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Abstract: Three-dimensional (3D) printing is a new
paradigm in customized manufacturing and allows the
fabrication of complex optical components and meta-
photonic structures that are difficult to realize via tradi-
tional methods. Conventional lithography techniques are
usually limited to planar patterning, but 3D printing can
allow the fabrication and integration of complex shapes or
multiple parts along the out-of-plane direction. Addition-
ally, 3D printing can allow printing on curved surfaces.
Four-dimensional (4D) printing adds active, responsive
functions to 3D-printed structures and provides new
avenues for active, reconfigurable optical and microwave
structures. This review introduces recent developments in
3D and 4D printing, with emphasis on topics that are inter-
esting for the nanophotonics and metaphotonics commu-
nities. In this article, we have first discussed functional
materials for 3D and 4D printing. Then, we have presented
the various designs and applications of 3D and 4D print-
ing in the optical, terahertz, and microwave domains. 3D
printing can be ideal for customized, nonconventional
optical components and complex metaphotonic struc-
tures. Furthermore, with various printable smart mate-
rials, 4D printing might provide a unique platform for
active and reconfigurable structures. Therefore, 3D and
4D printing can introduce unprecedented opportunities
in optics and metaphotonics and may have applications
in freeform optics, integrated optical and optoelectronic
devices, displays, optical sensors, antennas, active and
tunable photonic devices, and biomedicine. Abundant
new opportunities exist for exploration.

*Corresponding author: Young Chul Jun, School of Materials Science
and Engineering, Ulsan National Institute of Science and Technology
(UNIST), Ulsan 44919, Republic of Korea, e-mail: ycjun@unist.ac.kr.
https://orcid.org/0000-0002-7578-8811

Hoon Yeub Jeong, Eunsongyi Lee, Soo-Chan An and Yeonsoo Lim:
School of Materials Science and Engineering, Ulsan National
Institute of Science and Technology (UNIST), Ulsan 44919, Republic
of Korea

Keywords: 3D printing; 4D printing; functionalized ink;
smart materials; optical components; metaphotonic
structures.

1 Introduction

Three-dimensional (3D) printing is a new paradigm in
the customized manufacturing of products and compo-
nents using digital blueprints [1-3]. In contrast to tradi-
tional subtractive manufacturing methods, an arbitrary
3D object can be built layer-by-layer from the bottom up;
thus, this technique is also referred to as additive manu-
facturing. 3D digital objects can be realized with unprec-
edented complexities in shape and material. Various
materials, such as polymers, ceramics, composites, and
metal powders, have been used in 3D printing. 3D printing
is employed in various fields, including automotive and
aerospace [4, 5], microfluidics [6, 7], bioengineering [8, 9],
and medicine [10].

Figure 1 shows different types of conventional 3D
printing methods, and Table 1 presents their main fea-
tures. Fused deposition modeling (FDM) is a common
type of 3D printing that is widely used in either low-cost
3D printers or professional 3D printers. It is based on
the material extrusion, where thermoplastic materials
are melted and pulled out through a nozzle to form suc-
cessive object layers. PolyJet 3D printing is based on the
material jetting, where liquid photopolymers are dropped
and cured with ultraviolet (UV) light. The cured layers are
built one-by-one to create a complete 3D object. Direct ink
writing (DIW) is an ink-based technique, where ink can be
extracted from a nozzle, like a fluid, because of low vis-
cosity with applied shear stress. The printed structure can
maintain its shape owing to high viscosity in the absence
of shear stress. Stereolithography (SLA) involves the for-
mation of a solidified component from a liquid bed via
laser illumination. Laser light cures photopolymers and
the exposed portion of the polymers hardens with each
pass over the object. After each pass, the built plate or
platform moves down slightly until the intended 3D struc-
ture is completed. A digital light processing (DLP) is used
in DLP 3D printing to expose each and entire layer all at
once, and thus DLP can enable large printing volumes
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Figure 1: Schematics of the 3D printing methods: Fused deposition modeling (FDM), Poly)et (or Material jetting), Direct ink writing (DIW),
Stereolithography (SLA)/Digital light projector (DLP), Direct laser writing (DLW), Selective Laser Sintering (SLS).

Table 1: Comparison of 3D printing methods.

Printing method Materials Advantages Disadvantages
FDM Thermoplastic polymers Simple Low resolution
Cheap Roughness issue

PolyJet (material jetting)

DIW

SLA/DLP

DLW

SLS

Photocurable polymer

Polymers, ceramics

Photocurable resin

Photoresist

Photocurable polymer

Metal powder, ceramic
powder, polymer powder

Multi-material
Smooth surface
High quality
Diverse material
Versatility

Smooth surface
Recyclable raw material

High resolution
No need for support

No need for support
Recyclable raw material
High quality

Limitation in complexity
High cost

Low resolution
Fragile

Post curing
Single material
Limited material
Resin absorbs moisture
High cost
Limited material
Time consuming
Roughness issue
High cost

Post processing
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at high speed. Direct laser writing (DLW) uses nonlinear
multi-photon absorption induced by ultrafast laser pulses
to increase the resolution. Metal powders and ceramic
powders are commonly used in selective laser sintering
(SLS), where the powder is piled up layer-by-layer and
laser sintering is performed to create metal or ceramic 3D
structures.

3D printing has been also employed for the fabrica-
tion of complex optical components and metaphotonic
structures. Conventional lithography techniques (such
as photolithography and electron-beam lithography)
are usually limited to planar, two-dimensional (2D)
patterning. However, 3D printing can allow the fabrica-
tion of complex 3D shapes and multiple parts without
post-assembly. 3D-printed optical components can be
interconnected along the out-of-plane direction, which is
extremely difficult for traditional planar (2D) patterning
techniques. Additionally, 3D printing can allow printing
on nonplanar surfaces or curvilinear substrates. Further-
more, it allows a high level of customization and reduces
the amount of material waste in production. Moreover,
3D printing can be useful for fabricating metaphotonic
structures. Metaphotonics offers unprecedented control
of electromagnetic fields in engineered materials and
structures, in a manner not achievable with conventional
optics [11]. Therefore, metaphotonics often require non-
conventional, complex 3D structures.

While 3D printing normally produces static structures
with fixed shapes and functions, four-dimensional (4D)
printing adds active, responsive functions to 3D-printed
structures (the additional dimension is time ¢) [12, 13].
4D-printed structures are also called “programmable
matter”; a response can be programmed into materials
via structural and compositional design. 4D printing can
be realized by using smart materials that respond to envi-
ronmental stimuli, such as heat, moisture, pH, chemical
species, and electric or magnetic fields. Therefore, using
4D printing, the shape or properties of structures created
via 3D printing can be transformed in response to external
stimuli. These active structures can be useful for a wide
range of potential applications in actuators, switches,
sensors, deployable structures, soft robotics, and medical
devices.

Four dimensional printing concept was introduced
by Tibbits [14]. They demonstrated a 3D-printed self-
folding structure; this printed structure was initially a
one-dimensional rod, but when immersed in water, the
structure was transformed into a 3D structure, because
of the swelling of polymers in water. 4D printing research
is being further accelerated with the rapid development
of multi-material 3D printing. Multi-material printing
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can provide a venue for realizing various active struc-
tures. Based on multi-material 3D printing, there have
been various studies on multi-functional structures and
sequentially deforming or actuating structures [15-18].
For example, Le Duigou et al. fabricated a bio-inspired
electro-thermo-hygro reversible shape-changing structure
using a hygroscopic polyamide matrix and continuous
carbon fibers [19]. Mao et al. fabricated sequential self-
folding structures using different shape-memory poly-
mers (SMPs) [20]. 4D printing can also be applied to soft
robots to remove complex sensors or electric circuits. Chen
et al. fabricated soft untethered robots that can propel to
a desired direction in water [21]. To obtain the driving
force to propel a soft robot, they introduced a bistable fin
structure; the fin structure snapped to another stable state
rapidly in water, and the soft robot was propelled in the
target direction. Additionally, 4D printing can be applied
to active optical and microwave structures.

In this paper, we have presented a variety of recent
developments in 3D and 4D printing with regard to appli-
cations in optics and metaphotonics. This review focuses
on topics that are interesting for the nanophotonics and
metaphotonics communities. In Section 2, we have dis-
cussed functional materials for 3D and 4D printing.
We first introduced 3D printing filaments and inks that
include nanoparticles or conductive materials inside.
Then, we have discussed smart materials for 4D print-
ing. In Section 3, we have presented various designs and
applications of 3D and 4D printing in the optical, terahertz
(THz), and microwave domains. Lastly, we have concluded
with future perspectives in Section 4.

2 Functional materials for 3D and
4D printing

2.1 3D printing with embedded functional
nanoparticles

3D printing requires novel materials to enhance the
functionalities of printed structures. However, the avail-
able materials for 3D printing are limited, because of the
requirements for printing; e.g. materials with appropriate
shear stress are needed to maintain the shape during DIW,
and transparent materials are needed for photopolym-
erization in SLA. In this regard, mixing functional nano-
particles with conventional 3D printing materials can be
a viable option to enhance the optical functionalities of
printed structures. There have been several reports on 3D
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printing with embedded functional nanoparticles, such as
plasmonic metal nanoparticles, quantum dots (QDs), and
luminescent dye molecules.

Figure 2 shows several examples of functional
structures with selective light absorption or emission.
Figure 2A-C show metal nanoparticles with different
sizes [22]. Silver nanoprisms exhibit higher plasmonic
sensitivity than spherical nanoparticles (Figure 2A) and
have advantages for sensing and filtering applications.
The nanoprism absorption peak is very sensitive to their
size (15-80 nm) and covers almost the whole visible
region. Therefore, silver nanoprisms exhibit various
colors depending on their size (Figure 2B and C). These
nanoprisms were mixed with conventional printing mate-
rials [Pluronic F-127 and poly(ethylene glycol) diacrylate
(PEGDA)] to create 3D-printed colored structures with
discrete color grading (Figure 2D) and continuous color
grading (Figure 2E). By controlling the syringe pressure,
different nanoparticle distributions (either discrete or
continuous) were obtained via 3D printing.

Semiconductor QDs can emit light at different
wavelengths (i.e. different colors), because of the size-
dependent quantum confinement effect. Figure 2F shows
a fully 3D-printed QD light-emitting diode (QD-LED) on a
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Figure 2: 3D printing with functional nanomaterials.
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contact lens [23]. The QD emission layer was printed via
DIW together with multiple other layers. A 3D-printed
orange-red QD-LED on a non-flat contact lens exhibited
good electrical characteristics (Figure 2G). Because 3D
printing can be performed on curved surfaces as well as
flat planes, 3D-printed QD-LEDs are promising for many
novel applications. Luminescent dyes were also employed
for 3D printing [24]. Figure 2H shows 3D-printed struc-
tures under UV lamp illumination. These 3D structures
were printed with embedded luminescent dyes: Rhoda-
mine B (red color), Solvent Yellow 98 (green color), and
BBOT (blue color). Complex luminescent structures were
printed with DLP using luminescent photopolymer resins.
Various colors were obtained by blending two or more
resins (Figure 2I).

2.2 Conductive filaments and inks for
microwave antennas and components

Conductors are very effective for generating and confin-
ing electromagnetic waves and thus are essential for
many microwave antennas and components. However,
the conventional fabrication methods for microwave

Quantum dots
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(A) TEM images of different sizes (15, 39, 58, 79 nm) of silver nanoprisms. (B) Photograph of Pluronic F-127 plasmonic inks with different
sizes of silver nanoprisms. (C) Absorbance spectra (Inset shows the printed inks, scale bar: 5 mm). (D) Photograph of a discretely
functionally graded 3D-printed plasmonic cube. (E) Photograph of a continuously functionally graded 3D printed plasmonic cube (scale
bars: 5 mm). Adapted from Ref. [22]. Copyright (2017) John Wiley & Sons. (F) Schematic showing the QD-LED components printed on a curved
surface. (G) Graph of current density vs. voltage of the 3D-printed QD-LED on a contact lens. The inset exhibits the electroluminescence from
the 3D-printed QD-LED (scale bar: 1 mm). Reprinted from Ref. [23]. Copyright (2014) ACS Publications. (H) DLP printed complicated vases
under the UV light illumination, which show luminescent red, green, and blue colors. (I) Photograph of the different luminescent color resins
by blending. Reprinted from Ref. [24]. Copyright (2017) John Wiley & Sons.



DE GRUYTER

components often involve multiple processing steps (such
as metal deposition, etching, and micromachining), as
well as post-integration. 3D printing of conductive mate-
rials can be a viable alternative; conductive composite
filaments and inks that include carbon materials (graph-
ite, carbon black, etc. [25]) or metal particles as fillers in
a polymer matrix can provide sufficient conductivity for
many practical applications. In particular, 3D printing of
such composite materials is promising for lightweight,
flexible microwave components. Additionally, for enhanc-
ing the design flexibility or functionality, it is possible
to control or gradually vary the dielectric permittivity by
using several filaments together or dynamically mixing
inks. Moreover, 3D printing can allow the direct printing
of complex structures without micromachining.

Antenna
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Figure 3 shows the several examples of 3D-printed
microwave antennas and components. Figure 3A shows a
flexible, lightweight bowtie antenna [26]. It was 3D-printed
using conductive acrylonitrile butadiene styrene (ABS) as
an antenna material (black part in the figure) and PLA as a
substrate (red part in the figure). Then, the printed antenna
was attached to an SMA connector using conductive glue.
The bowtie antenna exhibited a good return loss in the fre-
quency range of 6.8-8.7 GHz (corresponding to a relative
bandwidth of 24%) (Figure 3B). Additionally, using con-
ductive filaments that included copper particles, 3D print-
ing of Mills cross cavity antennas was demonstrated for
computational microwave imaging [27]. Figure 3C shows
the receiving (left) and transmitting (right) cavities. In the
antenna, slot-shaped unit cells have rectangular slots for

Antennas for imaging
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Figure 3: Conductive materials for microwave applications.

(A) Photograph of a 3D-printed antenna. (B) Reflection coefficient spectrum of the 3D-printed antenna. Reprinted from Ref. [26]. Copyright
(2015) IEEE. (C) Picture of 3D-printed Mills-Cross cavity antennas. The left side is a receiving cavity and the right one is a transmitting cavity.
(D) Synthesized composite apertures for imaging of a point-scatter array. (E) Reconstructed image of the array by the computational imaging
algorithm. Reprinted from Ref. [27]. Copyright (2017) IEEE. (F) 3D printing of conductive scaffolds using a CNT/PLA solvent. (G) Graph of
averaged EMI SE of the solid (i.e. filled) and scaffold patterns with different CNT loadings in the X-band range. Reprinted from Ref. [28].

Copyright (2017) Elsevier.
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single-polarization imaging with varying lengths for the
flattening of the radiation response in the K-band region.
Using information collected from antennas with swept fre-
quency, original images were reconstructed via computa-
tional imaging algorithms (Figure 3D and E).
Electromagnetic interference (EMI) shielding was
demonstrated using conductive inks, where carbon
nanotubes (CNTs) were mixed with a PLA matrix and
dissolved in a dichloromethane (DCM) solvent [28]. Con-
ductive patterns were 3D-printed using a micronozzle
and then solidified rapidly via the volatile DCM solvent
(Figure 3F). This method was denoted as solvent-cast
3D printing. In contrast to 3D printing of solid filaments
with high filler contents, it was free from clogging in the
nozzle, because of the low viscosity of the conductive
inks dissolved in the solvent. With the increasing CNT
content, the EMI shielding effectiveness (SE) increased
up to 30 dB (corresponding to 0.1% transmission) for
a patterned scaffold with an inter-filament spacing
of 0.7 mm (Figure 3G). Additionally, this EMI shield-
ing pattern maintained visible-region transparency
of >40%. Thus, conductive-ink patterns can provide

A

Figure 4: 4D printing with smart materials.
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effective shielding of microwave signals while maintain-
ing substantial transparency to the human eye.

2.3 Smart materials for 4D printing

3D printing of smart materials that are responsive to exter-
nal stimuli (such as heat, moisture, electric/magnetic
fields, and pH) is called 4D printing (the fourth dimension
is time). In this case, 3D-printed structures are no longer
static; rather, their shapes or functionalities can transform
over time (Figure 4A). More information regarding general
4D printing research can be found in recent reviews
[34-37]. In this section, we have provided more details on
stimuli-responsive, smart materials that have been widely
employed for 4D-printing studies: SMPs, hydrogels, and
liquid crystal elastomers (LCEs).

The 4D printing of SMPs involves 3D printing of an
original shape, followed by thermomechanical program-
ming. During thermomechanical programming, the
printed SMP structure is deformed into a temporary shape
above the glass-transition temperature T, and then cooled
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(A) 4D-printed structure that transforms its shape from a 1D line to a 3D cube. Adapted from Ref. [14]. Copyright (2014) John Wiley & Sons.
(B) The shape memory process of the cubic frame made of carbon black doped polyurethane under light illumination of 87 mW/cm?. Adapted
from Ref. [29]. Copyright (2017) John Wiley & Sons. Copyright (2016) Nature Publishing group. (C) 3D-printed structure that is mimicking

the insect. The deformation behavior of the structure in a 30°C water is shown over time. The image on the lower right corner is the fully
recovered structure in the 60°C water. Adapted from Ref. [16]. (D) Photographs of the shape memory assisted self-healing effect. Inserted
pictures are the optical microscope images with a scale bar of 1 mm. Adapted from Ref. [30]. Copyright (2018) ACS Publications. (E) Hydrogel
based 4D-printed structure (scale bar: 1 cm). Adapted from Ref. [31]. Copyright (2017) John Wiley & Sons. (F) Sequential deformation of a
multi-material LCE structure. With molecular engineering, different actuation temperatures were realized (scale bar: 5 mm). Adapted from
Ref. [32]. Copyright (2019) John Wiley & Sons. (G) 4D-printed structure that combined LCE with PDMS for adaptive optics. The pictures show
the grid observed at different temperatures. Adapted from Ref. [33]. Copyright (2018) John Wiley & Sons.
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back to room temperature to fix the temporary shape.
When it is heated again above the T, the original perma-
nent shape is recovered. SMPs can be easily used in con-
ventional 3D printing methods, such as FDM and PolyJet.
Thermoplastic SMPs such as PLA [38, 39] and thermo-
plastic polyurethane [29, 40, 41] can be used in FDM 3D
printing. For example, Yang et al. fabricated photorespon-
sive 3D-printed structures using polyurethane filaments
that included carbon black [29] (Figure 4B). Owing to the
high efficiency of the photothermal conversion of carbon
black, the programmed structures returned to their origi-
nal shapes under light illumination (even under sunlight).
In the PolyJet method, UV-curable SMPs [13, 16, 42] such
as photocurable polyurethane can be used. For example,
Wu et al. fabricated multi-shape active composites with
photocurable polyurethane-based SMPs [16] (Figure 4C).
By combining several SMPs with different T, values and
rubber-like printing materials, a 4D-printed structure was
demonstrated that had different shapes at different tem-
peratures. SMPs have been also used in other 3D-printing
methods. Zarek et al. created SMP structures for flexible
electronic devices using SLA [43]. Conductive ink print-
ing was combined with SMP structures to define electrical
contacts. With electrical Joule heating, an electrical con-
duction path was formed via the shape-memory function,
and an LED was turned on. Kuang et al. fabricated highly
stretchable, self-healing SMP structures using UV-assisted
DIW [30] (Figure 4D). Semi-interpenetrating polymer
network elastomers containing shape-memory polyure-
thane were used. With the assistance of the shape-mem-
ory effect, a relatively large cracked surface was healed at
an elevated temperature via entangled polymer chains.
Many 4D-printing studies have been conducted on
the swelling feature of hydrogels. For example, Raviv
et al. printed shape-changing 2D sheets consisting of a
rigid plastic material and a water-swellable material [44].
Those materials were combined into a bilayer hinge and,
when immersed in water, the overall structure was bent.
The water-swellable material consisted of vinyl caprolac-
tam, polyethylene, epoxy diacrylate oligomer, and curing
agents. When immersed in water, the swellable material
formed a hydrogel. Using similar materials, including
hydroxyethyl acrylate, hydroxyethyl methacrylate (HEMA),
and potassium 3-sulfopropylmethacrylate, Huang et al.
demonstrated 3D-printed, programmable hydrogel struc-
tures [31] (Figure 4E). By illuminating certain patterns
with different exposure times, they tuned the immersed
state of structure. Another widely used hydrogel material
is poly(N-isopropylacrylamide) (pNIPAM) [45, 46], which
exhibits a temperature-dependent water swelling charac-
teristic. It loses some water above the critical temperature,
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although it normally swells in water. Naficy et al. fab-
ricated reversible shape-morphing structures using a
printed bilayer structure of pNIPAM and pHEMA [47].
When the structure was immersed in water at 20°C, the
swelling ratio of the pNIPAM was larger than that of the
pHEMA, and the laminated structure was bent toward the
pHEMA face. However, when the temperature increased
to 60°C, the pNIPAM was dehydrated, and the swelling
ratios of the two materials were reversed. Therefore, the
bilayer was bent to the pNIPAM face. Additionally, biomi-
metic 4D printing was demonstrated using hydrogels that
contained cellulose fibrils [48]. The local orientations of
the fibrils were controlled during the printing to generate
different swelling ratios in different parts, which led to
various 3D shape changes.

LCEs have two states; nematic and isotropic states.
At low temperatures, LCE molecules arrange into a linear
shape. Above the transition temperature, the arrangement
of the molecules breaks down, and LCEs transform into
the isotropic, randomly organized state. Consequently,
the overall size of the structure decreases. For example,
thermo-responsive 4D printing has been conducted using
LCEs. The typical materials used include 1,4-bis-[4-(3-acry-
loyloxypropyloxy) benzoyloxy]-2-methylbenzene (RM257)
and 1,4-bis-[4-(6-acryloyloxhexyloxy) benzoyloxy]-2-meth-
ylbenzene (RM82). Yuan et al. fabricated a sequential
folding box combining silver ink printing and elastomer/
LCE printing and realized a laminated actuator structure
[49]. With an applied electric bias, the temperature of the
laminated actuator increased, because of Joule heating of
the silver ink pattern. The ordinary elastomer material did
not exhibit a significant change in length, whereas the LCE
exhibited a significant decrease in length. Therefore, the
laminated structure was bent to the LCE surface. Saed et al.
fabricated another elastomer actuator using RM257 and
RMS82 [32] (Figure 4F). They molecularly engineered LCEs
with two different monomers, different spacer polymers,
and crosslinkers. The modulus, transition temperature,
and viscosity of the LCEs were tuned. With different tran-
sition-temperature conditions, an actuator holding three
different shapes in different temperature regimes was dem-
onstrated. Ambulo et al. controlled the molecular direction
of LCEs by controlling the DIW path [50]. With program-
ming of the printing path, a printed flat structure morphed
into a 3D structure when heated. Kotikian et al. 3D-printed
RM82 LCEs using DIW at a high operating temperature
[51]. By optimizing the printing speed and temperature,
an LCE actuator was demonstrated. Above the transi-
tion temperature, the transition temperature, the length
of LCE actuator decreased by 40% along the organized
axis. This transformation was reversible over 100 cycles of
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temperature variation. Additionally, programmable shape-
morphing structures that transform from 2D to 3D or from
one 3D structure to another 3D structure have been demon-
strated by controlling the printing path. Lopez-Valdeolivas
et al. also fabricated a thermo-responsive lens for adaptive
optics combining RM82 with optically transparent polydi-
methylsiloxane [33] (Figure 4G).

3 3D and 4D printing design
and application for optics
and metaphotonics

3.1 3D printing for optical and optoelectronic
components

3D printing can be ideal for customized, complex optical
components. For example, opto-mechanical components
[52], photonic crystal fibers and waveguides [53], grat-
ings, and lenses [54, 55] have been fabricated. 3D print-
ing has special advantages for fabricating advanced
optical components that are difficult to realize using
conventional methods. Several optical elements can be
fabricated and integrated together without an additional
assembling process. Moreover, various freeform optical
components can be realized, [56-60] because freeform
optics often requires complex geometries that cannot be
achieved with conventional symmetric shapes, 3D print-
ing of freeform integrated optical components is attract-
ing increasing attention in a variety of optical fields [61,
62]. For example, it could be important for lightweight,
head-mounted displays for virtual reality and augmented
reality [63, 64].

SLA—one of the common 3D printing methods—was
invented by C. Hull in 1986 [65]. In SLA, a focused UV laser
beam is applied to liquid photopolymers that are com-
posed of monomers and oligomers and photo-initiators
triggering polymerization [66-70]. After one layer is solidi-
fied by the laser beam, the same process is repeated for
the subsequent layers. Recently, a parabolic mirror with
nanometer-scale surface roughness (approximately 3 nm)
was fabricated using SLA (Figure 5A) [71]. Its focused
beam profile was almost identical to the beam from a
mirror fabricated via conventional diamond milling [77].
Optical parts were printed using SLA and a wax printer
then, a polymer mixture gel composed of methacrylates,
acrylates, and urethane-based polymers was coated
and UV-cured. The SLA 3D printing of transparent fused
silica glass components at resolutions of a few tens of
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micrometers was also demonstrated recently [78]. The
printed fused silica glass had the optical transparency
of commercial fused silica glass and also had a smooth
surface with a roughness of a few nanometers. Addition-
ally, 3D printing of an optically clear ballistic gel has been
considered for soft and stretchable optical components
[79]. Although a smooth surface with a roughness of a few
nanometers was achieved, it is still difficult to construct a
nanometer-scale unit voxel using SLA.

DLW based on multi-photon absorption polymeriza-
tion makes it possible to obtain a higher resolution [80].
High-power femtosecond laser pulses can increase the
nonlinear multi-photon (usually two-photon) absorp-
tion and trigger the solidification of a small focal volume.
Negative photoresists are typically used, and the parts
exposed to laser remain after development. Many optical
devices have been demonstrated using DLW, including
waveguides [81], objective lenses [82], axicons [83], and
optical sensors [84]. S. Maruo and S. Kawata applied two-
photon absorption polymerization to the fabrication of a
microscale structure for the first time [85]. A femtosecond
laser beam was focused onto a photosensitive polymer,
and crosslinking in the polymer occurred in the region of
laser spot, because crosslinking occurs when the exposed
dose of the beam exceeds polymerization threshold, only
the very center of focused beam can overcome the polym-
erization threshold. This leads to polymerization in a sub-
wavelength region. By scanning the laser focusing spot,
it was possible to fabricate arbitrary 3D structures on the
subwavelength scale [74, 86]. More recently, Gissibl et al.
demonstrated sub-micrometer optical elements printed
onto a single-mode fiber (Figure 5B) [72]. Optical elements
such as spherical lenses, toric lenses, and freeform lenses
with donut-shaped and top-hat-shaped intensity distri-
butions were also demonstrated. The same group dem-
onstrated ultracompact compound multi-lens objectives
with micro- and nano-optical elements [87]. Furthermore,
Thiele et al. directly printed a freeform lens on a comple-
mentary metal-oxide semiconductor image-sensor chip
[73]. Four doublet objectives with different focal lengths
and a common focal plane were printed together, with
a footprint smaller than 300 um x 300 um. A foveated
imaging system with a field-of-view (FOV) up to 70° was
achieved (Figure 5C). When lenses with FOVs of 20°, 40°,
60°, and 70° were combined, the foveated image appeared
even clearer.

3D printing has been also used to fabricate optical
waveguides and optoelectronic devices. Using a
stretched solution meniscus, Pyo et al. performed
3D printing of polystyrene nanowaveguides as well
as a multiplexer and a splitter directly attached to a
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Figure 5: 3D printing for optical and optoelectronic components.

(A) 3D-printed parabolic mirror after smoothing and aluminum deposition. Adapted from Ref. [71]. Copyright (2018) Nature Publishing Group.
(B) Left: Scanning electron microscope (SEM) image of a sub-micrometer optical element printed onto a single-mode fiber (scale bars:

25 um). Right: Measured topography using optical interferometry of a spherical lens with a lens thickness of 250 um, a radius of curvature
85.77 um. Adapted from Ref. [72]. Copyright (2016) Nature Publishing Group. (C) Left: Four different FOV compound lenses on the same
CMOS image sensor and the SEM image of a 3D-printed doublet lens. Right: Comparison of simulation and measurement images through
a single compound lens with FOV of only a 70° (left), and with 20°, 40°, 60°, 70° (right). Adapted from Ref. [73]. Copyright (2017) AAAS. (D)
Illustration explaining optical interconnection between two ZnO nanorods (Z1, Z2) through a polystyrene nanowire (P1). Adapted from Ref.
[88]. Copyright (2016) John Wiley & Sons. (E) Left: Schematic view of the 3D printing system. The zoom-in part represents a 3D-printing
method inspired by the light guide of an optical fiber. Right: Helical structure where light is guided and transmitted. Adapted from Ref.
[75]. Copyright (2019) John Wiley & Sons. (F) Left: Schematic of the structure of the photodetector. Center: Photograph of the concentric
photodetector array printed onto the inner surface of a hemispherical glass dome. Right: I-V characteristics of the photodetector onto the
hemispherical glass dome. Adapted from Ref. [76]. Copyright (2018) John Wiley & Sons.
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nanophotonic source [88]. When a ZnO nanorod (Z1)
was excited by laser, its photoluminescence was suc-
cessfully delivered to another nanorod (Z2) through
the nanowaveguide (P1) (Figure 5D). They also fabri-
cated an optical interconnect that delivered optical
power over a gap (or a step) and functioned even under
stretching. Lim et al. used photocurable hydrogels not
only as a waveguide, but also as a source path simul-
taneously (Figure 5E) [75]. Light transmitted through
the printed waveguide was used to polymerize the next
droplet of the hydrogel precursor. This new 3D printing
method employed the total internal reflection at the core
(hydrogel)-cladding (air) interface. Smooth surfaces
were printed without supports, and various freestand-
ing overhanging and helical 3D structures were realized.
Figure 5F shows polymer photodetectors 3D-printed via
solution extrusion [76]. A photodetector was printed
layer-by-layer, and the printed device was as smooth
as spin-coated ones. The printed device exhibited an
external quantum efficiency of 25.3% at -1 V and a rec-
tification ratio of ~10° (ratio of forward to reverse diode
current in the dark at #1 V), which are comparable to
those of microfabricated organic photodetectors. Photo-
detectors were also printed onto a curved surface (inner
surface of hemisphere glass) and exhibited no deteriora-
tion in photodetection due to bending.

3.2 3D printing for optical metamaterials

DLW based on two-photon absorption polymerization can
allow a patterning resolution of <100 nm and has been
used to fabricate various nanophotonic structures and
optical metamaterials, such as log-pile photonic crystals
[89], spiral photonic crystals, and 3D split-ring metama-
terials [90]. Figure 6A and B show periodically arranged
standing U-shaped resonators (SUSRs) that exhibit perfect
absorption or reflection depending on the incidence
polarization [91]. After two-photon absorption polymer-
ization patterning, gold-layer coating via magnetic sput-
tering was performed. The fabricated 3D SUSRs exhibited
perfect absorption for x-polarized light. Additionally, they
exhibited perfect reflection for y-polarization. Figure 6C
and D show the simulated and measured spectra. 94%
absorption was experimentally achieved at the mid-infra-
red (IR) frequency of 1200 cm™. The fabricated structure
also exhibited sufficient thermal stability, even though it
was composed of polymer materials. There was no signifi-
cant change of the resonant absorption peak up to 100°C.
At 200°C, the gold layer on top of the photoresist began
to soften, and the absorption value decreased slightly to
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92%. However, above 350°C, the overall SUSR structure
began to collapse.

As another example, DLW was used to fabricate a 3D
carpet invisibility cloak operating in the near-IR range [93].
By exploiting transformation optics (TO), a gradual vari-
ation of the refractive index in a woodpile structure was
realized by varying the fill factor. The same group reduced
the feature size of the patterned polymer by incorporating
an additional depletion laser together with a two-photon
absorption exciting laser. In this way, they reduced the
spacing between beams in the woodpile structure from
800 to 350 nm and realized a polarization-independent
3D carpet invisibility cloak in the visible range [92]. The
structure in the upper part of Figure 6E is a reference that
does not provide cloaking, whereas that in the lower part
provides cloaking. The blue part is the woodpile of the
polymer structure, and the yellow indicates the sputtered
100-nm-thick gold film. Figure 6F shows a microscope
image of the cloaking structure. When inspected from
the glass-substrate side, the reference sample exhibited
dark stripes. However, it was impossible to observe dark
stripes in the cloaking structure. Cloaking occurred for
wavelengths larger than ~700 nm, and it persisted up to a
longer wavelength (3 um) as long as the woodpile polymer
remained transparent. The measurement results were well
explained by ray-tracing simulations.

3.3 3D printing for terahertz components

The resolution of common 3D printing methods (such as
FDM and PolyJet) can reach a few tens of micrometers
thus, THz components can be fabricated using 3D print-
ing [94]. For example, Gospodaric et al. fabricated dielec-
tric phase plates for THz beam shaping (Figure 7A and B)
[95]. Proper phase modulation profiles were calculated
using the Gerchberg—Saxton iterative algorithm, and a
Gaussian beam was transformed into arbitrary images
via the phase plates. Polylactic acid (PLA) was printed
with proper coordinates and proper thicknesses to realize
the required phase modulation. Additionally, a THz
polarizer was fabricated using commercial conductive
PLA filaments, where carbon black was mixed in a PLA
matrix (Figure 7C and D) [96]. The THz polarizer was 3 cm
in diameter and consisted of 0.3-mm-wide stripes that
were separated by 0.3-mm air gaps (fill factor 50%). The
response of the printed THz polarizer was investigated via
simulations and measurements. At 0.3 THz, TM-polarized
waves could pass through the printed polarizer, while TE-
polarized waves were attenuated strongly at a distance no
longer than 2 mm. However, this polarization response
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(A) Schematic of the standing U-shape resonator with L =4 um, L,=2um,a=2um, h=2um, d=0.7 um, and w=0.3 um. (B) FESEM
micrographs of the SUSRs with h=2 um (scale bar: 2 um). (C) Simulation result of the SUSRs with the same parameter of Figure 3B. (D)
Measured spectra of the SUSRs with h=2 um. Adapted from Ref. [91]. Copyright (2013) APS. (E) SEM images of reference and cloak samples.
The blue color indicates polymers and the yellow one indicates a sputtered gold film (scale bar, 10 um). (F) Measured images of reference
(top) and cloak (bottom) samples at different wavelengths. Adapted from Ref. [92]. Copyright (2011) OSA Publishing.

was reversed at higher frequencies above 0.5 THz. As
shown in Figure 7D, TE-polarized waves passed through
the structure at 2.5 THz, but TM-polarized waves were
attenuated.

3.4 3D printing for microwave metamaterials
and transformation optics

3D printing is advantageous for metamaterial fabri-
cation, because metamaterials often require sophis-
ticated structures that are difficult to fabricate via
traditional methods. In particular, 3D printing is suitable

for microwave metamaterials, where the wavelengths
are on the order of centimeters. There have been various
studies on dielectric metamaterials and TO, because die-
lectric materials are commonly used in 3D printing. For
example, polycarbonate (with a dielectric constant of
2.57) was used to manufacture uniaxial anisotropic meta-
materials via FDM 3D printing [97]. Polymer composites
that include microsized ceramic powders in a polymer
matrix have also been investigated for achieving a high
permittivity. Figure 8A shows two 3D diamond-like lat-
tices with low (right) and high (left) permittivity values
[98]. While the low-permittivity lattice contains only ABS,
the high-permittivity one consists of ABS and BaTiO,
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Figure 7: 3D printing for THz applications.

(A) Measured intensity profiles of a cross and a university logo of the optical field by an incidence of THz wave. (B) Schematic of the optical
setup for intensity profile measurements. Adapted from Ref. [95]. Copyright (2018) AIP publishing. (C) Photograph of a 3D-printed polarizer.
(D) Numerical simulation results for the 4 mm propagation length. Light is incident along the y-axis (from the top). The dark green region is
a conductive PLA part, while the light green region is air. (E) Transmission amplitude of the THz beam measured after passing through 4 mm
polarizer. The dashed lines are numerical predictions for the TE and TM mode. Adapted from Ref. [96]. Copyright (2019) OSA Publishing.
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Figure 8: 3D printing for microwave metamaterials and transformation optics.

(A) Diamond-like lattice composed of ABS only (right) and ABS +BaTiO, composite (left). (B) Samples composed of alternating areas of ABS
and ABS +BaTiO, that are printed using a dual-extrusion nozzle. (C) Diamond-like lattice made of ABS with a 10 vol% NiZn ferrite filament.
Adapted from Ref. [98]. Copyright (2015) The Royal Society Publishing. (D) PLA-SRRs sample after selective electroless plating on an ABS
structure (inset: anti-resonant dispersion for bi-anisotropy). Adapted from Ref. [99]. Copyright (2017) AIP Publishing. (E) Left: Schematic of
a GRIN lens with low (blue) and high (white) relative permittivity regions and photograph of the short horn with 3D-printed GRIN lens. Right:
Experimental radiation pattern of the GRIN lens. Adapted from Ref. [100]. Copyright (2016) John Wiley & Sons (F) Photograph of a 3D-printed
planar Luneberg lens. Adapted from Ref. [101]. Copyright (2018) ACS Publications. (G) 3D-printed Luneburg lens antenna (inset: schematic
of the cubic-unit cell). Adapted from Ref. [102]. Copyright (2014) IEEE. (H) Photograph of a 3D-printed beam steering lens and the measured
electric field distribution for the lens antenna. Adapted from Ref. [103]. Copyright (2016) IOP Publishing.
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microparticles, and its dielectric constant was increased
to 8.72 at 14 GHz for 70 wt% BaTiO, [104]. Complex geom-
etries and the desired spatial distribution of the dielectric
properties can be achieved using a dual-nozzle print-
ing head. Figure 8B presents an example; the alternat-
ing low- and high-permittivity areas consist of ABS and
ABS/BaTiO, composites, respectively. As shown, layered
slabs, cubes, and even checkerboard structures were well
demonstrated, with clear boundaries and alignments. A
one-dimensional (1D) layered slab comprising alternat-
ing photonic structures was experimentally confirmed to
have anisotropic dielectric permittivity and support Mie-
type resonances in the microwave frequency range [105].

Mixing of different materials can result in diverse
material properties. Figure 8C shows the same diamond-
like lattice as Figure 8A, but it is made of ABS/NiZn ferrite
composites [98, 106]. However, compared with pure
dielectric composites, magnetic composites with a high
permeability have attracted less research attention, as
magnetic particles tend to agglomerate, and their elec-
tric and magnetic responses are reduced. In contrast,
highly conductive filaments consisting of metal parti-
cles and polymers have already entered the commercial
market for desktop 3D printers; for example, such a con-
ductive filament allowed the design of a microwave met-
amaterial with a high permittivity of 14 at approximately
1 GHz [107]. On the other hand, 3D-printed dielectric
structures were also used as templates for surface metal-
lization [99, 108, 109]. Because vacuum evaporation and
sputtering often encounter difficulties for full metalliza-
tion onto highly complex 3D structures, a wet chemical
process is advantageous for obtaining a uniform coating
without shaded areas. For example, selective electro-
less plating was used to demonstrate self-standing split-
ring resonators that exhibited a bi-anisotropic response
(Figure 8D).

Dual-extrusion 3D printers can readily allow alter-
nating variations in permittivity, which are often required
for TO. The left panel of Figure 8E presents a gradient
refractive index (GRIN) lens composed of sub-elements
with varied effective local permittivity values [100]. The
blue region corresponds to a relatively low permittivity
¢, (made of ABS), and the white corresponds to a high
permittivity e, (made of ABS/StTiO, composites). The
effective local permittivity ¢, of the sub-elements con-
sisting of blue and white layers can be determined as
e,=fe,+(1-f)e, where f represents the relative volume
fraction of the high-permittivity component. In the pro-
posed GRIN lens, fdecreased toward the end of the struc-
ture; consequently, ¢, also decreased. The 3D-printed
GRIN lens produced a significantly directed far-field
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radiation pattern at an operating frequency range cen-
tered at 15 GHz [right panel of Figure 8E]. The fabrica-
tion of GRIN lenses can be achieved not only with an
alternating permittivity, but also with a single dielectric
material that includes voids of graded sizes. In this case,
the permittivity of the voids corresponds to ¢,=1. The
honeycomb structure shown in Figure 8F is one example
[101]. It was fabricated via SLA and allowed a gradual
change of ¢,. The photocurable resin circular lens was
divided into 10 concentric rings and patterned with
inverse Y-shaped structures. Another example is shown
in Figure 8G; an elaborate 3D Luneburg lens was realized
by varying the fill factor gradually from the center to the
surface of the lens [102]. Accordingly, a gradual decrease
in ¢, was achieved. Another example of 3D-printed TO
components is the beam-steering lens shown in Figure
8H [103]. An all-dielectric microwave lens was fabricated
via PolyJet 3D printing and included circular voids that
increased in size toward the upper-right region. This
structure allowed beam steering over a broad frequency
range without resonance. Beam steering with an angle of
26° was demonstrated at 12 GHz.

3.5 Inverse-designed metastructures at
microwave and optical frequencies

Inverse design is one of the computational methods for
identifying the optimal geometry to obtain the desired
output. Inverse design involves iterative calculations
with given parameters, eventually arriving at the desired
objective. Owing to its fast and automatic calculations,
the inverse-design method has been used in optics to
overcome the shortcomings of conventional methods
and is gaining popularity [110-117]. 3D printing can be
an ideal solution for device fabrication as inverse design
often requires complex geometries (or a complex permit-
tivity distribution). Recently, Estakhri et al. suggested
an inverse-designed metaphotonic platform (Figure 9A)
to solve the general Fredholm integral equation of the
second kind in an analog manner for wave propagation
in metastructures [118]. Any arbitrary monochromatic
wave g(u) is transferred to a metamaterial represented
by a given integral operator with kernel K(u, v). The
output of the operator is conveyed to the input side,
and thgn the system obeys the source-free equation
g(u):j K(u, v)g(v)dv. Next, the input signal I (u) is
inserted into the integral equation by exploiting a set of
coupling elements along the waveguide, and many itera-
tions of this process eventually approach the intended
result. An experimental verification was performed at a
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(A) Left: Sketch of a closed-loop network, consisting of a suitably designed kernel operator (metamaterial block), feedback mechanism,

and in/out coupling elements to excite and probe the waves. The N waveguides realize the external feedback network. The direction of

the wave flow is indicated by arrows. Right: Photograph of the constructed metamaterial. Adapted from Ref. [118]. Copyright (2019) AAAS.
(B) Left: Schematic drawing and top-view photograph of the 3D-printed inverse-designed 30° polarization splitter. With parallel(vertical)
electric-field polarization E (E)), the input plane wave is bent to +30° (-30°). Right: Simulated (dashed line) and measured (circles) far-field
power profiles for both parallel and perpendicular polarizations. Adapted from Ref. [119]. Copyright (2018) Nature Publishing Group. (C) Left:
Scanning electron micrograph of the top view of the printed device. Right: Normalized experimental transmitted intensity of the fabricated
sample as a function of diffraction angle for various input polarization angles. Adapted from Ref. [120]. Copyright (2019) John Wiley & Sons.

microwave frequency using a 3D-printed metastructure
(see the right panel in Figure 9A).

Callewaert et al. demonstrated a broadband, polar-
ization-dependent beam splitter based on inverse-
designed non-resonant structures [119]. An optimized
binary structure was obtained via inverse design, and
the polystyrene/air binary structure was fabricated via
FDM 3D printing (Figure 9B). The inverse-designed beam
splitter had several merits: high transmission efficiency

(>60%), broadband response (AA/A>25%), and the use
of a dielectric-based thin structure (<2)). The beam split-
ter worked at approximately 30 GHz and was a few centi-
meters in size. More recently, the same group extended
this beam-splitter design to the near-IR range [120]. An
inverse-designed polarization beam splitter was realized
via DLW (Figure 9C). It exhibited diffraction angles of
~25°at 1.3 um and ~30° at 1.55 um in experiments, which
agreed well with simulations.
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3.6 4D printing of photoresponsive
materials for active optical structures

Compared with other external stimuli (such as heat, mois-
ture, and pH), light has unique advantages; it can enable
structural changes remotely and can also enable local
control with a high resolution in space and time. Various
properties of light (intensity, polarization, wavelength, etc.)
can be rapidly and precisely adjusted to control the mate-
rial response. Therefore, 4D printing of photoresponsive
materials is promising for the fabrication of various optical
structures [121-124]. Among the photoresponsive materials,
azobenzene is the most widely studied. The isomerization
state of azobenzene compounds transforms from trans to
cis under illumination at certain wavelengths (mostly in
the UV region) [125]. For example, azobenzene compounds
were mixed with photopolymer liquid resins for SLA and
used to fabricate a photoresponsive smart window (Figure
10A) [126]. The transmission spectra were measured with
crossed polarizers. Without optical pumping, there was
no transmission through the window. However, with
pumping, optical anisotropy was induced, because of the
trans—cis transformation of the azobenzene compounds.
This led to the polarization rotation of the incident light,
and the transmission through the window increased. After
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the pumping light was turned off, the azobenzene com-
pounds transformed back into the trans state. Therefore,
the transmission decreased. It was possible to modulate the
transmitted beam with a frequency of 100 Hz (Figure 10B).

Additionally, azobenzene compounds can be com-
bined with linearly oriented liquid crystals that have
birefringence along the ordinary and extraordinary axes
[128-131]. For example, Nocentini et al. fabricated pho-
toresponsive 3D photonic circuits with azobenzene com-
pounds in liquid crystals [127]. DLW was used to fabricate
an optical waveguide operating at approximately 1550 nm.
Furthermore, a waveguide-coupled ring resonator was
patterned to excite resonant optical modes (Figure 10C).
To introduce photoresponsivity, an additional cylindri-
cal structure made of azo-compound-doped liquid crys-
tals was added to the ring resonator. Under green laser
illumination, the resonance wavelength was redshifted,
because of the change in the resonator size. In a modi-
fied structure, the refractive-index variation of the liquid
crystals was induced, which led to the blueshift of the
resonance. The resonance shift was affected by the laser
power. As the illuminating power of the laser increased,
the resonance shift increased. Other stimuli, such as tem-
perature and pH changes, have also been employed to
actively control photonic devices [132-134].
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Figure 10: 4D printing of photoresponsive materials.
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(A) Photograph of an optical window after polishing (scale bar: 1 mm). (B) The intensity value with the 532 nm pump laser on and off states.
There is an abrupt intensity growth with the pump laser on and a decay of the intensity without the pump laser. The modulation of the
transmitted beam was demonstrated up to 100 Hz. Adapted from Ref. [126]. Copyright (2019) SPIE. (C) A schematic of the light-tunable
whispering gallery mode resonator. The pink color indicates the liquid crystal polymer region. (D) SEM images of the fabricated waveguide
with whispering gallery mode resonators. Adapted from Ref. [127]. Copyright (2018) ACS Publications.
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3.7 4D printing for stimuli-responsive
microwave structures

4D printing combines smart materials with 3D print-
ing and can thus realize smart materials with a complex
geometry and fine details. Therefore, it is promising for
the fabrication of various stimuli-responsive structures
with highly enhanced functionalities. Recently, micro-
wave Fano-resonant structures that exhibited sharp spec-
tral resonances were demonstrated via 4D printing of
SMPs [135]. The typical spatial resolution in 3D printing
can reach tens of micrometers. Therefore, 4D printing is
suitable for the fabrication of microwave active structures.
Figure 11 shows the general idea. An SMP beam array was
fabricated via FDM printing. After thermomechanical pro-
gramming, the SMP lattice was randomized. This disor-
dered lattice does not exhibit a sharp spectral resonance,
whereas the ordered lattice can exhibit sharp Fano reso-
nances. When heated above the glass-transition tempera-
ture, disordered lattices are transformed into an ordered
lattice, significantly changing the microwave spectrum.
This stimuli-responsive action occurs as a result of mate-
rial properties and thus does not require an electric power
supply. Thus, it can be used for creative applications, such
as long-distance environmental monitoring via micro-
wave detection. With various smart materials, 4D printing
might provide a unique platform for active, reconfigurable
microwave structures.

p)
{

Th
programming

Figure 11: Schematic of a stimuli-responsive SMP photonic structure.
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In experiments, PLA was used as the SMP. PLA is a
thermoplastic material that is suitable for FDM printing
and has a clear shape-memory property. Figure 12A shows
two pictures of the lattice sample used in experiments
before and after heating. The deformed lattice recovered
to the original, ordered lattice upon heating. To character-
ize the spectral response of the lattice structures precisely,
three identical samples were prepared with different ran-
domness (Figure 12B). Figure 12C shows the measured
transmission spectra of these three lattices for transverse-
electric (TE) polarization. The disordered lattice with large
randomness exhibited essentially no resonance (blue
curve), whereas that with smaller randomness exhibited a
very broad resonance at 38-40 GHz. In the ordered lattice,
a sharp Fano resonance was observed at approximately
36.7 and 39.1 GHz. Figure 12D compares the experimental
and simulated transmission spectra for the ordered lattice
in the cases of TE and transverse-magnetic (TM) polari-
zation. Although both polarizations resulted in Fano
resonances, the TM-polarization resonance was broader
than the TE-polarized one. The effect of the degree of
disorder on the Fano resonance was investigated using
numerical simulations. Figure 13 shows how the Fano
resonance spectrum and the field profile changed as the
degree of disorder increased. As the degree of disorder
increased, the sharp Fano resonance was blue-shifted,
and the resonance was broadened and weakened. Addi-
tionally, the field profile of the guided resonance became

Transmission

Heating \

= [\
E}'}

The 3D-printed SMP lattice is randomized into a disordered one. The disordered lattice does not exhibit a sharp spectral resonance. But,
when heated above the glass transition temperature, the disordered lattice is transformed into an ordered lattice, exhibiting a sharp Fano
resonance. Reprinted from Ref. [135]. Copyright (2019) John Wiley & Sons.
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Figure 12: Spectra response of ordered and disordered lattices.

(A) Photographs of disordered and ordered SMP lattices. The disordered lattice returned to an ordered one in an open chamber (hot oven).
(B) Photographs of SMP lattices with different degrees of disorder. The ordered lattice has A .. =0. (C) Transmission spectra for three
samples in Figure 12B. (D) Comparison of measured and simulated spectra for TE- and TM-polarized transmission. Adapted from Ref. [135].
Copyright (2019) John Wiley & Sons.
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Figure 13: Simulation results.

(A) Simulation spectra for TE-polarized transmission with different degrees of disorder. (B) Simulated electric field profiles (Ey). The field
profile of the guided resonance becomes more randomized as A, _ ... increases. This behavior happens when the Fano resonance in the
dielectric lattice structure is induced by a coherent mode distributed over the whole lattice, not by localized resonances in individual beams.
Adapted from Ref. [135]. Copyright (2019) John Wiley & Sons.

more randomized. In the dielectric lattice structure, sharp  Upon heating, a sharp spectral change occurred, because
Fano resonances occurred, because of guided resonances the Fano resonance in the ordered lattice structure was
in the periodic, dielectric beams, which interfered with induced by a collective mode distributed over the whole
the slowly varying background Fabry—Perot resonance. lattice, not by localized resonances in individual beams.
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4 Conclusions and perspectives

In this paper, we have introduced recent developments in
3D and 4D printing and covered topics that are of inter-
est for the nanophotonics and metaphotonics communi-
ties. We first discussed functionalized inks and filaments
embedded with nanoparticles or conductive materials and
also discussed available materials for 4D printing. Then,
we presented the various designs and applications of 3D
printing in the optical, THz, and microwave domains. We
also introduced the developments in 4D printing for active
structures in the optical and microwave regimes.
Dielectric materials are commonly used in 3D print-
ing and have been applied to various dielectric optical
structures, but many metaphotonic designs can still
benefit from highly conductive materials. In fact, metal
3D printing via SLS is being actively studied for optimiz-
ing mechanical parts and reducing their weight. Similar to
other 3D printing methods, SLS metal printing has advan-
tages for fabricating arbitrary shapes. Moreover, it is a
bottom-up fabrication process, which is different from the
conventional top-down fabrication method based on sub-
tractive manufacturing from bulk materials. Thus, metal
powders can be recycled in SLS, and the amount of mate-
rial waste can be reduced. However, SLS metal 3D print-
ing still have many issues that must be resolved before it
can be applied to optical and metaphotonic structures.
First, because of the layer-by-layer fabrication process, it
suffers from significant surface roughness. The surface of

A

IR laser

Camera

+pressure

top view
=

Laser sintered silver

Glass nozzle

Figure 14: Future perspectives.

Helical coil

Grape hemisphere

DE GRUYTER

the as-printed structures is too rough for application as
optical components [136, 137]. Therefore, surface treat-
ments such as grinding or polishing are required, compli-
cating the fabrication procedure. Second, because of the
melting or sintering of the powder, the printed structures
have internal thermal stress. This internal stress can cause
structural distortion over time. Therefore, annealing is
often needed to remove thermal stress, further increasing
the complexity of the fabrication procedure.

3D metal structures can be also created via metal ink
printing. Recently, freestanding 3D metal structures were
fabricated via local sintering of silver nanoparticle inks
using an IR laser [138]. The IR laser can convert separated
silver nanoparticles into aggregated ones with high con-
ductivity. This IR laser sintering allows the patterning
and annealing processes to be performed together in air.
Figure 14A shows this process. The collimated laser was
focused to a 100 um point. Silver nanoparticles mixed in
solvents were dispensed through a syringe using a pres-
sure controller. When they were extruded in the substrate
or air, the laser was focused on the silver inks, sintering
them rapidly. By positioning or rotating the substrate,
various 3D shapes were fabricated. Figure 14B and C show
printed freestanding structures: a helical coil and a but-
terfly shape. 3D printing of such freestanding metal struc-
tures can allow greater freedom in the design of various
metaphotonic structures.

New ideas and methods for 3D printing are being
introduced to achieve large printing volumes with a high

Free space printing

Butterflies

Water beads in microwave

¢4

Hydrogel beads

(A) Schematic for metal-ink 3D printing with IR laser sintering. (B) freestanding helical coils (diameter: 500 um). (C) Printed butterflies with
freestanding wings. Adapted from Ref. [138]. Copyright (2016) National Academy of Sciences. (D) Plasma is formed between two grape (or
hydrogel) beads, because of strong microwave field enhancement in the gap. Adapted from Ref. [139]. Copyright (2019) National Academy of

Sciences.
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throughput [140, 141]. Additionally, more printing mate-
rials are becoming available. The rapid development of
multi-material 3D printing technologies is introducing
many new possibilities and opportunities for 4D print-
ing. Either extrusion or jet-type 3D printing can be used
for multi-material 3D printing; several filaments made
of different materials can be employed together using
multi-nozzle extrusion-type printers, or several inks for
different materials can be dynamically mixed together
in jet-type 3D printers. SLA or DLW can also allow multi-
material 3D printing when the fabrication process is
repeated with different materials. With various printable
smart materials, 4D printing might provide a unique plat-
form for active, reconfigurable optical and microwave
structures. These active structures can introduce unprec-
edented opportunities in nanophotonics and metapho-
tonics and may have applications in active photonic
devices, optical sensors, displays, and antennas. With
biocompatible materials (such as hydrogels), implant-
able and stimuli-responsive photonic devices can be
developed for biomedical applications. There are abun-
dant new opportunities for investigation. For example, it
was recently demonstrated that a dimer of aqueous beads
induced strong field enhancement in the gap upon micro-
wave incidence (Figure 14D) [139]. Hydrogels consist of
mostly water (>99%) and are commonly used in 4D print-
ing. Thus, there could be interesting research opportu-
nities involving the combination of stimuli-responsive
functions with the microwave response in 3D-printed
hydrogel structures.

Our review can be helpful for researchers in the nano-
photonics and metaphotonics communities who wish to
learn about recent ideas and developments in 3D and 4D
printing. We hope that our work stimulates further devel-
opments in this rapidly growing field.
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