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Abstract

This study presents a versatile ontology for describing all kinds of smart or stimuli-responsive
4D printed material systems and structures. The different components of the ontology, namely:
initial geometry and shape, shape-morphing principle(s), triggering stimuli, intermediate/final
geometry and shape, 4D material and printing or additive manufacturing technology, are
enumerated and classified. Accordingly, a codification system for schematically illustrating the
actuation cycle of 4D printed material systems and structures, and shape-morphing devices in
general, is proposed. The systematic application of the ontology to a relevant set of examples
helps to demonstrate its utility and adaptability to many different types of 4D printed objects. It
demonstrates that the ontology and codification schemes developed in this research can serve a
comprehensive classification tool for the emergent field of 4D printing. It is the first ontology
capable of representing the multiple actuation steps of complex 4D printed devices and
actuators, in which several metamorphoses may be achievable, due to combinations of different
shape-morphing principles and triggering stimuli. To this end, a single line of code is required.
A glossary is provided to support its implementation and application. Besides, the usability of
the ontology and related codification by a generative artificial intelligence (Al) for supporting
engineering design tasks is explored and validated through a set of examples and an industrial
use case. This work is expected to provide a universal language to facilitate the communication
in the 4D materials and printing field, as well as a synergic generative Al-based methodology
for creativity promotion linked to innovative smart 4D printed material systems and structures.

Keywords: 4D printing, smart materials, smart systems, shape memory materials,
additive manufacturing, living matter
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1. Introduction

Shape-morphing materials and structures enable the creation
of smart devices and systems with metamorphic abilities,
which are capable of improved interactions with the envir-
onment by adapting their geometry, in some cases with
reversible operation [1—4]. Shape-morphing regions within
complex devices can serve also as actuators for performing
extremely varied functions. These shape-shifting structures
and devices are already making an impact in several industrial
fields, from robotics to medicine, from architecture to inner
design, from vehicles to space technology. Deployable satel-
lite structures, adaptive furniture, environmental responsive
facades, minimally invasive surgical tools, tissue engin-
eering scaffolds and implants, to cite just a few, bene-
fit from an implementation involving shape-morphing struc-
tures or shape-shifting components. In terms of size, applic-
ations range from large-scale systems for buildings, vehicles
and machines, to micro-/nano-manipulators and micro-/nano-
electro-mechanical-systems (MEMS/NEMS) [5-9].

Numerous design and manufacturing strategies allow for
the development of shape-morphing systems. Smart or mul-
tifunctional materials, capable of responding in a controlled
way to external stimuli, can be arranged as the active elements
within shape-morphing structures [3—5]. Functionally graded
materials (FGMs) or structures [6, 7] and metamaterials [8]
may also have shape-shifting properties and can be used as
driving elements for shape-morphing structures. Conventional
hydraulic, pneumatic and electromagnetic actuators can be
active elements within transformable structures and machines’
subsystems [6, 10]. Special designs for creating structures
that transform into mechanisms and vice versa can be also
employed.

Many of the previously mentioned materials and geomet-
rical configurations, leading to shape-morphing structures and
devices, can be materialized employing additive manufactur-
ing (AM) technologies. AM technologies, usually working
following a layer-by-layer approach, enable the creation of
complex-shaped objects, FGMs and structures, multi-material
and multi-scale objects, and have helped to reinvent product
development in many ways. Some AM technologies (and care-
ful design procedures) can help to directly manufacture mech-
anisms (kinematic chains made of interconnected links, as
basic units for mechanical systems and machines), mechan-
ical metamaterials, functionally graded geometries, and even
micro/nanomechanisms (and MEMS/NEMS), starting from a
computer-aided design (CAD) file and avoiding a variety of
time-consuming and demanding post-processes and assembly
operations [11-13].

All these innovations synergize for empowering the field
of shape-morphing (meta)materials, structures, devices and
engineering systems in general. In fact, the AM of shape-
shifting systems has been a research topic for almost two
decades now. 3D printing with shape-memory materials, 3D
printing of structures with inner mechanisms and 3D printing
of graded structures and materials have also been reported.

These alternative or complementary routes, for achieving
metamorphic structures and devices employing AM technolo-
gies, have been more recently integrated under the term four-
dimensional printing or ‘4D printing’ [1, 3,9, 14-22]. The fact
is that 4D printing is an emergent and rapidly evolving field,
which still needs to be defined and structured, for increased
industrial impacts.

In general, 4D printing uses the materials and techniques
common from 3D printing, sometimes with slight adaptations,
and generates components and devices that perform controlled
geometrical changes over time. The transformation is usu-
ally enabled by special design features, by the use of digital
or stimuli-responsive materials, by multi-material printing or
even by actively producing deformation upon the part structure
in a controlled way [1, 3, 9, 14-22]. Bioinspired design prin-
ciples are employed in many cases [23-25], as well as graded
materials and composites [26-28].

More recently, the creation of biohybrid systems [29-31],
in which living cells perform as active elements, driving the
motion of MEMS and micromachines, is also becoming a rel-
evant R&D trend. In many ways, smart and living materials
share several features, including the possibility of responding
to external stimuli in a controlled way through morphological
changes.

To better understand the field of 4D printing and analyze
its potentials for the development of smart shape-morphing
(meta)materials, structures, devices and systems, systematic-
ally describing and presenting the field, while exploring its
boundaries can be a successful strategy connected to creativ-
ity promotion. In this creative exercise, it is relevant to start
with an ontology or classification and codification scheme for
the 4D printing field. Ontologies are schemes for classifica-
tion, typically defining categories, properties and relationships
between concepts data and entities, which help organize and
index knowledge and research fields. Apart from classifying
what already exists, ontologies and taxonomies (special hier-
archical ontologies) can be used to foresee and organize what
may still be developed or created, especially in the cases of
ontologies and taxonomies dealing with novel research fields.

Different ontologies are being constructed for varied areas
of materials science and engineering, including 4D printing,
for which already a taxonomy and an ontology have been
recently proposed [1, 15]. Other nascent areas in materi-
als science and engineering, like the field of engineered liv-
ing materials, whose dynamic properties have direct con-
nections with 4D printed devices and shape-morphing struc-
tures, are also benefiting from the organizational impact of
ontologies and taxonomies [29, 30]. Soft-robotics actuators,
obtained by AM procedures in many cases, are also being
classified [31]. Despite the above-mentioned pioneering stud-
ies, 4D printing still lacks a complete ontology capable of
considering geometries, shapes, shape-morphing principles,
triggering stimuli, applicable manufacturing technologies and
usable raw materials. Some of the referred schemes mainly
focus on soft materials, shape-memory polymers and alloys
and single-step actuators, which are too limited considering
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the vast potential of 4D printing. Furthermore, existing codi-
fication schemes for 4D printing do not usually consider
shape-morphing actuators, which benefit from several actu-
ation metamorphoses. Additionally, novel generative artificial
intelligence (AI) resources combined with ontological frame-
works and codification schemes may support radical innova-
tion and automated discoveries in the field, which constitutes
an unexplored synergy presented for the first time in this work.
Consequently, this study aims at exploring the concept
of 4D printing in depth and introducing the most versatile
and useful ontology to provide a codification scheme that
is already supporting our team in the exploration of func-
tional principles and concepts for better approaching different
smart devices in varied projects. Through this abstraction pro-
cess, creativity has been fostered, as we have worked through
an exploratory cycle linked to the development of the onto-
logy and codification scheme, followed by a contraction cycle,
through which the ontology and codification have been applied
to different particular use cases. The next section presents the
proposed ontology and classification scheme, for which relev-
ant pioneering studies have served of inspiration [1- 3, 9, 14—
17, 29-33], before illustrating its utility through the classific-
ation of 54 examples of 4D printed shape-morphing actuators
responding to a wide set of stimuli. Besides, the usability of
the ontology and related codification by a generative Al for
supporting engineering design tasks is explored and validated
through a comprehensive set of examples and thanks to the
development of a complete industrial use case: the design of a
4D printed shape-memory cardiovascular stent. Finally, a dis-
cussion on current challenges and future research proposals is
provided. Throughout the study, reference to the tables Al—
AS, providing as annexed glossary for the ontology with a
description of the supporting codification, will be made.

2. Ontology and codification scheme for 4D printed
material systems and structures

Detailed below, the different categories for the proposed onto-
logical framework for 4D printed material systems and struc-
tures, and the rationale for the codification scheme are presen-
ted. Compared to existing related studies, to the authors’ best
understanding, present ontology and codification scheme for
4D printing and their application for creativity promotion
stand out for the following reasons:

« The presented ontology provides one of the most compre-
hensive collection of geometries, shapes, shape-morphing
principles and triggering stimuli considered in any of the
existing examples of classifications dealing with 4D print-
ing as a field of study and with 4D printed actuators as the
direct result of such research field.

« Important breakthroughs from an ongoing project from our
team, such as multi-material printing and the use of biode-
gradation (BIODEG) as shape-morphing triggering stimuli,
are considered both in the ontology and in the codification
scheme, which is quite unique.

+ The conceived codification scheme includes a unique set of
codes that can present, in a single code line, the whole life
cycle (the different actuation steps) of a 4D printed mater-
ial or component or shape-morphing actuator, detailing and
codifying all its shape changes with their respective trigger-
ing stimuli along the actuator’s life.

+ Both the ontology and the codification consider 4D printed
materials or components or shape-morphing actuators cap-
able of performing multiple actuation steps, as compared
to existing reference that deal typically with single step
actuators.

« Above all, according to our best knowledge, for the first time
the employment of an ontology and codification scheme for
4D printed materials and shape-morphing components is
employed for training a generative Al and for taking bene-
fit from such innovative resources as creativity promotion
tool. The understanding of the ontology and codification
scheme by the generative Al is illustrated, its applicability
for generating ideas about geometries (even with visual rep-
resentations), materials and printing technologies along the
development of new actuators is exemplified, and a complete
industrial design use case involving a set of constructive dia-
logues with the generative Al is provided.

2.1. Ontology

The main categories employed for constructing this 4D print-
ing ontology are detailed below, before presenting the codi-
fication scheme in the following section 2.2. The glossary of
the Annex, summarized in tables A1-AS5, acts as an essential
companion to this section 2.

Geometries and shapes: geometrical dimensions and shapes
are fundamental features required for classifying 4D print-
ing as a field and for categorizing 4D printed actuators as
research outcomes. In the proposed ontology, 0D, 1D, 2D,
3D and 4D geometrical dimensions are considered, follow-
ing the usual engineering concept for one-, two- and three-
dimensional objects. For example, a 1D object has two dimen-
sions c.a. one order of magnitude smaller than the other one,
while a 2D planar object has one dimension c.a. one order of
magnitude smaller than the other two. 4D objects evolve with
time, while OD objects have all dimensions one order of mag-
nitude smaller than a conventional 3D body (e.g. particles). As
regards shapes, the glossary of the Annex presents, in table A1,
the common shapes (cubes, domes, spheres, plates, bars,
springs...) that 4D printed objects or shape-morphing actu-
ators can adopt in their different actuation steps. The change
from one shape to another is connected to the shape-morphing
principles detailed below, which constitute another essential
taxonomic group for the proposed classification scheme.

Shape-morphing principles (geometrical evolutions):
shape-morphing principles in 4D printing are related with the
geometrical evolutions that the actual printed shape-morphing
actuators undergo during the shape-shifting/morphing stages.
The way in which an actuator evolves from one geometrical
dimension and shape to another is illustrated by terms such
as: folding, bending, rolling, buckling, shrinking, expanding,
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Table 1. Summary of gathered shape-morphing principles or geometrical evolutions. Different examples of shape-morphing principles,
usually employed from promoting transformations across the considered geometrical dimensions, are gathered and presented in form of

symmetric matrix.

0D 1D 2D 3D
0D Topographical change Mechanism Mechanism Swelling/deswelling
Expanding/ Metamaterial Metamaterial Blossoming
contracting Self-assembly Origami
Swelling/ Kirigami
deswelling Self-assembly
1D Mechanism Stretching/compressing Folding/unfolding Expanding/contracting
Metamaterial Topographical change Bending/straightening Stretching/compressing
Self-assembly Twisting/untwisting Rolling/unrolling Swelling/deswelling
Helixing/unhelixing Buckling/debuckling Twisting/untwisting
Bistable Helixing/unhelixing
Multistable Origami
Mechanism Kirigami
Metamaterial
Auxetic
Textile
2D Mechanism Folding/unfolding Expanding/contracting Swelling/deswelling
Metamaterial Bending/straightening Topographical change Folding/unfolding
Rolling/unrolling Twisting/untwisting Bending/straightening
Buckling/debuckling Mechanism Rolling/unrolling
Bistable Metamaterial Curving/flattening
Multistable Auxetic Bistable
Mechanism Textile Multistable
Metamaterial Self-assembly Origami
Auxetic Kirigami
Textile Blossoming
Mechanism
Metamaterial
Auxetic
Textile
3D Swelling/deswelling Expanding/contracting Swelling/deswelling Swelling/deswelling
Blossoming Stretching/compressing Folding/unfolding Topographical change
Origami Swelling/deswelling Bending/straightening Twisting/untwisting
Kirigami Twisting/untwisting Rolling/unrolling Hierarchical
Self-assembly Helixing/unhelixing Curving/flattening Origami
Origami Bistable Kirigami
Kirigami Multistable Kusadama
Origami Mechanism
Kirigami Metamaterial
Blossoming Auxetic
Mechanism Textile
Metamaterial Self-assembly
Auxetic
Textile

to cite a few. Other more complex shape-morphing prin-
ciples/strategies, like those based on origami/kirigami/ku-
sadama or those relying on bistable and multistable structures
or kinematic chains and mechanisms, are also noteworthy, as
they help to empower the shape-morphing abilities of the 4D
printed actuators. In many cases such principles are revers-
ible, which is also considered in the proposed scheme. Table 1
below summarizes such shape-morphing principles, trying to
provide the most comprehensive set existing in the literature
for this field of research. Table A2 in the Annex lists them

comprehensively with the codes associated with the codifica-
tion scheme.

Triggering stimuli: the stimuli that trigger and help to con-
trol the shape-morphing ability of 4D printed mechanisms are
also fundamental in a classification or organizational scheme
for the field. It is a common practice to classify actuat-
ors by means of their driving principles. Common stimuli
for sparking the geometrical evolutions of smart 4D prin-
ted devices include changes in environmental conditions, like
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1D 1D
SHAPE [TRIGGERING| . _ . SHAPE |TRIGGERING
2D | SHAPE | ioRPHING | STIMUL 2D | SHAPE | s ppHING [RRSTIRMULE [MATERIAL [FAM
3D 3D
L ] L J
T T

First shape-morphing change

Nt shape-morphing change

Figure 1. General codification scheme for 4D printed material systems and structures.

temperature or humidity; external mechanical actions upon the
devices’ structures, like force, pressure, vibration or acous-
tic actions; electromagnetic stimuli, chemical and biological
actions, among many others. Table A3 in the Annex enu-
merates all the triggering principles that the authors have
been able to review in the literature and provides a coding
scheme. As already advanced, special relevance is the trig-
gering by BIODEG, which is not usually considered in 4D
printing reviews, and opens new horizons in fields including
biomedical practice, as it may contribute to minimal invasion,
improved ergonomics and enhanced healing processes based
on biodegradable smart devices.

Materials: as happens with available technologies for 4D
printing, the portfolio of materials capable of being addit-
ively processed and applicable to the development of shape-
morphing actuators is continuously increasing. Most studies
and reviews dealing with the field of 4D printing concentrate
on the printing of shape-memory polymers and shape-memory
alloys (SMAs), which lead to actuators triggered by temperat-
ure changes. However, other relevant materials like biomed-
ical alloys, carbon-based materials, ceramics and composites,
which can lead to other kinds of shape-morphing actuators
triggered by a wide set of stimuli, are often neglected. These
need to be considered for the proposed 4D printing ontology
and are also listed in the glossary of the Annex (table A4).

Technologies: the family of AM technologies is continuously
receiving more members, and the related achievable precision,
resolution, repeatability and manufacturing volumes keep on
increasing, as required for high-performance and impactful
industrial applications. The glossary of the Annex (table AS5)
provides a comprehensive recapitulation of AM technolo-
gies following commonly accepted families and representat-
ive technologies. Such collection, which is also codified, even
if not being totally complete and probably requiring peri-
odic updates (for example new bioprinting and 4D bioprint-
ing resources are currently under development), proves an
adequate compromise for the purposes and timely nature of
this study.

2.2. Codification scheme and practical examples

Now that the boundaries of 4D printing as a field of study
are clearer, thanks to the implemented ontology, section 2.2
is devoted to providing a straightforward codification scheme

for working with 4D printed actuators. Furthermore, it aims
to systematically foster creativity through semantic combin-
ations. The term actuator is employed here as a generaliza-
tion of shape-morphing material, structure, device or system,
although in most cases actuators are constitutive elements of
even more complex engineering systems. It is necessary to
point out that our codification tries to illustrate, in a single
line of code, the whole metamorphoses of smart 4D printed
actuators, in a way that contributes to organize the field of
study. Groups of acronyms or symbols, each one representing
a specific state of the actuator, are joined. Each of the groups
includes an indication of the geometrical dimension and of
the general shape of the actuator in a certain state. Between
blocks, the shape-morphing principles and triggering stimuli
are indicated. In this way, multiple actuation steps can be eas-
ily described, detailing the actuator’ whole life cycle. Finally,
the code line ends with an indication about the raw materials
and technologies employed for manufacturing the actuators,
as schematically presented in figure 1.

As advanced, the glossary of the Annex provides a list
of geometries, shapes, shape-morphing principles (or geo-
metrical evolutions), triggering stimuli, materials and techno-
logies that constitute the key features for classifying smart
shape-morphing actuators. Explanations and symbols are
provided as an initial attempt to create a universal language for
4D printing. To illustrate the codification, three examples from
very different types of smart printable structures are provided
in the following pages in figures 2—4.

The first case (figure 2) is linked to a linear actuator, with
the shape of a planar spring (2D & LSP) and capable of stretch-
ing (STR), once the BIODEG as triggering principle of an
external framework takes place. It is manufactured using a
polymer (P) by fused filament fabrication (FFF). It repres-
ents the first conceptual demonstrator for a distraction device,
which will be transformed into solutions for craniosynostosis
and skin expansion (EXP). Different combinations of codes
and symbols can be employed to illustrate its life cycle and
metamorphoses, as shown in the images of the figure.

The second case (figure 3) deals with a stent for cardiovas-
cular pathologies, a field in which smart materials and 4D
printing can have a very relevant impact. In the specific case
of the illustrative example, the stent is manufactured using a
SMA by selective laser melting (SLM). The presented shape-
shifting steps are connected to the shape-memory training, in
which the initial stent with tubular shape (3D T) is compacted
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2D [LSP|STR|BIODEG

2D ILSP EEF

Figure 2. Codification scheme application example: linear spring with stepped actuations triggered by biodegradation of surrounding

frameworks. Geometrical evolution and codifications are presented.

3D Tube
—

3D

INV-EXP EXP| TS | 3D SLM

Figure 3. Codification scheme application example: shape-memory stent concept with geometrical changes triggered by mechanical and

thermal stimuli. Geometrical evolution and codifications are presented.

1D CTF| 2D |O-BS

Figure 4. Codification scheme application example: 4D printed micromechanism actuated by cell traction force of cultured cells, as
concept for living micromachine. Geometrical evolution and codifications are presented.

(INV-EXP) by means of a radially applied force (MS-F) to
reach a unidimensional temporary shape with cross-section
diameter c.a. one order of magnitude lower than its length.
Subsequently, radial EXP is achieved by heating (TS, as trig-
gering principle). The three shapes are represented in the codi-
fication, with two shape-morphing steps in between with dif-
ferent triggering principles: mechanical and thermal stimuli
respectively.

The third case (figure 4) presents a 4D printed chassis, in
which living cells can be cultured for reaching an innovat-
ive living material or living micromachine. In this case, cell
traction force (CTF) is the triggering stimulus for producing a
shape-shift from an initial unidimensional structure towards a
final two-dimensional shape, thanks to the rotation of different
parts of the chassis.

3. Application of the ontology to a collection of 4D
printed material systems and structures

Once that the ontology and related codification schemes
have been described and illustrated through the examples of
figures 2—4, it is important to analyze its versatility and, to
some extent, its universality for univocally describing smart
shape-morphing materials, structures, actuators, devices, sys-
tems in general, enabled thanks to the application of 4D print-
ing principles. In a way, the ontology classifies these engin-
eering systems, but also the whole 4D printing scientific-
technological realm. It gives an idea, not only of what already
exists, but of what could be developed through synergic
research and co-creation methods, which will be illustrated in
following sections by employing generative Al resources.
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With this purpose, a brief review of recently published
studies dealing with 4D printed shape-morphing actuators
has been performed. Several scientific documents published
along the last decade have been gathered and organized [28—
57]. Most families of usable materials, such as polymers,
ceramics, alloys and composites, both passive and with shape-
morphing and shape-memory properties, have been repres-
ented in the gathered collection. Regarding AM technolo-
gies, capable of producing 4D printed geometries, relevant
examples have been included, like FFF, stereolithography,
digital light processing, SLM, direct ink jetting, binder jet-
ting, drop on demand or laminated object manufacturing, to
cite a few. Both very simple shapes, including bars, plates and
springs, as well as complex flower-like structures, scaffolds
and metamaterials, have been taken into account. In terms
of shape-morphing triggers, a wide range of examples using
mechanical, electromagnetic, chemical, and biological stimuli
has been explored.

After gathering these relevant examples of 4D printed
shape-morphing actuators, the ontology has been system-
atically applied to all of them, codifying their life cycle
(metamorphoses) considering initial geometry and shape,
shape-morphing, triggering principle, final geometry and
shape, material and printing technology. Actuating life cycles
involving more than one metamorphosis are also included. In
those cases, different coding lines codify the different stages of
actuation. The result is summarized in table 2, which provides
a brief description of the considered 4D printed actuators and
classifies them providing a codification of their morphological
lifecycle. The different references are also listed, to facilit-
ate colleagues finding the original publications and checking
the actual geometries, shapes and properties of the different
actuators.

A remarkable feature of the ontology and codification is
that, even without checking the photographs of the different
classified actuators in the seminal publications, it is already
possible to imagine the described metamorphoses just by read-
ing a single text line. The abstraction power of this codification
and its potential for creativity promotion should not be neg-
lected. Arguably, in the future, it may be possible to combine
these blocks of text to conceptually design complex shape-
morphing systems, emulating the use of letters for represent-
ing verbal communication. This and other possibilities are dis-
cussed in the following sections, which also present current
challenges and some ongoing research lines and directions of
study.

The codification should be read with the support of the
annexed glossary and tables A1-AS.

4. Generative Al-driven coding and design of 4D
printed material systems and structures

The integration of Al tools is driving a new era of ideation
and prototyping, enabling designers to explore and iterate
on design concepts more broadly and creatively. Generative
Al technologies, such as ChatGPT, are starting to transform
design and manufacturing processes. In AM, ChatGPT has

streamlined G-code generation, which is essential for con-
trolling 3D printers and ensuring high-quality results, by
adjusting printing parameters in real time and significantly
reducing the trial-and-error phase [76]. ChatGPT has also sup-
ported the design of 3D printed wrist-hand orthoses, suggest-
ing procedures that include 3D scanning of the patient’s ana-
tomy and generating visual representations through DALL-
E, demonstrating its versatility for specific design needs [77].
Additionally, ChatGPT has shown its ability to optimize
design, planning and material selection in 4D printing, pro-
moting more sustainable and efficient practices. In 4D print-
ing, which uses materials that change properties over time, Al
may enhance the process by aiding in the selection of materi-
als that respond to specific stimuli, improving the adaptability
and durability of printed structures [78].

This section presents an innovative approach for the cod-
ing and design of 4D printed material systems and structures
using generative Al tools (i.e. ChatGPT). The ontology acts
as a communication tool with ChatGPT, supporting the con-
ceptual design phase and the selection of materials and man-
ufacturing processes. The interaction with ChatGPT is carried
out through ‘prompts’, textual instructions that allow for con-
structive dialogues. The first prompt establishes the context
and role for the Al, which is crucial for helping ChatGPT to
understand the coding from an engineering perspective.

In our exploratory journey for establishing synergies
between the ontology and codification and the generative Al
technology, the initial prompt was as follows:

“You are an engineer specializing in coding
shape-morphing actuators. To support your
work, you have developed an ontology that
outlines the entire life cycle of these actuat-
ors, including details on their shape, shape-
morphing principles, triggering stimuli, mater-
ials, and technologies. Attached, you will find
several Word documents, each serving a spe-
cific purpose:

1. Ontology.docx: This document provides a
comprehensive description of each component
within the ontology.

2. Tables AI-A5: These tables offer detailed
definitions for each component involved in the
coding process.

3. Codification of 4D printed actuators.docx:
This document provides a list of examples
of different 4D printed material systems and
structures encoded with the ontology.

Please review these documents thoroughly.
After analyzing the provided information,
could you confirm whether you understand the
ontology and its coding?”.

In response, the generative Al (ChatGPT) briefly described
each component of the ontology and demonstrated an ‘under-
standing’ of the coding and its applicability by looking at



W Solérzano-Requejo et al

Smart Mater. Struct. 34 (2025) 015045

(‘panunuo))

[1v]

(o]

l6€]

[8¢]

[L€]

[o¢]
[s¢l

[¥€]

M1a

M1d

d1d

ddd

EEE!

M1a

aoda

aoa

M1d

M1a

NO1

WIS

D
(d + JNS)LININS

(d + dJNS)LANINS

O+ DI

(0D + DI

(0D + DI

d

VINS

1d

1d

Sq-31494

Sq-D

1d

ac

ac

ac

dac

ac

ac

ac

dac

ac

dac

ac

ar

OIN

OIN

SL

SL

SL

SL

OIN

OIN

SL

SL

S

SODIN

MS

MS

dH

OTd-ANI

1d

no

Xnv

b

dd-ANI

k|

1d

1d

d

SE-YVLS

1d

1d
1d

sd-n

dac

ac

dac

dac

ar

dac

ac

ar

ac

dac

dc

ac

uondiosqe

199em 19)Je odeys

saSueyd Jey) uwnjod Jury
uondiosqe

I91em 193Je odeys sodueyo
JBY) 9INONIS I9ISey
I[NWnS [euray)

JO uonor ay) I9pun JYS
[3 oy Aq pawrio} XI[OH
x0q Suruado-Jog

olgd, s1en9l

Jo Sutns Surp[oj-yo§

aqm & oyl

S[[01 ey} JI[[J qUIOIAUOY
%S UM YSIp [950IpAH
a1ayds mofjoy &

ojut A[snoauejuods Jurp[oy
yIomiau padeys-1omorq
SONLIB[OWSO JUAIIJIP

Jo syordoup jo sdins om) jo
pasodwos y1omiau 191doiq
Qome[

o1)exXNE SNOAUAZ0I0)Y
pajund qy [eLIRWNNA
Qome|

onoxne snoduagowoy
pajund qf [eLRIBWINIA
j0qou Surfjo1 pafenj-1ySry
[NWNS [RULIAY)

0} aarsuodsar 1oddui3 17-1N

Q0UAIJOY

A3o[ouyod) INV

[eLISIe I

adeysg

Anowoan

nuns Sure33Ly,

sordrourad
Surydiow-adeys

adeyg

Anowoan

uoneorjdde A3o0101uQ

Joyenyoe pojurad
Ay jo uonduoseq

‘i1es1oA pue A1mn s Surensuowap uonedrjdde jo sopdwrexas ¢ ym sioyenyoe pajurid (4 1o ASojoyuo pesodoid ayy jo uoneorddy g ajqeL



W Solérzano-Requejo et al

Smart Mater. Struct. 34 (2025) 015045

(‘panunuo))

l6v]

[87]

[Ly]

[9v]

[S¥]

(]

[e]

[cr]

d1d

MId

d44 + rd

d44 + rd

d1d

dd4d

dd4d

VIS

dd44d

dINS

(d+ 0D)LIN

(d + 0D

dINS

dINS

dINS

Sd-d

ds
AD

1d

Sd-n

Ad

(€53
ac

(€53

ar

(€53

dac

(€53

(€53

(€53

(€53

(€53
(€53
ac

STI0SL
LS-SIN

SL

J4-SIN

4-SIN

SL

ST

J4-SIN

SL

LS-SIN

SL
SL
4-SIN

4N

dH
dHN

SLIN

SIIN

X
b

d
dLS
ULS-ANI

Sd-d

AD
ds

1d

1d

1d

Sd-N

1d
d

ag
ae

ar

ag

ae

ac

ac

dac

ag

ag

dac
dac
aec

LSa[nums

JYS1[ Jo [eULIdY) B YIIM
suado jeyy xoq pajurid Q¢
[awns

[ewayy jo uoneorjdde

9Y) 193 WIo] [euISLIo

SI1 19A0091 pue adeys
Teaul[ (J] & Surzuowauwr
Jo 9[qedes rexdsoronu ¢
sjuow3os urddeus £q
PO[qUIASSE STBLIdIER)oUI
dlqels-nnut ge

sjuow3os Surddeus Aq
PO[qUIASSE STBLIdIBR)oU
dlqels-nnut dc

f[nuins

Jy31[ JOpUN UOIPAYBSOIT
Ien3a1 SuIp[oJ-J1oS

1199 J1un

(s1orrered jo s1oke] passo1d)
d1D Jo SuIp[o)-JIos

LUQIs uoneoInjiq

© 10} 2In)onys TwesLmy

B )M paInjoejnueu

aqn) TedLIPUI[Ad J[TUIS
UOT)BULIOJSURT)

odeys  Surwwreidord
[eOTURYOOWOULIY), ©

BIA JINPUOD 90UBPINSG AU
Ay Jo uohjengmuo [[ng
Juego

UOT)R[[9SS9) QUOQSULIIOH

0URIJIY

ASorouyo9) NV

[eLIIN

adeys

Anowoan)

I[hwns Sures3y,

sordrournd
Surydiow-adeys

adeyg

A1owoan)

uoneorjdde A3o0101uQ

J0jenioe pajurid
Ay Jo uonduosa

(‘penunuo)) -g aiqeL



W Solérzano-Requejo et al

Smart Mater. Struct. 34 (2025) 015045

(‘panunuo))

[s¢]

[+¢]

(¢S]

[zs]

[1¢]

[0s]

MId

MI1d

MId

MI1d

MId

MId

MI1d

Mia

MId

MId

(00)

40

g0

40

(0D + 0D)IIN

ODINS

ODINS

1d

1d

Sd-n

1d

AD

sd-n

1d

ac

ag

ae

aeg

ae

ac

aeg

aeg

at
ac
dg
ac

SODIN

SL

SL

SL

OIN

SL

SL

SL

SL
LS-SIN
SL
LS-SIN

XNV

dno

dH

a4

OTd-ANI

INOD

ML

dND

VILS
d4

(0]

(6]

1d

1d

SH-YVLS

1d

1d

d

sd-n

1d

ac

ac

ac

dac

ac

ac

dac

ac

ac
al
ac
ae

SP[eY

onouSew pardde ropun
WpLm pue {3uaf y1oq

ur aeyuLIys SunIqIyxe
SQINONNS d1AXNY

Q0BJINS J[ppes

e uo ugisop Sunjrys-adeys
s Sunund oruelod i
uoqqur festay

& uo ugrsop Sunjrys-adeys
s Sunund orueIsd (i
uoneIn3yuod

Surpuaq Jo uS1Isop ay} ym
sorwerdd jo sunuud gy
Sunuud onowrwolq gy
£q parerouad K3ojoydiow
Iomop xordwo)

I[NWNS [RULIdY)

0] anp $)oeNUOD Jey) JoKe]
snoraaxd ayj 03 10adsar
Pim 06 Suneurae

syjed Sunuud resurnoar jo
pasodwod a1njonns snolod
uwnjoo

Sunsimi e ojur suIn)
‘PAIBaY UM “YOIyM WL]
Sumeay 03 anp owop

© UI pIOYD UBOPOWTYIIY
[eLIO)RW-T) NI

Y3 Jo 2AlIp Tenuanbas oy,
ey £q pajenuins

UAYM IeoUI[ SOW09q Jey)
Juawde padeys-o0ysasIoH

X0q SUIP[O}-J[oS

QOUIJY

A3o1ouyo9l NV

[eLIRIN

adeys

A1owoan)

s JuLe3dsLy,

sordrounid
Surydiow-adeysg

adeys

A1oWwo9an)

uoneordde £30101uQ

Ioyenyoe pojurid
Ay Jo uondmosaq

(‘panunuo)) -g aiqeL

10



W Solérzano-Requejo et al

Smart Mater. Struct. 34 (2025) 015045

(‘panunuo))

o] ac SL RARY o) ac
(1] EEE dINS 0) agc LS-SN + SL dINOD o) ac ¢201IE[ 19100 d[qeung,
[€9] d1d D S ac O OTd-ANI d ac Tomop aAtsuodsar-rores
“WISTUBYOSW
[BUOISUSUITP-IY) B ULIOJ
0) SN[NWIS [BOIUBYOIW
B Y)IM SO[qUIASSE-J[oS
[29] LAC d+ LN a agc LS-SIN VAS 1d ac ey 2Imonns Je[]
SJUQWIA[
Surpuaq suefd-jo-no
Jo JuowddueLIe
ue jo pasodwod
[19] ddd dINS 1d ac SL VILS L ag udwoads unjiys-odeyg
AD ag SL ULS Sa dac (SPIogeds Lrowaw-adeys
[09] d1a dINS Ma dc IS-SIN dINOD XD ag Jo Sunuud gy
2Injonns AAem e
[6¢] rd (d + JNS)LININS L ac SL qno )| ac ojur surojsuen jey) Sull y
10ddui3 yrews
[8¢] MId ODINS sda-n ac SL q4 sa-Nn ac 2AnoEONI9[e payuLd-y
‘uonen}oe
Py onougew 1opun sSuim
lo1] MIa 00 Sq-0 ag SO 49 d dc sy saaowr adeys Agronng
IMONIS ANI[-IOMOY
JeJ ® JO UOIRULIOJSURI)
[LS] d44 dINS S ac SL OT4d-ANI Ad ac adeys ¢ 01 e
*agNnd [BUOISUSWIP-IAIY}
® 0JUI pUexsS
[9¢] LAr d+ DIN 0) ac O d AD ait o[3uls e Jo SuIp[o)-J[oS
QouaIejoy ASo[ouyoa NV [BLISTRIA adeyg Anowoan) s SurreS3y, sordround adeyg A1owoan Ioyenoe pojurid

Surydiow-adeys

uoneorjdde A3o0101uQ

Ay Jo uondunsag

(‘penunuo)) -g aiqeL

1



W Solérzano-Requejo et al

Smart Mater. Struct. 34 (2025) 015045

.w@wOS&OEﬁu@E Iow 10 OM],

d44 dINS L ag SL HH 1d dac X1[ay Sul[[oI-}[o§

amonns padeys-1omoy

[sL] dd4 dIAS S ag SL OTd-ANI Na ac Buydiowr-yjo8
sa-n ac SL q SE-IN ac
SE-IN ac SL q Sq-A ac

[7L] dAd dINS Sg-A ac LS-SIW + SL an sg-n ac »10dd13 Sutpuaq-JIos

lojenjoe

[eL] ddd ODINS 0) ac SOIN d 1d ac JE[ 9ADOBONOI[A-0JOUSEN

S4-0 ac SL ULS Sq-IN ac (Imonns

[cL] BEEC dINS SE-IN ac LS-SIN dINOD Sg-D ac 2011e] qUIOdAQUOY ULIOFIU()
Sa-A ac SL sd SE-IN ac

(1.l d44 dINS SE-IN ac LS-SIN sd Sq-A ac 1078’ I[qRISIq I[QISIOATY
1d ac SL LS 1d ac

(o] J44 (d + JNS)IININS 1d ac LS-SIN dINOD 1d AT  SUIIMpUES-BIOW J[QISIIAIY

[69] ddd dINS L ac SL dH 1d ac aImdnns MI-YNA

sreqid

Sumydiow-adeys yim aerd

[89] VIS d 1d ac SL oL 1d ac pajutid paImxe)-0mIA

100ys 9yisodwod

[L9] V1 ODINS S4-0 ac LS-SIN + SL a4 1d ac 1B [EOLIOWWASY

Jojyendruew

[99] BEEC d 0] ac LS-SIN ML o) ac yos o[qeururersordoy

Ieq

[s9] EEE ODINS sg-n dc SL sq q al Surueyo-adeys o[qelsig

Sp[oJJeos

ausodwod (OSIAN/VL

—£[00d)/(dmel-A[od

[+9] MIAd ODINS 0] ac YIN-ST LS 0) ac payuud gy

0UAIJY A3o[ouyo9 NV [eLId1R I adeyg Anowoan) s Surres3y, sordrournd adeyg Anowoan Joyenyoe pojurid

Surydiow-adeys

uoneorjdde A3o0101uQ

Ay Jo uonduosaq

(‘penunuo)) -g aiqeL

12



Smart Mater. Struct. 34 (2025) 015045

W Solérzano-Requejo et al

Table 3. Application of the ontology for coding 4D printed material systems and structures by a generative Al (ChatGPT in our case) .

Description of 4D printed actuator (input)

Ontology code (output)

Shape-memory polymer arch with temperature-responsive curving

Hydrogel strip that swells and folds with moisture

Biodegradable scaffold with multi-stable folding mechanism

Magnetically actuated ring that twists into a helix
Light-responsive composite disk that bends
Thermo-mechanical shape-memory tube that expands
Humidity-responsive gel sphere that flattens
pH-responsive polymer plate that buckles
Mechanical pressure activated multi-material spring
Biodegradable gel dome that collapses

2D/PL/CUR/TS/3D/CY/SMP/SLA
1D/B/SW/MO/2D/PL/G/DIW
3D/SP/MTS/BIODEG/3D/C/SMP/FFF
2D/RG/TW/MGS/3D/HE/CO/SLM
2D/DK/BE/LS-V/3D/CY/P/DLP
1D/T/EXP/TS/3D/T/SMA/LENS
0D/S/FLAT/MO/2D/PL/G/DIW
2D/PL/BU/pH/3D/T/P/NPJ
3D/SP/COMP/MS-F/3D/SP/MT/CDLP
3D/D/CONT/BIODEG/2D/DK/G/DLP

Table 4. Prompts used in the conceptual design and optimization process of 4D printed material systems and structures and

shape-morphing actuators in general.

Prompt Outcomes
Third prompt Thank you very much. As a 4D printing engineer, you are the best. Could you table 5
provide me with descriptions of how to design actuator(s) with the following
encoding(s), including geometric and material aspects based on the selected
additive manufacturing technology, ensuring that the actuator(s) are able to
change shape as desired?
Fourth prompt Could you help me select the appropriate materials needed to achieve the desired table 6
shape change for each of the provided cases?
Fifth prompt Could you provide a separate visual representation for each designed actuator table 7

based on the coding provided above?

the table with the coded examples (table 2). Furthermore, it
encouraged questions related to the ontology or coding.

To validate its comprehension and ability to apply it, the
next instruction was: ‘Now, after analyzing all the informa-
tion provided, could you use the ontology to code ten different
4D printed material systems and structures, ensuring they are
distinct from the previously provided examples?’.

The answer is summarized in table 3. These ten examples
show that ChatGPT is capable of correctly coding shape-
morphing actuators, after having been trained with the
basic documents and tables that conform the ontology and
codification.

However, the most interesting aspect of this section is the
demonstration of how ChatGPT can be used as a tool to stim-
ulate designers’ creativity by exploring geometries that pre-
cisely change shape with the defined triggering stimuli, as dis-
cussed below. Once the ontology was provided to ChatGPT,
the design process followed a structured approach guided by a
series of prompts, which are presented in table 4 in our wish to
provide good practices for interacting with these resources in
the fields of 4D printing and shape-morphing actuators. These
prompts guided (or mentored) the generative Al to provide
detailed recommendations on several critical aspects of 4D
smart actuator design, including geometry, material selec-
tion and manufacturing processes. ChatGPT’s ability to inter-
pret coding and provide insightful design suggestions under-
lines its potential as an effective design tool for engineers and
researchers.

To illustrate this, ChatGPT was given four different codi-
fications, each representing a different actuator design. Based

on these code lines, ChatGPT was asked to generate specific
design recommendations. The results, shown in tables 5-7,
demonstrate the capabilities of ChatGPT in several areas:

» Design recommendations (table 5): chatGPT provides
detailed suggestions for the geometry and shape of each
actuator based on the provided coding, addressing the spe-
cific requirements of shape-morphing actuators. It suggests
features such as hinge-like structures or thin sections for
smooth folding and unfolding, as well as embedded pat-
terns or material gradients to induce controlled bending.
These suggestions highlight ChatGPT’s understanding of
complex geometric requirements and its ability to offer feas-
ible design solutions tailored to the intended behavior of
each actuator.

In addition, Al considers the interaction of the actuators
with external stimuli such as temperature or magnetic fields.
For example, it proposed the design of a cylindrical tube
that unfolds into a flat plate when heated, demonstrating its
ability to ensure smooth transitions between initial and final
shapes in response to external triggering stimuli.

Material selection (table 6): chatGPT provides valu-
able recommendations for materials that not only sup-
port the desired shape-morphing functionality but are also
compatible with the proposed manufacturing techniques.
For example, for heat-responsive actuators, it suggested
shape-memory polymers with precise transition temperat-
ures that allow shape change when heated. Similarly, for
moisture-responsive actuators, it recommended hydrogels
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Table 5. From the codification to the description of 4D printed material systems and structures using a generative Al (ChatGPT).
Remarkable proposals and advices given by the generative Al are highlighted in bold.

Ontology code (input) Description (output)

3D/T/UF/TS/2D/PL/SMP/FFF e

Initial geometry and shape: create a cylindrical tube with specific dimensions that allow for smooth unfold-
ing. The tube should be hollow with uniform wall thickness for even heat distribution.

Material selection: select an SMP that has a transition temperature suitable for the application.
Ensure the polymer has good flexibility and shape memory characteristics.

Shape morphing principle: integrate hinge-like features or thin sections along the length of the tube that
facilitate controlled unfolding when heated.

Triggering stimuli: ensure the SMP is responsive to a specific temperature range, which will trigger the
unfolding mechanism.

Resulting geometry and shape: upon heating, the tube unfolds into a flat plate. Design the fold lines to
control the final shape accurately.

Manufacturing process: use a 3D printer capable of FFF to print the tube. Ensure precise control over the
extrusion process to maintain uniform wall thickness and hinge features. Post-processing might include
slight reheating to ensure the hinges function properly during actuation.

2D/DK/CUR/MS- o
ST/3D/D/MT(A + P)/FFF

Initial geometry and shape: design the disk with a thickness gradient that promotes curving. Thicker
regions should resist deformation more than thinner ones, enabling controlled curvature when stressed.
Introduce stress-relaxation zones in the disk structure (e.g. perforations or grooves) to guide the
curving process precisely

Material selection: use a SMA like Nitinol for its excellent stress-strain response and ability to return
to pre-defined shapes after deformation. Select flexible polymer such as thermoplastic polyurethane or a
SMP that complements the alloy’ behavior under mechanical strain.

Shape morphing principle: curving implies a smooth deformation, such as rolling the disk edges upward
or downward, depending on the stimuli.

Triggering stimuli: this means external forces, tension, or programmed stress-relaxation properties in
the materials will initiate the curving process.

Resulting geometry and shape: the final dome shape is achieved through a combination of material
strain recovery and geometric programming, where the alloys expand and polymers flex into the desired
curvature.

Manufacturing process: employ a dual-extrusion FFF printer to deposit the alloy-polymer combination.
Print the polymer as the outer layer and the alloy as an embedded mesh or skeleton within the disk.
Use precise infill patterns to preprogram stress zones that will guide the transition from disk to dome.

2D/U- .
BS/BS/MGS/1D/B/A/FFF

Initial geometry and shape: create a flat U-shaped bar with bistable properties, allowing it to snap between
two stable states.

e Material selection: choose a magnetically responsive alloy that can maintain bistable behavior.
e Shape morphing principle: incorporate bistable elements in the U-shaped bar that allow it to transition to

a straight bar under magnetic stimuli.

Triggering stimuli: embed magnetic particles or use a magnetically responsive alloy to facilitate shape
change under magnetic fields.

Resulting geometry and shape: the U-shaped bar snaps into a straight bar configuration when exposed to
a magnetic field.

Manufacturing process: use a 3D printer capable of FFF to print the U-shaped bar. Ensure precise con-
trol over the extrusion process to achieve the desired bistable properties. Post-processing may include
magnetization to enhance the magnetic response.

2D/PL/O/MO/3D/C/G/DIW

o Initial geometry and shape: create a flat plate with predefined fold lines to facilitate origami-like folding.

e Material selection: select a gel that responds to moisture by swelling and becoming flexible, enabling

folding.

Shape morphing principle: design the plate with precise fold lines and sections that fold into a cube upon
moisture exposure.

Triggering stimuli: ensure the gel material is sensitive to moisture and swells appropriately to initiate
folding.

e Resulting geometry and shape: the plate folds into a cube when exposed to moisture.
e Manufacturing process: use DIW to print the plate with precise fold lines and ensure even distribution

of the gel material. Optimize the printing process to achieve the desired flexibility and folding behavior.
Post-process to ensure the gel’s moisture responsiveness is optimized for actuation.
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Table 6. Generative Al (ChatGPT) proposals for innovative geometries, materials and manufacturing resources for the development of
innovative codified actuators. Remarkable proposals and advices provided by the generative Al are highlighted in bold.

Ontology code (input) Description (output)

3D/T/UE/TS/2D/PL/SMP/FFF Material selection:

e Polyurethane SMP: known for its excellent shape memory properties and responsiveness to heat.
e Polycaprolactone (PCL): has a low transition temperature and good biocompatibility.
e Polylactic Acid (PLA): commonly used in FFF and has shape memory capabilities when blended or

modified.
Considerations:

e Transition Temperature: ensure the SMP selected has a transition temperature suitable for the

application.

e Flexibility and Strength: the material should be flexible enough to fold and unfold without breaking.
e Printability: must be compatible with FFF technology, ensuring smooth extrusion and layer adhesion.

2D/DK/CUR/MS-
ST/3D/D/MT(A + P)/FFF

Material selection:

e Nickel-Titanium (NiTi) Alloy: known for its excellent shape memory properties. Provides high fatigue

resistance and durability for repeated actuation cycles.
e Alternative Alloys: stainless steel particles blended into a filament may be used if NiTi is unavailable.
e Thermoplastic Polyurethane (TPU): offer flexibility and resilience, ideal for applications requiring durab-

ility and wear resistance.
Considerations:

e Material Compatibility: ensure NiTi and TPU/SMP bond well during printing or assembly to avoid

delamination during shape morphing.

e Printability: NiTi may need to be integrated post-printing or pre-treated for hybrid printing process.
o Flexibility and Strength: materials must withstand mechanical stress without cracking or delaminating.
TPU or SMPs with good elastic are essential.

2D/U-
BS/BS/MGS/1D/B/A/FFF

Material selection:

netic fields.

e Magneto-Responsive Alloys (e.g. Fe-Ga Alloy): exhibits large magnetostriction and is responsive to mag-

e Iron-Nickel (Fe-Ni) Alloy: provides magnetic properties and bistable characteristics.
e Terfenol-D (Terbium-Dysprosium-Iron Alloy): known for its magnetostrictive properties, though more

challenging to print.
Considerations:

e Magnetic Responsiveness: the material must respond efficiently to magnetic fields.
e Bistable Properties: ensure the material can snap between stable states.
e Printability: must be compatible with FFF, possibly requiring a filament with embedded magnetic

particles.

2D/PL/O/MO/3D/C/G/DIW  Material selection:

e Hydrogel: such as Polyacrylamide or Poly(N-isopropylacrylamide) (PNIPAM), which swell and change

shape in response to water.

e Alginate Gel: biocompatible and responsive to moisture.
e Chitosan Gel: natural polymer gel that responds to moisture and has good mechanical properties.

Considerations:

e Moisture Responsiveness: ensure the gel swells adequately and uniformly.
o Mechanical Integrity: the gel should maintain structural integrity when folding.
e Printability: must be compatible with DIW, ensuring smooth extrusion and layer build-up.

like polyacrylamide or chitosan, which swell when water is
absorbed to achieve the desired folding effect.

In the multimaterial case, ChatGPT is able to define
optimal combinations, such as a rigid material that is a metal
capable of withstanding cyclic loading, like nitinol, and a
flexible polymer that complements the mechanical behavior
under deformation, like TPU. In addition, it identifies syn-
ergies between these materials by proposing configurations
that optimize both structural strength and flexibility at key

application points. The use of metal-loaded filaments is also
suggested, respecting the defined combination of materials.

What stands out is the personalized nature of ChatGPT’s
recommendations. It carefully considers key factors such
as flexibility, strength and response to external stimuli to
ensure that materials are well suited to the specific shape
transformations required. It also considers the printabil-
ity of the materials, suggesting those that are compatible
with AM techniques such as FFF or Direct Ink Writing
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Table 7. Visual representations of innovative coded actuators produced by ChatGPT and DALL-E as generative Als.

Ontology code (input) DALL-E representation (output)
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(DIW), ensuring precise processing and high-quality
results.
Manufacturing process suggestions (tables 5 and 6):
chatGPT’s design process goes beyond material selection,
providing valuable insights into the manufacturing pro-
cess and tailoring its recommendations to the capabilit-
ies of different 3D printing technologies. For the multima-
terial actuator, it encourages the use of a dual extruder
FFF printer to produce strategic infill patterns for accur-
ate pre-programming of stress zones. In addition to recom-
mending appropriate manufacturing techniques, ChatGPT
considers post-processing steps to improve actuator per-
formance. For example, it recommends reheating hinge-like
features in certain designs to ensure proper functionality
during shape-morphing. For magnetic materials, it suggests
post-manufacturing magnetization to improve responsive-
ness to magnetic fields. This careful attention to the man-
ufacturing process ensures that actuators meet design spe-
cifications and perform reliably in real-world applications.
Visual representations (table 7): in addition to its written
outputs, ChatGPT’s integration with DALL-E supports the
design process by generating conceptual visual representa-
tions. While not as detailed as CAD models, these images
may provide engineers with starting points for visualizing
actuators and their shape-morphing behavior. By provid-
ing insight into the basic geometry and transformation pro-
cesses, these visual sketches serve as a valuable tool for fur-
ther refinement and inspiration. By combining both descript-
ive text and preliminary illustrations, ChatGPT supports a
more holistic design approach. Designers can use these visu-
alizations to better understand the physical form and func-
tion of their concepts, ensuring a smoother progression from
the initial idea towards a detailed CAD model and a fully
realized prototype.
Creative problem-solving and adaptability: one of
ChatGPT’s most notable contributions is its ability to offer
creative alternatives when traditional approaches may not
meet the design requirements. For example, in one design
where shape-morphing through unfolding was required,
ChatGPT suggested an innovative solution involving a
helix-to-flat transition. This alternative not only met the
design criteria, but also introduced a novel approach that
could inspire new engineering concepts. This highlights
ChatGPT’s ability to think beyond conventional solutions
and propose inventive designs that stimulate new ideas.
Furthermore, ChatGPT’s adaptability is demonstrated by
its ability to suggest different stimuli to achieve similar res-
ults. In one case, it offered several material options based
on the type of stimulus, suggesting that either magnetic or
mechanical strain could trigger the desired shape change.
This flexibility in its design approach allows Al to provide
engineers with multiple pathways to achieve their goals,
enhancing the overall creative process.

It is also interesting to highlight how the codification, which
includes initial and final geometries based on primitives such
as cubes, cylinders, rings, domes and springs, among others,

can inspire even more complex geometries (as seen in the res-
ults from table 7). These geometries meet the requirements
of shape-shifting functionality based on the triggering stimuli
and the selected manufacturing technologies.

Summarizing, the generative Al is able to operate with
the ontology and codification provided, to codify textual
descriptions of smart actuators, to describe codified shape-
morphing systems, to support with materials selection tasks
and to advise with manufacturing options for codified actu-
ators and to generate conceptual design proposals, includ-
ing inspirational images showing the actuation process on
the basis of adequately codified smart materials systems and
structures.

5. Application of generative Al to the design and
manufacturing of a 4D cardiovascular stent

To further illustrate the potentials of synergically employ-
ing the codified ontology with generative Al resources an
industrial use case linked to a shape-morphing cardiovas-
cular medical device is presented here. Indeed, the designs
and manufacturing of a coronary stent that changes shape
in response to mechanical stimuli, following the life cycle
‘3D/T/INV-EXP/MS/1D/T/EXP/MS/3D/T/A/SLM’, repres-
ents an advanced case of 4D printing and demonstrates how
generative Al can assist in the design process. The code line
for this actuator describes the various transformations the
coronary stent undergoes, starting as a three-dimensional tube
(3D/T), which transitions to a one-dimensional shape (1D/T)
due to radial compression (INV-EXP/MS). Upon releasing the
stored energy (EXP/MS), the stent returns to its initial form
(3D/T). The proposed device can be fabricated from an alloy
(A) using the SLM process.

ChatGPT was introduced to the first two prompts to re-
explain the use of the ontology and validate its understand-
ing. Subsequently, the ontology code was defined, which is
attached after the third prompt. Finally, the other three prompts
were then used to guide the design of the desired actuator
(table 4). To assess the consistency of ChatGPT’s responses,
the process was repeated three times as a proposed good prac-
tice, both to obtain a wider variety of ideas and to verify the
variability of solutions provided by the generative Al

The related key results are summarized in table 8 and the
whole design process is schematically illustrated in figure 5.

Upon comparing the three iterations, authors observed sim-
ilarities in the outcomes, such as the use of nitinol, the smart
nickel titanium family of alloys, which is compatible with
the defined manufacturing process, and the need for flexible
or stretchable regions to allow the stent’s radial contraction
and EXP. In the second and third iterations, other materi-
als, such as Co—Cr and titanium alloys, shape-memory and
elastomeric polymers, and even hydrogels, were suggested to
achieve the desired shape changes. Notably, in the case of
hydrogels, ChatGPT recommended that DIW would be the
most appropriate production process, demonstrating its abil-
ity to creatively and reliably bridge the gap between materials
and manufacturing techniques.
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Figure 5. Generative Al-aided design and manufacturing process of a shape-morphing cardiovascular stent involving the interaction with
ChatGPT and the employment and application of the developed ontology and codification. Printed nitinol prototype courtesy of IMDEA

Materials Institute.

In addition, the iterations defined certain geometric char-
acteristics, such as varying wall thicknesses, creating internal
channels, spiral designs, and correctly defining key paramet-
ers like wall thickness and the diameter of the tubular structure.
Surprisingly, after the first iteration, the Al suggested potential
industrial applications for the actuator in fields like medical
device design or soft robotics mechanisms. Consequently, the
information provided in each iteration complements the oth-
ers, all following the same goal of designing the stent.

Based on the visual representations of the actuator provided
in response to the fifth prompt, significant changes were
observed between iterations. In the first image, intertwined
helical fibers are visible, showing how these fibers close
over time, resulting in the 1D/T that enables the stent to be
inserted into the corresponding artery via a catheter. In the
second image, transverse strands are depicted, allowing the
mechanism’s dimensional change in height, meaning the EXP
and contraction occur longitudinally rather than radially, in
response to the triggering stimulus. In the third image, the
intertwined strands of the stent are more explicitly visible, sup-
porting the idea from the first image of designing a stent based
on spiral intertwining, creating a flexible structure capable of
shape-morphing when activated.

From these results, the authors concluded that superelastic
nitinol is the most suitable material for this application due
to its biocompatibility, fatigue resistance, and ability to return
to its original shape while withstanding the diameter vari-
ations the stent will undergo throughout its metamorphosis.

Additionally, as ChatGPT suggested, post-processing the stent
will be necessary to ensure a smooth and defect-free surface
finish, a crucial aspect in medical devices. Regarding geomet-
ric design, the interwoven spirals that enhance the structure’s
flexibility were considered. As a result, the design is carried
out in CAD software, allowing the STL file to be exported
and imported into the corresponding slicer for manufacturing
using the SLM process, which allows the precise creation of
complex structures as conceptual preliminary prototypes.

Figure 5 summarizes the whole process, showing how,
from the actuator’s codification (in this case, the coronary
stent), a series of textual and visual recommendations for
its design, material selection, and manufacture are generated.
These help to filter ideas, define requirements, design the actu-
ator using CAD software, and fabricate it with the selected
process and material. Other ideas provided by ChatGPT in
different iterations may be useful for designing other related
actuators or alternative solutions with various shape changes,
triggering stimuli, materials, and manufacturing processes.

It is important to clarify that this is only a conceptual
test, allowing designers to brainstorm using the ontology as a
means of communication with the Al In this case, an iterative
brainstorming process is recommended since, as seen in this
example, the information provided by ChatGPT is comple-
mentary across various iterations. To validate the Al-generated
design, computational simulations, mechanical testing, and
in vivo and in vitro tests can be conducted to confirm its
biocompatibility and clinical efficacy, ensuring that the final
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product not only meets medical requirements but also provides
a durable and safe solution for patients with cardiovascular
diseases.

Indeed, with the current state of the art, according to our
experience with the interactions with the generative Al, the
combined employment of the ontology (and its codification)
and generative Al tools are interesting from the point of view
of creativity promotion, mainly for the conceptual design stage
of the engineering design cycle. Once a codification for a pos-
sible 4D printed actuator is provided to the trained generative
Al it is possible to ask for materialization proposals, as exem-
plified in section 4 and summarized mainly in the outputs from
tables 5 and 6. In those outputs, the generative Al makes spe-
cific references to aspects like strength, response to stimulus,
and printability, providing concrete examples of usable mater-
ials, designs and manufacturing options, even without having
been provided with materials properties.

In fact, those properties are already available to the Al,
which searches for them within the general documentation
already forming part of its ‘cultural background’. However, at
the current state of development of generative Al tools, even if
vast information about materials properties may be available
from the documentation employed for training (potentially
the whole documentation from the world wide web), we still
believe that the transition from the visual representations and
conceptual descriptions provided as outputs by the Al towards
the final reliable design of a functional shape-morphing device
should be still carried out by experienced engineers, acting as
quality control warrants.

6. Discussion, current challenges and future
proposals

First, it is important to highlight the versatility and utility of
the developed ontological framework and related codification
scheme for classification and description purposes. It is true
that most of the examples found in the brief review (and clas-
sified in table 2) deal with a single metamorphosis: one ini-
tial shape and one final shape with a shape-morphing pro-
cess in between. However, as illustrated in the example of
figure 3 and in 10 of the 54 examples of table 2, the onto-
logy and codification are perfectly adequate for dealing with
4D printed shape-morphing actuators capable of numerous
shape-morphing steps or metamorphoses. A single line of code
is enough to describe the whole actuation lifecycle, which
includes all the geometrical transformations of the material,
structure or device.

Regarding creativity promotion in the 4D printing arena,
counting with this comprehensive ontology and codification
can prove extremely rewarding, especially if combined with
generative Al tools for fostering innovative solutions. Apart
from the already presented synergies with generative Als, by
means of example, figure 6 provides a general codification
scheme applied to innovating 4D printed families of multi-
stepped actuators triggered by BIODEG, manufactured using
biodegradable alloys using powder-bed laser fusion. If the dif-
ferent boxes ‘shape’ and ‘shape morphing’ are methodically
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combined using the possibilities listed in tables A.1 and A.2
from the annexed glossary, an extremely varied set of poten-
tially viable solutions should be obtained for BIODEG -
triggered shape-morphing metallic actuators. To this end, gen-
erative algorithms may be also applied in the future.

Interestingly, the elements of the ontology can be employed
as building blocks, to foster innovation in the 4D printing
field, motivating researchers to search for potentially useful
combinations of geometries, shapes, shape-morphing prin-
ciples, triggering stimuli, materials and printing technolo-
gies, and, hence, additionally increase the already vast field
of application for 4D printed shape-morphing devices. For
this purpose, the progressive incorporation of the building
blocks of this or similar ontologies, to the set of design oper-
ations within CAD modeling software, in connection with
algorithmic design approaches, can constitute a relevant step
forward. Counting on specific finite elements that adequately
describe the shape-morphing of different printable materials,
because of the applicable triggering stimuli, is hence essential.
Linking these elements to the building blocks of the ontology
can support the straightforward development of viable shape-
morphing systems.

Considering other future research proposals and directions
of study, authors foresee an automated discovery of novel
families and subfamilies of smart shape-morphing 4D printed
actuators, which will be nurtured by properly combining the
three types of self-organizing artificial system: cellular auto-
mata, Al (generative adversarial networks and reinforcement
learning) and genetic algorithms to emulate and amplify the
designer’ thinking and creativity [79].

In our view, with the proposed ontology and symbolic codi-
fication provided, the first step to deciphering the genome
of shape-morphing systems has been already taken [80]. The
integration of both proposals, CAD/CAE modeling and artifi-
cial systems, is necessary for discovering new smart 4D prin-
ted structures. Therefore a generative cellular automaton could
be employed, in which the lattice geometry would be uni-
vocally related to a control volume imported by the designer,
which could be divided into voxels because they allow to
arrange the material in any distribution and evaluate their beha-
vior straightforwardly [81]. The information of the shape-
morphing steps and their corresponding triggering stimuli
would feed the automata, whose rules would be set by an Al
based on: 1) the laws of 4D printing [82], 2) the selected AM
technology linked to the proposed materials and 3) their dis-
tribution. The result would be a CAD file built from the com-
bination of the voxels in the final distribution, supplied by the
automata, together with a simulation to verify if the result fits
the desired metamorphoses. In addition, the designer could
provide feedback to improve the model’s performance based
on previous experiences and experiments, for fine-tuning pur-
poses. Eventually, the role of the designer will become that of a
quality inspector evaluating if the proposed solutions meet the
defined requirements (as schematically presented in figure 7).
The additional integration of generative Al to the innovation
cycle will also transform the role of the designer, including the
need for training in ways of interacting with the Al (providing
successful prompts) and am additional role as creativity
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Figure 6. Codification scheme applied to innovating 4D printed families of multi-stepped actuators triggered by biodegradation,
manufactured using biodegradable alloys employing powder-bed fusion.
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Figure 7. Codification scheme applied to innovating 4D printed families of multi-stepped 4D printed actuators.

promotion mentor and validator of artificially proposed
solutions.

7. Conclusions

A versatile and useful ontology, with universal ambition, for
describing all kinds of smart 4D printed material systems
and structures has been presented. The different components
of the ontology, namely: initial geometry and shape, shape-
morphing principle(s), triggering stimuli, intermediate/final
geometry and shape, material and 4D printing or AM tech-
nology, have been described, and a codification scheme for
accordingly describing the life cycle of 4D printed mater-
ial systems and structures has been provided. The systematic
application of the ontology to a set of 54 relevant examples has
helped to illustrate its utility and adaptability to many different
types of 4D printed devices.

In our view, the ontological framework and codification
scheme developed constitute one of the most comprehensive
classification tools for the emergent field of 4D printing,
thanks to incorporating several geometries, shapes, shape-
morphing principles, triggering stimuli, materials and techno-
logies not covered by previous examples of taxonomies and
ontologies for smart and 4D printed materials and structures,
as has been discussed and referred.

Besides, it is the first ontology capable of representing
(in a single line of code) the whole lifecycle of complex 4D
printed devices and actuators, in which several metamorph-
oses may be achievable, due to combinations of different
shape-morphing principles and triggering stimuli. A gloss-
ary is provided as Annex, to support its implementation and
application, and authors are available for fruitful discussions
oriented to modifying, completing and improving the pro-
posed ontology with the global aim of organizing this continu-
ously evolving and fascinating field of study.
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To the authors’ best knowledge, for the first time, an onto-
logy of smart 4D printed materials systems and structures has
been combinedly employed with a generative Al tool and their
synergic utility validated, as an extremely powerful means for
creativity promotion in the engineering design of smart mater-
ials and structures.
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Annex. Glossary for the proposed ontology

Table A1. Geometries, dimensions and common shapes in
shape-morphing & 4D printed actuators.

Geometrical
Common shapes dimensions Abbreviation
Cube 0D, 3D C
Bar 1D. 3D B
Plate 2D, 3D PL
Cylinder 1D, 3D CY
Elliptical cylinder 1D, 3D ECY
Tube 1D, 3D T
Disk 2D DK
Ring 2D RG
Sphere 0D, 3D S
Dome 3D D
Spring 3D Sp
Serpentine spring 1D, 2D SSp
Torsion spring 2D, 3D TSP
Letter-bar-shape 2D, 3D —BS (U-BS)
Letter-cylinder-shape 2D, 3D —CYS (0-CYS)
Letter-tube-shape 3D —TS (Y-TS)
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Table A2. Shape-morphing principles classified according to achieved geometrical evolution.

Shape-shifting

behaviors/types Other names Definitions [1, 2] Abbreviation Abbreviation v.2
Expansion/contraction Encapsulation/scaling Mechanical expansion according to two EXP EXP/CONT
[1] [2] preferred directions
Swelling/deswelling Dilation Three-dimensional expansion through SW SW/DSW
specific volume increase
Stretching/compressing Shrinkage, deformation Mechanical expansion according to a STR STR/COMP
[2, 3] [3]— preferred direction
Folding/unfolding [1] Folding is a localized deformation with F F/UF
sharp angles within a narrow hinge area
(1]
Bending/straightening Bending is the overall deformation BE BE/STRA
[1] leading to a smoother curvature [1]
Rolling/unrolling [1] Rolling occurs when continuous force is R R/UR
applied, is a motion in which the shape
rotates more than 360° on its axis [1]
Curving/flattening [1] Waving, curling [2], Curving is the amount of curvature that CUR CUR/FLAT
wrinkling, creasing [1], deviates from a flat surface of a
snapping [2] geometric object [1]
Topographical change Pitting, corrosion Surface topography represents a TC TC
[1] local/micrometer deviation of the surface
from a flat plane [1]
Twisting/untwisting [1] Torsion Twisting is dominated by stretching in ™ TW/UTW
the plane [1]
Helixing/unhelixing [1] Coil, spiral [4, 5], spiral Helix is the type of smooth space HE HE/UHE
[6] deformation with curves occurring in the
3D space [1]
Buckling/debuckling Buckling is characterized by sudden BU BU/DBU
[1-3] sideways failure of structural members
under high compression stress [1]
Hierarchical [1] Mechanism that has several shape H H
shifting types
Bistable Structure that has two (or multiple) stable BS (MTS) BS (MTS)
(Multistable) equilibrium positions within the range of
motion [7]
Origami Origami structure can only change its o o
shape by folding
Kirigami Kirigami structure can change its shape KI KI
by folding and cutting
Kusadama Kusama involves folding several sheets KU KU
into identical modules that are then
assembled to form a structure
Mechanism (kinematic Multi-body systems and kinematic MECHA MECHA
chain) chains with kinematic joints
Metamaterial Metamaterials are structures rationally META META
designed to enable functionality not
found in natural materials [2]
Auxetic (special family It consists of a structure that expands AUX AUX
of metamaterials) when stretched and contracts when
compressed [8]
Textile Textile structure is composed of fibers TE TE
that are intertwined with each other
Blossoming This mechanism that allows the BLO BLO
unfolding of petal-like structures while
maintaining structural integrity
Self-assembly Structures assemble themselves and grow SFA SFA

from interconnectable units
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Table A4. Common families of materials and shape memory [3, 9, 14] materials, with which shape-morphing systems and 4D printed

actuators can be created.

Family Materials Abbreviation

Common materials Alloys A
Polymers P
Composites CO
Multimaterials MT?
Ceramics CE
Gels G
Carbons CA

Shape memory (SM) materials Alloys A (SMA)
Polymers p
Composites CO
Multimaterials MT?
Ceramics CE
Gels G
Carbons CA

2 When defining 4D printed actuator that is multimaterial, the component materials are added
as follows: MT(CE+P+...).

Table A5. The ontology and codification scheme, as regards additive manufacturing technologies, is based on the 7-family division
commonly accepted [16], with some minor modifications. The table below includes the glossary of selected relevant additive manufacturing
technologies for the proposed ontology and codification scheme.

Technology AM process Abbreviation Reference
Material extrusion Fused filament fabrication FFF [15, 16]
EXT Direct ink writing DIW [15]
Material jetting Nano particle jetting NPJ [15]
JET Drop on demand DOD [15]
Vat polymerization Stereolithography SLA [15, 16]
VAT Continuous direct light processing CDLP [15, 16]
Digital light processing DLP [15, 16]
Binder jetting Binder jetting BJ [16]
BIN Inkjet head printing
Powder bed fusion Multi jet fusion MFJ [16]
PBF Electron beam melting EBM [15, 16]
Selective laser melting SLM [15, 16]
Selective laser sintering SLS [15, 16]
Direct energy deposition Laser engineered net shaping LENS [15, 16]
DED Laser metal deposition LMD [15]
Cold metal transfer CMT [15]
Rapid plasma deposition RPD [15]
Electron-beam additive manufacturing EBAM [16]
Sheet lamination Laminated object manufacturing LOM [15, 16]
LAM Solid foil polymerization SFP [15]
Ultrasonic additive manufacturing UAM [15]
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