.8 mm
Radius2 | 28.8 mm Radius2 | 35.2 mm
Length 37.8 mm Length 46.2 mm
Width 1.8 mm Width 2.2 mm
Size 170 mm Size 208 mm
Volume | 38.5 cm® Volume | 52.6 cm®

Fig. 10 Sizing of the kinetic bracelet and examples of lightweighting
solutions and density control offered by AM technologies. a Three
different sizes (small, medium, and large) were modelled by changing
the four parameters shown in the right part of the figure. The result-
ing size (perimeter of the internal ellipse of the plate) and total vol-
ume are reported in the tables. b Selection of different infill densities
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allowed by AM technologies and not, for example, via
casting could be to reduce the effective density of medium
and large sizes to obtain the same weight and cost of the
smaller one. For example, the modules and the plates could
be printed as “shells”. By setting a wall thickness equal to
0.5 mm and infill densities equal to 0% for the modules
and 100% for the two plates, a weight reduction of 34-40%
(depending on the selected size) is obtained (Fig. 10b). If
a powder-based 3D printing technology is chosen, holes
must be designed at the bottom of each module to allow the
unfused/unsintered powder to exit from the hollow struc-
tures (Fig. 10c). These changes could, for example, influence
some acoustic cues the jewel provides. Hence, they should
be implemented carefully or in a way that favours specific
auditory responses.

LARGE SIZE
Radius1 | 35.0 mm H
Radius 2 40.0 mm
Length 52.5 mm :
Width | 25 mm 3
Size 236 mm o —
Volume | 64.5 cm®

Hole
location

for the multiple parts of the jewel, such as a shell-only configuration
for the modules (wall thickness equal to 0.5 mm) and a 100% infill
density for the plates. ¢ Bottom holes should be included in the mod-
ules to allow the exit of the unfused powder from the hollow struc-
tures (in the figure, their potential location is shown)
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2.5 3D printing of the polymeric prototype

The kinetic jewel was printed using a stereolithography
(SLA) 3D printer. The selected printer is the Form 3B
(Formlabs Inc.), and the material is the Clear resin. An ori-
entation with the two plates parallel to the building plate
was set. The computational model allows the printing of the
jewel as pre-assembled to optimise manufacturing times.
Moreover, the gradual torsion of the modules makes them
self-supporting during the printing. In any case, support was
necessary to sustain the second plate and guarantee the clear-
ance between the module’s extremities and the plates. The
support volume is approximately 32% of the total printed
volume. After the printing, all supports were removed, and
the prototypes were painted to mimic a gold jewel. Indeed, to
further strengthen the iridescent effect, the two faces of the
modules can be finished in two different ways: for example,
one surface can be paved with coloured gems, plated with
another metal, or even coated with classical enamel or any
other covering material. Gold surfaces and gems can also

Fig. 11 The 3D-printed
prototypes of the kinetic and
static bracelets. a The kinetic
bracelet printed with SLA and
after support removal. b—¢

The bracelet (a) after painting
using fingernail polish. d The
open static bracelet printed
with FFF. e, f The bracelet (d)
and a ring after painting using
fingernail polish. g A collection
of frames (from left to right)
showing how the modules of the
bracelet rotate around the wrist
skin when stimulated by the
dominant hand

enhance the visual interaction with the jewel due to their
light reflection ability. The final 3D-printed prototypes are
shown in Fig. 11a—c.

The prototypes of the static elements of the collection
were instead printed using a fused filament fabrication
(FFF) 3D printer (Ultimaker S5) and polypropylene (PP)
(Fig. 11d). The flexibility of PP allows the narrowing of
the dimension of the bracelet opening. Supports were not
required, and the jewel was painted analogously to the
kinetic version (Fig. 11e, f). The dynamic 3D-printed pro-
totype successfully rotates around the wrist skin when stimu-
lated by the dominant hand, as shown in Fig. 11g.

2.6 3D printing of the metallic jewel

Based on the contribution of an expert in the field, all
the jewels were judged as printable in gold with LPBF
technologies. The kinetic jewel can be printed either
pre-assembled or separated into parts. In this second
case, finishing all the surfaces and making them perfect,

W /‘/,/ /. “ 
“\\ \ \\\\
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as high-end jewels require, would be easier. However,
even if printed as pre-assembled, with supports limited
in quantity and placed in not visible zones, their pres-
ence represents a little drawback. Hence, we printed the
kinetic prototype with a metallic material, specifically
bronze, to validate these considerations. Specifically, we
printed an intermediate version between the small and
the medium sizes (Fig. 10a).

Some changes were implemented to ensure the kinetic
model’s successful printing as pre-assembled. The follow-
ing targets drove those changes: (1) reduce the weight of the
jewel for more comfortable wearability, (2) guarantee its
printability using a powder-based technology, and (3) test an
additional aesthetic configuration. The main modifications
are summarised in Fig. 12a.

Differently from SLA, the selected printing orientation,
to minimise supports and avoid too big cross-sections, was
with the bracelet inclined (flat faces parallel to the build-
ing plate should be avoided). Fillets were added to the two

Fig. 12 The creation of the
digital and physical model of
the metal bracelet. a Changes to
the kinetic bracelet to allow its
printability using laser powder
bed fusion and to test an addi-
tional aesthetic configuration.
Modules and plate modifica-
tions lead to a weight reduction
of 48% and 36%, respectively,
compared to the initial design.
b, ¢ 3D-printed bronze kinetic
bracelet in its “as-built”
configuration (b) and after post-
processing (c)

a) Initial design
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faces of the modules located near the plates to reduce the
number of flat faces. Then, the cross-section of the plates
was modified from the original rectangular shape to a more
harmonious, almost elliptic one. Cuts in the modules have
been performed to reduce their weight and permit the even-
tual enamel application. Finally, the pin and hole shape has
been changed to test a different aesthetic configuration. A
clearance value of 0.5 mm was considered to guarantee the
relative motion between plates and modules. Thanks to all
these changes, weight reductions of 36% and 48% have been
achieved for plates and modules, respectively, leading to a
whole weight reduction of 43%.

The prototype has been printed using the Sisma MySint100
(Sisma S.p.A., Vicenza, Italy) and the PM-BR101P powder
(90% Cu, 10% Sn) by Legor (Legor Group S.p.A., Bressan-
vido, Italy) with a layer height of 15 um (laser: 100 W, speed
1200 mm/s). Figure 12b shows the jewel at the end of the
printing process; supports, whose volume is around 30% of
that of the jewel, were manually removed using hand tools

New design

Pin shape

Weight reduction : 48 %
s

Cut for enamel application

/ l Hole shape
Plate cross section shape I i

Fillet

Weight reduction : 36 %
ey
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(flush cutters). The bronze prototype, after post-processing, is
shown in Fig. 12c. A first finishing step was performed, dem-
onstrating that the overall quality was satisfactory. Besides,
the mechanism works properly. The dynamic metallic bracelet
also provides the Jingle effect. The analysis of the acoustic
response of the bracelet, because of its optimisation/customi-
sation and related to the bracelet material and its geometrical
features, including local density reductions, was not part of
the present work. However, results demonstrated that this fur-
ther design aspect could be included in future developments
of the computational model.

3 Conclusions

This paper deepens the synergistic role between AM tech-
nologies and computational strategies in extending the
design and manufacturing boundaries of the jewellery indus-
try. Their integration in the digital design and manufacturing
paradigm context promotes the production of unique shapes
and unconventional interaction modalities between the jewel
and the wearer. We demonstrate this potential through a case
study: a 3D-printed bioinspired and interactive jewel collec-
tion called Ecdysis.

Taking snakes’ shape, dynamism, and iridescence as
inspiration, this collection was developed starting from a
computational model that allows adjusting the jewels’ con-
figuration according to the selected printing technology and,
more generally, to modify every dimension, detail, and size
effortlessly. These “smart” changes would not be manage-
able without this model. They are not just functional; they
can also enhance the design of different but still coherent
versions of the jewel that could be part of the collection.
They can also be directly modified by those customers who
want to personalise the items themselves, enabling mass cus-
tomisation. This could lead to a new, engaging, and interac-
tive shopping experience in which the customer participates
in the design of its one-of-a-kind and exclusive jewel. The
concept behind the Ecdysis collection has been triggered
by the snake’s movements and the intent to fully address
the consumer’s cognitive response based on the Aesthetic
Impression, the Semantic Interpretation, and the Symbolic
Meaning.

The study aims to highlight that all these opportunities
are made possible by combining AM technologies with com-
putational design strategies and tools. Specifically, compu-
tational design strategies in jewellery allow capitalising on
AM’s design and fabrication opportunities. They enable
extending design boundaries and mastering the increased
complexity in favour of an effective manufacturing process
that allows fabricating products as pre-assembled and tun-
ing the material distribution. The possibility of locally con-
trolling the object weight, while it is already capitalised in

other fields (e.g. in aerospace [67]), could also become a
distinctive feature of the jewellery sector. A design strategy
that allows obtaining a discretional concentration of pre-
cious metals based on aesthetics, functionality, and inter-
action requirements would improve the control of the pre-
cious material in specific jewellery parts. This possibility
would contribute to using the same amount of precious metal
across different sizes and, therefore, would support a more
detailed cost and price management, now very often based
on compromising across different sizes and related weights.
Besides, it would allow tuning important multisensory cues,
such as those related to sound, which are essential in jewel-
lery design. This aspect has yet to be addressed in this study,
but it could be considered in future work. The develop-
ment of the case study has also highlighted further relevant
aspects. First, a multidisciplinary team is fundamental to
properly deal with all the involved design and manufacturing
challenges. Even more, considering the increased complex-
ity of what can be created, it is essential to combine the
knowledge and competencies of product and process experts
and professionals working in the field of DfAM to exploit
the design potential of AM technologies. Indeed, the devel-
opment and implementation of the computational model is
not straightforward and requires an initial phase of abstrac-
tion of all the aspects involved in the design activity and how
they are linked. Hence, it will be fundamental to develop
computational methods and frameworks as in [19] to enable
the implementation of multidisciplinary design optimisation
and concurrent design approaches.
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