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Abstract: Nowadays, additive manufacturing technologies have impacted different engineering
sectors. Three- and four-dimensional printing techniques are increasingly used in soft and flexible
electronics thanks to the possibility of working contemporarily with several materials on various
substrates. The materials portfolio is wide, as well as printing processes. Shape memory polymers,
together with composites, have gained great success in the electronic field and are becoming increas-
ingly popular for fabricating pH, temperature, humidity, and stress sensors that are integrated into
wearable, stretchable, and flexible devices, as well as for the fabrication of communication devices,
such as antennas. Here, we report an overview of the state of the art about the application of 4D
printing technologies and smart materials in electronics.

Keywords: 4D printing; 3D printing; smart materials; printed electronics; sensors; actuators; antennas

1. Introduction

The concept of applying printing methods to fabricate electronic devices originated in
the 20th century, during the first attempts in flexible conductor manufacturing as printed
circuit boards (PCB) became popular in the 1950s. However, the deposition of conductive
inks on substrates to obtain conductive tracks was proposed only in the early 1990s. To-
gether with this, the advent of new processing techniques has allowed the substitution
of common rigid substrates for new, flexible substrates [1]. Printing technologies were
introduced because they permitted the fabrication of large-area electronics at relatively
low cost. Such lower investment costs depend on the reduced number of fabrication steps
and decreased substrate and raw materials expenses. Printing technologies also guar-
anteed higher-throughput processes, which could then be easily automatized, allowing
for the exploration of new alternatives for electronic devices [2]. This brief history of
printed electronics provides insight into the subsequent transition to 3D and 4D printing of
smart devices, like sensors, batteries, actuators, and soft electronics. These new fabrication
technologies have gained ground not only because of the possibility they offer to avoid
cleanroom processes but also because they offer (i) a one-tool manufacturing procedure;
(ii) versatility in shape design and substrate choice, both in terms of being rigid and flexi-
ble; and (iii) the possibility to integrate different capabilities, length scales, and materials
together [3].

The term “3D printing” encompasses all the additive manufacturing (AM) technologies
enabling one-step, layer-by-layer fabrication, starting from a CAD model. As defined by
the ISO/ASTM 52900:2021, AM technologies are all those processes of “joining materials to
make parts [...], usually layer upon layer, as opposed to subtractive manufacturing and
formative manufacturing methodologies” [4]. AM has numerous advantages, like fast,
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flexible design and fabrication without moulds or tools, even of complex geometries, and
a reduction in time-to-market. These advantages can be attributed to the fabrication of
assemblies, the design intelligence, the reduction in the number of stages in the supply
chain, the reduction in waste materials and costs, the simplicity of use, and the product
personalization [5-7]. The evolution of 3D printing is the previously mentioned 4D printing.
The fourth dimension, time, is now involved in the additive fabrication process result. Time
is intended for the evolution over time of the shape or other properties of the printed
elements due to the exposure to external stimuli (e.g., pH variation, temperature variation,
light exposure, and water immersion).

In Table 1, the five factors responsible for 4D printing are reported; the sentence “The
stimulus is applied on the smart material using a suitable interaction mechanism and
mathematical modelling during an AM process which results into a 4D printed structure”
perfectly embraces them all [8].

Table 1. A list of factors that should be considered during 4D printing design.

Factors Responsible for 4D Printing

Fused filament fabrication, stereolithography,
digital light projection, inkjet, selective laser
sintering

AM processes

Shape memory polymers (SMP),

Smart materials . . .
stimuli-responsive

Stimuli Physical, chemical, biological

Interaction mechanisms Mechanical, physical manipulation

Mathematical models Forward and backward production

Considering the five elements of 4D printing, the involvement of each factor in the
fabrication process of a dynamic structure is summarized in Figure 1.

3D printer:
To be able to print multi-

material structure
Smart

Smart static
material structure

Interaction
mechanism

Smart dynamic
structure

4D printing )

Mathematics:

Mainly an inverse problem to find
the printing paths

Figure 1. The 4D printing-fabrication process for dynamic structures, highlighting the role of each 4D
printing feature. Reprinted with permission from Ref. [9]. Copyright 2017 Elsevier.

This fabrication strategy ensures the fast growth of smart materials and multi-materials,
allowing for deformable printed parts. Moreover, it permits high efficiency and perfor-
mance, leading to a better quality of the final elements because of their ability to self-enhance
their characteristics. According to Momeni et al., the changes in 4D printed structures can be
classified into three categories [9]: self-assembly, multi-functionality (or self-adaptability),
and self-repair. These modifications can be pre-programmed through the design phase and
selecting the most appropriate materials, like shape memory polymers or composites [8].
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As with 3D-printing technologies, 4D-printing technologies are gaining ground in dif-
ferent fields because of the products” adaptability to environment variations, self-repairing
capability, and self-assembly ability of the printed parts. Sectors like soft robotics and
electronics are already experiencing the benefits of 4D printing. The aim of soft robotics is
to develop robots that can overcome traditional robotics limitations, such as handling high
deformation and enduring any environmental conditions. Soft robotics relies on the use of
soft objects, materials, or systems to fabricate robots that meet the softness requirements
of the environment or the receiver [10]. The work of Wehner et al. is an example of soft
robots fabrication using 3D-printing technologies [11]. They fabricated a completely soft
autonomous octobot where all the elements, like fuel channels, actuator controllers, etc.,
were embedded into an elastomeric matrix. Such 4D printing enabled the breakthrough of
the already mentioned robotic limitations, fabricating soft robots using smart materials.

The electronics world is keeping an eye on 4D printing’s advancement, not only for
actuator fabrication but also for sensor fabrication, using stimuli-responsive materials
and self-healing structures obtained by combining printing technologies and materials [8].
However, 4D printing is still a relatively new and emerging technology; for this reason, the
literature is pretty recent, with important growth in recent years (Figure 2).
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Figure 2. Distribution of articles searched with the keywords “4D printing” and “electronics”
analysing Scopus and Web of Science results.

The aim of this review is to give an insight into what has been achieved with 3D- and
4D-printing technologies in electronics, organizing the discussion as follows. Section 2
presents the printing technologies used to fabricate electronic devices, reporting some exam-
ples. Section 3 covers the materials used for 4D printing, together with some applications.
Finally, Section 4 reports conclusions about the topic.

2. Printing Technologies

As seen in Table 1, different AM processes are employed for 4D-printing stimuli-
responsive devices. Here, such technologies are reported, highlighting their potential
applications.

2.1. Vat Photopolymerization-Based 4D Printing

AM technologies, like vat photopolymerization (VPP), were introduced in the context
of 4D printing for electronics and robotics applications. Vat photopolymerization refers
to different AM technologies, such as stereolithography (SL) and digital light projection
(DLP). Layer by layer, the resin contained in a vat is photopolymerized with a laser or a
projector, usually in the ultraviolet (UV)/near-UV or visible light regions. The printed
object grows on a building platform that moves along the z axis in a bottom-up or top-
down configuration. Among the other 4D-printing technologies, these systems usually
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ensure the highest level of resolution and accuracy, good layer adhesion, and good surface
quality. They can print several pieces at the same time, depending on the building plate
dimensions. The printing time is highly dependent on the printing parameters and the
fabricated geometries [7,12].

Among VPP technologies, DLP is commonly spread in different fields nowadays, from
jewellery to electronics, because it is able to print small devices (maximum printable sizes
range from 100 x 60 mm? to 190 x 120 mm?) with high precision and a high printing
resolution, typically around 50 um as a minimum lateral feature size. These outstanding
properties are linked to the projector, which contains the DLP chip. This chip is an advanced
optical switching device that is made of two million regular arrays of tiny microscopes
working together [13]. The following example shows the application of DLP for the 4D
printing of electronics.

Functional electronics

The group of Guo et al. [14] fabricated 3D electronics starting from a DLP-printed
element and liquid metal coating on top. The aim of the work was to obtain functional
electronics with flexible and stretchable structures that can reply to thermal stimuli. The
main structure was made using the CL-60 HALOT-1 from Creality 3D Technology Co. Ltd.
(Shenzhen, China) as a printer, which can print geometries with a resolution of 50 pm.
The polymeric printed structure presented micro roughness on the surfaces, which could
entrap air in the gaps. For this reason, they used polymethacrylates (PMAs) glue as pre-
coating, dipping the 3D-printed structures inside it. After that, they coated the surface
with a conductive liquid metal made of oxidized-eutectic alloy of Gallium and Indium
(O-EGaln). They evaluated the wettability of the coated devices, namely, the coating
adhesive force, and found the optimized protocol to coat the structures. Such a protocol
improved the coating selectivity to obtain well-defined conductive paths on the surface. In
this way, they were able to fabricate reticular O-EGaln patterns, as in Figure 3, that acted as
conductive wires for the electronic components. Furthermore, the electrical performances
of the patterns were studied to assess if they could serve as functional devices alone. They
observed that the liquid coating could form bridges between two adjacent covered printed
structures, improving mechanical performances and conductive patterns, which were easily
reconfigurable. Lastly, they used a stretchable polymeric structure made of Ecoflex 00-30
from Smooth-On (Macungie, PA, USA) to evaluate the thermomechanical response of the
coating. They found that the structures could support weights at low temperatures, while
they collapsed under pressure at higher temperatures, due to the phase-change transition
of the metal alloy. For this reason, this coating could be used as a network for the joints of
rigid robots [14].

Figure 3. Fabrication steps of O-EGaln electronic components on the surface of different shapes.
Reprinted with permission from Ref. [14]. Copyright 2021 Elsevier.
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2.2. Material Extrusion-Based 4D Printing

Extrusion-based AM technologies are widely used today because of their simple
set-up and lower equipment and energy costs compared to other processes like VPP.
These fabrication techniques rely on a feedstock material extruded by a printing head
using different extrusion strategies to obtain a viscous flow through the nozzle. After the
deposition, two main approaches are employed to ensure the adhesion of each layer to the
previous one. The first approach uses temperature changes to guarantee bond formation
through the initial melting and the following solidification. The second one exploits a
chemical curing to ensure the layers bonding, using curing agents inside the material that
react with air, or with UV light or microwave radiation [15].

Nowadays, the most common diffused material extrusion technology is fused filament
fabrication (FFF), also known as fused deposition modelling (FDM), from Stratasys, which
enables object fabrication by extruding a molten filament from a heated needle. This
technology is widely used, even if it has some drawbacks, such as low resolution because of
the filament diameter. Other disadvantages are its low surface quality, bad surface finishing,
and long printing time for complex objects [7]. However, such a 3D-printing technique has
been introduced in the 4D-printing fabrication of electronic devices due to its low costs and
easy manufacturing of parts.

Other extrusion-based AM technologies rely on liquid ink deposition through a nozzle
that can be piezoelectrically or thermally activated. The material is stocked inside a tank
or a syringe, and it is delivered to the nozzle of the printing head through a transmission
line. The generated drops are deposited on a substrate, which can be flexible or rigid,
heated or not, following a CAD-defined pattern. The deposition head can move along the
x axis, and the building substrate can move along the z axis, while the Y axis deposition
can be determined by the displacements of the head on the plane. If there are more
nozzles, their position along the axis and their consequent activation determines the y axis
positioning. After that, the material is cured with a lamp, with a wavelength of light
between 190 nm and 400 nm [16]. These AM technologies can ensure thin layer thickness,
thin wall features, good surface quality, and high resolution. However, especially with
direct ink writing (DIW), great attention should be taken to the ink formulations since the
chemical composition strongly affects the quality of the printed features, for example, with
the coffee ring effect (CRE) [17].

Antennas

The first example of FFF application in electronic devices is presented in the work of
Le et al. [18], who printed a free-standing 3D Hilbert dipole antenna using a commercial 3D
printer (System 30, from Hyrel 3D, Norcross, GA, USA) with a homemade polyurethane
(PU)-based electrically conductive adhesive (ECA). To obtain a self-standing structure, the
ECA material was printed into a PDMS resin bath. The printed antenna was composed of
fractal curves, as shown in Figure 4, since this shape ensured a better Q factor at the 433 MHz
band. The first printed element was the planar part; the vertical ones were fabricated
subsequentially. This antenna design included the Koch antenna, and it could be used for
wireless wearable communication in on-body sensor network (BSN) applications [18].

Figure 4. Fractal Hilbert dipole antenna printed with FFF 3D printer using PU-based ECA.
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Another example of a 3D-printed antenna is shown in the work of Cuevas et al. [19].
They fabricated a 5.8 GHz hemispherical dielectric resonator antenna (DRA) loaded with
a metallic cap for vehicle-to-vehicle communication. They used a custom-made FFF 3D
printer from Ocular3D (Vifa del mar, Valparaiso, Chile) with two extrusion heads, one
for the dielectric material (PREPERM ABS1000) and the other for the conductive material
(Electrifi Multi3D, Cary, NC, USA). They analysed two different topologies that differ in
the infill percentage of the two parts of the antenna’s main body. This difference implied a
variation in the structure’s relative permittivity, which was compensated with metallic caps
placed on top of the antenna bodies. The fabricated antennas showed a slight frequency shift
of their resonance frequency, caused by the permittivity variation and the uncertainty on
the permittivity of the conductive filament. The shift was also influenced by the fabrication
tolerance of the printing technology. However, the resonance frequency was measured as
5.9 GHz, and the maximum gain varied from 3.8 dB to 4.7 dB, which is not so far from the
theoretical prediction, even if some losses were introduced by the filaments. Lastly, they
achieved a 22% weight reduction in the structure, which was beneficial in some applications,
such as unmanned aerial vehicles (UAVs), where size and weight are considered crucial
parameters in the device design [19].

A third example of an FFF-printed antenna is reported in the work by Sun et al. [20].
They fabricated a millimetre-wave dual-polarized dielectric resonator (DR) reflectarray
(Figure 5) using the Creator Pro Flashforge 3D printer (Jinhua, China) with PREPERM 3-D
ABS DK 10.0 filament from Premix (Rajamaéki, Finland). The dual polarization was obtained
through a well-defined geometrical configuration design of the DRs. They were made of
two orthogonally positioned elliptical resonators, which ensured high isolation and inde-
pendence between the two polarization directions. The antenna was made of 256 elements,
and the working range was from 30 GHz to 40 GHz. Comparing the AM-fabricated antenna
with traditional fabricated ones, they observed that their method allowed them to expand
the substrate thickness, reducing costs and losses in high-frequency applications and im-
plementing complex element shapes. Furthermore, the combination of the FFF technology
with high relative permittivity materials helped them to obtain a reflectarray antenna with
a low profile, a medium aperture efficiency, and dual polarization. The antenna could be
easily tuned, and its peak gain was 22.53 dB in the range of 30 GHz—40 GHz [20].
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Figure 5. DR reflectarray antenna fabricated using FFF: (a) the whole simulated model, comprising
the feed horns, to irradiate the antenna; (b) the actual fabricated prototype used for antenna testing;
(c) top view of the FFF fabricated array of DR antennas. Reprinted from Ref. [20].

FFF printing of antennas should be performed while considering that printing pa-
rameters can deeply affect the resultant relative permittivity value of the final objects,
together with the material electrical parameters, as Tokan et al. [21] investigated. They
studied the influence of parameters using a sample of Preperm ABS1000 from Premix and
printing it with a core XY-type printer. By measuring the electrical characteristics of the
printed samples, they observed that printing settings were crucial to obtaining the desired
dielectric behaviour with high permittivity and low-loss thermoplastic material. In fact,
FFF-fabricated antennas showed performances comparable with the traditionally fabricated
ones only using the optimized set of printing parameters [21].
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Self-morphing circuits

FFF technology has been applied not only for antennas but also for the fabrication of
3D self-folding electronics: morphing circuits that can change their 3D shape arrangements
under an external stimulus. The work of Wang et al. is pioneering in this sense [22],
as they presented a novel approach to this manufacturing process, highly detailed in
their article. The process showed different advantages, such as lower costs, flexibility
for accomplishing complex curvilinear surfaces, and applicability in even complex 3D
structures. They started the multi-step process flow considering that the FFF manufacturing
of thermoplastic materials causes shrinkage of the final printed parts when triggered by an
external heating element due to residual stresses incorporated during the extrusion step.
Firstly, the design of the printed electronics started with the 3D modelling of the substrate,
which allowed them to extract the stresses in the object and which was then used for the
morphing simulation through finite element analysis (FEA) software. They also simulated
the addition of silver traces, surface-mounted device (SMD) insertion, and the thermal
trigger influence on the morphing behaviour. After the validation of the design through
simulation, the designed substrate was fabricated using a standard FFF machine, the
MakerBot Replicator 2X (New York, NY, USA), with PloyMax PLA (Polymaker, Changshu
City, China). They designed the substrate with holes and integrated sinks for the positioning
of other components. Subsequently, they printed traces using the screen-printing technique,
selecting the commercial silver ink CI-1001 from Engineered Materials Systems (Delaware,
OH, USA) and the pre-coated screen HiDef stencils from EZ Screen (Washington, DC,
USA). They selected this technology due to its simplicity, speed, and versatility across
materials. In particular, they chose silver ink for its flexibility, water resistance, and low
curing temperature, even if further improvements could be made to introduce more flexible
materials, which could ensure better compliance with the morphing process. Lastly, they
introduced the electronic components inside the designed accommodation and added the
silver ink where necessary to connect traces and components. They verified the trigger
response using two methods, namely, a hot water and oven, both at 90 °C, to understand if
any different shapes or conditions appeared. They only evaluated bending, twisting, and
coiling deformations, but the obtained results seemed to be promising to develop more
complex structures with fewer geometric constraints, ensuring a low-cost and low-pollution
solution for conformable electronics. In Figure 6, some examples of printed conformable
electronics [22] are reported.
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Figure 6. Self-folding conformable electronics FFF printed. Used with permission from Association
for Computing Machinery, permission conveyed through Copyright Clearence Center, Inc. 2020 [22].

The literature example above shows that there is a strict correlation between all the
five elements of 4D printing [8], highlighting the need for mathematical modelling and
FEA simulations to properly design a self-morphing circuit. As stressed by Pei et al. [23],
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mathematical modelling is a fundamental step that allows producers to obtain the necessary
time and sequence of stimuli to apply while considering the materials used, as well as
their orientation and the expansion or contraction rate that the stimulus determines. This
fabrication stage is usually characterized by the combination of FEA software with CAD
ones [23], as in the self-folding structure of Wang et al. [22].

Sensors

A first example of extrusion-based AM technologies applied for sensor 4D printing is
the work of Wan et al. [24], where they used DIW of a poly (D, L-lactide-co-trimethylene
carbonate) (PLMC)/carbon nanotube (CNT) composite to fabricate a shape-changing lig-
uid sensor. They selected this ink because of the shape-memory characteristic of PLMC
and the electrical conductivity of CNT. These properties allowed them to obtain a shape-
changing structure that could be programmed using an electrical field, adaptable to the
target environment (Figure 7). Their ink was composed of crosslinking-PLMC, obtained
by the dilution of Isopropylthioxanthone/1,2-Dibromoethane /PLMC/Dichloromethane
(ITX/EDB/PLMC/DCM) with a weight ratio of 0.01:0.03:1:20 and 10% wt. of CNT. This
solution was 3D-printed using a 3 mL syringe with a micronozzle, moved by a robot
(I&J2200-4, from Fisnar, Germantown, MD, USA) that controlled the applied pressure (from
1.75 to 3.5 MPa) and speed. The printed structure was U-shaped, and it was tested using
an immersion/drying cycle to record the electrical resistivity variation in real time. They
observed that the so-prepared ink ensured good viscosity and enough fast evaporation,
suitable for DIW fabrication. The electrical-responsive behaviour was strongly dependent
on the CNT content because the electrical conductivity decreased with the decrease in the
CNT concentration. They investigated the sensing performances of the printed device using
different solvents and real-time monitoring of changes in resistivity. The sensor sensitivity
was related to the polymer swelling during the immersion phase, which determined the
disruption of the CNT network connections and a resistivity increase: when the volume of
the wet sensor decreased, caused by a decrease in the liquid level, the sensitivity decreased
with it. To overcome this problem, they changed the sensor shape through the external
electrical field. This modification allowed them to evaluate the sensor in different environ-
mental conditions and at lower liquid levels. In this way, the sensing abilities remained the
same, even when folding the structure through the electrical field, which demonstrated
good sensitivity. This combination of shape-changing behaviour with the conductivity
characteristics of CNT could be of great interest for the liquid detection of several solvents
in different conditions through a customized sensor, e.g., for environment monitoring [24].

(a) Orlgmn] shape (b) Applied (c)
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Temporary shape

l Shape
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Electro-responsive Direct Ink writing

shape memory polymer (DIW)

Figure 7. Electrical-responsive structure, fabricated using DIW: (a) theoretical explanation of shape-
changing behaviour of the PLMC/CNT ink under electrical stimulation; (b) illustration of DIW
fabrication of the U-shape sensors; (c) illustration of the shape-changing behaviour application for
liquid sensing. Reprinted with permission from Ref. [24]. Copyright 2019 Elsevier.

Environment-monitoring sensors were also fabricated using extrusion-based AM tech-
nologies in the work of Ahmad et al. [25]. They proposed DIW and electrohydrodynamics
(EHD) to make a flexible strain sensor, a temperature sensor, and a humidity one. EHD is
an evolution of inkjet-printing technology: it relies on the dropwise deposition of a liquid
ink under the influence of a strong electric field that induces the formation of the drops in
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the extrusion capillary, determining the arrangement of the ink particles on the printing
substrate, as explained in Figure 8 [26].

o]
Syringe pump
A Capilla
1] Substrate

'j:f

Computer
control

High voltage
supply

XYZ Translation
Stage

Figure 8. Working principle of EHD, with the component scheme. Reprinted from [26].

The optimization of EHD printing parameters and ink characteristics, like viscosity,
results in a high printing quality, high resolution, and stable and reproducible results.

In [25], the resistive strain and the flexible sensors were produced by DIW with a
carbon paste. The latter was deposited on a poly (ethylene terephthalate) (PET) substrate
and showed a gauge factor of 59 and a high control on the pattern width, which was
measured to be less than 250 um. Sensors’ resistance varied with the temperature and
humidity oppositely. Meanwhile, the humidity sensor and the resistive temperature sensor
were printed using EHD. Silver nanoparticle ink was deposited on the PET substrate;
then, the whole object was tested to verify the temperature coefficient of resistance, which
was 8.41, and the sensitivity to humidity level, which was observed to be very high.
Furthermore, to obtain the humidity sensor, a Poly(3,4-ethylenedioxythiophene): poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) ink was deposited on silver
electrodes, which were fabricated on top of a paper substrate. The so-fabricated device
showed a good response with a low recovery time, an operating range from 40% to
100% relative humidity, and capacitance and resistance changes of 4.22 pF and 4.69 M(),
respectively. Even if these environmentally friendly devices were very promising, they
still need improvement. Further investigations should be performed to enhance sensor
performance in environmental monitoring and other applications [25].

2.3. Multi-Method Fabrication Solutions

As shown in the previous paragraph, there is a growing trend in the combination of
different AM technologies of the same category or of different families. An example is
the work of Roach et al. [27], which combined four fabrication techniques (inkjet printing,
DIW, FFF, and aerosol jetting) with a pick-and-place (PnP) robotic arm and photonic curing
for intense pulsed light (IPL) sintering to make a multi-material soft pneumatic actuator
and a multi-material stretchable electronic device for many applications, which range from
wearables to aerospace.

While DIW and FFF printing have already been presented in the previous paragraphs,
inkjet printing (IJP) and aerosol jetting (A]) will be presented hereinafter. Both technologies
belong to the extrusion-based AM technologies world, but they differ in the ink-deposition
method. In IJP, liquid ink is ejected dropwise through the nozzle, which is part of a
piezoelectric MEMS actuator. The printing process is voltage-controlled, with the pneumatic
ejection of drops on demand. IJP shows high accuracy and resolution, even if the deadtime
between drops can cause nozzle clogging [28]. In AJ, the liquid ink is atomized through
a pneumatic or ultrasonic atomizer first. Then, the dense, tiny drops are transported to
the deposition head using a nitrogen carrier gas. The gas helps the collimation of the
ink flow into the deposition head, which ejects the drops with a high velocity, allowing
them to travel 2-5 mm from the nozzle. The deposition system is usually a 5-axes system
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that also enables the printing of low-viscosity (under 1000 cP) inks on hydrophilic 3D
substrates [29]. Even if this technology has some limitations, due to the restricted number
of commercial solutions available, it presents some advantages, such as ink versatility,
a non-contact printing phase, a micrometric 3D structure fabrication (under 50 pm), fast
printing processes, and high reproducibility [30].

Getting back to [27], a complex multi-technology platform was developed, with seven
printheads: two FFF heads from Prusa3D; two DIW pneumatic syringes controllers Ul-
timusV from Nordson EFD; two IJP piezoelectric drop-on-demand modules Xaar 1003 from
Xaar Plc; and one A] module AJ 5X System from Optomec Inc, Albuquerque, United States
of America. The curing was carried out by an FE300 UV LED lamp from Phoseon for IJP
and an RC-847 Xenon Corp flash lamp for photonic curing. Finally, two robotic manipula-
tors for PnD, a six-axis robotic manipulator (C4 from Epson Inc.) and a four-axis robotic
manipulator (G3 from Epson Inc., Suwa, Nagano, Japan), were included in the equipment.
This complex printing system was coupled with a five-motion printing bed, made of one X-
Y-motion stage and four Z-motion stage, from Aerotech Inc. A common communication lan-
guage between the several technologies had to be developed because each AM technology
relied on different programming languages and independent coordinate systems. Firstly,
kinematic transformations to the printing coordinates were applied; then, a highly complex
algorithm was coded in Python with a user-friendly interface. This interface allowed the
users to insert the G-Code for FFF or DIW, select the printing technology, set the printing
parameters, and obtain a final file that the motion stage can use for the object’s fabrication.
The printing platform offered flexibility in both printing methods and materials, allowing
for the integration of diverse functionalities within a single component. Some examples
of functionality integration were presented in [27]. The first example is a soft pneumatic
actuator for soft robotic applications. It was composed of two layers: a top extensible layer
fabricated through DIW using an elastomer, and a bottom flexible, inextensible one of a
rigid photopolymer fabricated with IJP. Some hollow chambers were designed between
the two layers, made accessible thanks to an inlet hole that could be pressurized to bend
the structure. The inlet hole was used to insert a nozzle connected to a pressure switch;
activation caused the inextensible material to bend as the bottom layer expanded. When
the switch was turned off, the structure recovered its initial structure. Another example
presented in [27] was the fabrication of a digital LED lamp, whose base structure was
3D-printed through FFF printing of PLA. The LED chip was then picked and placed in the
designed housing by the six-axis robotic arm. Lastly, conductive silver ink was deposited
into the channels through DIW, which were cured using the photonic module, forming the
connection traces for the external power supply. The chip and traces were encapsulated
with the FFF printing of PLA. The final printed LED light is reported in Figure 9. Although
this complex system showed good performance and several advantages, like the possibility
of working on the same component with different materials, some challenges seemed to
be addressed. As a matter of fact, by using different techniques, differences in resolution
appeared, and the feature resolution was deeply influenced by the lowest one. Therefore,
some methodologies and solutions should be adopted to overcome this problem, like
increasing the number of deposited layers in the technologies with thinner layer thickness,
in order to obtain results that could be compared to the technologies with a thicker layer
thickness. Another problem to address was the deposition of conductive ink on rough
surfaces because these inks tended to fill voids and cracks on the surfaces, decreasing the
trace conductivity, so thicker ink layers had to be deposited to avoid this reduction in
conductivity values.

The thesis of Peng [31] is the combination of more than one AM technology to obtain a
4D-printed structure, where a hybrid fabrication process was used for prototyping a liquid
crystal elastomer (LCE)-based actuator for soft robotics. In particular, the presented set
up combined digital light processing (DLP) of a support structure with laser-assisted DIW
of LCEs. The in situ laser curing of LCE-based polymers ensured the rapid fixing of the
shape and alignment, while the DLP-fabrication step provided the freedom of fabrication



J. Manuf. Mater. Process. 2024, 8, 164

11 of 21

and the design for supporting structures. To prevent any impact from the laser on the DLP
resin, the LCE ink should cure rapidly, and the selected photoinitiator should work in a
different wavelength range. After the preparation of the two compositions, the printing
phase involved a two-step process: first, the DLP fabrication of the support structure, then,
its placing in the laser-assisted DIW position using the Z-moving building platform and
the X- and Y-moving DIW printing head. The head also allowed the alignment of the fibres
into the ink, guaranteeing a freestanding, stable structure. The actuation behaviour of
the printed LCEs was evaluated through finite element analysis (FEA) simulation, and
the empirical test results were in line with the FEA ones. They found that the printed
LCEs lattice had a controllable shrinkage through temperature variations; they could be
considered tensegrity structures, with compressive stiff elements and tensional wires, which
were relaxed at room temperature and tightened up when heated. These characteristics
gave the ability to obtain an actuator with a tuneable structural stability that varies with
the temperature and whose active parts could also be fabricated and actuated in a 3D space
using DLP materials to print removable supports [31].

(@)
wss  PLA structure
Silvertraces

Figure 9. Hybrid AM-fabrication technology example for digital LED light fabrication: (a) schematic
representation of the fabricated device; (b) fabricated device; (c) fabricated device turned on through
the external power supply, directly connected to the LED chip with silver traces. Reprinted with
permission from Ref. [27]. Copyright 2019 Elsevier.

A third example of multi-method fabrication solutions for the AM of electronic devices
is reported in the work of Marasso et al. [32]. They described a smart cap for plastic
bottles that detected the open/close positions and the temperature of the cap through the
integration of several additive manufactured elements. Firstly, they evaluated the resistivity
of the electrically conductive material used for the device, which was a conductive PLA
filament from Protoplant INC. For this purpose, they printed a 10 x 10 x 10 mm? cube using
an FFF printer (K8200 from Velleman, Gavere, Belgium) with the following parameters: 60%
infill density with honeycomb rectilinear pattern, 225 °C and 55 °C nozzle temperature and
bed temperature, respectively, and 65 mm/s infill speed. Then, they deposited a thin film
of Ti/ Al on four sides of the structure through sputtering (Kurt Lesker PVD 75) to obtain
contact pads for wires. After the resistivity measurements, they designed and fabricated
the smart cap in Figure 10 below, selecting FFF technology for printing the contacts with
the tested PLA. The other components were 3D-printed through PolyJet technology using
VeroWhite Plus FullCure 835 as constitutive material and Object 30 as a printer, both from
Stratasys (Eden Prairie, MN, USA).

Poly]Jet technology was developed by Objet Geometries Ltd. (Rehovot, Israel) in 2000,
now part of Stratasys, and it combines material deposition with its photopolymerization
with a UV light [33]. Two materials are deposited on the building platform by two inkjet
print heads; one is the support material, while the other one is the model material. They
are deposited layer by layer with a thickness of 16 pum, then spread with a roller, and, lastly,
cured by a UV lamp. At the end of the process, the printed objects should be post-processed
to eliminate the support material and to ensure the finalization of the photopolymerization
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process with a thermal treatment, especially if the parts are used as moulds [34,35]. The
resolution of this technology is 656 x 656 x 1600 DPI (XYZ) [36], and the accuracy is
0.1 mm [33].

9
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Figure 10. The smart cap for packaged food monitoring: (a) the CAD models of the cap components,
fabricated through FFF (top/bottom contacts) and PolyJet (cap, spring, seeger, and bolt); (b) the
printed cap assembled and mounted on the plastic bottle for open/close tests. Used with permission
conveyed through Copyright Clearance Center, Inc. 2018 [32].

In [32], the printed smart cap exhibited a significant resistance variation during
open/close tests, along with changes in temperature, demonstrating the potential of apply-
ing AM technologies in packaging to monitor changes in stored goods without the need to
open them.

In the following Table 2, all the mentioned examples are summarized, divided by
application.

Table 2. A summary of the previously mentioned examples of 4D-printing applications in electronics.

C Fabrication
Application Technology AM Category Examples Ref.
Actuators Vat o DLP O-EGaln therrporesponswg electronics [14]
photopolymerization (functional electronics)
. Soft pneumatic actuator (soft robotic)
Mmtliig‘gﬁlofgy 1JP/DIW /FFF/AJ /PP Digital LED lamp [27,31]
P LCE-based actuator (soft robotics)
3D Hilbert dipole antenna
Hemispherical DRA with a metallic cap
Antennas FEF FFE Millimeter-wave dual-polarized [18-201
DR reflectarray
Self-r.norl.)hmg FEF EEF Thermally actl\{ated'self—foldmg electronics [22]
circuit (origami structure)
Shape-changing, electrical responsive
E ion-based DIW liquid sensor [24,25]
Sensors xtrusion-base Resistive strain and flexible sensors
DIW/EHD Temperature and humidity sensor [25]

3. Smart Materials

The main advantage of 4D printing over 3D printing is the capacity to develop a system
that can smartly evolve over time [8]. The reason for this time-evolution capability can be
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found in the materials used. Indeed, they are generally defined as smart materials (SM)
because of their ability to modify their characteristics in response to a specific stimulus [37].
There are numerous stimuli that can be exploited to trigger the change. Temperature is the
most employed stimulus in 4D-printing structures because the vast majority of SMs used
for this technology exhibit a transitional temperature, Tirans, which generally refers to the
melting temperature or the glass transition temperature. As the Tyans name suggests, these
responsive materials can modify themselves in accordance with a temperature gradient.
Another stimulus that is broadly investigated in electronics is the electric stimulus: electric
fields are employed as an indirect stimulus to create heating effects and to trigger materials
that present a Tirans. Equivalently, magnetic fields can be used when magnetic materials
are employed. Light can also be adopted as a stimulus: in this case, the observed morphing
is a consequence of photon energy exchange with functional groups present in the material.
As a result, alterations are made to the binding interaction, leading to temporary physical
or chemical crosslinks. Other stimuli employed in literature are pH and moisture, mostly
used for polymers or hydrogels [38].

Similarly, several modifications can be triggered in the material, including changes in
colour [39,40], electronic properties [41], or self-healing mechanisms [42]. However, among
various types of SMs, the materials characterized by a shape-change behaviour, namely,
shape memory materials (SMMs), show a particular suitability for AM technologies [43].

SMMs can be divided into two distinct categories depending on the shape change
mechanism. The first category includes the so-called shape-memory effect (SME), which
occurs when the material can recover its original shape after a quasi-plastic deformation.
The second group covers the shape-change effect (SCE). In this case, the magnitude of the
shape modification is proportional to the intensity of the applied stimulus, and it disappears
when the trigger stops [44]. However, it should be considered that both mechanisms can
be found in the same material. For instance, a hydrogel undergoes swelling or shrinking
depending upon wetting or drying, which is an SCE, but shape recovery may also be
induced, triggering an SME concurrently. Therefore, the hydrogel can be classified as a
shape-changing material or a shape memory material, depending on the environment or
working conditions.

Typically, a full SME cycle is composed of two processes: programming and recov-
ery [45,46]. During the first phase, a temporary shape is programmed while the stimulus is
applied; subsequently, the external stimulus triggers the material to recover to its perma-
nent shape during the second phase. Thus, 4D printing is advantageous in this case since it
permits programming complex shapes, even in composite structures [47]. Moreover, SMMs
can be classified as one- or multiple-way materials, depending on the number of shape
alterations they undergo. In one instance, the initial shape cannot be recovered, whereas in
all other cases, it is regained as a temporary shape.

Several types of materials have been investigated in 3D- and 4D-printing processes,
such as shape memory polymers (SMPs) and elastomers [48], hydrogels and aerogels [37],
shape memory alloys (SMAs) [49], shape memory ceramics (SMCs) [50,51], composites,
and nanomaterials [52,53], showing the great potential of this technology.

3.1. Polymers and Composites

The vast majority of studies on 4D-printed electronics rely on SMPs due to the variety
of stimuli they can undergo and their suitability for printing processes [54]. As a matter of
fact, they have been adopted in many applications, such as sensors [55-57], actuators [58,59],
and wearable electronics [60-62].

Polymeric composites, specifically, have been deeply investigated in the field of 4D-
printed electronics in order to combine the flexibility given by a polymeric matrix with
other properties, such as higher conductivity given by the filler material [24,63]. Indeed,
multifunctional materials are fundamental to producing adaptable and autonomous devices.

An example of the potential of composites in this field is shown by Bodkhe and
Ermanni, who merged piezoelectricity with shape-memory behaviour [64]. In this work,



J. Manuf. Mater. Process. 2024, 8, 164

14 of 21

a polymeric blend composed of poly-lactic acid (PLA) and poly-ester amide (PEA) in a 20:80
ratio was filled with barium titanate nanoparticles to produce an ink with piezoelectric
behaviour. The ink was then employed to print structures with different geometries via
DIW. In this case, the structure was exploiting the SME, showing a permanent shape and
a deformed one with the Tg as Trans at 80 °C. The second configuration was reached by
heating the sample above the Tians while stretching it with a given force and then cooling
it down, maintaining the stressed state to fix the shape (Figure 11a). The piezoelectric effect
was detectable in the stressed configuration: when the sample was deformed again after the
programming, the piezoelectric voltage output was detected (Figure 11b). Figure 11c shows
the final demonstrator, which is beam-shaped: the electrodes were placed on both sides of
the beam, and the temperature was gradually increased up to 100 °C, while a 2g load was
also applied to fasten the deformation process. As can be seen in the graph, the voltage
was proportional to the deformation. The result was a sensor capable of withstanding a
broad range of temperatures, from 23 °C to 100 °C over 5000 operation cycles.

(a) { i P
Loading at 80°C Programming Recovery
Heat Hold Heat
+ + +
Load Cool No Load

(b) Piezoelectric effect during loading

(c) 20

15

Voltage (mV)

Time (s)

Figure 11. Shape memory combination with the piezoelectric effect. (a) Shape memory loading cycle
and (b) correlated piezoelectric effect. (c) Voltage output from the structure deforming under 2 g
weight at 100 °C. Reprinted with permission from Ref. [64]. Copyright 2020 Elsevier.

Another example of smart composites can be found in the work of Wu et al. [65]. In
their study, nylon was embedded and extruded with carbon fibre to exploit the significant
difference between the thermal expansion coefficients of the two materials, thus achieving a
thermotropic deformation. Here, the shape-changing mechanism relied on the SCE because
the deformation of the printed substrate was dependent on the environmental temperature:
the bending angle was more accentuated for lower temperatures. When a voltage was
applied to the carbon fibre, the local temperature slowly increased, resulting in a complete
stretching of the substrate. The smart substrate was used to control the beamwidth and
gain of a bowtie antenna, which could provide a wide frequency range and radiation
characteristics useful in many applications, such as 5G applications or wearable electronics.
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Moving to a different application, Chen et al. presented an integrated strain and
temperature self-sensing sensor—actuator [66]. They formulated a composite based on
carbon black, providing high conductivity, and polylactic acid, which exhibits good shape-
memory behaviour based on SCE. The material was 4D-printed using FDM technology to
convey a gradient bioinspired gap. The structure was sensitive to strain due to the drop
in resistance resulting from mechanical deformation and the closure of the gaps, which
allowed a tunnelling current among carbon black nanoparticles. Moreover, it also showed
a temperature sensitivity of 1.90-2.25 x 10* ppm °C~!, given by a variation in the electrical
resistance. The printed structure had the capability to touch objects in an active way and
obtain feedback through the resistance signal, thus forming the active perception ability.

Finally, an interesting approach is presented by Vinciguerra and coworkers, which
combined liquid metals (LM), namely, eutectic gallium-indium alloy, with liquid crystal
elastomer (LCE) to obtain an electrically responsive system [67]. Both the materials were
processed using DIW technology: the LCE was printed to form the substrate shape first,
and then the LM ink was patterned on top to function as circuit wire and all the other
electrical components. The outcome was a completely flexible and shape-reconfigurable
structure suitable for many applications, such as a twisting actuator or a capacitive touch
sensor. The deformation mechanism can be attributed to the SCE in this study as well
(Figure 12).
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Figure 12. Three different applications of the LCE-LM structure to show its versatility:(i) a twisting
actuator with SDM resistors and an LED able to operate with a 90 °C twist. (ii) Capacitive touch
sensor. (iii) An LCE crawler with an on/off photoresistor. Using 3D-printed feet, the crawler can store
energy as it is heated and then pull itself in the red arrow direction as it cools. Adapted from [67].

3.2. Metal Alloys and Ceramics

The shape-memory effect in SMAs is based on the temperature-triggered phase trans-
formation between a deformed state, namely, the martensitic phase, and a relaxed one,
called the austenitic phase. This transition is the cause of the unique superelasticity. The
great majority of SMAs are based on NiTi alloys, which ensured them great success in the
biomedical industry due to their peculiar properties, including strength, good biocompati-
bility, and thermo-responsivity [68,69]. In addition, copper-based alloys for temperature-
controlling systems [70] and other alloys [71] have been studied, even though they present
stability and performance limitations. The potential of these alloys has been investigated for
the electronic field in cooling systems [72-74], but also in radio frequency applications [75],
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vibration isolation [76-78], and actuators [79,80]. However, their presence in this field is
not yet established, and 4D-printing technologies have not been explored in depth.

A few examples of 4D-printed components can be found in robotic devices. Yao
et al. presented the development of a soft crawling bioinspired robot as an application
case with two deformable structures [81]. Via laser powder bed fusion, they fabricated
a monolithically deformable sheet as a body while a smart spring was manufactured
and placed underneath to imitate the longitudinal muscles of an inchworm. In both
cases, the alloy used was Nitinol, a Ni-Ti alloy known for its good shape memory strain
of approximately 10%. The crawling movements were obtained by exploiting the non-
equilibrium and equilibrium states between the two parts, which worked in an antagonistic
way, being deformed in an alternating manner while a certain current was applied. The
result demonstrated the potential advantage of developing a fully metallic structure that
combines the flexibility of the shape-memory behaviour with the mechanical properties of
a metal alloy, even if the printing method still needs to be improved.

A second example is the study by Aryaman et al.: they designed and fabricated a
4D-printed actuator for Flapping Wing Micro Aerial Vehicles (FWMAVs) [82]. As in the
previous work, Nitinol was used in the form of wires that were embedded and printed
in a thermoplastic elastomeric matrix of TPE-83A. The structure was able to recover its
permanent shape after the application of a current that heats it above its Tirans, inducing a
mechanical deformation. The actuator presented a deflection range from —54° to 78° with
respect to the 0 position. However, the fastest recovery time obtained was 17 s, which is
still not sufficient for high-speed bending applications.

Smart ceramics present interesting, multidimensional properties driven by the materi-
als’ fine particle size and their degree of aggregation. The mechanism of shape recovery is
based on a temperature trigger again: when they are deformed beyond their elastic limit,
they display a micro-deformation generated by external forces, which can be recovered
through heat treatment. Metal oxide-based ceramics are the most commonly used in this
field, except for ZrO,-based ceramics, which are widely employed because of their unique
superelastic behaviour combined with a shape-memory response [83].

Smart ceramics are gaining ground in the field of smart electronics, with additive
manufacturing technologies emerging as promising technologies for smart structure fab-
rication [50]. However, the design of the manufacturing processes and the definition of
the printing parameters remain challenging [84]. Nonetheless, some attempts have been
presented [85]. Here, we present a ceramic MEMS resonant strain sensor that is described
in detail in Liu et al. work. The device was manufactured with a 4D additive-subtractive
technique [86]: this process is based on the printing of an elastomeric ceramic precursor
with DIW technology, which is subsequently laser-engraved to obtain a ceramic structure
(Figure 13). With this method, the authors claimed that the strain sensitivity could be
improved and the environmental interference decreased compared to a common resonant
strain sensor.
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Figure 13. Laser—engraved ceramic precursor MEMS structure. Reprinted from [86].
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4. Conclusions

This work explores the world of 3D- and 4D-printing techniques applied to electronic
and soft robotics devices. As explained in the first section, the fabrication methodology is
based on the combination of five factors: AM technologies, materials, stimuli, interactions,
and models, all contributing to the desired results.

What emerges from our literature review is that different AM technologies were em-
ployed in different contexts, from sensor fabrication to morphing circuits, exploiting all
their potential application fields and their compatibility with new materials. AM advan-
tages facilitate the achievement of objectives, like a fast printing process, simple fabrication,
low costs, tuneable polymer printing, versatility [61], fewer geometric constraints during
the design phase, low-pollution solutions for electronics [22], and weight reduction of
the structure, which could be beneficial to several application fields [19]. Moreover, the
application of 4D printing with SMs opens doors to a deep exploration of wearable and
soft electronics, where materials adapt and respond to environmental stimuli, unlocking
further opportunities for innovation in such a field.

Nevertheless, further improvements should be made to enhance the performance of
4D-printed devices, especially for some currently relevant applications [25], and to integrate
different technologies together for complex systems [27]. Furthermore, the research field of
materials selection remains broadly open to the amelioration of printed material properties
and processes; the integration of multi-stimuli structures; and further exploration of differ-
ent materials, such as ceramics and alloys. Nonetheless, the combination of the analysed
factors, along with the previously mentioned ones, has enabled the exploration of cutting-
edge solutions for electronics, soft robotics, biomedicine, automotives, and aerospace for
both present and future societies. At present, there are no commercially available electronic
products that significantly exploit 3D or 4D printing due to the early stage of technologi-
cal development. As a result, 3D- or 4D-printed electronics are predominantly found in
research laboratories or as prototypes, considering that traditional electronics-fabrication
processes remain easier, cheaper, and more reliable. However, as the research in this field
continues to advance, the prospect of developing truly adaptive and autonomous devices
appears increasingly feasible.
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