
Citation: Massaro, A. Intelligent

Materials and Nanomaterials

Improving Physical Properties and

Control Oriented on Electronic

Implementations. Electronics 2023, 12,

3772. https://doi.org/10.3390/

electronics12183772

Academic Editors: Mattias O’Nils

and Irida Shallari

Received: 2 August 2023

Revised: 26 August 2023

Accepted: 5 September 2023

Published: 6 September 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Review

Intelligent Materials and Nanomaterials Improving Physical
Properties and Control Oriented on Electronic Implementations
Alessandro Massaro 1,2

1 LUM Enterprise Srl, S.S. 100-Km.18, Parco il Baricentro, 70010 Bari, Italy; massaro@lum.it
2 Dipartimento di Management, Finanza e Tecnologia, Università LUM “Giuseppe Degennaro”, S.S. 100-Km.18,

Parco il Baricentro, 70010 Bari, Italy

Abstract: The review highlights possible research topics matching the experimental physics of
matter with advances in electronics to improve the intelligent design and control of innovative smart
materials. Specifically, following the European research guidelines of Key Enabling Technologies
(KETs), I propose different topics suitable for project proposals and research, including advances in
nanomaterials, nanocomposite materials, nanotechnology, and artificial intelligence (AI), with a focus
on electronics implementation. The paper provides a new research framework addressing the study of
AI driving electronic systems and design procedures to determine the physical properties of versatile
materials and to control dynamically the material’s “self-reaction” when applying external stimuli.
The proposed research framework allows one to ideate new circuital solutions to be integrated in
intelligent embedded systems formed of materials, algorithms and circuits. The challenge of the
review is to bring together different research concepts and topics regarding innovative materials to
provide a research direction for possible AI applications. The discussed research topics are classified
as Technology Readiness Levels (TRL) 1 and 2.

Keywords: intelligent nanomaterials; artificial intelligence; nanocomposite; nanotechnology; self-
reactive materials; micro-electronics; nano-electronics

1. Introduction

The European Commission has established research prioritizes and innovation support
guidelines defining six Key Enabling Technologies (KETs) [1]. The KETs are considered
as main research topics and are defined by the following application fields: (I) advanced
manufacturing, (II) advanced materials, (III) life science technologies, (IV) micro/nano-
electronics and photonics, (V) artificial intelligence (AI), and (VI) security and connectivity.
The goal of implementing the KETs in industrial scenarios requires the improvement of
the production of innovative materials according to the dynamic needs of the market and
of life science research, both drivers of the research. In this scenario, AI has accelerated
these needs, also introducing new, important solutions in industry and in medicine by
addressing the production of intelligent materials. AI and electronics play an important
role in terms of new approaches to control and to actuate a new production concept in
order to realize new prototypes by trough nanotechnologies and smart materials [2]. The
new frontier of production is to intelligently manufacture materials able to interpret stimuli
and executing a self-response [3], or to optimize their synthesis to improve their physical
and chemical properties. In this direction, it is important to find new circuital solutions to
be integrated with innovative materials, thus allowing the implementation of intelligent
embedded systems. The first stage in fabricating these intelligent materials is to define a
new “proof of concept” according to the first two Technology Readiness Levels (TRL) [4]
useful to classify research projects: TRL 1 (basic principles observed) and TRL 2 (technology
concept formulated). The goal of the proposed review is to address the “proof of concept”
for possible developments, including the strategy to include AI control in the material
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design, real-time stimuli control able to reconfigure and repair the material, material
manufacturing, AI-based procedure tailoring and the tuning of specific “super-properties”,
and the goal of realizing electronic embedded systems. The review proposes research
topics to be considered for new research lines or for research projects by combining the
multidisciplinary concepts of informatics, electronics, chemistry, and physics.

The paper is structured as follows:

• Section 2 discusses the methodology and the logic flow followed to define the research
papers suitable for the combination of AI and electronics;

• Sections 3–8 organize the analyzed papers according with the KETs classification,
providing perspectives on AI implementations (last few columns of Tables 1–5);

• Section 9 summarizes the main research perspectives, suggesting a new research
scenario and framework for intelligent materials matching AI with electronic facilities;

• Section 10 summarizes the goals and the discussions developed in the work.

2. Review Methodology

The method of searching for works is illustrated in Figure 1 and is summarized as
follows by the following steps.

• Step 1. Finding of the main research fields (KETs) analyzing the research trajectories [5]
matching with the review topic about sustainable manufacturing (smart factory) and
human/environmental health (personal well-being and energy technologies);

• Step 2. Analysis of the research projects by extracting keywords to use for the state
of the art analysis (European, Italian, and regional projects); different keywords (key-
words used to search papers in literature) matching with project topics are extracted
from projects, such as printing 3D/4D, biomaterials, nano/micro-fluidics, flexible electron-
ics, nanocomposite materials, miniaturized electronic components, soft robotics, intelligent
materials, intelligent food packaging, energy harvesting, miniaturized smart systems, nanoma-
terials, drugs and delivery, photonic-integrated circuits, self-healing materials, shape memory
materials, environmental nanosensors, human body security, etc.

• Step 3. Definition of the macro-topics inferred from the examined scientific state
of the art, such as 3D/4D printing techniques, materials in industrial manufacturing,
laser manufacturing, pulsed spray techniques, electrospinning, plasma treatment, smart
materials, intelligent self-adaptive materials, advanced energetic materials, AI design, AI
and material sustainability, new polymer generation, food packaging, nanomaterials and
medicine, environmental nanomaterials, flexible electronics, new materials in electronics,
micro-/nanocircuits, electronic components, Internet of Things (IoT), smart materials, health
security, and alarm and security systems; the literature is selected by taking into account
one or both the following elements—the originality of the discussed topic and recent
works;

• Step 4. Definition of possible new application fields according to the state of the art
and to the possible implementation of AI (supervised and unsupervised machine
learning (ML) algorithms), performing intelligence in various forms;

• Step 5. Definition of new focused research topics according to the application fields of
Step 4.

In the diagram of Figure 1 is sketched the methodological process followed to construct
the proposed review. In Figure 2 is illustrated review framework based on the KETs-based
research pipeline: the review is structured to discuss the elements concerning the six KETs,
focusing the attention mainly on the possible new implementations of AI-based intelligent
materials in electronic systems. The added value of the work is in hypothesizing new
research topics based on AI, suggested by the analysis of the literature.
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Figure 1. Diagram of the methodological process followed to conceptualize the proposed review. The
indicated steps are adopted to construct Tables 1–5.
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Figure 2. KETs and review framework: definition of research topics regarding intelligent AI nanoma-
terials in electronics structuring the review pipeline. For each KET are listed the macro-topics of the
review (see listed topics in violet color matching with Step 3).

Both Figures 1 and 2 summarize the whole methodology. Specifically, the block diagram
of Figure 1 describes with colored boxes the steps followed to construct Tables 1–5, where
each table refer to a particular KET. To facilitate the comprehension of the construction of
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Tables 1–5, in Figure 1, some colors are used (violet, blue, and red), matching the followed
steps with the column attributes of the tables. Figure 2 is representative of only Step 1 (black
color), indicating the KETs topics: all the topics are analyzed with the unique perspective of
upgrading them in intelligent nanomaterials for electronics, adopting a new AI approach.

3. (KET I) Advanced Manufacturing

The guideline adopted to select the research papers matching with KET I is based on
the following principles:

• initial searching of techniques suitable for polymeric and nanomaterial manufacturing;
• matching of the fabrication techniques with the possible micro- and nanostructuration

of the materials;
• possible and potential implementations of micro-/nanostructures in small and smart

circuits.

The advanced manufacturing approaches include different versatile techniques (see
Table 1), such as 3D printing [6–15], 4D printing [16–20] (3D printing adding the time variable),
innovative materials to be processed in actual industrial manufacturing processes [21–28], laser
manufacturing [29–37], pulsed spray techniques [38–43], electrospinning techniques [44–46],
and plasma treatments [47–50]. In Figure 3 are illustrated some graphical elements of
the above-mentioned topics. An interesting research issue is to improve 3D/4D printing
techniques by controlling extrusion. In particular, the fused filament fabrication (FFF)
technique [6,7] could be AI-controlled by circuits to adjust locally nanomaterial deposition
by means of the addition of filling nanoparticles (NPs), optimizing the material’s physical
properties. For example, the AI-controlled circuits could have the function of dosing lo-
cally the filling load of graphene nanosheets in polymeric materials to extrude: this might
optimize the plastic deformation, thus reducing the dissipation of mechanical energy and
tuning the mechanical anisotropy. AI is applied to process data to design biocompatible
materials for exoskeleton structures [7]. Concerning this emerging topic, a possible ad-
vance in AI application would be to implement electronic circuits reading the exoskeleton
tensile forces during operations to optimize the mechanical properties of an interchange-
able material: miniaturized force sensors are useful to collect data for the reengineering
of the material, optimizing the whole exoskeleton’s movement capability. Moreover, 3D
printing techniques are suitable to realize hybrid materials containing NPs for human
body-implanted systems [8,9]. Precision medicine is an important topic to decrease the
hazard level of diseases that are difficult to treat. A possible improvement in this research
line is to act on an AI-controllable external source to enable drug and delivery actions using
natural NPs to be activated precisely in the human body region to be treated. In addition,
3D printing is a versatile technique to realize flexible circuits with good accuracy and
tolerance regarding the realization of electronic printed components. Electrical conductive
patterns and chip layouts are implanted on flexible substrates using nanomaterials [10–12].
An upgrade of these flexible substrates would be to enhance their conductive properties
(for example, by adding locally conductive materials) or achieving new material properties
such as self-healing capabilities. AI data processing may be a tool to define the regions to
electrically regenerate, supporting the efficiency classification of conductive layers. This
classification is useful, for example, to add a conductive link regenerating the performance
of electronic circuits on flexible substrates. Meanwhile, 3D conductive ink printing is
typically applied to realize miniaturized electronic components having enhanced proper-
ties, such as supercapacitors [13], characterized by a capacitance value much higher than
other standard capacitors. AI is a possible solution to control the voltage source of the
printing process to enable real-time ink deposition or to subtract conductive materials by
modifying the circuital layout according to the desirable input/output circuit signals or
with the circuital electrical sensitivity to achieve. The possibility to deposit in different time
steps the conductive ink allows us to dynamically regenerate or reconfigure the electronic
layout, changing the circuit outputs (circuit regeneration process). In graphene printed
devices [14], the AI classification of matter deformation effects and configurations could



Electronics 2023, 12, 3772 5 of 33

be a good innovative approach to calibrating the rheology properties of materials—for
example, by dosing graphene oxide (GO) in geopolymers (GP). GP materials are character-
ized by fire resistance, chemical corrosion resistance, high mechanical strength, and high
durability (important aspects for the life-cycles of products). In biomedical applications, as
in [15], the bioink AI-based control may be a solution to better dynamically control and
reduce material toxicity and understand the local and systemic toxicity effects of bio-ink
materials. Meanwhile, 4D printing is an evolution of 3D printing including the material
transformation over time. This advanced technique is applied in different application
fields, such as biomedical [16,18,19] and shape-responsive systems [17,20]. In biomedical
applications, ML algorithms could provide the optimization of the printable materials—for
example, by calibrating stimuli during surgery or by adapting material growth to the
specific surgical environment: the calibration of stimuli can be performed through circuits
with feedback control, triggering in real time the material addition according to the read
signals for the deposited/applied material. Concerning shape morphing, AI is a solution
to empower the printing [20] and could be also a tool to calibrate external stimuli for
material reshaping, material self-healing, and self-assembly. In industrial manufacturing,
nanomaterials [21–26] and smart materials [27,28] represent innovative products. New
research topics are the AI control of fabrication processes, improving the self-adaptive
parametrization of the nozzle temperature and print speed, and the AI-based synthesis of
nanomaterials and smart materials having new, “intelligent” properties such as material
reshaping, material self-healing, and self-assembly.

The self-adaptive parametrization property of machines producing nanomaterials
requires new electronic/mechatronic facilities able to calibrate manufacturing machines
in line with the scenario of Industry 5.0 [2]. Some advanced techniques to realize new,
intelligent materials are based on laser manufacturing: laser texturing [29–34], two-photon
polymerization [35,36], and laser ablation [37] are typically adopted to subtract polymeric
materials, realizing also 3D complex devices. The laser manufacturing machine’s param-
eters could be automatically controlled by AI engines, managing the laser power, pulse
signal delay, laser fluency, laser irradiation time, and other parameters. The laser beam
applied on a nanocomposite surface could improve and regenerate the electrical conductive
surface, the plasmonic resonance (tailoring, for example, an Au layer thickness or an Au
NP layer on a polymeric polydimethylsiloxane (PDMS) or chitosan (CTO) substrate), the
surface conductive patterns (electrical percolation patterns), and the wettability properties
controlling the droplet contact angles (see Figure 4) and, consecutively, the hydrophobic
and hydrophilic properties of surfaces (through a circuit controlling the roughness of the
surface). Another application of ML classification algorithms is the formulation of reverse
engineering fabrication processes, optimizing 3D photonic structures by means of the
two-photon polymerization technique or the pulsed spray deposition technique. The last
technique is a versatile method to realize self-assembled layers and pillar-like structures in
micro-/nanoscale [38–43], suitable to direct locally the surface current (circuits concentrat-
ing the local electrical current corresponding to the positions of nanopillars, which could
behave as nano-antennas). AI-based algorithms could control the deposition of NPs for
pillar structuration by adjusting the nozzle parameters (number of pulses, pulse duration,
duty cycle, spray power, etc.), to increase locally the surface electrical currents (an example
is discussed in Section 8) and the photocurrent effect (optimizing the UV source direction
and target coupling according to the material morphology).

The electrospinning technique is suitable for the fabrication of nanocomposite polymer-
based fibers [44–46]. Additionally, in this case, AI control may be adopted to add, with high
spatial precision, different types of nanofillers or nanofibers to achieve different physical
and mechanical properties on the same material sample.

Finally, plasma treatment [47–50] is used to change the material’s surface morphology
and properties. For this application, AI could indicate the local regions to treat, gaining
wettability or bio-functionalization properties or maintaining the metallic surface charac-
teristics over time (including cleaning actions, refreshing the surface properties).
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Figure 3. (a) Sketch of the FFF polymeric extrusion process and nozzle functions. (b) Laser beam
subtracting or refining material surfaces. (c) Spray deposition technique controlled by electrical
pulses. (d) Plasma technique for treatment of material surfaces. (e) Scheme of the electrospinning
machine generating micro/nano-polymeric fibers. (f) Laser texturing effect on chitosan polymeric
material forming Au metallic crystals in the bulk and on sample surface (3D model and related
cross-section). (g) Two-photon polymerization technique realizing a 3D polymeric photonic crystal
structure for optoelectronic filtering devices. (h) 3D printing conductive ink for the realization of
electronic elements on a polymeric substrate. (i) Metallic spherical NPs textured or deposited to realize
electrical conductive circuital link and plasmonic patterns (cross-section and top view). (j) Pillar-like
self-assembled nanodiamond structure obtained by spray deposition technique suitable to locally
concentrate the electrical current. (k) Au NPs’ textured patterns for artificial skin applications
implementing plasmonic 2D patterns (top view). The figure summarizes the main fabrication
techniques of polymeric-based nanomaterials and micro-/nanostructures for micro-/nanocircuits
such as 3D photonic resonators, plasmonic resonators, and integrated electronic circuits.
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Figure 4. (a) Poor wetting condition. (b) Good wetting condition (rough surface) controlled by means
of a circuit. The surface morphology could be controlled intelligently by a circuit varying, for example,
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the laser parameters generating surface roughness and, consequently, improving the surface wettabil-
ity. The figure highlights the possibility to control the wettability by acting on the laser pulse. An
example of laser pulse control is discussed in Section 9.

Table 1. State of the art: advanced manufacturing approaches and solutions implementing intelligent
materials (the colors of the column headers are related to the steps of Figure 1).

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

3D Printing

Fused filament fabrication
(FFF)

FFF applied to nanomaterials
such as graphene nanosheets,

improving mechanical, electrical,
and thermal properties

[6]

• Automatic control of plastic
deformation and of dissipated
mechanical energy by tailoring

graphene nanosheets (AI tailoring
process adjusting locally materials as a
function of stimuli by controlling the

filling of the nanoparticles NPs);
• Local control of material anisotropy

FFF combined with
artificial

intelligence (AI) tools

AI data processing supporting
exoskeleton parameters and

material features for
medical applications

[7]

AI-based fabrication of interchangeable
materials externally controllable by

dynamically adapting properties (maximum
tensile force)

3D print matching with
nanoparticles (NPs) for

biomedicine

Printed 3D hybrid biomaterials
including NPs [8,9]

NPs in printed implanted systems, changing
properties due to a controllable external

source (AI data processing controlling drug
and delivery using natural NPs, decreasing

the hazard level)

Flexible electronics

Nanomaterials and additive
manufacturing techniques

adopted to implement electrical
conductive patterns

[10–12]

• Improvement of self-healing capability
without any external stimulus from

technologies by AI data classification
• Improvement of electrical conductive

pattern performance by adding locally
conductive material (auto-regeneration

of conductive layers)

Electronic components
Ink for extrusion-based 3D

printing for microsupercapacitor
realization

[13]

Real-time electrical layout modification by
adding or subtracting conductive ink

material according to the desirable
input/output circuit signals (control of

voltage source)

Graphene printed
3D printing of graphene oxide

(GO)/geopolymer (GOGP)
nanocomposite

[14]

Intelligent control of addition of GO in
geopolymeric aqueous mixture

(aluminosilicate and alkaline-source particles)
to calibrate rheology properties of material

Bioprinting technologies

2D nanomaterials implemented
by 3D printing technique

extending the application of
dynamic bio-inks

[15]
AI tailoring of material to control and to

reduce toxicity (controlling the dynamism of
2D materials)

4D Printing
(3D Printing + Time)

4D printing in healthcare
4D printing applied to smart
implants, tissue engineering,

drug delivery, and surgery tools
[16]

AI algorithms processing data to control
material response by calibrating stimuli such
as temperature or pH, able to modify shape
or properties over time during surgery, or to

adapt material growth to the specific
healthcare environment

4D printing
hydrogel materials

Underwater shape
transformation and control of

water-responsive joints
[17] AI controlling stimuli of water responsivity

of the hydrogel intelligent material

Load-bearing prosthetics
Orthopedic implants with

superior performance
implementing meta-biomaterials

[18,19] AI controlling the load direction,
simultaneously measuring the load over time

AI-based empowered 4D
printing technologies

Shape-morphing
4D-responsive materials [20]

AI calibrating external stimuli for material
reshaping, and material self-healing and

self-assembly
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Table 1. Cont.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Materials in
industrial

manufacturing

Nanoparticle-infused
plastic products

FFF extrusion of nanoparticles
and recycled plastic-based

filaments (optimization of FFF
parameters by AI)

[21] AI self-adaptive parametrization of nozzle
temperature and print speed

Additive manufacturing
(AM) of nanomaterials

Recent developments in
nanomaterial applications in AM [22,23]

AI classification of nanomaterials able to
reconfigure the nanocomposite material after

the application of stimuli

Nanotechnologies and
medical industry

Nanotechnology applications in
field of dentistry [24] AI improving material self-adapting process

in tooth repair

Molecular nanomaterials
in industry

Top-down and bottom-up
processes to realize

industrial nanocrystals
[25] AI-based approach for the preparation of

molecular nanomaterials

Green nanomaterials
suitable for

biotoxicity profiles

AI supporting the analysis of
bio-chemical interactions with

the environment and living
organisms (resistance of the

material to exposure)

[26] Optimization of the biotoxicity profile
(AI controlling biotoxicity)

Smart materials
Multifunctional parts

performing sensing, control, and
actuation functions

[27,28] AI improving material self-diagnosis and
self-restoration to apply self-repair

Laser
Manufacturing

Laser texturing
optimizing surfaces

Laser texturing optimization of
nanosecond laser parameters to

enhance the quality
characteristics of surface textures

formed on
nickel–aluminum–bronze

(NAB) material

[29] AI laser control of laser parameters

Laser texturing optimizing
hydrophobicity

YAG laser forming textured
surface on the surface of NAB

for marine applications
[30] AI laser control of laser parameters

Laser texturing generating
micro-nano-crystals

Laser texturing improving
chitosan nanocomposite surface [31,32]

AI automating laser parameters, controlling
surface crystal dimensions and improving

wettability properties

Laser texturing realizing
integrated antenna arrays

Laser texturing applied to masks
for micro-antenna layout

realization (surface layouts)
[33]

AI laser control (power, pulse signal delay,
fluency, etc.), improving and regenerating

electrical conductive surfaces

Laser texturing realizing
artificial skin

Laser texturing applied on
PDMS to realize plasmonic

patterns for optical
pressure sensing

[33,34] AI laser control (power, pulse signal delay,
fluency, etc.), improving plasmonic resonance

Two-photon
polymerization

Microfabrication of 3D materials
and polymeric photonic crystals [35,36] AI applied for reverse engineering of the

material (reuse of the processed material)

Laser ablation Femtosecond laser ablation for
high-resolution surfaces [37]

AI locally controlling thermal effects of laser
ablation, improving resolution of

sample surfaces

Pulsed Spray
Technique

Self-assembled
nanomaterial deposition

Realization of self-assembled
pillar-like structures

of nanodiamonds
[38] AI controlling micro- and

nano-pillar structuration

Realization of electrical
conductive surface layers

Improvement of surface
electrical current by

nanodiamonds (local surface
electrical current corresponding
the nanodiamond depositions)

[39–42]

AI controlling the increase in the surface
electrical current by adjusting nozzle
parameters (number of pulses, spray

power, etc.)

Diamond-based layers
generating photo-currents

Deposition of materials
generating UV electrical currents [43] AI improving UV external source effect based

on the material morphology

Electrospinning Electrospun nanofibers Nanofibers controlled in size
and adding nano-inclusions [44–46] AI to locally added oriented nanofibers,

improving material properties
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Table 1. Cont.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Plasma Treatment

Polymer treatment

Treatment of pure polymers,
biocompatible polymers,

polymer–metal, polymer–wood,
polymer–nanocarbon

composites, and others,
improving wettability

[47,48] AI analyzing local treatment gaining
wettability or functionalization properties

Metallic surface treatment

Aluminum coating treatment
enabling the interdiffusion of the

elements between the coating
and

base material

[49] AI procedure maintaining metallic surface
characteristics (plasma treatment over time)

Treatment of
advanced materials

Cleaning of graphitic surfaces
and precise ablation of

individual graphene layers
[50] AI procedure cleaning advanced material

(plasma cleaning over time)

4. (KET II) Advanced Materials

The guideline adopted to select the research papers matching with KET II is based on
the following principles:

• first analysis of smart materials proposed in the literature focusing on NPs and on
energy systems (important recent topic);

• definition of possible application fields, focusing the attention on physical and chemical
“superproperties” (mechanical, electrical, electromagnetic, energy conversion);

• hypotheses of possible AI control concepts of the material properties, including
self-adaptivity.

Research in smart materials is mainly in the study of nanomaterials and of NPs char-
acterized by strong physical properties. In Table 2 are listed the selected papers about
innovative advanced materials found in the literature. Innovative materials often are con-
stituted by a composition of different other materials, including polymers, based on the
filling of NPs (named nanocomposite materials). Graphene-based materials [51] present
good mechanical and electrical properties. Having high electrical conductivity, graphene is
indicated for high-sensitivity circuits and for the realization of “super-components” (such
as super-capacitors, super-resistors, and super-inductors). These materials are candidates
for self-healing processes, where ML algorithms could play an important role regarding
crack identification (by micro-image processing) and regenerating physical properties
(adding material or controlling external stimuli to locally reconstruct the material). Mag-
netic NPs are appropriate for the magnetic control of NP movement for micro-robotics
applications [52]. The external magnetic field driving magnetic NPs could be programmed
to intelligently track a target (for example, adopting AI proportional integral derivative
(PID) control, avoiding micro- and nano-obstacles). The control of oxide coating NPs is suit-
able to enhance the flash light sintering as for Cu NPs [53] (technique for ceramics occurring
with a decrease in processing time and temperature) or to provide chemical stability (non-
reactive elements) [54]. AI-based procedures may optimize the oxide thickness deposition
process or thermal oxidation process. The control of rate formation in the oxide layer oxida-
tion process in SiO2 NPs [55] could improve the mechanical protective layer or assist crack
repair. In biomedical applications, silica coatings are adopted to enable colorimetric diag-
nostics and photothermal cancer therapy [56]. AI is a good tool to tune the light-adsorbing
capability, optimizing the coating thickness. In addition, functionalized Au NPs are applied
for photothermal treatment [57], which can be externally controlled (control of photo-
dynamic and photothermal effects). The PDMS polymer with nanofillers exhibits good
mechanical properties [58–63], which can be controlled by means of a nanofiller AI-dosing
process. Other nanocomposite materials (PANI and molybdenum disulfide (MoS2) hybrid
composite, nanocomposite hydrogels, polymer–particle nanocomposites) are studied to im-
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prove the electrorheological, shape, and magnetic responses [64–66]. A possible evolution
in the fabrication of advanced nanocomposite materials is in the AI control of the physical
states of hybrid circuits (solid/liquid) for intelligent adaptive micro-robot implementations.
Other important properties of intelligent materials are self-healing [67–81] (as in polymer
composites based on graphene and carbon nanotubes (CNT) and PDMS) and the shape
memory effect [82–88] (as in ferroic nanocomposites and nanocomposite hydrogels). AI
data processing could be adopted to regenerate micro- and nano-electronic circuits and
to enable shape auto-adaptive actions controlling external stimuli. The discovery of new,
advanced materials in renewable energy (biogas, solar energy, energy harvesting, etc.) and
energy storage systems [89–98] is an actual research challenge. The AI algorithms driving
circuits are surely tools supporting the increase of the energy conversion efficiency—for
example, by

• finding elements enhancing the mass transfer coefficient in biogases;
• predicting the ionic material efficiency;
• tailoring the photovoltaic (PV) efficiency, nanofluid materials in solar energy, and

electronic integration;
• optimizing the electronic integration in phase change materials (PCMs);
• and classifying efficient energy transport models (as for ultrasound nano-energetic

systems).

In Figure 5 are sketched different chemical and physical configurations of advanced
materials, including nanocomposite materials, polymers, and NPs.

Electronics 2023, 12, x FOR PEER REVIEW 11 of 34 
 

 

Nanofluids in solar en-

ergy 

Nanofluid multifunctional systems in 

solar energy and ion-transport-based 

energy conversion systems (photovol-

taic/thermal systems, geothermal, 

lighting/heating systems, desalina-

tion-related hybrid systems, and ther-

mal energy storage (TES)-related hy-

brid systems) 

[93–95] 

AI-based model tailoring nanofluid mate-

rials in electronic circuits managing solar 

energy 

Energy-harvesting ma-

terials  

Triboelectric energy-harvesting poly-

mer-based materials 
[96] 

AI-based model tailoring energy-harvest-

ing materials in electronic systems       

Nanocomposite materi-

als for supercapacitor 

implementation  

Electrochromism supercapacitor for 

energy storage systems  
[97] 

AI engine monitoring dynamically energy 

storage by color checking and circuit effi-

ciency   

Energy transport  
Ultrasound safe energy transport in 

smart materials  
[98] AI controlling and calibrating nanoenergy 

 

Figure 5. (a) Sketch of a nanocomposite sample formed by PDMS and GNPs and chemical procedure 

realizing the PDMS–Au material. (b) Example of shape memory dynamics of a material reacting to 

stimuli to reconfigure the initial shape after deformation (the control of the external stimuli could 

be performed by a driven electronic chip). (c) Example of material self-healing regenerating process 

of a surface crack. (d) Examples of NP typologies: metallic NP, polymeric NP, NP with an oxide 

layer as coating (NP encapsulated into an oxide coating), NP having a bio-functionalized surface, 

magnetic NP (torque τ of the magnetic moment m due to the application of an external magnetic 

field H). (e) NPs moving into a fluid from the channel surface to the middle region (NPs’ velocity 

profile). (f) Sketch of a nanocomposite electrospun polymeric fiber-based material (Au NP inclu-

sion). The figure summarizes the main steps to realize a nanocomposite materials with GNPs, the 

reshaping and self-healing process, NPs of different materials, and their possible implementations 

in nanofluidic and nanocomposite fiber-based materials.  

5. (KET III) Artificial Intelligence 

The guideline adopted to select the research papers matching with KET III is based 
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Figure 5. (a) Sketch of a nanocomposite sample formed by PDMS and GNPs and chemical procedure
realizing the PDMS–Au material. (b) Example of shape memory dynamics of a material reacting to
stimuli to reconfigure the initial shape after deformation (the control of the external stimuli could be
performed by a driven electronic chip). (c) Example of material self-healing regenerating process of a
surface crack. (d) Examples of NP typologies: metallic NP, polymeric NP, NP with an oxide layer as
coating (NP encapsulated into an oxide coating), NP having a bio-functionalized surface, magnetic NP
(torque τ of the magnetic moment m due to the application of an external magnetic field H). (e) NPs
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moving into a fluid from the channel surface to the middle region (NPs’ velocity profile). (f) Sketch
of a nanocomposite electrospun polymeric fiber-based material (Au NP inclusion). The figure
summarizes the main steps to realize a nanocomposite materials with GNPs, the reshaping and
self-healing process, NPs of different materials, and their possible implementations in nanofluidic
and nanocomposite fiber-based materials.

Table 2. State of the art: advanced materials and innovative AI solutions improving physical properties.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Smart materials

Graphene-based
nanocomposite materials

Graphene nanoplatelet-based
material as multi-functional and

mechanically resilient
advanced material

[51]

AI supporting the monitoring of crack
growth and the localization of possible

material damages by locally
reconstructing the mechanical and

electrical functions

Magnetic NPs
Magnetic particles behaving as

micro-robots for biomedical
applications

[52]

AI controlling movements of
micro-robots by controlling the external

magnetic field stimuli and avoiding
micro- and nano-obstacles

NPs with oxide shell

Enhancing light sintering
technique for Cu NP ink in

printed electronics (copper oxide
shell) [53]; oxide layer on silicon

NPs, providing chemical
stability to the material [54]

[53,54] AI controlling oxide thickness and
thermal oxidation process

Silica (SiO2) NPs Silica NPs, improving protective
and mechanical properties [55]

AI controlling the increase in the rate of
formation of the oxide layer (oxide layer
generation or oxide layer crack repair)

Coated metallic SiO2 NPs
Silica coating for colorimetric
diagnostics and photothermal

cancer therapy
[56]

Near-infrared light (NIR) stimuli
calibrated by AI tuning the

light-adsorbing capability according to
the coating thickness (photothermal

cancer therapy)

Au-functionalized NPs

Au NPs functionalized with
dodecanethiol by Nd:YAG

pulsed laser
(therapeutic applications)

[57] AI controlling photodynamic and
photothermal effects

PDMS-based material
Nanocomposite PDMS material

improving mechanical
properties via specific filler

[58–63]
AI controlling parameters in PDMS
nanocomposite fabrication, tailoring

mechanical properties

Advanced nanocomposite
materials

Nanocomposite materials
improving electrorheological,

shape, and magnetic responses
[64–66]

AI controlling physical states of hybrid
circuits (solid/liquid) for intelligent

adaptive micro-robot implementations

Intelligent self-adaptive
materials

Self-healing materials
Self-healing of physical

properties and
corrosion-responsive materials

[67–81]
Algorithms adopted to regenerate micro-
and nano-electronic circuits controlling

external stimuli

Shape memory materials Material having shape
memory capability [82–88] AI controlling stimuli for shape

auto-adaptive devices

Advanced energetic
materials

Sustainable biogas
production

Maximization of biogas
generation by NPs [89] Algorithms enabling the enhancement of

mass transfer coefficient

Solar cells
Ionic liquid-based smart

materials for solar cell
implementation

[90] Prediction and design parameters for
ionic material efficiency

Photovoltaic (PV) cells Ultrathin 2D materials for solar
energy to electricity conversion [91] AI-based model tailoring PV cells and

electronic integration

Nanomaterials for energy
storage systems

Phase change materials (PCMs)
for storage and conversion of

solar thermal energy
[92] AI-based model tailoring PCMs and

electronic integration
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Table 2. Cont.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Nanofluids in solar energy

Nanofluid multifunctional
systems in solar energy and
ion-transport-based energy

conversion systems
(photovoltaic/thermal systems,
geothermal, lighting/heating
systems, desalination-related
hybrid systems, and thermal
energy storage (TES)-related

hybrid systems)

[93–95]
AI-based model tailoring nanofluid

materials in electronic circuits managing
solar energy

Energy-harvesting
materials

Triboelectric energy-harvesting
polymer-based materials [96]

AI-based model tailoring
energy-harvesting materials in

electronic systems

Nanocomposite materials
for supercapacitor
implementation

Electrochromism supercapacitor
for energy storage systems [97]

AI engine monitoring dynamically
energy storage by color checking and

circuit efficiency

Energy transport Ultrasound safe energy
transport in smart materials [98] AI controlling and

calibrating nanoenergy

5. (KET III) Artificial Intelligence

The guideline adopted to select the research papers matching with KET III is based on
the following principles:

• analysis of recent use of AI in material design and processing;
• search for new sustainable and polymeric materials improved by machine learning

techniques;
• possible further AI improvements in processing data for material optimization.

AI is an advanced technology supporting material design [99–114], material pro-
duction sustainability [115–121], and material data processing, usable to generate new
polymeric materials [122–136]. In Table 3 are listed some selected works about AI appli-
cation in the material fabrication process. The AI-based reverse engineering technique
is a new research topic predicting cell behavior in tissue engineering. Furthermore, ML
algorithms could be applied to improve and automatize the facilities of laboratories in
fabricating new, intelligent materials (as for self-driving labs (SDLs) [105]), designing new
calculus cells, supporting nano-device layout circuit design (metamaterials, plasmonic
layers, and nanomaterials) by refining performance, or optimizing nanotoxiticy (for nano-
implanted systems). Regarding the green sustainability topic, ML could be applied to
decrease the exposure effects and toxicity of nanomaterials by designing protective lay-
ers in nanoscale, recycling systems for nanomaterials, and biodegradable polymers. AI
could play an important role also in the production of sustainable foods and in precision
agriculture. Further potential improvements by means of ML are in the generation of new
polymers by predicting the changes in physical properties over time to facilitate regenera-
tion procedures, in data-driven systems structuring new chemical compositions, and in the
reengineering of biocompatibility. All the possible implementations should be executed
by means of an AI driver/controller [2] able to traduce the algorithm outputs into a signal
driving the circuits/machines able to fabricate materials and components.

Further details of AI application in intelligent material fabrication are given in Section 8.
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Table 3. State of the art: AI applied to fabrication of innovative materials and possible improvements
and future implementations.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

AI design

Tissue engineering
(TE)

Tissue regeneration: AI
data-driven 3D tissue

engineering to enhance
biomimicry; 3D convolutional
neural networks (3D CNNs)
predicting the mechanical
properties of innovative
scaffolds); AI predicting

cell behavior

[99–104]
AI applied for reverse engineering of tissues
in regenerative medicine matching with cell

prediction behavior

Laboratory design Creation of self-driving labs
(SDLs) [105] Robotic AI parametrization of machines

producing innovative materials

Design of new
computer architecture

Matching between AI and
nanotechnologies [106] AI-based algorithms classifying innovative

calculus cells in nanocomputing

Design of
metamaterials Thermal metamaterial design [107,108]

AI supporting device layout refinement,
dynamically optimizing thermal

concentration performance

Nanomaterial design

AI-based design of plasmonic
nanomaterials [109]; AI

predicting cellular recognition
of nanoparticles [110]; AI
predicting antibacterial
properties of NPs [111];
algorithms establishing
dosimetry for inhalation

toxicology [112–114]

[109–114]

• Prediction of plasmonic field
propagation to optimize

high-performance nanostructures
• AI addressing synthesis of NPs with

low or no toxicity
• AI tailoring technology for antibacterial

and toxicological properties

AI and material
sustainability

Sustainable
nanomaterials

Machine learning applied to
environmental risk assessment
(ERA) of nanomaterials [115];

triboelectric materials for
sustainable

implementations [116]; recycled
carbon fibers [117]; sustainable

bio-based polymers [118]

[115–118]

• ML applied to decrease exposure and
toxicity of nanomaterials by

implementing protective layers
in nanoscale

• ML applied to the recycling process
of nanomaterials

• ML designing sustainable biopolymers

Nanomaterials in
crop production

Materials having shape
memory capability [119–121]

Combination of AI controlling
nanotechnology for production of sustainable

foods and precision agriculture

New polymer
generation

Material prediction ML applied to predict polymer
properties and polymer life [122–127]

Prediction of changes in physical properties
over time by adopting material

regeneration procedures

High-thermal-
conductivity

polymer

ML polymer generation protocol
validated by combining

predicted and
experimental results

[128,129] ML algorithms optimizing thermal
properties by processing experimental data

New polymer
structures

Monomer synthesis by
combining ML models with

physical and chemical principles
[130]

AI orchestrating chemical composition of
new polymers according to

experimental results

Bioelectronic
polymers

Water-soluble conjugated
polymers (WSCPs) [131] AI generating new classes of bioelectronic

materials by reengineering biocompatibility

High-performing
electrically conductive

materials

Hydrogels for wearable
applications and other new

electrically conductive materials
[132–136] ML accelerating polymer discovery

6. (KET IV) Life Science Technologies

The guideline adopted to select the research papers matching with KET IV is based on
the following principles:

• analysis of the state of the art, focusing the attention on important research topics
correlated to health (food, medicine, pollution);
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• identification of biocompatible polymers and nanomaterials that could be versatile for
further health applications;

• identification of possible perspectives in AI data processing to optimize biocompatible
materials and stimuli control in nanomedicine.

The recent research in life science technologies is mainly focused on food
packaging [137–148], nanomaterials applied in medicine [149–174] (drugs and delivery,
nanotoxicology, antibacterial systems, and diagnostics), and nanomaterials for the sensing
of environmental conditions [175–181] (air/water pollution and biological environment).
In Table 4 are listed some selected works about life science technology, adding information
about possible future research lines. Concerning food packaging, important studies have
been performed for CTO implementations [137] (CTO is a good biodegradable material)
and for other bio-based materials [138], including nanomaterials [139] and polymers avoid-
ing food oxidation [140]. Moreover, important studies focus on active materials in ensuring
biodegradability [138–144] and on the discovery of “intelligent packaging” [145–148] (food
quality sensing and risk determination capabilities). In this direction, the integration of
NPs in biopolymers can improve the active properties (antimicrobial properties) and smart
properties (detection of food spoilage as for colorimetric systems). AI could combine bio-
compatible polymers (as CTO) with other NPs to improve their active and smart properties,
as well as processing data for food quality checks, detecting food quality, predicting food
spoilage, and tailoring antimicrobial/antioxidant properties. Embedded systems are to be
considered for food packaging as the whole elements constituting the new material and the
AI-controlled circuits for sensing.

By focusing the attention on medicine, we can observe that diagnostic and pharmaceu-
tical systems are improved by nanomaterials [149–155] and can be furthermore optimized by
ML algorithms for precision medicine (nano-sensing and nano-treatment). Specifically, NPs’
antibacterial properties [156–163] can be controlled by AI in managing external stimuli to
increase the bacterial detection sensitivity. Moreover, in the nanotoxicology field [164–166],
the prediction of toxicological aspects is important—for example, to optimize NP synthesis.
NPs and mesoporous NPs are indicated also for drug and delivery applications [167–174].
For this application field, it is important to execute algorithms able to efficiently increase
drug delivery by acting on external stimuli (control of targeting according to the spatial dis-
tribution of the implanted NPs). Finally, nanomaterials are suitable as detection systems for
air and water pollution [175–180] and in biological environments to detect reactive oxygen
species (ROS) signaling tissue homeostasis [181]. ML analyses could accelerate parameter
processes to remove micro- and nano-pollutants or, in biological applications, to combine
nanomaterial properties with optical spectroscopic analysis to tune the interactions with
cells. In Figure 6 are illustrated some nanostructures discussed in the literature.

Table 4. State of the art of innovative topics in life science technology: innovative materials and
possible improvements in implementations.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Food packaging

Improvement of food
packaging properties

Chitosan-based films extending
food shelf life [137]; bio-based
smart materials for food safety
and sustainable solutions [138];
nanomaterials to increase the

shelf life and reduce the spoilage
of foods [139]; polymers

avoiding food oxidation [140]

[137–140]

• AI combining chitosan with other
nanomaterials to improve active

and smart properties
• Algorithms addressed to the

scaling up of sensor materials in
auto-detecting the quality of foods

Biodegradable New biodegradable active
materials [138,141–144] AI tailoring antimicrobial/antioxidant

activity of new materials
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Table 4. Cont.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Intelligent packaging

Real-time information about the
quality and state of the

food [145]; colorimetric detectors
monitoring food

quality [146,147]; data carriers,
indicators, and sensors detecting
food risk and food quality [148]

[145–148]

AI engines processing food
environmental data with packaging

material data and predicting
food spoilage

Nanomaterials and
medicine

Disease diagnostics
and treatment

Nanomaterials and
pharmaceutical nanocarriers [149–155]

ML applied for precision medicine
implementations (nano-sensing and

nano-treatment)

Antibacterial
Chitosan biopolymers [156–158]

and NPs [159–163] having
antibacterial properties

[156–163] AI tailoring external stimuli to increase
bacterial detection sensitivity

Nanotoxicology NP solutions in nanomedicine [164–166] AI predicting toxicological aspects to
improve NP synthesis

Drugs and delivery Drug and delivery NPs [167–174]
AI tailoring NPs’ drug release efficiency

and defining the best external stimuli
according to the implant systems

Environmental
nanomaterials

Environmental pollution

Nanomaterials (NPs and
mesoporous NPs) controlling

and removing air and
water pollution

[175–180] AI accelerating parameter process to
remove micro- and nano-pollutants

Biological environment

Colorimetric and fluorescence
sensing of reactive oxygen
species (ROS) in biological

environments signaling
tissue homeostasis

[181]

AI combining nanomaterial properties
with optical spectroscopic methods to
detect ROS in various reactions and

tuning interactions with cells
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Figure 6. (a,b) Examples of microporous morphologies. (c) Mesoporous NPs and drug delivery action
after the application of external stimuli (for example, by electromagnetic waves). (d) Nanocomposite
material for food packaging integrating NPs. Electronics and AI could be applied to optimize the
micro–nano devices and food packaging materials. The figure summarizes possible 3D structures
and implementations for drug and delivery and food packaging applications.



Electronics 2023, 12, 3772 16 of 33

7. (KET V) Micro–Nano Electronics and Photonics

The guideline adopted to select the research papers matching with KET V is based on
the following principles:

• analysis of the state of the art, focusing the attention on recent application fields in
electronics (flexible electronics, new integrated small circuital elements);

• identification of layouts and materials matching with high sensing and actuation
properties;

• identification of possible perspectives on AI controlling input and output signals and
improving sensing efficiency.

The research advances in micro–nano electronics using innovative polymer-based
materials are mainly in flexible electronics [182–200], the synthesis of new materials having
enhanced electrical properties [201–218], micro-/nanocircuits [219–227], and electronic
components [228–232]. In Table 5 are listed the selected works in micro–nano electronics
and photonics, showing possible AI solutions gaining electrical and mechanical properties.
Recent applications of flexible electronics are in shape memory biomedical devices [182],
energy-harvesting human body sensing [183–187], flexible electronic components for stor-
age computing [188–190], flexible electronic skin [191–197], electro-mechanical sensing [198]
(pressure, strain, shear stress and vibration forces), and embedding devices [199,200]. Pos-
sible upgrades of the research include

• using AI to achieve reconfigurable behavior (reshaping of the flexible substrate com-
bining simultaneously different stimuli or after the application of a pressure force);

• improving the energy-harvesting properties (data processing to realize efficiently
piezoelectric, thermoelectric, and triboelectric energy harvesters);

• tuning the circuit sensitivity (sensitivity of important circuit variables such as temper-
ature and pressure according to the received external stimuli);

• accomplishing specific actuations in self-adaptive circuits (automated triggering of
circuital elements based on the detected signals);

• controlling the storage computing process and designing electronic embedding solutions.

The realization of new materials in electronics includes the implementation of liquid
materials [201–204], mechanical integrated electronic materials [205], smart materials [206–211]
(magnetorheological fluids, piezoelectric micro actuators, shape memory alloys), carbon-based
materials [212–218] (such as carbon nanotubes (CNTs) and graphene-based materials exhibiting
strong electrical properties). The new goals of the research could be to apply AI to enable
the control of fluidity and of conductivity, switching circuit logics, the control of material
detection (NP movement/orientation, NP activation), and the calibration of circuit sensitivity.
The actual research is oriented also towards the discovery of new optical nanocircuits [219,220]
(optoelectronic plasmonic circuits and components such as superlenses, transferring energy),
optical circuits [221–227] including optical quantum circuits [225–227], and new electronic
components [228–232] (micro-actuators, supercapacitors, nanocapacitors, nanoinductors, and
transistors). Possible research improvements include using AI in modeling new nanocircuit
layouts, manipulating optical fields, controlling quantum calculus (light controllers in optical
quantum chips based on AI commands or executing AI circuits), and controlling the input and
output signals of each electronic component [40]. In Figure 7 are illustrated some examples of
integrated micro–nano electronic circuits and smart electronic materials.
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Table 5. State of the art: micro–nano electronics and photonics and innovative solutions implementing
intelligent materials.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application
Field (Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

Flexible electronics

Polymer composites for
flexible artificial

intelligence materials
(AIMs)

Shape memory of biomedical
pressure sensors [182]

AI combining simultaneously different
stimuli to achieve quick
reconfigurable behavior

Human body flexible
micro-sensors

Energy-harvesting and efficient
flexible polymeric-based

materials for wearable and
implanted systems

[183–187]

AI-based algorithm to realize efficient
piezoelectric, thermoelec-

tric, and triboelectric energy harvester
implanted systems

Flexible 3D memristor Flexible neuromorphic
computing electronics [188–190] AI controlling neuromorphic storage

computing process

Flexible electronic skin

Multifunctional electronic skin
(e-skin) integrating arrays of

pressure and
temperature sensors

[191–197]
AI tuning pressure temperature and

pressure sensitivity (circuit sensitivity)
according to the received stimuli

Mechanical sensors

Machine learning data
processing, enhancing

mechanical sensing (pressure,
strain, voice vibration, shear
stress) in flexible electronics

[198]
Automation of the controlling and
triggering circuits according to the

detected signal (self-adaptive circuits)

Flexible hybrid
electronics in healthcare

Integration of conventional
wafer-based electronics with

flexible and stretchable solutions
(embedded devices)

[199,200]
AI engineering new flexible electronic

solutions starting with efficiency analysis
of embedded devices

New materials in
electronics

Liquid smart materials Liquid smart materials in
soft robotics [201–204] AI enabling control of fluidity and

of conductivity

Mechanical integrated
electronic materials

Reconfigurable integrated
circuits for gate switching in

soft matter
[205] AI implementing switching logics

Smart materials in
mechatronics/

electronics

Innovative materials
implementing piezoelectric

micro-actuators,
magnetorheological fluids and

shape memory alloys, and
energy-harvesting devices

[206–211]
AI-controlled systems influencing smart

material detection (orientation,
activation, NP movement, etc.)

Carbon-based materials

Carbon nanotubes (CNT) and
nanocomposite graphene-based

smart materials for
supercapacitors, electrodes, and

electronic implementations

[212–218] AI calibrating technological precision
regarding sensitivity response

Micro- and
nanocircuits

Optical nanocircuits

Plasmonic Au NPs and lumped
circuit modeling [219];
plasmonic superlenses

transferring energy [220]

[219,220] AI modeling and realizing nanocircuit
layouts (scattering tailoring)

Optical circuits
Optical circuits [221–224] and

optical quantum
circuits [225–227]

[221–227]

• AI manipulating optical fields at
the subwavelength scale

• AI controlling quantum calculus
(light controllers in optical

quantum chips)

Electronic
components

Materials for micro and
smart electronic

components

Micro-actuators, supercapacitors,
nanocapacitors, nanoinductors,

and transistors
[228–232] AI controlling input and output signals

of each electronic component [40]
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Figure 7. (a,b) A 3D model of a graphene layer. (c) Capacitor circuital elements integrated on a
flexible substrate (compressed by a pressure force). (d) Inductor circuital elements integrated on a
flexible substrate (compressed by a pressure force). (e) Optical device for optical quantum computing.
(f) Magnetorheological fluid (NPs aligned to a carrier fluid due to the application of an external magnetic
field H). (g) Magnetic NPs flowing into a micro-channel and NP deflection due to the application of a
magnetic field. The figure shows the flexible property of graphene and of basic electronic components
created on flexible substrates, optical quantum circuit layouts, and magnetic control in nanofluidics.

8. (KET VI) Security and Connectivity

The guideline adopted to select the research papers matching with KET VI is based on
the following principles:

• identification of possible matching between innovative nanomaterials and information
technology;

• possible AI data processing approach, improving communication and security systems.

KET VI is mainly focused on the firmware implementation of intelligent materials
regarding security and connectivity. Some main topics are in defense, analyzing innovative
detectors of chemical and biological agents, miniaturized surveillance systems, ultra-precise
guidance systems, and self-healing systems (see Table 6). Specifically, recent advances are in
the linking of smart materials with Internet of Things (IoT) functions in terms of industrial
applications [233–237] and product tagging [238,239] (tags for IoT security systems and
for the monitoring of food products). A new perspective in the research could be in AI
controlling the production processes of new smart materials and improving the quality
process. In health security systems, important works are in the risk detection of chemical
and biological agents [240–243], food security [244–248], and wearable systems [249,250].
Possible research developments are the application of AI in the detection of biological
conditions for risk detection, finding possible nano-additives ensuring food security, and
designing flexible electronic components. The research in alarm and security systems
includes different topics such as the integration of nanomaterials with semi-conductor tech-
nology in alarm systems [251], image surveillance by means of miniaturized image vision
devices [252–255], metasurfaces controlling information [256,257], shape memory alloys
(SMA) improving impact damage tolerance in civil and military applications [258], and
nanotechnology for anti-counterfeiting [259–268]. Embedded systems are constituted by
all the elements detecting the alarm condition, including the materials, circuits, AI control,
and alerting/risk processes to be executed. The research perspectives regarding alarm and
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security systems are in the application of AI algorithms able to analyze the compatibility
of new nanomaterials with semiconductor technology adopted for security systems, data
processing to gain information for security through data fusion techniques, controlling light
to manipulate information dispersion, automating material reconfiguration, and enabling
data encryption counterfeiting processes.

Table 6. State of the art: materials oriented towards security and connectivity and possible future
implementations.

Macro-Topic
(Defined in Step 3)

Application
(Step 2)

Description of Application Field
(Step 4) Ref. Possible Implementation as Intelligent

Materials (New Research Topic: Step 5)

IoT smart materials

IoT and smart materials
in industry

Impact of smart materials in
Industry 4.0 scenario [233,234];

sensor prototypes in
optoelectronics [235];

smart materials in
automotive [236] and aerospace

industries [237]

[233–237]
AI controlling production processes of

new smart materials adaptable to
different application fields

Product tags

Functionalized papers behaving as
interactive electronic tags for IoT

security systems [238];
nanomaterials tagging aquaculture
products and monitoring aquatic

food processing [239]

[238,239] AI processing data, ensuring product
quality (improvement of quality process)

Health security

Risk detection of
chemical and

biological agents

Innovative materials and
nanosensors detecting

chemical/biological threats
[240–243] AI defining environmental and biological

conditions, ensuring threat detection

Food security

Nanotechnology and
nanomaterials applied to the

whole food supply chain (from
agriculture stage to
production output)

[244–248] Algorithms finding possible
nano-additives, ensuring food security

Wearable healthcare Smart materials and wearable
systems (facial mask and sensors) [249,250] Soft and flexible electronics with AI

design and implementation techniques

Alarm and
security systems

Future intelligent
alarm systems

Quantum computing and hybrid
integration (nanomaterials with

semiconductor technology)
[251]

AI-based algorithms analyzing
compatibility of new nanomaterials with

semiconductor technology

Miniaturized devices

Miniaturized image vision
technology for security systems

[252–254]; memory chips used in
cases of detection of

intrusions [255]

[252–255]

AI data processing to gain information
and features extracted from the

miniaturized camera by simultaneously
processing other data (data fusion

including thermal images,
ultrasound, etc.)

Intelligent metasurfaces

Metasurfaces controlling
information to improve

backscattering in wireless
communication systems

[256,257] AI controlling light manipulation and
information dispersion

Hybrid composites for
civil and military

applications

Shape memory alloys (SMA)
improving impact
damage tolerance

[258]
Systems designed to check the initial

shape reconfiguration to automate
material restoration

Nanomaterials and
nanotechnologies for
anti-counterfeiting

Anti-counterfeiting techniques
based on light signal processing,

micro–nano printing, and
laser texturing

[259–268]

• AI automating circuits and secure
data processing (data encryption

process), able to check
counterfeiting (supervised

algorithms able to check the
product uniqueness by estimating

a uniqueness level)
• AI encrypting anti-counterfeiting

labels using new
classification algorithms
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9. Discussion: A New Research Scenario and Framework for Intelligent Materials
Matching AI with Electronic Facilities

The performed analysis allows us to structure a new research framework based on
the integration of AI regarding the intelligent material fabrication process, experimental
control, and prototype modeling. Innovative intelligent materials are able to enhance
the physical properties. Polymeric-based materials are good candidates to provide new
solutions for

• active intelligent materials (active behavior of materials able to reconfigure and repair
themselves by acting on specific external stimuli, which makes available the directional
movement or aggregation of molecules or atoms to repair damage);

• AI-based materials (AI designing materials able to react efficiently to external stimuli).
• Polymer design can be applied to existent polymers or to new ones. The polymers are

classified as follows:
• natural polymers are generated directly from plants or animals present in nature

(natural rubber, cellulose, pectin, chitosan, collagen, alginic acid, silk, etc.);
• synthetic polymers are synthesized and industrially produced (polypropylene, polyethy-

lene, polyamide, poly(methyl methacrylate) (PMMA), polystyrene, polycarbonates (PC),
silicon, poly(lactic-co-glycolic acid) (PLGA), nylon, polybutylene terephthalate (PBT),
polyethylene terephthalate (PET), poly(vinylidene fluoride) (PVDF), polyvinyl chloride
(PVC), PDMS, etc.);

• semi-synthetic polymers are derived from natural sources and chemical/physical
treatment (cellulose derivates, cellulose nitrates, cellulose acetates, etc.).

Starting with the polymeric materials, it is possible to realize new materials accord-
ing to the techniques discussed in the present review by referring to the new research
framework in Figure 8a, where the AI engine (constituted by the training and the testing
model) is the “core” of the framework, providing information about material synthesis
parametrization and possible stimuli executions for the active behavior (stimuli-tuning
process). Possible material stimuli are typically temperature, light, electromagnetic (EM)
fields, pressure, chemistry stimulus, deformation, and movement. The material responses
regarding the enhancement of the physical properties are typically mechanical (stress,
strain, movement conditions), electrical (electrical current, voltage, actuation conditions),
physical (wettability, colorimetric, heat or energy dissipation/absorption), or chemical
(chemical targeting of functionalized materials). The experimental results processed by
ML algorithms are able to optimize the chemical composition, to apply correct treatments
and conditions, or to tune external stimuli for the material’s self-reconfiguration. The AI
engine has the dual role of properly exciting the material, enabling the active behavior
(auto-calibration for self-shaping, self-healing, self-response of the material atoms, and
self-reconfiguration functions), and of processing data to synthetize new materials (new
prototype models). A new concept in realizing new materials is to couple an AI controller
to a source driver, as for laser texturing (image-based controller commanding electrodes)
or pulsed spray techniques (AI controlling pulse regulation) [40] or other nozzle-based
machines discussed in this review. Experimental results and other data (data of material
and laboratory data) provide further important information about the reverse engineering
of the material: an important approach to designing efficient materials is to apply the
reverse engineering technique using AI as a tool to classify defects, thus optimizing the
material fabrication process [269].
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Figure 8. (a) AI framework to synthetize and improve intelligent materials. (b) Active intelligent
process: sketch of the concept of material reconfiguration/regeneration dynamic process by means of
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AI control. The self-adaptive behavior of the material is to be considered in the small local scale
and in the macroscopic scale according to the dimensions of the device. (c) Example of AI control of
diode switching signal for machine pulse generation. (d) Concept of potentiometer controlled by AI.
(e) Example of an embedded system: schematic block modeling electronic systems with AI controlling
stimuli source position and spatial handling. The figure illustrates the role of AI engines in a possible
framework suggested by the topics discussed in the review, suitable for material synthesis and control.
As further advances in the research field, possible electronic configurations focused on AI circuit
control systems regarding the “self-adaptive” behavior of intelligent nanomaterials are suggested.

In Figure 8b is shown a schematic example of the active behavior of intelligent materi-
als explaining the AI control: after the application of input stimuli, the material changes
its properties (material response) and could exhibit possible damage (cracks), especially
when the stimuli are characterized by strong intensity. The AI controller is able to activate
other specific stimuli to reconfigure (reshape, reorientation) and to repair (self-healing)
the material. The embedded system is constituted by the integration of all the compo-
nents occurring in active behavior (electronic circuits driven by AI, AI controller, material,
controlled source, sensor monitoring the material response).

In Figure 8c is illustrated an example of a circuit controlling the pulses of a machine
(controlling a laser or, in general, a nozzle), highlighting how AI commands could operate to
control the pulse signal: four diodes are controlled by an embedded system where AI activates
and inactivates the circuital switches, generating a current pulse. The AI controller can be
linked to an image vision system able to detect the material surface status by image processing
and to provide commands controlling the pulse (S1,2 command signals). Other typologies of
switching circuits can be realized by bipolar junction transistor (BJT) components.

In Figure 8d is illustrated another basic example of an AI controller able to tune
the output voltage of a potentiometer associated with an input source (laser, 3D printing
machines, etc.). Moreover, in this case, the AI controller could be connected to a sensor or
to a camera to process detected data and determine the regulation of the source power.

In Figure 8e is shown a final example of a block diagram modeling source positioning
and handling through an AI controller. This last circuit model can be added to other ones
previously discussed to implement further controls. The AI interface could be constituted
also by logic ports created by transistors executing logic functions, as for McCulloch–Pitts
neurons constituting a neural network [270] (substitution of the AI data controller by means
of a network of transistors executing a specific Karnaugh table). The possibility to develop
combined “AND” and “OR” logic ports allows us to realize a standalone AI interface by
simplifying the circuital complexity of the whole embedded system.

Another important aspect of electronic implementation is the feedback control of
processes controlling the self-adaptive regulation of production machines (process mining):
the feedback transfer function is recalibrated by an AI controller able to regulate the tool
speed, to self-adapt the motion and trajectory of a source providing stimuli, or to control
additive manufacturing processes [271]. The manipulation of an external magnetic field
(force intensity, magnet orientation, magnet distance, etc.) is required to control the motion
and deflection of magnetic NPs in fluids (as for nanofluidic and microfluidic applications)
or in human body implanted environments.

Recent works have applied ML in atomistic simulation [272], solving complex ma-
terials systems. This proves that ML is a good tool to scale the problem to solve with
high calculation performance. Meanwhile, nanomaterials are evolving for sensors such as
gas [273,274] and colorimetric sensors [275]. A future direction is also to exploit the power
of ML to intelligently optimize and to deeply study the newly emerging nanomaterials.

In Table 7 are summarized the main advantages, limitations, and perspectives of the
topics discussed in the review, mainly focused on electronics.
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Table 7. Advantages, limitations, and perspectives of the topics proposed in this work matching with
electronics.

Topic Advantages Limitations Perspectives

New materials
for electronics

Possibility to adapt circuits to different
environments (flexible polymeric

substrates); optimization of electrically
conductive properties and circuit

sensitivity (adding conductive NPs or
other nanostructures); possibility to print
electrical micro-/nanopatterns on flexible

substrates (by conductive ink); NPs as
nanoprobes (nanosensors having high

sensitivity); new biodegradable materials

Time required to study and test
materials for an industrially repeatable

production process; time required to
check material for quality and

use/exposure degradation

Introducing a new concept of electronic
substrates partially replacing the
semiconductor substrates; new

self-reconfigurable materials for robotics
applications; new concept of integrated
biosensors; single metallic NPs as basic
elements to construct nanocircuits; chip

controlling biodegradability and
deterioration of the material on exposure

AI-based tools
driving circuits

Implementation of new standalone
mechatronic systems optimizing sensing

and actuation

Possible AI computational error
generating incorrect sensing

and actuation

Nanomachines driven by AI-controlled
source; new processes monitoring industrial

machines or other civil and military
environments (alarm systems); new IoT

standalone embedded systems

AI-based tools for
circuit design

AI predicting defects and possible crack
risk; AI defining circuit tolerance by

processing experimental results; AI reverse
engineering and accelerating circuit

production process

Unknown AI-based reverse engineering
processes to be adapted in the new

Industry 5.0 scenario

New concept for the design of innovative
circuits in the future scenario of Industry 5.0

New electronic
components

Possibility to manufacture miniaturized
components in nanoscale adopting

nanotechnology; scaling of the electronic
technology from micro–nanoscale to

millimeter–centimeter scale; realization of
new optoelectronic components suitable

for quantum computing

Realization of high-tech machines
suitable for industrial production

(passage from research machine to
industrial ones); different

computational/processing times of
electric signals and optical ones (signal

controlling optical quantum chip)

New miniaturized components integrated in
intelligent embedded systems; new concept
of sensors embedded in intelligent systems;

new components for optical quantum
computing; new nanocomputing elements;

realization of new logic ports implementing
AI circuits (McCulloch–Pitts neurons) and
simplifying the circuital complexity of the
whole embedded system; intelligent chips

controlling food quality

10. Conclusions

The present review discusses some important research topics regarding potential
intelligent materials and related perspectives in electronics. The review is mainly focused
on the definition of the “proof of concept” of intelligent and innovative embedded systems
considering AI as a controller/driver of electronic circuits or as a tool able to manufacture
new materials. The goal is to provide information suitable to formulate new KETs research
lines or projects by integrating AI and electronics in the design and control of powerful
nanomaterials characterized by strong physical properties. In the analysis of the state of the
art, new solutions are proposed by discussing stimuli control, circuit actuation, and material
reverse engineering approaches. Some possible solutions are explained in the discussion
through some examples to facilitate the reader’s understanding of possible implementations
matching AI with electronics. The analyzed topics are suggested to formulate a framework
of possible developments of intelligent materials by discussing the advantages, limitations,
and perspectives of embedded systems. The present multidisciplinary review merges the
notions of physics, chemistry, nanotechnology, informatics, and electronic engineering.
This aspect highlights the importance of structuring a research team having different skills.
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