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ABSTRACT | Emerging additive manufacturing (AM) technolo-

gies, specifically additively manufactured electronics (AME),

4-D printing, and origami, are reshaping the design capabil-

ities and functionalities of contemporary electronic devices.

Cutting-edge 3-D/4-D printing technologies facilitate the pro-

totyping and realization of complex electronic functions that

are challenging to conventional methods. This article provides

a comprehensive overview of the evolving techniques in AME,

4-D printing, and origami, employing multimaterials (conduc-

tive and dielectric materials) and shape-memory materials

(SMMs) to fabricate functional electronic components and

devices. Additionally, the overview delves into the state-of-the-

art AME and 4-D-printed electronic components across diverse

fields, including biomedical electronics, space engineering,

and the advancements in the next-generation wireless com-

munications and sensing.

KEYWORDS | 3-D-printed electronics; 4-D printing; additively

manufactured electronics (AME); origami; shape-memory alloy

(SMA); shape-memory polymer (SMP).
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I. INTRODUCTION
The 3-D-printed electronics, also called additively man-
ufactured electronics (AME), have received a surge of
interest in recent years due to the advancement of additive
manufacturing (AM) technology over the last decade. The
advantages of fast prototyping, low entry costs, and in-
house short-run manufacturing empower millions of start-
ups and companies with demanding customization needs
and accelerated innovation. As an emerging innovative
technology and production system, AME is one of the game
changers that could completely disrupt the electronics
manufacturing value chain by meeting the exceptional
requirements expected in the fourth industrial revolution
[1]. This article distinguishes itself by discussing multima-
terial 3-D printing using conductive and dielectric mate-
rials, 4-D printing with shape-memory materials (SMMs),
and other origami-inspired designs.

A. History of 3-D Printing
The development history of multimaterial 3-D printing

can be traced back 50 years, as shown in Fig. 1, when
the 3-D prototyping concept was first introduced by David
Jones in the 1974 New Scientist Column [2]. In 1981,
Kodama [3] from Japan published an article on rapid pro-
totyping technology, the first article to describe the layer-
by-layer stacking method employed by 3-D printing. Three
years later, Alain Le Méhauté, Olivier de Witte, and Jean
Claude André applied for a patent on stereolithography
(SLA), a technique that uses light to cure resin into 3-D
models [4]. Almost simultaneously, Charles Hull [5] from
the United States founded 3-D systems and obtained the
patent for SLA, the first commercialized 3-D printing tech-
nology. Fused deposition modeling (FDM) was invented by
Crump et al. [6] from the United States in 1988. FDM is a
technique that uses thermoplastic materials to stack layers
through a heated extruder head. Due to the open source
of the patents, it has become one of the most popular and
low-cost technologies, which can be implemented through
a wide range of printing mechanisms and materials. In the
same period, Charoo et al. [7] and Beaman and Deckard
[8] invented selective laser sintering (SLS), which uses a
laser beam to form powder materials into 3-D objects. After
all this, in 1995, multijet modeling was further advanced
into a complex process that uses multiple nozzles to print
different materials or colors simultaneously [9]. Although
the invented system only covers the insulator materials, it
advanced the processing techniques from single-material
to multimaterial printing. Motivated by the evolution of
3-D printing in insulator material, the first metallic proto-
type implemented by 3-D printing was announced in 1998
[10]. These technologies were all developed for rapid pro-
totyping purposes, and they mainly used plastics, resins,
or metals to create 3-D models but were not intended for
electronic components or circuits.

The 3-D printing was first applied for prototyping elec-
tronic components in the early twenty-first century when
access to 3-D printers became possible for researchers and

engineers [11]. In the early 2000s, the AM technique
could only print single-material (conductive or dielectric
materials) circuit components for metal-only or dielectric-
only electronic devices. Postprocessing, such as metal
coating or plating, created circuit structures when both
conductive and dielectric materials were required. In the
2010s, conductive and dielectric multimaterial printing
techniques emerged along with a few successful commer-
cialized printing systems taking advantage of the matured
printing techniques, such as FDM, aerosol jet printing
(AJP), piezoelectric inkjet (PI), and thermal inkjet printing
(TIP). One notable advancement during this time was the
introduction of technologies that allowed for the deposi-
tion of multiple materials in a single print job. The world’s
first 3-D printer for electronics appeared at the Consumer
Electronics Show in 2015 [12]. The demonstrated Voxel8
3-D Electronic Printer uses fused filament fabrication (FFF)
techniques for multimaterial 3-D-printed electronics. The
filament materials include stainless steel, polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), and other
polymer materials. However, this printing system has not
been available since its acquisition by Kornit Digital in
2021.

Since 2015, four commercially available multimaterial
AME printing systems that can prototype printed circuit
boards (PCBs) using a single machine have appeared:
DragonFly, BotFactory, nScrypt, and Optomec AJX5. The
3-D-printed electronics have gained significant attention
in recent years, and their standardization, known as IPC
D-67 AME, is currently under development by the Institute
of Printed Circuits (IPC) [13].

B. AM Versus Traditional Manufacturing

AM is also called 3-D printing. The former is widely used
by industry, encompassing a broad range of manufacturing
processes in an additive way. At the same time, 3-D printing
emphasizes the capability of creating objects in 3-D by
adding materials layer by layer. The latter is more used for
application-driven circumstances, especially in consumer-
oriented scenarios.

The difference between the additive and traditional
manufacturing can be found in the following aspects.

1) Prototyping mindset: Distinguished from traditional
manufacturing approaches, AM demonstrates a dis-
ruptive mindset in prototyping. It emphasizes the
capability of additively fed materials to build proto-
types and facilitate fabrications instead of the con-
ventional way of removing materials from the given
objects to create the desired structures. This mindset
unlocks the freedom for engineers to design electronic
devices in truly 3-D layouts, which is ideal for device
miniaturization and circuit customization.

2) Prototyping complex designs: Additively building phys-
ical structures (e.g., layer by layer) provides the
opportunities to achieve geometrically complex struc-
tures in a single process that could be challenging
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Fig. 1. History of 3-D printing.

or impossible to fabricate in subtractive approaches,
which often requires multiple methods (e.g., milling,
drilling, and assembling). Assembling high-precision
electronic devices results in extra fabrication costs
and misalignment issues, especially for devices requir-
ing microscale fabrication tolerance. However, a sin-
gle multimaterial AM machine can avoid complicated
electronic device fabrication procedures.

In addition to the features mentioned above, AM has
the merits of print-on-demand (zero material waste) and
design customization for low-volume production, such as
customized sensors for wearable electronics. AM is defined
as a revolutionary technology in Industry 4.0. It has also
been identified as a critical approach for the in-space
manufacturing of electronics and avionics [14].

C. Emerging 3-D-Printed Electronics

AME is an emerging technology that leverages 3-D
printing techniques to create electronic components using
single material or multiple materials. Single-material 3-
D-printed electronic devices include waveguide compo-
nents [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29], [30], filters [31], [32],
[33], [34], [35], [36], [37], [38], [39], [40], antennas
and arrays [41], [42], [43], [44], [45], [46], [47], [48],
[49], [50], [51], [52], [53], [54], [55], [56], [57], [58],
[59], [60], [61], [62], [63], metamaterials [64], [65],
[66], [67], [68], [69], lenses [70], [71], [72], [73], [74],
[75], [76], [77], [78], [79], [80], [81], [82], [83], [84],
[85], frequency selective surfaces (FSSs) [86], and sensors
[87]. Conductive and dielectric multimaterial printing has
only appeared in recent years. The demonstrated circuit
components include signal transmission lines (TLs) [88],
[89], [90], inductors [91], [92], [93], filters [94], [95],
[96], [97], [98], [99], antennas [100], [101], [102],
electromagnetic (EM) lenses [103], [104], metasurfaces
(MSs) [105], [106], [107], [108], [109], and transistors
[110]. As shown in Fig. 2, AME has been proven to
be a groundbreaking technology for designing complex
electronic components with exceptional performance.

1) Multimaterial AME: Printing conductive and dielec-
tric materials within the same processing system
is the future of 3-D-printed electronics. AME over-
throws how electronic circuits are manufactured and
unlocks the flexibility of designing multifunctional
electronic devices, which are impossible to manufac-
ture using traditional techniques such as PCB. An
ideal multimaterial AME printer has two printing
heads in a single machine that can simultaneously
print conductive and dielectric materials. Commer-
cially proven systems, such as FDM, lights-out digital
manufacturing (LDM), and multimaterial inkjet print-
ing techniques, can build 3-D circuits directly embed-
ded into the device package without postprocessing.
Multimaterial AME enables electronic engineers to
utilize circuit packages/spaces more efficiently than
their counterparts using flat PCBs, which is ideal for
miniaturization.

2) Shape-memory AME: As an emerging direction in
electronic devices, SMMs have been explored in
recent years for their applications in flexible elec-
tronics [111], [112], [113], [114], [115], electric-
ity generation [116], super-capacitors [117], [118],
digital healthcare [119], wearable sensors [120],
[121], energy harvesters [122], and metamateri-
als [123]. SMMs are a kind of material that can
remember a particular shape. When external stimuli
are applied, the SMMs can return to their original
shapes from the deformed states. The SMMs’ shape-
memory effect (SME) has been found interesting to
scientists across the disciplines of electronic engi-
neering, chemical engineering, material engineering,
and mechanical engineering. The functions unlocked
by the SME are crucial for intelligent electronics
that can impart structural responsiveness and, ulti-
mately, autonomous deployment in places that are
difficult to access, such as the human body and space
[124], [125].

The SMEs are primarily observed in certain alloys
and polymers, called shape-memory alloys (SMAs) and
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Fig. 2. Additively manufactured metasurfaces with seven metal layers in a single substrate. Invisible vias are 3-D-printed for

interconnecting phase delay lines among the transmitting and receiving antennas at the top and bottom surfaces [108].

shape-memory polymers (SMPs). The most known SMA is
nickel-titanium (NiTi), which requires metallic processing
techniques for fabrication. The SMPs are polymers that are
easy to fabricate using general low-temperature heating
processes.

Until today, SMMs have not been widely used in elec-
tronics (e.g., flexible electronics, wearable sensors, radio
frequency (RF) circuits, and antennas) due to the inad-
equate nature of the available processing techniques.
However, these challenges have been gradually tackled
by scientists and engineers taking advantage of today’s
maturing material processing techniques and prototyping
tools. AM is gaining interest in fabricating SMM electronic
devices using the AM processes, such as FDM, SLA, dig-
ital light processing (DLP), and laser powder bed fusion
(LPBF) AM, which will be the dominant approaches proto-
typing SMM electronic components.

D. Research Opportunities and Challenges

As a new technology, AME faces several challenges to be
continuously addressed, representing the future research
directions across the disciplines of chemical and material
engineering, electrical and electronic engineering, and
mechanical and mechatronics engineering. The following
are the key areas for researchers and engineers to consider.

1) Conductive materials printing: Printing high-
conductivity metallic materials is challenging.
The printable conductive materials suitable for
electronic components are limited. The commonly
used conductors in electronics are copper, silver, gold,
and aluminum. Coppers and silvers are found to be
more practical considering the required precision
printed electronics and AME printing system yet
there are challenges related to materials chemistry,
for example, printing coppers, which suffer from
rapid oxidation under air. However, developing

conductive inks (CIs) compatible with precision AM
processes is crucial for designing functional electronic
components.

2) Multimaterial integrated printing: Conductive and
dielectric multimaterial printing in a single print job
is challenging. To keep the electrical properties of the
developed AME circuits, the conductive and dielectric
inks (DIs) have to be seamlessly printed to maintain
the devices’ structural integrity, which cannot be eas-
ily achieved.

3) Material interface adhesion: Multimaterial interfacing
is critical for maintaining electronic devices’ perfor-
mance in terms of both electrical performance and
mechanical strength. The challenges of building a
reliable interface between conductive and dielectric
materials are still outstanding for AME devices. The
poor layer adhesion may cause signal transmission
failure or inconsistent circuit connectivity.

4) Printing resolution and precision: For precision elec-
tronics, printing resolution determines the form
factor of the AME system. High-resolution print-
ers may be applied for prototyping high-frequency
AME devices operating in the millimeter-wave (mm-
wave)/subterahertz bands (30–300 GHz). Printing
fine features, such as narrow and thin conductive
traces, requires precision printing process control,
which is challenging but highly expected by RF
engineers.

5) Software design tools: Designing complex 3-D AME
components relies on powerful software that can han-
dle mechanical and electronic design aspects. Such
a multipurpose simulation tool does not exist at
the moment. Still, it should be developed to unlock
the full potential of AME for advancing electronics
research, such as flexible electronics, medical devices,
intelligent sensors, and space electronics.
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E. Organization of This Article

The multimaterial AME and 4-D printing SMM are
comprehensively reviewed in the following way. Section II
introduces the motivation of multimaterial AME, fol-
lowed by the state-of-the-art multimaterial AME facilities.
Section III presents the design and implementation of
multimaterial AME devices, including design examples.
Section IV introduces the concept of 4-D printing technol-
ogy. Its applications to shape-memory electronic designs
are given in Section V. Section VI discusses the design,
applications, and calibration of 4-D electronic designs
based on origami-inspired arrays. Section VII includes a
summary and insights into future perspectives on multi-
material 4-D printing technologies.

II. MULTIMATERIAL AME
A. AME—Motivation

AME devices can be categorized into two categories
based on the materials: single-material and multimaterial
printed components. Most of these single-material 3-D-
printed electronic devices were used to manipulate EM
waves, such as waveguides [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], filters [31], [32], [33], [34], [35], [36], [37], [38],
[39], [40], antennas and antenna array [41], [42], [43],
[44], [45], [46], [47], [48], [49], [50], [51], [52], [53],
[54], [55], [56], [57], [58], [59], [60], [61], [62], [63],
or slab-shaped periodic structures for beam shaping, such
as EM lenses [64], [65], [66], [67], [68], [69], [70], [71],
[72], [73], [74], [75], [76], [77], [78], [79], [80], [81],
[82], [83], [84], [85], Luneburg lens [70], FSSs [86], and
reflectarrays.

To enable signal transmission in circuit-based devices
such as mobile electronic devices, computer, or satellites,
multimaterial 3-D printing is expected to prototype signal
traces, metallic vias, interconnectors, inductors (coils),
capacitors, and other passive circuit components, such
as filters, crossovers, phase delay lines/phase shifters,
and antennas. Thus, conductive and dielectric multima-
terial 3-D printers came to the commercial market and
revolutionized the AME industry. Compared to single-
material 3-D printers, multimaterial 3-D printers have two
print heads that can simultaneously print conductive and
dielectric materials. Unlike the traditional PCB process,
multimaterial AME can produce multiple metal layers and
complicated signal traces in the circuit substrate with
flexible interlayer spacing.

Over the past decades, researchers have applied AME
techniques to the design and fabrication of a wide range
of electronic devices, such as TLs [88], [89], [90], lumped
elements [91], [92], [93], couplers, sensors [28], filters
[94], [95], [96], [97], [98], [99], antennas [100], [101],
[102], metasurfaces [105], [106], [107], [108], [109],
and packaging of integrated circuits, which proved the
concept of multimaterial AME designing high-performance
electronic components.

Recent advancements in device fabrication also enabled
additive and other integrated processing techniques (e.g.,
coating/plating) to achieve structurally complex and func-
tional electronic devices. For example, metal plating is
performed on the AM dielectric models in [70], [126],
and [127]; metal tapes are attached to the AM dielectric
substrate to form circuits [55], [56]; metal parts and
media parts are printed separately in [128] and [129].
They are then assembled into a complete electronic device.
The combination of these processing methods enriches the
diversity of multimaterial AME. There is an urgent need
to improve electronic components’ design flexibility and
processing capability as soon as they continue to innovate.

B. State-of-the-Art AME Facilities

There are many AME systems available on the mar-
ket. To choose the most suitable process, it is important
to understand these commercially available 3-D printing
facilities and their capabilities. There are four main 3-D
printing techniques suitable for conductive and dielectric
multimaterial 3-D printed electronics [130], [131]: FDM,
AJP, PI, and TIP.

1) FDM: FDM system uses one or multiple nozzles to
extrude filaments or paste-like materials onto a plat-
form (e.g., printing bed) or the previously printed
layers. Compared to other technologies, the signifi-
cant merits are its accessibility, relatively low cost, and
compatibility with a wide range of materials, such as
ABS, PLA, polyethylene terephthalate glycol (PETG),
and SMPs. These thermoplastics offer different prop-
erties, such as strength, flexibility, shape memory,
and heat resistance, allowing for a versatile selection
based on specific application needs. However, FDM
also has some limitations and demerits. The layer-
by-layer nature of the printing process can result in
visible layer lines on the printed objects, requiring
additional postprocessing or finishing techniques for a
smoother surface finish. Material extrusion’s printing
speed is generally slower than other 3-D printing
technologies, making it less suitable for large-scale
or time-sensitive manufacturing projects. Complex
geometries may require support structures, which
can add complexity and increase material usage and
postprocessing efforts. Material extrusion is widely
utilized, which offers versatility in material selection
and accessibility. Its relatively low cost and ability
to produce functional parts make it popular among
various industries and applications. However, it is
crucial to consider its limitations regarding surface
finish, printing speed, and support structures when
choosing material extrusion for specific projects.

2) Multimaterial inkjet printing: AJP, PI, and TIP belong
to the multimaterial inkjet printing family. The mech-
anism of multimaterial inkjet printing involves the
deposition of droplets of liquid material from multiple
print heads onto the build platform. The print heads
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Table 1 State-of-the-Art Multimaterial AME Processing Systems for PCB Prototyping

contain tiny nozzles that highly precisely eject the
droplets based on the design data. Once the droplets
are deposited, they are solidified by evaporation or
cured using ultraviolet (UV) light for photopolymer-
izable inks, forming each object layer. This process
is repeated layer by layer until the complete 3-D
object is created. There are several merits to multi-
material inkjet printing technology. It enables the pro-
duction of highly detailed and complex geometries,
making it suitable for product design, prototyping,
and architectural modeling applications. The ability
to utilize multiple materials in a single print creates
realistic models with different colors and material
properties. Multimaterial inkjet printing also offers
high accuracy and repeatability, ensuring consistent
results for each print. However, there are also some
demerits associated with multimaterial inkjet print-
ing. The cost of inkjet printers and materials can be
relatively high, making them less accessible for some
users. The printing speed may be slower than other
technologies, mainly when using high-resolution set-
tings or multiple materials. Support structures are
not always required but may be needed for over-
hangs or complex geometries, adding to postprocess-
ing efforts and material waste. In brief, inkjet printing
technology, or material jetting, utilizes the precise
deposition of liquid photopolymer materials to create
3-D objects. Its ability to produce high-resolution,
detailed models with a smooth surface finish using
multiple materials. However, the cost, printing speed,
and postprocessing requirements are factors to con-
sider when utilizing inkjet printing for specific
applications.

Table 1 shows the state-of-the-art multimaterial 3-D print-
ing technologies.

1) Voxel8’s 3-D electronics printer: As an FDM technique,
this printing system has multimaterial printing capa-
bilities with a build volume of 100 × 150 × 100 mm
[132]. The printable materials include stainless steel,
PLA, ABS, and polyesters. Voxel8 was acquired by
Kornit Digital in 2021. This printing technique is no
longer accessible.

2) nScrypt 3Dn-600: As a hybrid printing system combin-
ing FDM and SLA, nScrypt 3Dn-600 is one of the most
advanced and versatile printers that prints various
materials with high resolution and speed. This printer
is a factory-in-a-tool (FiT) 3-D manufacturing system
that can print multiple materials with high precision
and speed using various materials, including metals,
ceramics, polymers, composites, and biological mate-
rials. This machine also integrates other functions
such as sintering, curing, laser, vision, and scan-
ning. Aerospace, medical, and industrial sectors are
some application areas of this machine, which have
the apparent advantage of printing high-accuracy
PCBs (single-sided) with fine-feature collector lines
between 1 and 10 µm in width using silver-infused
inks.

3) DragonFly IV: Another multimaterial AME printer,
DragonFly IV, implemented by PI, is the most conve-
nient and compact machine with the capacity to print
conductive and dielectric materials simultaneously.
DragonFly IV prints multilayer (∼17 layers) PCB pro-
totypes with a minimum trace width of 75 µm and a
minimum trace spacing of 100 µm and embeds com-
ponents such as resistors, capacitors, light-emitting
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diodes (LEDs), and sensors into the multilayer struc-
tures. The defense and space industries have shown
strong interest in its capability to produce com-
plicated electronics in-house with exceptional per-
formance, which is quickly becoming enthralled by
extraordinary machines.

4) Botfactory SV2: Using TIP technology, Botfactory SV2,
is the most affordable and accessible machine that can
print conductive and insulating materials sequentially,
with a maximum of four PCB layers. Although this
printer’s print resolution differs slightly from other
contemporary printers, its cost is less than that of
other devices, which makes it popular in educa-
tion, research, and hobby projects due to its friendly
price.

5) Optomec AJX5: The facility is a high-speed, high-
resolution 3-D printer capable of printing inks com-
posed of copper, silver, gold, aluminum, and nickel
particles. It can print on various substrates, includ-
ing glass, plastics, ceramics, and metals. It can also
print nonplanar and conformal geometries, includ-
ing curved surfaces, edges, and holes. AJX5 can be
used for prototyping antennas, sensors, interconnects,
and electromagnetic interference (EMI) shielding. It
employs AJP, atomising the material into a thin mist
before depositing it via the nozzles.

The AME printers mentioned above have several advan-
tages over traditional PCB preparation processes, which
use a single material and require multiple steps and pro-
cesses to create PCBs [133], [134]. Multimaterial 3-D
printing allows for the creating of complex and customized
shapes and structures for various devices and applica-
tions. It can also print conductive, insulating, magnetic,
optical, thermal, and biological materials. This permits
numerous functions and attributes to be integrated into
a single device. Furthermore, multimaterial 3-D printing
can potentially avoid material waste, labor costs, and
production time compared to traditional PCB technology.
It can also enhance the performance and reliability of
PCBs by minimizing the parasitic effects, interconnec-
tions, and solder joints prevalent in conventional PCB
technology.

Additionally, multimaterial 3-D printing can facilitate
the fabrication of novel devices with superior function-
ality and efficiency. However, the challenges faced by
multimaterial AME are caused by different factors. The
vulnerable ink nozzles, which jet different ink under diver-
sified atmospheric pressure or temperature, expend the
budget due to the special maintenance requirements. In
addition, uncontrollable tension and deformation variables
between the printed structure and printing platform dur-
ing operation are another common problem that causes
corners to warp. In the case of RF circuit design, the
electrical performance suffers from a lack of extensive and
specialized research on the materials, such as the dielec-
tric constant and tangential loss at different frequency
ranges.

III. MULTIMATERIAL AME DESIGN AND
IMPLEMENTATION
Multimaterial AME designs can be achieved in many
ways, subject to the implemented printing systems. The
3-D models of the AME designs are usually developed
using computer-aided design (CAD) software, such as
SolidWorks, Ansys Electronics Desktop [High-Frequency
Structure Simulator (HFSS)], and Computer Simulation
Technologies (CST). A file format compatible with the
printing system should be exported from the circuit design
software. When the 3-D model is successfully loaded into
the software hosting the 3-D printer, e.g., Fusion 360, the
designers can apply a slicer for optimizing the movement
path and printing parameters and obtain the data file by
slicing the 3-D object to be prototyped [135], [136]. The
data file (e.g., .step or .stl) based on different materials
will be imported to a 3-D printer to read and realize the
layer-by-layer accumulation of raw materials to build the
electronic devices.

A. Multimaterial Prototyping Design Flow

The design flow for AME involves several steps, from
conceptualizing the design to implementing the electronic
components. Here is a general overview of the process, as
shown in Fig. 3.

1) Conceptualization: Identify the application and func-
tionality requirements for your 3-D-printed electronic
device. Define the form factor, size, and shape of
the final product. Consider the materials and printing
technologies suitable for the applications.

2) Schematic design: Create a schematic of the electronic
circuit using a design tool such as CST, HFSS, Solid-
Works, and Altium. Define the components, connec-
tions, and overall architecture of the circuit.

3) PCB layout: Transfer the schematic to a PCB layout
tool to design the physical layout of the circuit. Con-
sider the 3-D aspect by placing components in the 3-D
space, considering the constraints of the 3-D printing
process.

4) Export 3-D model: Export the 3-D model of the PCB
layout from the software design tool. This model
should include electronic components, traces, vias,
drills, and crossovers.

5) Material selection: Integrate the 3-D circuit model
with the mechanical setups of the electronic device.
Ensure that the components fit well into the overall
structure. Choose suitable materials for 3-D printing
that meet the requirements of the design’s mechanical
and electrical considerations. Some materials may
have conductive properties that are ideal for printing
electronic traces.

6) Print preparation: Prepare the 3-D printer by loading
the selected materials. Adjust printer settings, layer
height, and other parameters based on the require-
ments of the electronics and mechanical components.
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Fig. 3. Multimaterial AME design flowchart.

7) Printing: Start the 3-D printing process, layer by
layer, to create the physical structure of the device.
Ensure that the electronic components are embedded
or placed accurately during printing.

8) Postprocessing (if required): Perform postprocessing
steps such as cleaning, curing, or other treatments
based on the selected 3-D printing technology and
materials.

9) Assembly and testing: Assemble additional nonprinted
components (if any), such as batteries, sensors, or
connectors. Test the functionality and performance of
the 3-D-printed electronic devices.

10) Iterate andoptimize: Evaluate the device’s perfor-
mance. Iterate through the design and printing
process to optimize the final product until the
requirement is met.

B. State-of-the-Art AME Designs

Although multimaterial AME is challenging, the realiza-
tion of complex AME components has made breakthroughs
and developments in recent years. Design examples are
presented in the following based on the multimaterial AME
technologies.

1) FDM: Using a Voxel8 3-D printing platform, co-
printing CIs and thermoplastics created two prototypes of
connected 3-D split ring resonator (SRR) sample filters
[99]. An onboard pneumatic system regulates the flow of
V8 Fuxi silver ink deposited through one of the nozzles.
The second nozzle handles this CI prints at the required
printing temperature and cures the conventional polymer
filaments. The 0.25-mm nozzle size limits the printing
resolution, and no extra techniques are employed in the
manufacturing process to surpass this restriction. However,

the lowest horizontal air gap between conductor traces
that this 3-D printer can produce with reliability must be
more than 0.475 mm.

The prototype was constructed based on the design of
a fourth-order bandpass filter (BPF) with a center fre-
quency of 2.45 GHz. This was achieved using a compact
SRR with a height of 2 mm, as depicted in Fig. 4(a).
Fig. 4(b) presents the simulated and measured filter
responses. The measured S-parameter exhibits passband
width and roll-off characteristics that closely align with
the numerical model. It validates that the raised SRR
(3-D SRR) can significantly enhance the filter bandwidth
compared with the SRR filter using conventional PCB.
The mismatch between the simulation and measurement
results indicates that the printer’s resolution may sub-
stantially affect the performance of the high-frequency RF
electronics.

Moreover, a creative thermally programmable confor-
mal metasurface was presented by a brand-new thermal
programming method based on FDM technology [137].
Fig. 5(a) depicts the planned curved metasurface carpet
cloak with readily bending unit cells. The metasurface
structure comprises the copper foil, PLA dielectric sub-
strate, and tin-bismuth metal ring. The intermediate plane
element surface structure was manufactured by alternating
PLA and tin-bismuth dual nozzles. However, the interface
properties between PLA and bismuth selenium materials
in this structure are relatively weak. To address this, the
flat samples undergo postprocessing with a PLA solvent,
which chemically dissolves the surface layer of the PLA.
Once the solvent evaporates, the PLA surface adheres more
securely to the edges of the bismuth-selenium ring. Next,
a spray adhesive is applied between the original surface
and the curved surface mold. This ensures that stress is
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Fig. 4. (a) 3-D-printed SRR BPF. (b) Measured and simulated

reflection and transmission coefficients [99].

evenly distributed across the PLA base material during the
rubber state deformation process. Positioning correction
is achieved through the positioning of holes on the edge.
Following conformal programming, ethanol separates the
metasurface from the mold. Subsequently, copper foil is
affixed to the bottom of the element surface to serve as
a complete reflective layer. The auxiliary positioning edges
are then cut to yield a curved element surface carpet cloak
sample.

The results shown in Fig. 5(b) above suggest that
under Ex and Ey polarizations, the thermally programmed
3-D-printed element surface performs exceptionally well
in stealth throughout a comparatively large bandwidth.
This work offers a workable implementation technique for
intricate curved element surfaces, which will significantly
advance the field of conformal invisibility cloak use of
multimaterial printing technology.

Moreover, the multi-3-D manufacturing system at the
University of Texas used a similar embedded wire mesh
structure to design a microwave patch antenna [138].
In the prototype shown in Fig. 6(a), wire and mesh are
inserted into the 3-D-printed thermoplastic using ther-
mal embedding and ultrasonic waves. RF applications

that are high-performing and efficient in volume can be
made possible by the technology, which involves dip-
ping the mesh into a conformal, geometrically com-
plicated thermoplastic surface during the production
process.

As the measurement and simulation results are shown
in Fig. 6(b), the measured curve matches well with the
simulated one, and the resonant frequency of the trough is
nearly −14 dB at 7.5 GHz. The 3-dB beamwidth is 144◦,
and the maximum measurement realized gain is 5.5 dBi,
as shown in Fig. 6(c).

2) FDM and SLA: In [90] and [139], the microstrip
line, stripline, and vertical interconnect structures between
multilayer TLs were prototyped by the nScrypt 3Dn-600
system. In the process, Dupont CB028 conductive paste
directly sticks to various substrate materials, including
resin ProtoTherm and thermoplastic ABS switched by
different pumps. As shown in Fig. 7, several striplines
and suspended microstrips are fabricated with varying
combinations of conductive and substrate to calculate and
compare the loss of various substrates. By calculating
the corresponding parameters of each TL, the average
dielectric constant and loss tangent of different printing
materials were accurately achieved.

Fig. 5. (a) Schematic of 3-D thermally programmable conformal

printing metasurface and easy-bonding unit cells. (b) Polarizations

at quasi-normal incidence [137].
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Fig. 6. (a) Prototype of 3-D-printed patch antenna using embedded

wire mesh structure. (b) Measured and simulated reflection

coefficients of the proposed antenna. (c) Measured and simulated

gains of the proposed antenna [138].

3) AJP: Cai et al. [140] offer a unique 3-D struc-
ture with multilayer TLs, connecting devices, and embed-
ded vias at high resolution up to 40 GHz using the
Optomec AJP system. The structure is created using
AJP to print dual materials (silver ink and polyimide).
Fig. 8(a) shows the 3-D-printed TL with embedded vias for
multilayer in-substrate interconnections using fabrication.
Fig. 8(c) and (d) presents the TL performance in simula-
tion and measurement. The insertion loss (IL) is around
1.2 dB at 1 GHz and 6.3 dB at 40 GHz for sample 1 (TL
length = 11.4 mm). Sample 2 shows an IL of 0.9 dB at
1 GHz and 3.6 dB at 40 GHz, with a TL length of 6.4 mm.

4) TIP: Using the BotFactory SV2 thermal Inkjet PCB
printer, another machine can simultaneously print con-
ductive and DIs. In [141], laser-induced graphene sensors
and their wiring and packaging were fabricated following
the printing process shown in Fig. 9. To begin fabrication,
each device’s four sets of three alignment windows are
printed onto a 125-µm-thick Kapton board. Once the 25.4-
µm lenses have been loaded, aligned, and labeled Kapton,
the laser ablates the traces left by laser carbonization.
Furthermore, a laser was used to cut a thin rubber gasket
with four external fastening holes and a central diaphragm
hole (16 mm diameter). Lastly, a BotFactory SV2 printer
was used to deposit the blanket insulation and silver
wires. Comparable to previously attained sensitivities, the
average linear sensitivity is roughly 5 × 10−5 kPa−1, as
shown in Fig. 10. This work reveals the possibility of
producing flexible, susceptible strain gauge membranes by
multimaterial 3-D printing.

5) PI: In recent years, functional AME devices
(microwave filters [97], [98], couplers [98], metasurfaces

[105], [106], [107], [108], [109], [142], and antennas
[102], [103]) have been significantly advanced by the
DragonFly system, from microwave to terahertz frequency
range [143].

6) Direct Ink Writing (DIW): DIW has become increas-
ingly popular in electronic designs as a feasible approach to
creating complex structures with customized geometries.
This technique has been found to be capable of print-
ing multiple materials, such as ceramics, polymers, and
bioinks. Most recently, a direct ink-writing technique that
relies on tension in the nozzle can be used to print free-
standing metal structures with aspect ratios of up to 750:1
with the demonstration of AME devices without using
supporting structure [144], [145].

a) Patch antenna arrays: The demonstrated AME
solutions based on piezoelectric AM were used to build
multiple metal layers antennas with conductive and DI at
sub-6 GHz, as shown in [102]. According to the design
guidelines, the minimum thickness of the conductive and
dielectric layers is 2.5 and 0.3 µm, respectively. One driver
patch and two stacked patches make up the three-layer
patch antenna created by vertically stacking metal layers
in a single substrate, as shown in Fig. 11(a). The large
bandwidth and ultralow profile of the developed antenna
prototype are its advantages. The antenna, whose overall
thickness stays at 1.5 mm, achieves an operating band-
width of 83% and a peak gain of 3.8 dBi, as shown
in Fig. 11(b). The findings demonstrate that multimode
stacked patches can boost bandwidth by utilizing a 3-D
design while maintaining the same overall substrate shape,
which is impossible using conventional PCB processes.

b) BPFs and couplers: In [97], a compact multilayer
BPF at 12.25 GHz with a seamless structure on one
substrate is realized using low-temperature (140 ◦C) mul-
timaterial printing technology. The AME method utilized

Fig. 7. 3-D-printed (a) stripline, (b) microstrip, and (c) loss

comparison with different combinations of conductive and substrate

[27], [29].
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Fig. 8. Process of (a) 3-D-printed multilayer interconnect and (b) via details of two samples. The measured and simulated transmission

coefficients of (c) sample 1 and (d) sample 2 [140].

Fig. 9. Process of printing pressure sensor by BotFactory SV2

printer. (a) Calibration by printing conductive marks. (b) Define the

piezoresistors using the conductive marks. (c) Prints CI electrical

patterns. (d) Prints DI patterns.

in the DragonFly LDM system allows for the simultaneous
printing of acrylate inks and silver nanoparticles (SNPs).
The fabrication process of a spiral inductor is shown in

Fig. 10. Relationship between the percentage change in resistance

of a resistor and the reduction in internal volume [141].

Fig. 12. When the ink comes out of the nozzle during
manufacturing, it is first cured using a UV lamp with a

Fig. 11. (a) Layout of the 3-D-printed multilayer patch antenna.

(b) Measured and simulated return losses and gains of the proposed

antenna [102].
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Fig. 12. Fabrication of 3-D spiral inductor [97].

wavelength of 395 nm. After that, the acrylic layer is
printed with metal strip lines. A near-infrared radiation
lamp with a wavelength of 0.75–1.4 µm and a process
temperature of 140 ◦C–170 ◦C is used to sinter the CI.
Layers of acrylic and CI are printed repeatedly, creating
a 3-D spiral inductor. Furthermore, vias can be produced
concurrently in the acrylic layer to connect metal strip lines
in various layers. There is no need to apply DI where vias
are needed. Because the fabrication process occurs layer
by layer, the silver is in the area that fills the via, and
the dielectric is around the via. This solution is possible
to incorporate miniaturized multilayer BPFs with a seam-
less structure on a substrate, as shown in Fig. 13. The
developed BPF has a bandwidth from 9.58 to 14.57 GHz.

Fig. 13. Three-dimensional view and photograph of the printed

filter with connectors [97].

Fig. 14. (a) Three-dimensional model. (b) Photograph of the

multilayer VI-CRLH BPF. (c) Simulated and measured S-parameters of

the VI-CRLH BPF [98].

Fig. 14 shows a multilayer vertically integrated composite
right/left-handed (VI-CRLH) TLs with compact size, broad-
band, and a balanced CRLH dispersion performance. The
filter performance is shown in Fig. 14. A 3-dB bandwidth
of the BPF is achieved from 4.28 to 9.03 GHz [71.4% of
functional bandwidth (FBW)]. The CRLH-based coupler
is shown in Fig. 15, with a ±1-dB magnitude imbalance
between the through and coupled ports achieved from
4.2 to 7.4 GHz (55.2% of FBW) and excellent 90◦ phase
balance from 4 to 8.6 GHz (73.0% of FBW) with±3◦ phase
imbalance between the through and coupled ports.

c) Vortex beam metasurfaces: Spin-decoupling wave-
front shaping in a broadband mm-wave transmissive
metasurface printed in 3-D was implemented using the
DragonFly LDM and IV systems [106]. The suggested
MS, which has nine layers, as shown in Fig. 16(a), is
easier to build with 3-D multimaterial printing technology
than conventional PCB fabrication, which can address
several PCB fabrication issues. First, the bonding process
required in PCB multilayer boards to guarantee strong
connections between layers is not required in the Drag-
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Fig. 15. (a) Three-dimensional view and (b) photograph of the

VI-CRLH coupler.

onFly process. Second, the standard thickness of the PCB
does not restrict the flexibility with which the spacing
between neighboring metal layers can be chosen, thanks to
the high-precision processing capacity on the height axis.
Furthermore, several layers are constructed additively with
solid material interface (between acrylates and silvers)
connections without increasing the substrate profile as the
number of layers increases. As shown in Fig. 16(b), the
multilayer metasurface with the antenna–circuit–antenna
complex structure exhibits the left-hand circular polariza-
tion radiation patterns from 27.85 to 31.54 GHz (Ka-band)
with demonstrated vortex beam in different modes. Vari-
ous multimaterial AME metasurfaces have been reported
in recent years for mm-wave beam-shaping, polarization
manipulations, and multibeam applications [105], [106],
[107], [108], [109], [142].

d) Transmissive and reflective metasurfaces: AME trans-
missive and reflective metasurfaces with multiplexing
channels for wireless communications have recently been
verified through experiment [107], which demonstrates
their potential beyond 5G and 6G innovative Internet
of Things (IoT) applications. A five-metal-layer reflec-
tive metasurface that supports dual-band spin-decoupled
quadruplex channels with independent beam shaping was
presented in [102]. The samples of the reflective meta-
surface were prototyped using DragonFly LDM, which
can be applied to the walls of buildings and convert
the received incident wave from one direction to four
other directions for multiple end receivers. In contrast to
reflection-only metasurfaces, Zhu et al. [107] demonstrate
an emerging concept of AME transmission–reflection-
integrated metasurfaces for full-space quadruplex channels
with independent phase modulation, which can be applied

to multichannel communication systems in future wireless
networks. Fig. 17(a) shows the concept of the reflective
AME metasurface and its 3-D model of the proposed
meta-atom in Fig. 17(b). Fig. 17(c) shows the fabri-
cated prototype with a left-hand circular polarized feed
for device performance evaluation. Fig. 17(e) shows the
application of the transmission-and-reflection AME meta-
surface in future wireless communications as a poten-
tial candidate for reconfigurable intelligent surfaces (RIS)
deployment.

e) Lens antennas: A Fresnel zone plate (FZP) lens
antenna consisting of transparent and opaque concentric
rings arranged on a curve or plane was realized using AME
[103]. The photograph of the fabricated multimaterial
AME dual-band lens antenna is shown in Fig. 17(f). Com-
bining two single-band FZP metal film antennas operating
in separate frequency bands into a single aperture makes
the suggested dual-band single-polarized FZP metal film
antenna possible. One screen of the FZP lens can manipu-
late the D-band EM waves at 120 GHz, while the other con-
trols the E-band EM waves at 75 GHz. The simulated and
measured gains for the two frequency bands are depicted
in Fig. 17(d) and (g). At 75 and 120 GHz, the measured

Fig. 16. (a) Interview of the mm-wave 3-D-printed metasurface.

(b) Measured and simulated intensities and phases of the proposed

MS [106].
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Fig. 17. (a) Three-dimensional-printed dual-band spin-decoupled reflective metasurface for multimode orbital angular momentum (OAM)

generation. (b) 3-D configuration and dimensions of the unit cell (not scaled), h1 = 0.035, h2 = 0.43, h3 = 0.535, and h4 = 0.5 unit (mm) [107].

(c) AME metasurface assembly with an incident signal as a feed source. (e) Application of transmission–reflection-integrated metasurfaces

for multiple users in wireless communication environment [142]. (f) Photograph of the multimaterial AME FZP lens antenna. (d) and (g) Gain

of the proposed dual-band FZP lens at 75 and 120 GHz [103].

gains are 20.3 and 21.9 dBi, respectively. Compared to
the waveguide source, the measured improvements were
12.7 and 12.9 dB, respectively, indicating that the FZP
metal film antenna can collimate the beam in mm-wave
and subterahertz bands.

During the past five years, the AME prototyping capa-
bilities have been comprehensively investigated in [108],
[146], [147], and [148], using the DragonFly systems,
including version 2.0, Pro, LDM, and IV, for designing the
multimaterial AME components. The fabrication tolerance
in substrate thickness and material loss are still challenging
for future high-frequency RF electronics designs.

C. Emerging Multimaterial 3-D-Printed Electronic
Devices

The 3-D-printed electronic devices appeared more in
flexible electronics for wearable applications, which are
well-known to be the next frontier in the approaching
future, supported by the multimaterial printing technology.
The 3-D electronic components mentioned in the last part
can be dissolved and embedded into multidimensional
structures to form functional electronic devices, including
sensor systems, controllable circuits, and soft electronic
devices [149], [150], [151], [152]. On the other hand,
multimaterial 3-D printing is also applied for batteries
using super-capacitors. In [153], a microsuper-capacitor
with an energy storage function was fabricated by add-
free MXene inks and direct printing of high performance at

high resolution. As shown in Fig. 18, Ti3C2Tx organic ink is
used for inkjet printing of various patterns. Simultaneously,
mesenchymal stem cells and other designs are extrusion
printed on flexible surfaces using a water-based ink called
Ti3C2Tx. Furthermore, to create fully MXene-printed solid
mesenchymal stem cells, a gel electrolyte of H2SO4-PVA
was applied to the printed pattern and allowed to dry
naturally. To reduce the number of flaws on the MXene
nanosheets, the research employed a less forceful etching
technique known as the “minimum dense layer delamina-
tion method.” The multilayer obtained pie-shaped forma-
tion needed to be vigorously shaken in water or treated
with water bath ultrasonic delamination in organic sol-
vents because it would swell after several water washings.
On the other hand, stable and concentrated flakes can be
created by using appropriate organic solvents with high
polarity and strong dispersion interaction strength. It is
important to note that lower boiling point solvents, such
as methanol, typically have lower polarity indices and, as
a result, have poorer MXene nanosheet dispersion, which
reduces the dispersion stability.

Furthermore, a monolithically integrated self-powered
smart sensor system comprising printed gas sensors for
ethanol and acetone detection [154], printable super-
capacitors as an energy source, and embedded solar cells
was successfully shown using inkjet printing as a proof-of-
concept.

The solar energy collected in a wearable wristband, as
depicted in Fig. 19(a), can either be used directly to power
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Fig. 18. (a) Diagram of direct MXene ink printing. (b) Measured

and simulated intensities and phases of the proposed MS [153].

the LED as a warning signal by driving the sensor, or it
can be stored in a super-capacitor in standby mode to
be used as a compensation for intermittent illumination.
This value is relatively high compared to earlier studies
on printed planar super-capacitors. Moreover, the stability
of the produced device was confirmed by cycle life mea-
surements in Fig. 19(b), which were carried out at a scan
rate of 100 mV·s−1. As measured after 2500 cycles, the
capacitive state is still greater than 80%. The two designs
mentioned above have a lot of potential for creating mul-
timaterial printing techniques for system integration and
device production.

In [155], a wireless passive sensor for wirelessly mon-
itoring the quality of liquid foods like milk and juice is
integrated into a multimaterial printed smart bottle cap.
The suggested capacitor’s sensing diagram, which includes

Fig. 19. (a) Photograph of the printed wearable wristband.

(b) Cycling stability test result of the proposed device [154].

Fig. 20. (a) Photograph and the diagram of wireless passive sensor

system integrated into a multimaterial printed smart bottle cap.

(b) Amplitude versus frequency curves of milk at 22 ◦C at different

time intervals [155].

an integrated LC tank sensor, is depicted in Fig. 20(a). An
LC resonant circuit is formed in this design by a planar
spiral inductor and an inverted tapered capacitor. The tank
is trapped in the low-concentration tank’s capacitive gap
when the meal package is turned upside down, serving as
a dielectric substance. The liquid food’s dielectric constant
determines the resistance value of the liquid chromatog-
raphy tank. The reaction varies as a liquid deteriorates
because the dielectric constant shifts. The LC tank sensor
generates electrical oscillations and stores energy through
near-field inductive coupling by implementing a sweeping
electric field in the reading coil. Because the LC tank
absorbs most EM energy at this frequency, oscillations are
most noticeable when the drive and resonant frequencies
coincide. This peak can be recorded to follow the response
frequency wirelessly and instantly determine the quality of
the liquid food without opening the packaging. As shown
in Fig. 20(b), the resonance frequency of milk kept at room
temperature for 36 h had altered by 4.3%, according to the
results. This work expands the use of multimaterial printed
electronics in food safety by establishing a novel technique
to build arbitrary 3-D systems.

One multimaterial printed electronic device also worked
as a wireless pressure and temperature sensor within a
shoe’s insole [156]. A range of solvents, particle load-
ing, and binder materials are used in conjunction with
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Fig. 21. Photograph of the printed wireless pressure and

temperature sensor within a shoe’s insole [156].

inkjet, aerosol, and extrusion printheads to deposit tens
of thousands of layers of material. Epoxies, acrylics, and
polyurethanes—cured by heat or UV light when applied
between layers—are the primary materials of interest for
external structures. Conductive silver paste is extruded to
create hybrid sensors in the circuit fabrication process. A
3-D-printed insole with integrated temperature and pres-
sure sensors and a wireless communication chip for data
transmission is shown in Fig. 21.

Some electronic devices were implemented by embed-
ding active modules and LC components into the cascade
circuits of active systems, which were conveniently and
quickly fabricated by multimaterial printed technology.
In [157], a microprocessor, LEDs, capacitors, resistors,
and crystals were integrated into a printed circuit to
form a wearable soft electronic device. The designs were
prototyped using an integrated AM platform combining
automated surface mount electrical component pick and
place with DIW on conductive and dielectric elastomeric
materials. This technique allows for the direct printing of
conductive electrode inks and insulating substrates in a
predetermined arrangement. Then, to create the desired
electronic circuit, individual passive and active electronic

Fig. 22. Photograph of the printed sophisticated microcontroller

device, matrix part, and real-time function [157].

Fig. 23. Photograph of the 3-D-printed heart-shaped timing

circuit [158].

components are picked up using a blank nozzle, placed
onto a substrate, and deposited into the appropriate area.
Soft electrical devices are created by connecting these com-
ponents using printed conductive traces. A sophisticated
microcontroller device that included strain sensors and a
large-area soft sensor array was produced to test the design
methodology in Fig. 22. The wearable electronic system is
designed using an ATMEGA328 chip to read sensor data
and output the readings onto five LED indicators.

In [158], a 3-D-printed heart-shaped timing circuit was
generated using the 555-timer circuit as the controller to
demonstrate the reliability of printing conductive pastes
and thermoplastics, as shown in Fig. 23. Since the timing
circuit is made entirely digitally, a computer numerical
control (CNC) printing method is employed to create a set
of ready-to-print files and adjustments to future circuits in
a matter of minutes, from design to fabrication to finished
parts. A single machine can automatically print all the
required layers in approximately 30 min. The 555 timer cir-
cuit also utilizes the manufacture of blanking LED systems
with multimaterial 3-D-printed feeding networks [159]. It
combines selective electroless plating, 3-D printing, and
dual-material FDM. The 3-D-printed free-form plastic con-
structions can be selectively electroplated with thin nickel
alloy coatings. In Fig. 24, the final device is displayed.
Moreover, the LED blinks are achieved using a working
555 timer circuit implemented using custom software and
a hybrid 3-D printing process [160]. Microdots of DuPont
CB028 silver paste and FDM of ABS plastic were utilized
in the circuit’s fabrication. After processing, components

Fig. 24. Photograph of the 3-D-printed blanking LED

systems [159].
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Fig. 25. Image of the 3-D-printed LED system and device

demonstration with power [160].

must be manually added due to equipment restrictions.
The conductive epoxy is used to join the parts. In order
to illustrate the correct operation of the circuit, Fig. 25
exhibits the device attached to a power source. These
above works demonstrate that the adaptable and compat-
ible multimaterial 3-D printing technique can cooperate
with active modules and LC components.

IV. EMERGING 4-D PRINTING TECHNOLOGY
This section begins with introducing the concept and
underlying mechanisms of 4-D printing. On such a basis,
SMPs and SMAs, identified as the most typical smart
materials, are discussed in Sections IV-A–IV-C regarding
their material properties and printing techniques.

A. Concept of 4-D Printing

Developed based on 3-D printing technology, 4-D print-
ing further incorporates the dimension of time, thereby
imparting dynamic properties to the printed structures
[161], [162], [163], [164], [165], [166], [167], [168],
[169], [170], [171], [172], [173], [174], [175]. Specifi-
cally, when exposed to external stimuli such as tempera-
ture, humidity, light, or electric and magnetic fields, the
shape and properties of the 4-D-printed objects evolve
along with time [162]. The 4-D printing is inherently char-
acterized by implementing smart materials [167], includ-
ing SMPs and SMAs, shape-memory hydrogels (SMHs),
hydrogels, polymers with embedded active materials
(magnetic, photothermal convertors, etc., [164], [165],
[166], [167], [168], [169] and liquid crystal elastomers
(LCEs) [163], which facilitate adaptation and deformation
in response to specific stimuli. Due to its versatility, 4-D
printing finds applications in a wide range of fields, such
as aerospace [176], electronics [111], soft actuators [177],
[178], [179], and biomedical sector [180], [181].

Fig. 26 illustrates the relationship between 3-D and 4-D
printing technologies. The 4-D printing inherits the requi-
site equipment and fabrication processes as utilized in 3-D
printing [182], such as FDM, SLA, DLP, and DIW. Especially
in terms of AM adopting metallic materials, techniques
including direct energy deposition (DED), SLS, selective
laser melting (SLM), and electron beam selective melting
(EBSM) are applicable for 4-D printing [161], [183].

Different printing methods exhibit distinct advan-
tages regarding compatibility with specific hardware and

applications [169]. The choice of a feasible printing
method is determined by the nature of the stimulus for the
printed structure, as smart materials must be compatible
with specific AM technologies. For example, FDM is a
well-established printing technique extensively utilized in
both industrial and laboratory settings for its relatively
rapid printing speed [184], [185]; however, the FDM
printer, which works by heating filaments above their
melting point, can result in invalidation and degradation of
temperature-sensitive composition in the filaments [186].
Printed structures that are actuated by heat stimulus are
typically produced using the SLA or DLP method, which
employs commercially available and laboratory-prepared
materials, offering faster printing speeds and higher res-
olution than their counterparts [111], [187]. DIW is an
AM technique featured by extruding ink through a syringe
[186], with the efficiency and quality of the extrusion
heavily dependent on the viscoelastic properties and cur-
ing process of the polymeric inks; thus, careful selection
and configuration of printing materials, as well as the
precise setting of printing parameters, are critical [188],
[189]. Small molecules or nanofillers can be integrated
into printing materials to induce or enhance the reactivity
[186], [190]. Currently, DED and LPBF techniques (e.g.,
SLS, SLM, and EBSM) are widely recognized for 4-D metal
AM [161], [162], [183], [191]. Printing with SMAs, such
as NiTi [170], can be more challenging compared to other
nonsmart metal materials, where material composition
and the printing process become critical determinants of
the shape memory behavior [171], [192]. Considering the
lower evaporation temperature of nickel than that of tita-
nium, a higher nickel content during the formation process
is essential to secure the phase transformation behavior
[193], [194]. Performing SLM printing in a chamber filled
with inert gas can effectively mitigate the issue of impu-
rities in NiTi alloys [183]. Shape preprogramming refers

Fig. 26. Variance of 3-D printing and 4-D printing.
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to the active control of temperature gradients and residual
stresses through meticulous adjustments of the printer set-
tings and the dimensions of printed parts. It allows precise
manipulation and tailoring of the preprogrammed shape-
memory behavior [195], thereby integrating the temporal
dimension into the printed static structure.

The 4-D printing differs from 3-D printing in its ability
to undergo structural transformation driven by external
stimuli [161], [162]. This necessitates an insight into the
underlying mechanisms of intelligent and dynamic struc-
tures that exhibit SMEs, which refer to the ability to revert
from a deformed shape back to its original shape [162],
[180]. This recurring transformation process is termed the
shape-memory cycle [196], [197], [198]. While SME is not
uncommon, it is difficult to either fix temporary shapes
or restore fixed temporary shapes to their original states
because of the low elastic deformation of most materials
[198]. Conversely, materials with exceptional fix-restore
transitions can be generally referred to as SMMs.

The process of cyclically transforming SMMs between
temporary and permanent shapes is defined as training or
programming [199], [200]. Diverse SMMs exhibit vary-
ing degrees of programmability; for example, hydrogel
materials have limitations in terms of multiple repro-
gramming cycles [201]. In contrast, LCEs can achieve
bidirectional and reversible 4-D deformation. By adjusting
the polymer network, LCEs can thermally drive reversible
shape changes. These properties allow LCEs to undergo
complex, multidirectional transformations, making them
highly effective for applications requiring repeated and
adaptable shape changes. The programming mechanism
is analog to a triggerable “switch” that, upon exposure
to external stimuli and force distribution, activates to
facilitate the transformation of the structure into a desired
shape, which is effectively “frozen” in place once the
stimuli are removed [199], [200], [201], [202]. In various
shape-memory cycles, SMMs can temporarily stabilize in
a wide and unrestricted range of forms [200]. The prin-
ciples of SME in SMA and SMP are, however, different
[198], [202], [203], [204], [205]. Exposed to the same
external stimulus, thermally responsive SMPs and NiTi-
based SMAs [206], [207] are, respectively, exemplified in
Sections IV-B and IV-C.

The switching mechanism of thermo-responsive SMP
typically involves a direct temperature change [208],
based either on the glass transition temperature (Tg) or
the melting temperature (Tm) of amorphous polymers or
on the crystallization transition temperature (Tcryst) of
semicrystalline polymers [209], [210]. Fig. 27 illustrates
the shape-memory cycle of thermo-responsive SMP [180].
The permanent crosslinks (i.e., net points) can be classified
into either chemical (i.e., covalent bonds) or physical (i.e.,
ionic or hydrogen bonds) [203]. The amorphous polymer
is initially deformed at a temperature above Tg, where
polymer chains exhibit greater mobility, and then cooled
to below Tg while maintaining a constant deformation
stress. When the external force is relieved, the molecular

Fig. 27. Shape-memory cycle of thermo-responsive SMP [180].

motion of the polymer chains and segments is frozen. Thus,
the temporary shape is preserved [197]. Semicrystalline
polymer operates through a similar mechanism: upon cool-
ing to below Tcryst, the crystalline regions form and act
as additional anchoring points by crosslinking, inhibiting
the polymer chains from slipping. When heated above
the response temperature, SMP structures recover to their
original shape as the polymer chains regain fluidity (or
crystalline regions melt). SMPs can restore strains up to
300% through unloading and heating [189], [211].

Regarding NiTi-based SMAs, three crystal structures
exist: twinned martensite, detwinned martensite, and
austenite [212], [213], [214]. Martensite (the low-
temperature stable phase) gradually transforms into
austenite (the high-temperature stable phase) when
heated, and the reverse process occurs upon cooling
[214]. Specific temperatures are identified, as illustrated
in Fig. 28 [212], including the austenite start temperature
(As), austenite finish temperature (Af ), martensite start
temperature (Ms), martensite finish temperature (Mf ),
and the highest temperature induced by martensite strain
(Md) [195]. The above transformation temperatures are
significantly affected by the composition of NiTi-based
alloys and printer settings [194]. The SMEs of SMA
can be categorized into one-way SME, two-way SME,
and superelasticity (SE) or pseudoelasticity (PE) [205],
[214]. The one-way SME describes the ability of an SMA
to “memorize” a macroscopic permanent shape in the

Fig. 28. SMA phases and crystal structures [212].
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austenitic phase and to revert to it from a deformed
temporary shape upon exposure to stimuli [162], [212].
Through unloading and heating, NiTi-based SMAs can
recover strains of approximately 8% [214]. The remaining
will lead to permanent plastic deformation [212]. The
two-way SME refers to mutual transitions between two
permanent shapes, respectively, memorized in martensite
and austenite [214]; however, its range of recoverable
strain is limited to only 3% [215], [216]. SE is the rubber-
like behavior of SMA (e.g., NiTi), enabling it to revert to its
original shape upon unloading even after significant defor-
mation, whose strain capability is several times greater
than ordinary metal alloys [205], [217]. However, SE only
exhibits within a specific temperature range from Af to
Md, with the maximum recovery ability occurring near
Af [212].

B. SMPs and Printing Process

The closed-loop 4-D printing will be applied to imple-
ment SMPs, which can be programmed and deformed into
temporary shapes and restored to their original shapes
upon exposure to external stimuli such as heat of light.
The closed-loop 4-D printing is an enabler of smart AME
devices. The work presented in [177] and [178] provides
detailed discussions on closed-loop 4-D printing as soft
sensors and actuators that benefit the AME electronic
designs. SMPs can be programmed and deformed into
temporary shapes, which are subsequently restored to their
original shapes upon exposure to external stimuli, such as
heat or light [161], [172], [179]. The SME of SMPs can
be improved or extended by precise control of the printer’s
settings and material compositions [161], [180]. Prepro-
gramming, for instance, making the smart static shape curl
along the printing direction, can be realized by adaptively
adjusting the printer’s parameters [190], [218], [219].
Further enhancement to the printer’s feeding system or
printing platform can facilitate the acquisition of desired
shapes suitable for particular application scenarios [220],
[221], [222], [223]. By configuring the composition of a
smart material or blending it with other smart materials
with different stimulating responses, more comprehensive
or multiway SME can be achieved [199], [224], [225].

Dynamic shape transitions are primarily controlled by
the printer, which can be precisely configured to mold
various geometric components in the intelligent structure
[186]. As shown in Fig. 29(a), four thin thermal-responsive
sheets of the same size were manufactured at a uniform
printing speed but distinct paths at angles of 0◦, 30◦,
45◦, and 60◦, respectively [218]. When immersed in hot
water, these samples will exhibit different curved shapes
along their printing paths. The characteristics and degree
of bending also depend on the aspect ratio of the printed
sample. Fig. 29(b) shows that thermal-responsive LCEs
of different widths bend into different shapes after heat-
ing [219]. The 4-D-printed multimaterial microfixtures
can remain closed during printing and then gradually

Fig. 29. Four-dimensional-printed SMP samples deformed under

temperature stimulation: (a) samples of equal size but different

printing paths exhibit curved shapes [218]; (b) printed models of

different widths bend into different shapes [219]; (c) process of a

multimaterial grippers grabbing an object [189]; and (d) flower

morphologies produced by biomimetic 4-D printing, according to the

printing direction, the flowers curl (left) inward, and (right) spirally

curl (scale bars: 5 mm and inset: 2.5 mm) [190].

open after training, enabling them to grasp objects under
stimulation [189], as demonstrated by the snapshots in
Fig. 29(c). When exposed to environmental stimuli, the
printed complex flower shapes in Fig. 29(d) can mimic
the expansion process of their biological analogs in nature.
These flowers are composed of double layers of 90◦/0◦ and
−45◦/+45◦ with different orientations of the long axis of
each petal. The composite hydrogel structures are designed
with local anisotropic expansion properties dictated by the
alignment of cellulose fibers along designated 4-D printing
paths [190]. The arrangement, influenced by shear forces,
and the degree of anisotropic expansion are contingent
upon factors such as the nozzle’s diameter and the printing
speed.
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Fig. 30. (a) Schematic of the methodology used to fabricate curved

shape-shifting specimens [220]. (b) Shape-transformation behavior

of cylindrical lattices with in-plane bending elements [220].

(c) Deployment of a bifurcation stent within a model artery [220].

(d) Application in joint recovery support [221].

Samples can be fabricated layer by layer on a flat plat-
form and programmed to form a 3-D structure, whereas
they still retain 2-D characteristics. A new method for
programming and manufacturing has been proposed to
achieve 2-D to 3-D shape transformations, involving alter-
ations to the construction platform that enable samples to
be printed on a surface, as depicted in Fig. 30(a) [220].
By adjusting the layer thickness and printing temperature,
the longitudinal shrinkage rate of the printed filament can
be controlled, leading to the production of various samples
for medical applications. These samples exhibited surface
deformation behavior caused by buckling, as shown in
Fig. 30(b). Fig. 30(c) and (d) shows the applications of
these samples as supports in the arteries and around the
joint [221].

Leveraging the progress in manufacturing shape-
adaptive bending structures, the multiway SMPs have been
explored [161]. Cold programming can be realized using
grayscale digital light processing (g-DLP), which allows
the deformation of a thermal-responsive SMP from its
permanent shape to any temporary shape without heating
[211]. On such a basis, a heterogeneous hinge module
can be further included to print multiple materials by
simply applying traction at room temperature. As shown
in Fig. 31(a), different configurations can be encoded
during the 3-D printing process by modularizing the vari-
able distribution and orientation of hinges [211]. Ther-
mal programming is performed in B1 and B2 regions to
achieve shape recovery at 80 ◦C and 50 ◦C, while the B3
region is cold-programmed to exhibit elastic deformation
[211]. Through localized adjustments to the hinge module
and interlocking components with through-holes, various

complex 3-D geometries have been obtained, as shown
in Fig. 31(b). An alternative approach is to use the FDM
method with cold and hot programming. The testing indi-
cates that the printed SMPs display elastic deformation
at lower temperatures and exhibit SE, particularly under
large deformations, at higher temperatures [222].

By incorporating different functional fillers into the
polymer matrix, multifunctional shape memory compos-
ites (SMCs) can be developed with high tunability and
remotely driven deformation [223]. Fe3O4 particles, when
blended with other magnetic particles in polymers, facil-
itate the study of shape memory behavior that can be
remotely driven through a magnetic field [223]. For exam-
ple, by doping Fe3O4 particles into the shape memory PLA
matrix, a biodegradable SMC blocker was designed and
prepared [224], which can be remotely deployed under
a specific magnetic field intensity. Vitro studies have also
been conducted on printed SMC blockers to evaluate their
feasibility in medical applications [223]. When NdFeB and
Fe3O4 particles are added to the SMP matrix with a lower
rubber modulus, SMP still has a relatively low driving mod-
ulus [225]. An adjustable Tg can be achieved by adjust-
ing the ratio of rigid and flexible acrylic esters in mag-
netic shape memory polymers (M-SMPs). The magnetic
induction heating of low coercivity particles softens the
substrate. In contrast, high remanence particles have pro-
grammable magnetization curves that enable controllable
deformation under the influence of the driving magnetic
field and can lock in shape after removing the driving force
[223]. Fig. 32(a) shows the working mechanism of an M-
SMP cantilever in which NdFeB and Fe3O4 particles are
embedded [225]. When exposed to a magnetic field, Fe3O4

particles cause the M-SMP to heat up, surpassing its Tg. By
alternating the magnetic field directions, it is possible to
quickly switch the bending direction of M-SMP from up
to down. Then, it can lock the bending shape with high
stiffness after removing Bh [225]. Moreover, the magneti-
zation curve of M-SMP can be reprogrammed to achieve
reconfigurable shape transformation through remagneti-
sation [223]. The magnetization curve of the four-arm
M-SMP fixture is shown in Fig. 32(b), while Fig. 32(c)
illustrates an M-SMP fixture lifting a 23-g lead ball.

Fig. 31. Cold-programmed shape-morphing structures (all scale

bar is 1 cm). (a) B1 and B2 are thermally programmed at 80 ◦C and

50 ◦C, while B3 represents elastic deformation [211]. (b) Multiple

complex adjustable hinge module configurations [211].
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Fig. 32. M-SMPs embedded with NdFeB and Fe3O4 particles [225].

(a) Working mechanism of M-SMP. (b) Magnetization curve of the

four-arm M-SMP. (c) M-SMP fixture lifting a 23-g lead ball (scale

bars: 5 mm).

Wan et al. [196] achieved multiple deformation abilities
by quantitatively characterizing shape recovery by gradu-
ally heating the composite materials. Due to the triple SME
of poly(lactic-co-glycolic acid) (PLMC)/poly(trimethylene
Carbonate) (PTMC) and PLMC/PTMC/Fe3O4, each part
of the printed structure is optimized into two tempo-
rary shapes, and shape transformation is extended to five
complex shapes, which have precise and local control-
lability under multiple stimuli [196]. Fig. 33(a) shows
the composition of SMC materials with multiple defor-
mation abilities. The SMP is printed layer by layer by
placing the mixed ink material in a container and apply-
ing pressure, as shown in Fig. 33(b). Fig. 33(c) shows
that through programmed 4-D printing, temporary shapes
can be transformed into other letter shapes after being
stimulated by heat, magnetism, or a combination of heat
and magnetism [196]. Fig. 33(d) shows another example
of multiple deformations of flower shapes made of 4-D-
printed multiple materials under magnetic and thermal
stimuli. Using the same 4-D printing method, conductive
materials like carbon nanotubes were incorporated into
PLMC to fabricate conductive SMCs [226], which are
suitable for use in various sensors. When a voltage of 25 V
is applied, the printed structure demonstrates remarkable
shape-changing capabilities within 16 s, as depicted in
Fig. 34 [226].

Alshebly et al. [227] present the development and appli-
cations of self-folding actuators. This article explores how
single-material and multimaterial approaches can be used
to create complex, shape-changing structures that respond
dynamically to external light stimuli. The authors utilize
a polystyrene (PS) pane to represent thermo-responsive
SMPs, while the actuation hinges are made of printed

Fig. 33. SMC materials have multiple SMEs [196]. (a) Composition

of the printable nanocomposite ink. (b) Schematic of 4-D printing

process. (c) Triple SME under an external heat stimulus, magnetic,

or both. (d) Another example of multiple deformations of flower

shapes printed with composite material.

chitosan hydrogel ink. Zolfagharian et al. [228] present
the utilization of bio-inspired patterns in developing single-
material self-morphing thermally controlled actuators.

C. SMAs and Printing Process

SMAs can also be programmed to temporarily hold
specific shapes and revert to the originals when exposed
to external stimuli [229]. Fig. 35(a) illustrates a superim-
posed image of a NiTi sample recovering its original flat

Fig. 34. Shape recovery process of the printed folding bracket at a

voltage of 25 V [226].
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Fig. 35. Four-dimensional-printed SMA samples. (a) Overlay

diagram of NiTi SMA: bent patch on a hot plate for shape recovery

[230]. (b) Shape programming and recovery process of Fe-based

SMA strip [229].

shape on a 100 ◦C hot plate within 30 s [230]. Similarly,
Fig. 35(b) shows the shape recovery process of a Fe-based
SMA strip: after programming (i.e., manual bending and
deformation), the strip is heated to 300 ◦C using a hot
air gun [229]. However, compared to SMPs, SMAs exhibit
limitations in terms of printing ability and shape transition
at the glass transition temperature [231]. To be specific,
SMPs can achieve strains up to 300%, while SMAs typically
reach a threshold of only 8% [212], [215]. Although
the phase transition temperatures of SMPs are relatively
lower, SMAs exhibit more significant transformation hys-
teresis and operate over a broader range of deformation
temperatures. Moreover, SMAs boast higher stiffness and
strength, surpassing SMPs by one to two orders of magni-
tude [232]. The elastic modulus and yield strength of SMPs
typically do not exceed 1 GPa and 30 MPa, respectively.
In contrast, Fe-based SMAs demonstrate a significantly
higher elastic modulus of approximately 200 GPa, and
higher tensile strength, potentially surpassing 1000 MPa
[232]. Furthermore, SMAs also exhibit PE, which allows
for the immediate reversal from deformation once external
loads are removed without needing external temperature
intervention [215].

LPBF is the predominant technology used for SMA-
based AM [170], [171], which is not only feasible for
the commonly seen NiTi, but also capable of producing
high-temperature SMAs such as CuAlNi [191], iron-based
SMA [229], [233], [234], [235], and magnetic NiMnGa
SMA [236]. According to CAD data, this technology utilizes
a high-power (HP) laser beam to selectively melt metal
powder layer by layer until the final part is formed [229],
and the processing flow is shown in Fig. 36(a). Fig. 36(b)
presents a diagram of a novel partitioned repetitive laser
scanning strategy [171], which adjusts the functional prop-
erties of NiTi alloy by resintering predesigned areas in the
secondary scanning rather than through the interaction
between the laser beam and powder. The characteristics

of samples manufactured by LPBF can be summarized as
follows [171], [232]: 1) nonequilibrium microstructure
with high supersaturation and metastable or nonstation-
ary phases; 2) multiple process parameters can together
affect heat and mass transfer processes (e.g., laser power,
scanning speed, hatch spacing, and layer thickness);
3) generate high residual stress resulting in poor machin-
ability; and 4) exhibiting lower toughness and fatigue
performance. Therefore, it is critically important to inves-
tigate the microstructure and properties of NiTi samples
fabricated using LPBF technology.

By examining the microstructure, chemical composition,
phase transition temperature, and mechanical properties
of NiTi samples manufactured with LPBF, Chen et al.
[232] successfully prepared two completely dense sam-
ples using low-power (LP) and HP processing parameters.
They experimentally characterized the microstructures,
phase transition temperatures, damping capabilities, and
storage moduli based on the obtained NiTi powder and
NiTi samples produced via LPBF and then conducted a
series of detailed analyses of precipitation behavior, oxy-
gen absorption, phase transition, and mechanical proper-
ties. After necessary preprocessing procedures, scanning
electron microscopy (SEM) and optical microscopy were
utilized to analyze the microstructures comprehensively,
differential scanning calorimetry (DSC) was employed to
precisely determine the phase transition temperatures,
and X-ray diffraction (XRD) was used to investigate the
phase compositions. The metal element composition in the

Fig. 36. LPBF technology: (a) machining process flow [229] and

(b) schematic of a partitioned repeated scanning strategy [171].
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Fig. 37. Sample characterization: (a) DSC characterization curve;

(b) damping factor; and (c) storage modulus measured by the DMA

approach [232].

samples was analyzed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES), and the oxygen
and nitrogen content were precisely determined using the
Leco combustion method [232]. To evaluate the damp-
ing properties of the NiTi prepared by LPBF, a dynamic
mechanical analyzer (DMA) was employed. It becomes
evident that the phase transition behaviors and mechanical
properties differ between SMA samples processed using LP
and HP settings. As shown in Fig. 37(a), the DSC curve of
NiTi powder has multiple peaks during heating or cooling,
indicating multistage transformation, whereas only one
peak is observed in the HP or LP sample [232]. The curves
for the damping factor and storage modulus measured by
DMA are shown in Fig. 37(b) and (c). The LP sample
exhibits a higher amplitude in both the storage modulus
valley and the internal friction peak, where the storage
modulus is notably higher in the bottom portion [237].
The mechanical properties of HP samples are relatively
insensitive to position. The variation in storage modulus
suggests a difference in the austenite and martensite mix
within the samples.

Improving the microstructure is of great significance to
broadening the functions and promoting the applications
of SMAs as intelligent components. In the LPBF process,
employing the same energy density for various combina-
tions of power and speed can result in variations in printing
adaptability, microstructure, phase transition temperature,

and mechanical properties [170]. For example, the phase
transition temperature and evaporation of Ni element are
affected by scanning speed in the sample, while poros-
ity and grain size are regulated by laser power [238].
Empirical practice at higher economic and labor costs
can acquire satisfactory process parameters. Therefore,
predictive models, optimization algorithms, and systematic
methods are needed to obtain the optimal parameters
in AM. Furthermore, the semianalytical design method,
which combines experimental validation and machine
learning techniques, has become one of the most effective
approaches for determining the process window.

During the LPBF process, grain growth in the NiTi alloy
occurs in the direction of heat dissipation. Grains grow
from the boundary to the laser spot since the melting
area has a higher temperature [239]. The area of the
melting pool becomes wider with higher laser power input.
The temperature gradient disparity between the region’s
periphery and interior leads to rapid nonequilibrium solid-
ification. Lower laser power settings result in finer grain
sizes in the sample and a narrower grain size distribution.
Conversely, increasing the laser power gradually facilitates
the formation of columnar crystals. More specifically, ultra-
fine honeycomb grains form at the edge of the melt pool
due to the high cooling rate, while good dendritic grains
form inside [239]. Appropriate scanning strategies, such as
lower scanning speed and layer height, would contribute to
firmer texture in NiTi parts.

The phase transition temperature of NiTi is sensitive to
the alloy composition: the temperature at which marten-
site begins to transform will decrease by about 10 ◦C if
the Ni content only increases by 0.1% [240]. In other
words, the LPBF process window for NiTi alloy is very
narrow [241]. Considering the lower boiling point of
nickel (2913 ◦C) compared to titanium (3287 ◦C), the
equilibrium vapor pressure of nickel is higher than that
of titanium [242]. However, a slight change in alloy com-
position is inevitable in the LPBF, leading to significant
changes in SME and mechanical properties [237]. Induced
by impurities (such as O and C) and Ti-rich precipitation,
the formation of the Ti-rich second phase can alter the Ni
content of the main matrix, thereby affecting the phase
transition temperature [239]. The presence of O can affect
the grain boundary characteristics in the quasi-amorphous
layer, which should be suppressed in the process-forming
chamber to avoid compromising the ductility of NiTi [241].

In practice, even in the most satisfactory samples
obtained through careful optimization of process param-
eters, local defects still can be observed upon inspection
at the interlayer interface, which include transgranular
fractures with small microcracks and dimples, voids, and
regions at the sample’s edges where a significant amount of
unmelted powder accumulates [243]. Heat treatment can
diminish the permanent plastic deformation resulting from
dislocation slip during the stress-induced martensitic trans-
formation, leading to near-perfect SE and nearly reversible
temperature changes. The titanium oxide coating formed
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Table 2 Overview of 4-D Printing Approaches, Materials, Stimuli, Response Times, and Applications

during this process helps retain the more volatile nickel.
However, increased oxygen content in the heat-treated
samples leads to the formation of Ti4Ni2Ox, which conse-
quently impacts the phase transition temperature [244].

V. 4-D PRINTING SHAPE-MEMORY ELECTRONIC
DEVICES
The 4-D printing has attracted a surge of interest in recent
years. The majority of research activities are about SMMs,
processes, biomimetics, and biomedicine [161], [162],
[163], [164], [165], [166], [167], [168], [169], [174],
[181], [183], [195], [196], [197], [206], [212], [213].
However, 4-D printing shape-memory electronic devices
have not yet been comprehensively investigated to address
the most recent advancements, let alone provide compre-
hensive and systematic guidance for designers in relevant
research fields. An overview of 4-D printing electronics is
shown in Table 2. This section aims to guide electronic
engineers/researchers in integrating 4-D printing technol-
ogy into electronic component designs by providing design
guidelines, showcasing design examples, and exploring the
potential applications and future directions.

A. Design Considerations

SMPs and SMAs are two major materials coupled
with 4-D printing. The sustainability of developing shape-
memory AME devices using 4-D printing is critical, as
discussed in [245] and [246]. According to the open litera-
ture, SMP-based 4-D printing designs significantly surpass
those related to SMAs, which can be attributed to the
distinct advantages of SMPs, such as low cost, material
programmability, excellent deformation performance, and
diverse external stimulation methods [172], [247]. SMPs
can attain various driving modes or multipath program-
ming of shapes by incorporating different particles, ren-
dering them a more versatile selection for 4-D printing

than SMAs [189]. The maximum recoverable strain, as the
primary feature of SMMs, is approximately 8% for SMAs,
while SMPs have reached a remarkable 300% according
to the existing literature records to date [212], [215].
Apart from Fe-based, Cu-based, and Ni-based materials,
the variety of available SMA materials is relatively limited.
Even with enhancements achieved through blending other
elements, the deformation requirements of many elec-
tronic devices still pose a challenge for NiTi-based SMA,
considered the best candidate among all SMAs.

Nonetheless, SMAs have unique advantages and irre-
placeability in specific application scenarios. For example,
SMA materials possess exceptional mechanical robustness
and corrosion resistance, making them extensively uti-
lized in the medical field for designing bone or vascu-
lar stents [181]. SMA materials are inherently conducive
and thus readily available for creating electronic devices,
while SMPs typically require the combination of conduc-
tive particles, metallic coatings, or liquid metal to obtain
conductivity [170]. In a wide deformation range, it can
be difficult for SMPs to maintain dynamic conductivity
during shape changes. Therefore, to leverage the benefits
of SMMs when designing 4-D-printed electronic devices, a
tradeoff between the deformation capabilities of SMPs and
the conductivity of SMAs becomes essential.

The relatively small number of published articles indi-
cates that 4-D printing technology is still at the early explo-
ration stage in electronics; however, it holds significant
potential [247], [248], [249], [250], [251]. The attributes
of SMPs can facilitate the design of electronic devices
with features including reconfigurability, multifunction-
ality, frequency adjustability, function switching, beam-
forming, and beam-steering. These functionalities can
be achieved under simple external stimuli without com-
plex feed networks or power splitters. Nonetheless, these
approaches necessitate predesign and preprogramming
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Fig. 38. Critical stages throughout 4-D printing. Stage I focuses on the selection of SMMs. Stage II aims to properly set the printing

platform with the selected SMA or SMP. Stage III includes a few tests that are significant indicators for optimizing the configurations in

Stage II.

and have limited application scenarios due to the need for
specially designed shape recovery sequences with a thor-
ough comprehension of specific materials. The differences
across individual 4-D printing applications have led to a
notable absence of systematic and comprehensive design
guidance and processing methodologies.

In general, 4-D-printed electronic devices can be
divided into three critical stages, as shown in Fig. 38:
Stage I—design preparation and SMM selection, Stage
II—printing configuration, device prototyping, and shape-
memory training, and Stage III—shape-transformation
experiment, reconfigurable functions evaluation. The
experimental validation and empirical optimization iter-
ation between Stages II and III are required to explore
the most suitable printer settings for accurately replicating
desirable samples.

1) Stage I encompasses four steps, further detailed in
Fig. 39. First, ascertain whether the printed device
with SMMs serves as an actuator or includes elec-
tronic functions. Priority is given to examining avail-
able stimuli sources and material characteristics for
the former. SMAs are suitable for thermal, electri-
cal, or magnetic stimuli, while SMPs can respond to
heat, light, pH changes, and humidity. SMAs offer
higher stiffness and more precise shape memory,
whereas SMPs are more appealing regarding defor-
mation range and cost. Balancing conductivity with
deformation capabilities becomes crucial if the appli-
cation extends beyond an actuator. Once the category
of SMMs is decided, references can be found to the
corresponding state-of-the-art examples, effectively
serving as a source for emulation.

2) Stage II comprises three parts, as illustrated in
Figs. 38 and 40(a): the selected SMMs, the accessi-
ble printing platforms, and the printer configura-
tions, which further diverge into two paths based
on the specific SMMs (i.e., SMA or SMP). The well-
developed printing technologies for SMA include
LPBF, DED, and binder jetting (BJ), while for SMP

FDM, SLA, and DIW are frequently used. The materi-
als applicable to these technologies are, respectively,
listed in the flowchart. The core technical configu-
rations that influence preprogramming differ signif-
icantly between SMA and SMP in terms of SME,
the material’s mechanical strength, and the electrical,
EM, and TL properties. It requires extensive exper-
imental testing and experience accumulation since
the parametric study may vary case-by-case in spe-
cific application scenarios. Although there is still a
lack of analytical methods, the efficiency and relia-
bility of this process have been enhanced with the
advancement of artificial intelligence and machine
learning.

3) Stage III includes three parallel validations, as shown
in Figs. 38 and 40(b), to ensure that the results
of 4-D printing meet expectations. The microstruc-
tural and material properties of the sample have to
be examined using testing equipment. Electrical and
EM features are evaluated from dielectric, conduc-
tive (either coatings or inner cores), and radiative
aspects. Unlike training commercial SMMs with basic
geometric shapes, the printing process can simulta-
neously achieve complex prototyping and functional
training. The 4-D-printed samples can memorize their
permanent shapes, which may or may not be the
same as their temporary shapes during printing (such
as compressed or folded). Given the complexity and
difficulty of preprogramming, a cyclical iterative opti-
mization process exists between Stages II and III.

Every step in the stages above is critical in designing and
fabricating 4-D-printed electronic devices, as the choice of
materials and the processes involved influence the SMEs.
At the same time, the metallization impacts the function-
ality of the electronic devices. Achieving the necessary
structural shape transformation and continuously optimiz-
ing the performance of the metal components to produce
functional electronic devices requires meticulous control
over materials and processes. Taking the following hybrid
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Fig. 39. Detailed decision-making flowchart for selecting SMMs. It starts with acknowledging the functionality of the 4-D-printed sample

and then figuring out the primary consideration on such a basis. Upon selecting the suitable SMM, it directs toward experimentally validated

designs for further insight and information.

4-D SMP EM device as examples [225], [247], [252], the
SMP can be used as a substrate and conductive silver wires,
which are printed to achieve frequency reconfiguration.

According to Stage I, printable materials should be
chosen based on the shape change and stimuli involved.
For instance, in [225], magnetic particles (i.e., Fe3O4 and

Fig. 40. Four-dimensional printing procedures, and experimental verifications of the printed samples. (a) Stage II includes three

interdependent parts, namely, SMM, printing platform, and printer settings. The printing techniques and preprogramming configurations

are, respectively, listed in the upper and lower paths for SMA and SMP. (b) Stage III encompasses three parallel tests for material

characteristics, electrical and EM properties as well as SME. There is an iterative optimization process between Stages II and III.
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NdFeB) were incorporated into resin to obtain magnetic
materials, allowing shape changes under the influence of
a magnetic field, thereby achieving gripping functional-
ity and frequency-reconfigurable antennas. Fe3O4 parti-
cles are heated under a magnetic field for shape locking
and unlocking, while NdFeB particles are magnetized into
a predetermined distribution to achieve programmable
deformation. The material preparation involves adjusting
the composition ratio of rigid and flexible acrylic esters in
the resin to control the glass transition temperature (Tg)

to achieve the desired working temperature. Commonly
used temperature-responsive materials can be obtained by
purchasing commercially available materials [247]. The
sintering process becomes crucial when inkjet printing
conductive shapes on SMP. Two different sintering methods
were used, namely, soft and hard baking, using hot plates
and ovens. Soft baking can reduce substrate strain, while
hard baking can ensure conductivity.

Stage II often requires accumulating a considerable
amount of printing experience to obtain the optimal pro-
gramming solution for achieving the desired shape mem-
ory structure. The design of shape memory deformation
relies on the printing process, making precise control of
nozzle aperture and printing speed crucial. The printing
direction of each layer and differences in internal filling
also impact the direction and degree of shape bending
and the residual stress accumulation during the cooling
process. A thorough investigation of the 4-D printing
parameter settings under this shape memory deformation
is discussed in the literature [191], [218]. When using
commercial SMP as the raw material, parameters can be
initially set based on the manufacturer’s recommendations,
which suggest a printing temperature of 210 ◦C, a bed
temperature of 100 ◦C, a layer height of 0.1 mm, a bottom
layer thickness of 300%, and a printing head speed of
20 mm/s [247].

Further adjustments to the material and printing param-
eters can be made as needed. In [247], when SMP is used
as a substrate for electronic applications requiring precise
physical dimensions, greater emphasis is placed on its
surface roughness and flatness. These features significantly
affect the print quality of conductive silver wires. Inkjet-
printed dielectric buffer layers on uneven printing sub-
strates have been adopted to reduce the surface roughness
of the initial programmable 4-D printing, thereby enhanc-
ing the RF performance. The surface roughness for pure
4-D printing and printing substrates with buffer layers is
77.9 and 0.041 µm, respectively [247]. Based on exper-
imental experience, the printed conductive shapes were
achieved using a single nozzle with a bed temperature of
45 ◦C, a spraying voltage of 40 V, and a droplet spacing of
35 µm [247].

In Stage III, experiments and testing are conducted
on the processed samples to understand the material
characteristics, ensuring they meet the design require-
ments for shape changes and electrical or EM perfor-
mance. The first aspect involves measuring the processed

Fig. 41. DMA device and measurement setup [247].

Fig. 42. Characterization of shape memory performance of SMP

using DMA [247].

sample dimensions and conducting detailed analysis and
measurements of shape changes. As shown in Fig. 41, a
DMA measurement device is used to measure the shape
persistence and recovery of the SMP samples, along with
the measurement setup process [247]. Fig. 42 illustrates
SMP’s shape memory performance, which is characterized
by DMA, with temperature, strain, and stress plotted as
time functions within one cycle. In addition, it is necessary
to measure the relevant Young’s modulus, glass transition,
and substrate transformation force points to analyze the
mechanical deformation of 4-D-printed substrates. The
substrate size and surface roughness also need to be tested
and optimized to meet the high requirements of inkjet
printing. Magnetized SMP’s inductive heating characteris-
tics also need to be measured, as illustrated in Fig. 43.

Fig. 43. Schematic and measurement results of hysteresis loop

measurement setup [225].
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Fig. 44. Measurement results of electrical resistivity and

conductivity of printed conductors for soft and hard baking [247].

This includes measuring the high-frequency hysteresis
loop, the schematic of its setup, and the hysteresis loop
under different magnetic field intensities [225]. The sec-
ond aspect involves measuring the electrical resistivity
and conductivity of the printed structure. The electrical
resistance of samples under different printing conditions is
measured using a digital multimeter. This aims to achieve
optimal conductivity by optimizing the baking temperature
and the number of printing layers. Fig. 44 illustrates the
measured conductivity relative to the baking temperature
for both soft and hard bake methods under constant baking
time (40 min) [247]. Next, measure the EM properties
of the printed structure. EM simulation software can be
used for the structure’s EM simulation, but it is essential to
know the electrical properties of the substrate. As shown
in Fig. 45, the substrate’s dielectric constant and loss
tangent were measured. The transmission and reflection
coefficients of the designed microstrip lines were measured
at various bending angles and shapes by extracting mea-
surement results. The schematic and measurement results
of the waveform microstrip line structure are shown in
Fig. 46. Furthermore, stability testing is essential to ensure
the SMP electronic device functions reliably amid multiple
memory shape transformations and recoveries.

Fig. 45. Simulated and measured substrate EM characteristics

results [247].

Fig. 46. Waveform microstrip line structure and measurement of

transmission and reflection coefficients. Scale bar = 10 mm [247].

The designed microstrip monopole antenna (MMA) was
used to verify the memory repeatability. Fig. 47 shows
that the operating frequency response of the mmA remains
almost unchanged in 20 cycles compared to the initial
state. However, a resonance deviation of 0.13 GHz is
observed after 40 cycles [247]. Hence, they achieved
electronic devices capable of consistently maintaining EM
performance over 20 cycles.

B. Design Examples

Existing 4-D-printed electronic devices fall into two
major categories: those that utilize SMMs exclusively for
shape deformation and those where SMMs additionally
function as electronic components.

Fig. 47. Measurement results of return loss of mmA during

repetition period [247].
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Fig. 48. Metasurface with four independently controllable SMA

actuators. (a) Electromechanically transformable beam-steering

metasurface antenna. (b) Deformation mechanism of the SMA

springs [248].

When exposed to external stimuli, SMMs in the former
category mechanically drive the other functional elec-
tronic components and thus can be utilized as actuators
[247], [248]. Fig. 48(a) shows a metasurface antenna that
obtains extensive beam-steering capabilities by applying
dc excitation to four independently controllable spiral-
shaped SMAs [248]. Diverse positionings of the metasur-
face become achievable by manipulating the power supply
to the SMA springs, as depicted in Fig. 48(b), where
biased voltages cause them to contract while remaining
stretched in the absence of power. By precisely config-
uring the bias voltage and the duration of stimuli, the
radiated beam covers 360◦ azimuthal directions with an
elevation angle of ±30◦ [248]. Although the SMA springs
are not manufactured through 4-D printing [248], their
implementation showcases a viable method for designing
SMA-driven smart antennas. By integrating 4-D printing
technology into the fabrication of SMA components, more
comprehensive mechanical deformations can be realized.

Similarly, embedding 4-D-printed actuators in between
the unit cells of the metasurface allows a single metasur-
face to simultaneously accomplish beam splitting between
left-hand circularly polarized (LHCP) and right-hand cir-
cularly polarized (RHCP) waves, as well as beam-steering
[249]. As shown in Fig. 49(a), 4-D-printed SMPs connect
the two rows of unit cells on the metasurface, which can
be mechanically folded to the compact state in Fig. 49(b)
and revert to the memorized unfolding state upon heat-
ing. The beam directions corresponding to the folded
and unfolded states of the metasurface are depicted in
Fig. 49(c) and (d), respectively. The beam splitting func-
tion is achieved through phase distribution on the metasur-
face, while the beam-steering capability of output waves
depends on the spatial modulation mechanism [249]. Tak-
ing advantage of 4-D printing, a 2.4-GHz pattern reconfig-
urable origami antenna array was developed, as illustrated
in Fig. 50(a) [250]. Inspired by foldable RF electronic
devices, 4-D printing not only enhances the robustness of
the device but also incorporates a heat-resistant core with

Fig. 49. Mechanically self-deformable 4-D-printed metasurface.

The photographs of the printed prototype in (a) unfolding and

(b) folding states. Comparison of full-wave simulated and measured

results of LHCP and RHCP output waves in (c) folding and (d)

unfolding states [249].

SMP hinges interconnecting the substrates of the antenna
units [250]. These SMP hinges possess adequate stiffness
to effectively mitigate twisting and breakage of the con-
ductive layer on the surface. Through thermal stimulation,
the antenna can achieve beam direction deflection up to
50◦ [250]. Fig. 50(b) demonstrates the shape deformation
process of the 4-D-printed hinge.

Fig. 50. (a) Shape morphing of a 4-D-printed multimaterial Miura

origami antenna array. (b) Shape deformation process of the

proposed antenna [250].
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Fig. 51. Four-dimensional-printed shape memory metasurface

absorber. (a) Overall structure. (b) SMP drives the metasurface

hinges to switch between an absorber and a reflector [251].

Fig. 51 illustrates a metasurface absorber featured with
SMP hinges on both sides. Upon heating, the hinges induce
the array to curl toward one side, revealing the metallic
reflector [251]. As shown in Fig. 51(a), the metasurface
includes an inkjet-printed conductive pattern on the top,
4-D-printed high-temperature durable substrate, 4-D-
printed SMP hinges, and a metallic plate [251]. The defor-
mation process of the metasurface, enabled by the SMP
hinges, is demonstrated in Fig. 51(b). The 4-D-printed
SMP hinges can also be utilized to facilitate the design of
packaged RF electronic devices, as demonstrated in Fig. 52
[253], [254]. These hinges at the joints of the origami
structures can be metallized by direct inkjet printing with
CI, which is suitable for energy harvest by converting
the captured RF energy into dc with the rectifier circuit
[255]. The origami structure encapsulates the rectifier
circuit internally through a 4-D-printed SMP, as shown in
Fig. 52(b). Fig. 52(c) illustrates another example of 4-
D printing for antenna array packaging, where the SMP
enables the antennas to be folded into a 2-D planar struc-
ture and then revert their preprogrammed shape upon
heating to 60 ◦C [254]. This highlights the potential of
implementing 4-D-printed SMPs in packaging, paving the
way for future applications that could integrate with heat
sinks, origami metamaterials, and various other reactive
and compact structures [255].

Cold programming technology enables each hinge unit
to deform independently, allowing for bending at var-
ious angles and thus providing limitless possibilities in
shape reconfigurability [211]. Adding microchannels in
the strips and injecting them with liquid metal (e.g.,
EGaIn), as shown in Fig. 53, make these strips conductive
shape variable components [211], enabling smooth config-
urations without interrupting the operation of electronic
devices. These transformable structures may be used as

Fig. 52. Four-dimensional printing facilitates electronic device

packaging. (a) Inkjet-printed patch antennas on unfolded cube

surfaces. (b) Folded cube [253]. (c) Foldable monopole array from

temporary to permanent state [254].

substrates or structural matrices for fabricating shape-
morphing antennas with optimized reconfigurable radia-
tion patterns.

The other primary type of 4-D-printed electronic devices
uses SMMs as the principal functional electronic com-
ponents, leveraging deformation capabilities. Although
employing SMAs in 4-D printing is still in its exploratory
phase, their distinctive mechanical properties and various
driving methods present significant potential for develop-
ing reconfigurable chiral metamaterial electronic devices
[256]. As demonstrated in Fig. 54, the bending directions
of SMA strips can transition among left-handed circularly
polarized, right-handed circularly polarized, and nonchiral
meta-atom geometries by adjusting the ambient tempera-
tures [257]. It is worth highlighting that this SMA structure
can be readily fabricated using 4-D printing technology,
resulting in improved controllability and enhanced shape
memory capabilities.

The 4-D printing technology facilitates an innovative
method for developing stealth and hallucination devices
[258]. Fig. 55 illustrates a convertible metasurface capa-
ble of switching between EM stealth and hallucination
functions, which was manufactured using a 4-D printing
process with the aid of FDM technology and liquid metal

Fig. 53. Four-dimensional-printed cold-programmed shape

deformative electronic device filled with liquid metal [211].
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Fig. 54. Example of thermal responsive chiral metamaterial using

SMA. (a) Proposed structure and its EM performance. (b) Array

deformation at different stimulating temperatures [257].

injection molding. The flat-structured metasurface can
establish a phantom target with a “V” groove feature, while
the triangular-structured metasurface can simulate the
ground plane and establish a triangular stealth region. This
4-D-printed structure is thermally deformable, enabling
dynamic variation in phase distribution.

Fig. 56 shows an FSS of a Miura structure, which can
be folded to achieve adjustable frequency and bandwidth,
as well as insensitivity to oblique incidence [259], [260].
The substrate was processed using SLA equipment and was
made of flexible elastomer photosensitive resin, while the
conductive dipoles were printed using SNP ink through
an inkjet printer [260]. Before printing, conductive traces
were subjected to 90 s of UV treatment to improve the
adhesion of SNP ink. Subsequently, a low-temperature
gradient sintering process was developed to ensure that the
resin substrate was not damaged during SNP ink sintering
[259]. Based on a series of empirical tests, six layers of
silver printing were selected to compensate for the loss of
resolution and 3-D sample tilt [260].

To design flexible electronic devices, SMPs integrated
with conductive materials (e.g., SNP ink and carbon nan-
otubes) serve as viable alternatives to SMAs. As exem-
plified by the temperature sensor and the connector in
Fig. 57, thermal stimulation leads to the closure of the
circuits and subsequent illumination of the LEDs [111].
Beyond the basic implementations as a circuit breaker or
connector, the SMP-conductor hybrid can act as an EM

Fig. 55. EM stealth and hallucination convertible metasurface.

(a) Operation mode switching when metasurface undergoes

deformation under external stimuli. The bottom left image shows

the meta-atom geometry, while the bottom right image shows the

simulated reflectivity under normal incidence at 6.6-GHz Ey

polarization. (b) Fabricated sample in its original and deformed

shapes [258].

wave radiator. Fig. 58 depicts a frequency-memorizing
antenna [247]. Its reconfigurability is attained by stretch-
ing the director. Fig. 59 illustrates another intelligent
antenna whose spiral structure was 4-D-printed with
SMP and then treated with copper plating [252]. It effi-
ciently and cost-effectively addresses multiband operation,
impedance matching, and pattern synthesis challenges
through real-time reprogramming and deformation. First,

Fig. 56. Four-dimensional-printed tunable Miura shape FSS.

(a) Fabrication process. (b) Fabricated samples [259], [260].
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Fig. 57. Flexible electronic sensor. (a) Temperature sensor in its

off-state (top) and on-state (bottom). (b) Connector closes the

circuit at a voltage of 50 V [111].

the SMP blend was optimized to enhance its ductility
at room temperature. Then, the conductivity of the elec-
troplated copper was experimentally validated by four-
point probe tests. Lastly, the RF performance was assessed
concerning its deformation behavior. This study suggests
that future designs might be preselected and simulated
according to specific RF responses. Fig. 60 shows a ther-
mally adaptive spiral inductor designed and manufactured
using 4-D-printed SMPs with silver ink coatings [261].
The effectiveness of this spiral inductor is determined by
factors such as the number of turns and the inner and
outer diameters of the spiral. The engineered inductor is
encased within a square grid, serving the dual purpose
of grounding and stabilizing the frame. Its characteris-
tics, such as inductance, Q-factor values, resonant fre-
quency, and shape restoration capabilities, are investigated
through both numerical and experimental approaches.

Compared with direct heating, the Joule heating
method is more convenient, efficient, and controllable
in driving, as exhibited in Fig. 61(a) [262]. Conduc-
tive materials, such as carbon nanofibers, carbon nan-
otubes, metal nanoparticles, and graphene, can be doped
to SMPs to introduce resistivity without reducing their
shape recovery performance [256]. The highly conductive

Fig. 58. Frequency memorizing mmA. (a) Initial and memorized

state (top) and programmed state (bottom). (b) Fabricated

prototype sample (scale bar is 10 mm) [247].

Fig. 59. Spiral antenna made of 4-D-printed SMP with copper

coating. (a) Extended state with a total axial length of 100 mm.

(b) Compressed state with a total axial length of 40 mm [252].

nanocomposite material structure has been successfully
applied to high-performance electrical equipment, includ-
ing room-temperature printed conductive components,
microstructure fiber sensors, flexible and lightweight sup-
ports for EMI shielding, and low-voltage triggered intel-
ligent fixtures [263], as shown in Fig. 61(b). Magnetic
materials can be integrated into SMPs to design conical
spiral antennas, achieving frequency reconfigurability, as
shown in Fig. 61(c) [225]. The simulated and experimen-
tal results indicate that the antenna’s resonant frequency
can be easily tuned, ranging from 2.15 to 3.26 GHz, while
the simulated radiation pattern attains similar contours.
Due to the shape-locking ability provided by magnetic
SMPs, the reconfigured antenna can maintain its new
shape without the intervention of external fields, thereby
reducing overall energy consumption [225].

Fig. 60. Thermal spiral inductor using 4-D-printed shape memory

Kirigami. (a) FDM process to print the proposed SMP-based spiral

inductor. (b) Fabricated inductor from various viewpoints [261].
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Fig. 61. Four-dimensional-printed SMC electronic devices. (a) Joule

heating shape recovery process of 4-D printing electronic

components [262]. (b) Highly conductive composites and

electroactive smart grippers for 4-D printing [263]. (c) Spiral

antennas processed with magnetized SMPs [225].

SMPs are widely used across numerous applications due
to their exceptional shape deformation capabilities and
diverse driving mechanisms. The 4-D-printed SMPs find
extensive applications in fields such as medicine, robotics,
and bionics, particularly in scenarios requiring substantial
shape variations. However, achieving conductive proper-
ties in SMPs typically involves electroplating, incorporat-
ing conductive particles, or combining them with liquid
metals. In contrast, SMAs possess inherent conductive
properties, yet their processes are complex, challenging
to control precisely, and have higher material costs. SMAs
excel in mechanical and material properties and are pri-
marily employed in the medical field to withstand stress
or act as support structures. In electronic devices, SMAs
can serve as the core functional component while fulfilling
structural functions, enabling concurrent changes in func-
tionality and shape, thereby offering significant potential
for further development.

VI. 4-D ORIGAMI AND RECONFIGURABLE PHASED
ARRAYS AND REFLECTARRAYS
Origami, the Japanese art of paper folding, has tran-
scended its traditional realm to become a compelling

avenue for realizing shape-changing and morphing RF
structures and antennas. Compared with the conventional
reconfigurable antennas using p-i-n didoes/varactors,
origami is nonswitch-based by utilizing morphing origami
structures. It introduces deployable mechanisms that are
simple yet effective, offering significant advantages when
applied to reflectarrays [264]. Additionally, these struc-
tures provide unmatched frequency response tunability
for FSSs and unprecedented beam-scanning angles and
radiation pattern reconfigurability when applied to phased
array antenna designs. While the integration of 4-D print-
ing technologies into the development of origami-inspired
RF electronics offers significant potential, particularly in
creating dynamic, deployable, and reconfigurable RF sys-
tems (with reconfigurable frequency, radiation pattern,
and polarization), several challenges must be addressed to
realize the capabilities of this emerging technology fully.
A holistic implementation of a shape-changing, origami-
inspired RF structure necessitates the confluence of three
interdependent efforts: hardware realization materials
(Section VI-A), a method for mechanical control if shape-
change is utilized intentionally or a technique for deter-
mining the geometrical configuration if an uncontrolled
external stimulus affects the shape utilizing reliably fold-
able hinges (Section VI-B), and if the structure is a
phased array antenna, a digital control scheme for 4-D
beam-shaping and/or electronic calibration (Section VI-C).
Therefore, this section delves into the synergy between AM
processes, including 3-D and inkjet printing, the realization
of complex morphing RF/mm-wave structures, and fully
integrated communication systems and phased arrays.

A. Flexible Materials for 4-D Morphing RF
Structures

One of the primary challenges lies in the material limi-
tations of current 4-D printing technologies for RF applica-
tions, which not only must exhibit desirable shape-memory
characteristics, but also possess the electrical properties
required for high-frequency performance. Additionally, the
mechanical properties of these materials must be care-
fully engineered to withstand the stresses associated with
repeated folding and unfolding, a key aspect of origami-
based designs. For 4-D-printed origami and reconfigurable
devices, accurately assessing the electrical characteristics
of flexible materials stands as a foundational step, given
the potential variations in dielectric properties among
materials of the same type from different manufacturers
due to fabrication methods and material composition. Tra-
ditional flexible devices utilize commercially available flex-
ible substrates like polyethylene terephthalate (PET) and
Kapton. Kapton exhibits exceptional resilience to high tem-
peratures and maintains a consistent thermal expansion
coefficient across a broad operational temperature range
spanning from −269 ◦C to 400 ◦C. PET is popular for its
transparent and semicrystalline nature. However, a signif-
icant drawback of these commercially available materials
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is their inability to accommodate complex typologies or
facilitate heterogeneous multilayer integration. To address
this limitation, 3-D-printed flexible materials emerge as a
viable solution for customized designs. Within this con-
text, previous studies investigated different types of 3-D-
printed flexible materials from Formlabs 3 (SLA printer)
and Ultimaker S3 (FDM printer) through wideband char-
acterization spanning 26–40 GHz [265]. Notably, materi-
als such as Flexible 80A and Elastic 50A from Formlabs
exhibit larger dielectric constants and loss tangents, while
polypropylene (PP) from Ultimaker showcases an excep-
tionally low loss tangent of 0.001, making it preferable
for mm-wave flexible modules. Another critical challenge
involves the potential for plastic deformations during flex-
cycling experiments, which can compromise the long-term
mechanical and electrical stability of morphing RF struc-
tures. This issue is particularly concerning for repeated
folding and unfolding cycles. Notably, Hu et al. [266]
present a significant advancement in addressing this chal-
lenge, demonstrating that flexible 3-D “ramp” intercon-
nects can maintain stable performance after thousands
of flexing/unflexing cycles, thereby offering a promising
solution for enhancing the durability of these structures in
practical applications.

B. Origami-Inspired FSSs and Phased Array
Antennas

Reflectarray antennas combine parabolic reflectors’ best
features and phased array antennas, offering narrow
beams and high-gain radiation patterns. Recent research
has explored integrating 4-D printing and origami princi-
ples to advance reflectarray technology. Pioneering work
by Cui et al. [267], [268] showcased a first-of-its-kind
fully 3-D-printed mm-wave reflectarray. Using Formlabs
FLGR02 Flexible photopolymer, this reflectarray features
a novel one-shot deployable Kirigami-inspired flat-foldable
dielectric-based unit cell. Formlabs FLGR02, characterized
by a dielectric constant of 2.82 and a loss tangent of
0.027 at 29 GHz, offers favorable mechanical properties
with a tensile strength of 7.78.5 MPa and 8% elongation.
Building on this, subsequent research [269] presents a
refined Kirigami-inspired deployable reflectarray utilizing
Formlabs Flexible80A, a flexible resin-based photopolymer
characterized by a dielectric constant of 2.763 and a loss
tangent of 0.042 at 30 GHz, coupled with a Young’s modu-
lus of 4.4 MPa. The element design [Fig. 62(a)] showcases
a two-stage snapping-like structure inspired by Kirigami
principles, allowing for a 66% retraction to save space.
The fabricated reflectarrays, depicted in both retracted
and folded states [Fig. 62(b)], demonstrate the practical
implementation of these concepts. Additionally, the bifocal
measurement setup [Fig. 62(c)] illustrates the measured
realized gain of approximately 25 dBi at boresight, vali-
dating the efficacy of the proposed design approach.

Another category of microwave devices that have
greatly benefited from 4-D printing is FSSs. These struc-
tures manipulate EM waves by absorption, reflection, or

Fig. 62. Three-dimensional-printed Kirigami-inspired bifocal

beam-scanning dielectric reflectarray antenna for one-shot

deployability in mm-wave application. (a) Element design showing

deployed and folded states. (b) Fabricated 3-D-printed sample.

(c) Bifocal beam scanning reflectarray setup [269].

transmission through periodic metallic array geometries
arranged on a dielectric substrate. Shape-changing struc-
tures have, in turn, led researchers toward developing
continuous-range tunable FSSs. In Fig. 63(a) and (b), a
4-degree-of-freedom (DOF) “eggbox” origami-inspired FSS
is presented [270], [271]. The cross-dipole conductors are
fully additive inkjet-printed using SNP ink on a 110-µm-
thick cellulose paper substrate, characterized at 7.5 GHz
with a dielectric constant of 3.4 and a loss tangent of
0.015. Origami principles are then used to manipulate
the “eggbox” structure; a centrosymmetric structure that
can be folded or rotated along two axes. This demon-
stration marks a significant advancement compared to
previously utilized “Miura-Ori” origami structures, which
offer fewer degrees of control. The measurement results
[Fig. 63(c) and (d)] demonstrate a wide range of fre-
quency control, with a 25% fractional bandwidth achieved
for different eggbox origami bend angles and across verti-
cal and horizontal polarisations.

Actuating an origami FSS was then tackled by Nau-
roze and Tentzeris [272], [273]. Through an additive
design methodology, the authors realize a multilayer FSS
with an integrated thermal actuation mechanism featuring
unprecedented high mechanical strength. A unit-cell stack
is shown in Fig. 64(a), with the three-layer FSS consti-
tuting two outer cellulose paper substrates onto which
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Fig. 63. (a) Three-step additive fabricated process for the

fabrication of the eggbox-enabled FSS unit cell. (b) Demonstration

of the 4-DOF tuning methodology folding and rotating. (c) Vertical

(y-axis) and (d) horizontal (x-axis) polarization simulation and

measurement results [270], [271].

conductive traces are inkjet-printed and an intermediate
heat-sensitive polyester film. This film facilitates the actu-
ation of the Miura Ori structure and maintains optimum
interlayer distances as the MiuraFSS structure is folded to
preserve the desired frequency response. The fabricated
prototype, depicted in Fig. 64(b), is actuated between 60◦

and 120◦ with temperatures ranging from 35 ◦C to 50 ◦C.
Perforations are strategically employed to avoid substrate
cracking or breakage, and “bridgelike” slot structures facil-
itate the inkjet-printed dipoles folding in a smooth, curved
fashion along the fold lines, as demonstrated in Fig. 64(c).
The measured response of the FSS exhibits excellent agree-
ment with the simulation, as shown in Fig. 64(d).

Thus far, the 4-D origami structures presented have
required no active devices, enabling easy scalability by
allowing many individual unit cells to be fabricated and
then assembled in any desired configuration. However, the
realization of an origami-inspired shape-changing and fully
integrated phased array antenna demands beamformer
ICs. Moreover, suppose different antenna elements on
different faces of the origami structure are to be con-
nected through a feeding network. This introduces the
challenge of realizing metalized conductors over foldable

hinge structures, requiring electromechanical codesign
strategies.

Addressing these challenges, Al Jamal et al. [274] pre-
sented the first origami-inspired phased array operating
at 28 GHz with on-structure integrated beamformer ICs
and a face-to-face feeding network connecting all four
faces of the utilized “eggbox” origami, enabled by “arch”
hinge interconnects [Fig. 65(a)]. The “eggbox” origami,
foldable along two planes and multifaceted, allows the
phased array to achieve 360◦ beam-steering in the azimuth
plane with multibeam patterns. The fabricated prototype
[Fig. 65(b)] is additively manufactured using inkjet and
SLA 3-D printing, and measurements demonstrate the
exploration of radiation pattern reconfigurability through
2-DOF, offering simultaneous electrical beam-steering and
mechanical shape-change adaptability, a previously unex-
plored dimension [Fig. 65(c)–(e)]. Folding the eggbox
phased array along the y-axis enables a seamless transi-
tion in the radiation pattern, transforming it from four
independent beams to a quasi-isotropic pattern and finally
to two beams along the y-axis. By folding along the
x-axis instead, symmetrical patterns can be achieved. For
a given bend angle, the position of the pattern’s nulls,
beamwidth, and gain can then be independently controlled
by providing the right phase conditions to the 16 radiating
elements using the beamformer ICs. More generally, highly
integrated RF origami-inspired structures necessitate fold-
able hinge interconnects tailored for RF applications. That
is when connecting antennas and RF circuitry across dif-
ferent facets of the origami structure through TLs, it is
crucial not only to realize flexible hinge structures and

Fig. 64. Thermally actuated origami-inspired Miura FSS.

(a) Unit-cell design and multilayer stackup. (b) Thermal actuation of

a (1) single-layer polyester film-based FSS, and multilayer

sandwiched between two (2) cellulose and (3) polyester-based

single-layer FSS structures. (c) Bridge-like structures used for

different folding angles. (d) Frequency response for different folding

angles [272], [273].

988 PROCEEDINGS OF THE IEEE | Vol. 112, No. 8, August 2024



Yang et al.: Review of Multimaterial AME and 4-D Printing/Origami Shape-Memory Devices

Fig. 65. Four-dimensional origami-inspired, radio frequency

integrated circuit (RFIC)-based, and fully integrated phased array

incorporating foldable “arch” interconnects. (a) n × n array of an

“eggbox” origami. (b) Fabrication process, and fabricated unit cell

on a flexible 3-D-printed substrate. (c)–(e) Radiation pattern

reconfigurability for different folding angles [274].

maintain electrical continuity but also to ensure stable RF
performance, particularly with respect to IL. The mechani-
cal distortion these lines experience during shape changes
must be carefully managed to maintain consistent RF
characteristics. As aforementioned, Al Jamal et al. [274]
present the first additively manufactured mm-wave hinge
interconnect with an “arch” topology that exhibits near-
constant IL of 0.02 dB/mm across various folding angles
and cycles at 28 GHz. Other foldable interconnects at
lower frequency bands include liquid metal hinges for a
2.4-GHz origami-inspired antenna [275] and a PCB-milled
surrogate hinge structure for a 2.45-GHz antenna array
[276]. Any instability in electrical performance due to
folding should be either mitigated or intentionally lever-
aged to introduce controllable frequency and/or pattern
reconfigurability. It is also to be noted that mm-wave hinge
interconnects are more challenging to realize not only due
to the pronounced losses at higher frequencies but also due
to the smaller scale of the antenna radiators.

C. 4-D Phased Array Calibration

The emergence of flexible phased array systems has
drawn considerable attention due to their adaptable beam
steerability and deployable structures capable of support-
ing diverse platforms on virtually any conformal surface.
A tile-based phased array, manufactured via additive tech-
niques, presents a lightweight, flexible, and highly scalable
solution, accompanied by reduced costs and fabrication

durations. However, the primary challenge faced by such
conformal phased array systems lies in maintaining opti-
mal performance amidst varying deformations, neces-
sitating calibration of both the amplitude and phase
distribution of antenna elements. In response to this chal-
lenge, novel approaches have been proposed to achieve
shape calibration and phase correction of the conformal
phased array systems. Addressing these challenges requires
interdisciplinary collaboration between material scientists,
engineers, and designers. Advances in multimaterial 4-D
printing, the development of novel SMMs with tailored
electrical properties, and improved fabrication techniques
are all critical areas of research. Additionally, integrating
simulation tools that can accurately predict the behavior
of shape-changing 4-D-printed origami structures under
various conditions will be essential for optimizing their
design and performance in RF applications.

He and Tentzeris [277] employed an additively manu-
factured in-package flex sensor to enable precise bending
prediction and self-calibration of flexible phased arrays.
The dimensions of the inkjet-printed proof-of-concept flex
sensor are depicted in Fig. 66. To cover both North-
South (NS) and East-West (EW) bending axes, the sen-
sor is printed in a cross pattern, with additional dimen-
sions possible for sensing local deformations in larger
arrays. For accurate strain resistance measurement, the
change in resistance is incorporated into a Wheatstone-
bridge configuration, with the output voltage of the Wheat-
stone bridge being the difference in voltage between the
unknown strain resistance voltage divider and a known
voltage divider. This difference is then amplified using an
instrumentation amplifier and read using a microcontroller
unit (MCU). A systematic test structure was devised to
characterize the flexing under test swiftly and reliably, with
data collected at eight sequential notches corresponding to
bend radii of roughly 155, 80, 60, 50, 45, 40, 37.5, and
34.5 mm, encompassing 16 distinct bend classes. Using
discriminant analysis (LDA), classification was performed
based on feature vectors representing the percent change

Fig. 66. Demonstration of applications of flexible phased array

antenna that includes (a) wearable technologies, (b) conformal

structures, and (c) inkjet-printed patch array with (d) inkjet-printed

flex sensor.
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Fig. 67. (a) Calibrated phased array using sensor data (right)

versus uncalibrated equal phasing (left). (b) 160 data points

collected, with false predictions marked as “x.” The two groups

shown are the two NS and EW bend axis measurements.

(c) Confusion matrix of the LDA model, which demonstrates that this

is a good model as most of the predictions lie on the diagonal.

in voltage readings for both NS and EW axes. Fivefold
cross-validation was employed to assess the model’s accu-
racy, which is crucial for correct bend prediction to mitigate
significant gain errors, as demonstrated in Fig. 67(a).
The confusion matrix depicted in Fig. 67(c) highlights
the excellent correlation between true class and predicted
class, with minimal misclassifications. This approach was
evaluated using a 15 × 15 conformal array setup employ-
ing 29-GHz patch antenna elements spaced λ/2 apart,
demonstrating an average gain error cost of 1.04 dB per
misclassification, with an overall average gain error of
0.071 dB across the entire dataset, showcasing substantial
improvement compared to equal phase feeding configura-
tions. Demonstrating notable efficacy, the sensor achieved
an accuracy rate of 90% in predicting bend radii in both
directions across the plane of a 29-GHz 15 × 15 element
phased array model. While this method showcased effec-
tiveness in cylindrical phased arrays, they encountered
constraints when applied to scenarios involving irregular
surfaces or nonuniform spacings, consequently limiting
resolution.

More recently, a new approach was proposed to utilize
smartphones equipped with integrated 3-D depth cam-
eras and LiDAR sensors (Fig. 68) alongside an innovative
computer vision algorithm designed to detect bend angles
between neighboring subarray tiles to achieve the capa-
bility of on-the-fly adaptive shape calibration and phase
correction [278]. A 2 × 1 tiled phased array was utilized
as a test vehicle to demonstrate the proposed calibration
approach, similar to the one presented in [279]. The beam-
forming integrated circuit (BFIC) (Anokiwave AWS-0102)
uses serial peripheral interface (SPI) communication to

Fig. 68. Demonstration of the proposed camera-enabled

calibration method.

control the amplitude and phase of each antenna element.
A microstrip-to-microstrip transition was utilized to attach
individual tiles to the flexible tiling layer [279]. When the
2 × 1 tiled phased array is bent at an angle θ, each array
tile has the main lobe direction off from boresight by the
angle θ, leading to reduced realized gain and lower radi-
ation efficiency. By calibrating the phased array, a phase
shift will be applied to each antenna element using SPI
control from BFIC, to steer the main lobe of each array tile
by the angle θ to correct the radiation pattern and refocus
the main beam to boresight for optimal performance.

The initial stage of the algorithm involves processing
raw data obtained from the smartphone camera to detect
the normal vector of the sample holder for the bent-tiled
phased array. The standard Hough transform (SHT) is
then employed to extract information from the detected

Fig. 69. Comparison of simulated and measured radiation patterns

of phased array calibration results in bend configurations of 0◦, 15◦,

30◦, and 45◦.
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lines, determining the line equations for calibration. Subse-
quently, the algorithm computes the Z-axis rotation angle
by refining the detection region to focus solely on the
phased array and applying a second SHT edge detection
for the tiling layer. With the phased array’s edge and pre-
viously computed normal vector, the XY plane and Z-axis
are rotated using a 3-D rotation matrix. After calibration,
data points along the phased array’s edge line are sampled,
and a linear curve fitting algorithm is applied to determine
the bend angle of the phased array, which is calculated as
the average of the arc tangent of the slopes.

To assess the algorithm’s validity, the phased array
was positioned on various 3-D-printed angular blocks,
spanning angles from 5◦ to 85◦. The results indicate
the algorithm’s capability to produce accurate outcomes,
with angular errors below 0.8◦ for each bent sample.
Fig. 69 displays the measured radiation patterns for each
configuration, indicating that the calibrated phased array
successfully achieves impressive beamforming patterns,
particularly noticeable at larger bend angles. At a 45◦ bend
angle, the array consolidates two beams from each tile into
a single beam, correcting the main lobe direction from
±47◦ to 0◦. The calibrated phased array demonstrates a
minimum 7-dB gain increase and over 5-dB reduction in
sidelobe level across different bend angles.

VII. CONCLUSION
This article provides an overview of the latest advance-
ments in AME encompassing conductive and dielectric
multimaterials, alongside the exploration of 4-D printing
and origami shape-memory electronic devices by delv-
ing five critical AME processing techniques: FDM [90],
[139], AJP [140], PI [142], [143], TIP [141], [280],
[281], [282], [283], and DIW [144], [145], [284],
[285]. A detailed design guideline and illustrative exam-
ples utilizing various 3-D printing technologies are out-
lined. The emerging concept of 4-D printing is also
introduced and juxtaposed with traditional 3-D print-
ing methods, with discussions on different SMMs and
associated printing techniques. The 4-D printing allows
the use of SMMs in intelligent electronics, adding the
dimension of time to the manufacturing or training

process, which sets it apart from conventional 3-D-printed
electronics. This article showcases design examples for
future wireless communications and sensing applications,
offering insights into shape-memory training and stim-
uli methods. The 4-D origami and reconfigurable phased
arrays and reflectarrays are explored by highlighting
shape-morphing RF structures for electronic function
reconfigurations such as radiation patterns, frequencies,
polarisations, and beam-steering. These advancements
hold promise for applications in smart phones, small
satellites, and wearable electronic devices. This compre-
hensive review aims to equip electronic engineers with
an in-depth understanding of cutting-edge 3-D/4-D print-
ing technologies for intelligent reconfigurable devices,
anticipating their significance in the coming decade.
The step-by-step guidelines provided serve as valuable
resources, aiding engineers in AME throughout the
entire process, from conceptual design to fabrication and
implementation.

Advanced AM technologies, especially when integrated
with SMMs, unlock significant potential for designing
and fabricating novel, high-performance, and reconfig-
urable electronic devices. However, further technological
advancements and developments are not unnecessary in
achieving widespread real-world applications. First, the
range of accessible SMMs for AM is not sufficiently diver-
sified, and material scientists currently aim for optimiza-
tion of the mechanical and electrical properties, including
the types, speed, and accuracy of stimulus responses, the
antioxidation and durability of SMAs, and the strength
of SMPs. In addition, the techniques for printing SMMs
with high-resolution, time-efficiency, and cost-effectiveness
have not been well-developed and widely adopted in the
industries. The yield rates for multimaterial and highly
integrated 4-D printing remain low, and specific print-
ing platforms are often restricted to certain categories
of printing materials. Furthermore, there is a lack of
a systematic design methodology that precisely details
the characteristics of different SMMs, as well as com-
prehensive CAD software that specifically addresses the
nuances of heat treatment, mechanical loading, and mem-
ory training, with a focus on achieving bidirectional
SMEs.
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