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ARTICLE INFO ABSTRACT
Keywords: Metamaterials exhibit properties beyond those exhibited by conventional materials in conventional scenarios.
Metamaterials These have been investigated both theoretically and experimentally at length. In many cases the underpinning

Additive manufacturing physical understanding of metamaterials has greatly preceded our ability to manufacture constituent structures.

g“‘;ucitl‘c However, the development of additive manufacturing techniques gives new possibilities for the fabrication of
Pll:omnic complex metamaterial structures, many of which cannot be realised through conventional fabrication methods.

Crystals auxetic The literature to date contains contributions from a diverse group of researchers from the physical sciences,

Phononic mathematics, and manufacturing technology in the creation of metamaterials for electromagnetic, acoustic and
mechanical applications. It is proposed that additive manufacturing holds the key to realise the capabilities of
this vibrant research community and permit the creation of new paradigms in fundamental structures but also
exploitation through application. For this purpose, a literature review is presented which identifies key advances
in metamaterials alongside additive manufacturing and proposes new opportunities for researchers to work
together through intra/inter disciplinary research to realise structures which exhibit extraordinary behaviour(s).
This review represents a comprehensive account of the state-of-the-art in the production of such metamaterials
using additive manufacturing methods and highlights areas, which, based on trends observed in the literature,
are worthy of further research and require a coordinated effort on behalf of the afore mentioned disciplines in
order to advance the state-of-the-art.

1. Introduction interactions in the mechanical, acoustic and optical domains. The term
‘metamaterial’ is defined by the European Union’s Metamorphose

The prefix “meta” in Greek means “beyond”; thus, metamaterials are network as “an arrangement of artificial structural elements, designed to
materials designed to have novel properties that are beyond the normal achieve advantageous and unusual electromagnetic properties” [1]. In
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this definition, it is inherent that metamaterials are manufactured so as
to have uncommon properties. Nature already provides some examples
of unusual properties. One primtive example is cork, with a Poisson’s
ratio of almost zero, which also shows little lateral expansion under
pressure.

The building block (or the functional unit cell) of the metamaterial is
termed the ‘meta-atom’. Typically the meta-atom dimensions must be at
or lower than the wavelength of the incident wave [1]. Therefore, the
inhomogeneous microstructure when aggregated over sufficient length
scale is effectively a uniform material from the perspective of the energy
source [2,3]. The novel properties of metamaterials are dictated by the
structure of the metamaterial, which will be different from its constit-
uent material properties [4]. Effectively, material properties such as
permeability, permittivity, refractive index and elastic modulus will be
based on the geometry of the structures and the constituent meta-atoms
[5]. Therefore, the choice of fabrication method is a critical choice that
dictates the resolution, material and working frequency of the resultant
metamaterial.

Perhaps the oldest metamaterial structure known is the Lycurgus
Cup. Manufactured in the 4th-century AD, this ancient cup contained
gold and silver particles embedded within a glass matrix. As a result, the
transmission spectrum of the material is modified based on the ambient
lighting [1]. More recently, realizing metamaterial structures has been
conducted by simple assembly methodologies which made use of
stacking and arranging layers [6-8] or by applying simple subtractive
operations such as drilling into a block of dielectric material [9]. These
processes were time-consuming and suffered from inconsistency [5] but
yet served to demonstrate the principle and accelerated interest in an
emergent topic. The complexity of design is somewhat limited by these
methods and hence a superior route to realise these structures across
length scales is required.

Alongside the proliferation of advanced lithographic processes, the
emergence of low cost and high-resolution laser processing, has allowed
metamaterials to be explored more rapidly and for designs to be greatly
more complex. In the optical domain, plasmonic absorbers [10], pho-
tonic crystals (PC) [11-13], negative index lenses [14] and meta-
material antennas [3,15,16] have all been simulated and experimentally
tested. The analogies that exist between acoustic waves and electro-
magnetic waves [17] led to the subsequent study of Phononic Crystals
(PnCs) [18,19] and acoustic lenses [20,21]. Mechanical metamaterials
with negative Poisson’s ratio, negative elasticity and bulk modulus are
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also another class of metamaterials that greatly benefit from the emer-
gence of advanced manufacturing methods [22,23].

Due to the advancements in nanofabrication and imaging technolo-
gies, metamaterial structures have been subject to intense research [24].
The growth in the number of papers published in the metamaterial field
from 2000 to 2019 (see Fig. 1) clearly demonstrates the rise in meta-
material research. A wide variety of applications is available due to the
unique properties of metamaterials. The development of additive
manufacturing (AM) has transformed the toolbox available to meta-
material researchers who can now exert control over multiple length
scales within single-step processes and exploit entirely new geometrical
and material design freedoms. The route to functional metamaterial
structures is aided by exploiting well-established links between the
outputs of numerical modelling systems and computer-aided design. It
should be mentioned that, due to the current lack of manufacturing
processes able to fabricate large scale metamaterials with complex ge-
ometries, most metamaterial applications are yet to be exploited [25];
however, advances in AM are expected to lead to much wider adoption
of metamaterials in everyday life in the future. This in turn gives rise to
the present review paper.

While various production-ready methods exist for metamaterial
manufacturing [3], this paper intends to give the reader a full account of
metamaterials which have been produced by AM and focuses on
methods and the relationship between the fabrication technique used
and the physical properties of the resultant meta-structures. The reader
is also referred to comprehensive review papers on optical [27-30],
acoustic [31-33] and miscellaneous [34-38] properties of meta-
materials. Alongside these, a number of review papers that detail nu-
merical methods which inform design methodologies and predict
performance characteristics across excitation domains are available
[39-41]. This paper unites the critical contributions made in this field
with the opportunities for emergent manufacturing techniques in addi-
tive manufacturing in order to bring these research communities
together.

Additive Manufacturing (AM) or three-dimensional (3D) printing is
the technology of building 3D objects layer-by-layer using computer-
aided designs (CAD) [42]. Layer-by-layer manufacturing in AM con-
trasts with conventional subtractive and formative manufacturing. AM
starts with CAD software that sends the digital objects (the design) to a
printer. The design is then sliced into a predefined number of layers and
fabricated sequentially [42]. Hence, this method is well suited to
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Fig. 1. Graph of the number of peer-reviewed articles published with the keyword ‘metamaterials’ by year [26] showing a dramatic increase in rate of publication

from near zero to ~3500 papers per year within 20 years.
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produce nested features and high degrees of structural complexity
associated with metamaterials. There are currently more than 20
different recognized AM technologies [43] which are best summarised
by the associated ASTM standard into seven discrete groups [41]. R.F.
Housholder patented the first AM technology in 1979 with the U.S.
patent office [44] but his work was not commercialized. After almost 4
decades the improvements in the AM resolution and material avail-
ability enables researchers to design and fabricate complex structures in
robust engineering materials which are not possible via conventional
subtractive manufacturing techniques [45].

The capabilities of AM have attracted metamaterial researchers to
use this approach as a powerful tool to fabricate a new generation of
metamaterials. The possibility of fabricating free-standing complex 3D
geometries, low manufacturing costs and direct fabrication from CAD
design enhances the design process. This enables researchers to fabricate
complex structures with predefined optical, acoustic, and mechanical
properties. In this review, the various AM approaches are described only
briefly; the reader should refer to comprehensive reviews on AM tech-
niques for a more in-depth understanding of each technique [46,47]. In
addition, a review of materials available to additive manufacturing is
explored in detail by Bourell et al. [48].

This review contains sections dedicated to specific categories of
metamaterials and explores different AM techniques used in the fabri-
cation of these metamaterials. The focus of this paper is the strengths
and shortcomings of these techniques with a view to highlighting op-
portunities for future research. Electromagnetic (EM) and Mechanical
(MM) metamaterials are considered based on the various AM techniques
used in their fabrication. Conversely, Acoustic Metamaterials (AMMs)
are described under their three main types of structure, owing to their
mode of operation being very different, and the fact that this needs to be
considered during design and fabrication.

2. Electromagnetic (EM) metamaterials
2.1. Introduction

Three major breakthroughs shaped the field of EM metamaterials
and their applications. The first is the mathematical prediction of
negative refractive index by Veselago in 1968 [49]. Second, the exper-
imental realization of negative refractive index materials by Smith et al.
in 2000 [50]. Third, the theoretical suggestion of negative index mate-
rials and their application to lenses and imaging by Pendry [41].

From a constituent material point of view, EM metamaterials can be
classified into either all-dielectric metamaterials or metal-dielectric
(hybrid) metamaterials. All-dielectric metamaterials are composed of
one or more dielectric materials with a large difference between the
dielectric constants of neighbouring components [51]. Due to weak
interaction with the electromagnetic wave, all-dielectric metamaterials
have lower losses compare to metal-dielectric metamaterials [52].

Split Ring Resonators (SRRs), illustrated in Fig. 2, are one of the most
researched structures for metal-dielectric structures. Ferromagnetic
metal structures that have negative permittivity and permeability
properties can be produced using the structure-dependent properties of
the SRR. However, SRR structures are generally considered to be lossy,
narrowband and to present complications in practical applications [51].

Photonic Crystals (PCs) possess structure-dependent properties.
Therefore, based on the definition presented by the European Union
Metamorphose network [53], PC structures are also a class of meta-
materials. The defining characteristic that sets PCs apart from other
classes of metamaterials is the fact that in PC structures the unit-cell is of
the same order to their intended operation wavelength [54]. In contrast,
the unit-cells used in other types of metamaterial tend to be far smaller
than their operating wavelength [55]. Yablonovitch and John published
two seminal papers in describing the physics behind photonic crystals
[56,57]. After Yablonovitch proposed 2D and 3D optical bandgap gen-
eration in 1987 [56], he tried to prove the presence of optical bandgap
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Fig. 2. Schematic diagram of the SRR meta-atoms in comparison to the active
wavelength of the metamaterial (left) and the energy flow diagram for negative
refractive index material (right) [27].

experimentally by drilling cylindrical holes in a dielectric block [9].
However, constructing a face centred cubic lattice by drilling cylindrical
holes is tedious and inaccurate. Zbay et al. [58] suggested woodpile
structures as an effective pattern for the generation of stop bands in 3D
PCs. Currently, the woodpile structure is one of the most common PC
structures to exhibit a 3D optical bandgap [3]. Ideally the unit-cell of the
metamaterial (the meta-atom) should be smaller or at the same length
scale as the operating wavelength of the metamaterial. Therefore, the
resolution needed for the fabrication of these structures is at the upper
limit of conventional machining technologies. Consequently,
computer-aided machining alongside other subtractive techniques are
not suitable for fabrication of such 3D metamaterials.

An alternative to these conventional machining techniques is the use
of wafer manufacturing techniques (lithography). Lithographic tech-
niques are inherently 2D patterning techniques that usually suffer from
limited build volume, low throughput speed, problems in scalability and
high manufacturing costs. In addition, PCB (printed circuit board)
manufacturing techniques can be used in the fabrication of meta-
materials, such as those used in the microwave region, although PCB
fabrication techniques such as computer numeric control milling and
chemical etching are limited to 2D and 2.5D surfaces and structures. The
PCB substrates also contribute to substantial losses in the metamaterial
structure. Therefore, the combination of 2D structures with a high loss in
the substrate greatly reduces the performance of these designs. The use
of toxic chemicals in chemical etching is also another key factor that
makes such techniques undesirable [5].

Although all-dielectric metamaterials have lower attenuation
comparing to hybrid metamaterials, the design challenges and limita-
tions imposed by subtractive manufacturing techniques restricted the
use of all-dielectric metamaterials [45]. 3D dielectric unit cells have a
superior dielectric response, higher surface area for charge accumula-
tion and thicker current conducting channels that can broaden the
metamaterial response to polarisation and angle of the incident field by
producing larger local dipole moments within the unit cell [5]. The need
for a technique that can fabricate 3D structures with high speed and
repeatability fuels the research in the fabrication of metamaterial
structures using AM. The design limitations can be relaxed by taking
advantage of AM capabilities to fabricate complex freestanding struc-
tures directly from a CAD design [46]. Efforts made to produce such
structures are explored herewith.

2.2. Material extrusion

Metamaterials with millimetre and sub-millimetre length scales are
becoming increasingly important [59], due to the high communication
speeds and radar image resolution that are possible. PCs with electro-
magnetic bandgaps within the millimetre wave region, operating at
microwave frequencies, thus have numerous applications. Fused Depo-
sition Modelling (FDM) is one of the main AM techniques being used in
the fabrication of all-dielectric metamaterials [51,59-61]. FDM
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fabricates 3D structures by depositing layers of extruded molten plastic
on the substrate. The smallest extruder nozzle which is commercially
available is 0.1 mm in diameter. One of the main advantages of FDM is
material availability and the ability of this technique to deposit multiple
materials simultaneously. The capital investment and vast open source
community has created a remarkable hot bed of innovation in the utility
of this technology.

It is also possible to produce bespoke feedstocks with specific prop-
erties for this technique. Thermoplastics used in FDM can be mixed with
a wide variety of particles/fibres to produce high dielectric constant
materials suitable for the fabrication of PC structures. Using FDM, the
structures can be fabricated directly from CAD. Therefore, rapid proto-
typing/manufacture is possible, and the high level of manufacturing
control enabled by AM allows the deliberate introduction of disconti-
nuities in the structure. This can produce a tailored frequency response.
FDM resolution is mainly limited to the extrusion nozzle size (0.1 mm to
0.4 mm) which can lead to rough surfaces. The high surface roughness of
structures fabricated using FDM can suppress the propagation of visible,
ultraviolet and infrared light but FDM’s resolution and fabrication speed
make it ideal for THz and microwave applications [62].

Advances in FDM have improved our ability to fabricate bespoke
parts and to tailor local material properties by graduation of composi-
tion. Incorporation of piezoelectric materials, ceramics and metal
powders in thermoplastics produce different functional thermoplastic
feedstocks for FDM, increasing the range of application of this technique
[51,63-66]. Sintering processes can be used to remove the thermoplastic
and produce high quality and high dielectric structures using FDM [59].

Producing custom FDM filaments introduces new challenges for the
fabrication process. Producing high dielectric constant filament is a
time-consuming process, and only limited amounts of ceramic particles
can be added to the thermoplastic. The shrinkage caused by sintering
and drying process can greatly change the designed parameters, reduce
the rod size and destroy the periodicity of the structure. By testing the
filaments it is possible to quantify the shrinkage and consider it in the
design stage. This technique also suffers from long post-fabrication
processing, and steps like debinding and sintering which are essential
for the fabrication of high dielectric constant structures.

Electron transition from a higher energy band to lower energy band
can be used as the source of radiation for different EM frequencies. Due
to the lack of molecular resonance in the Radio Frequency (RF) and
microwave regions, metamaterials that can operate in these regions
become increasingly important [45]. Garcia et al. studied the fabrication
process and design optimization of anisotropic structures fabricated
using FDM [45]. The effective dielectric constant of the fabricated
structures was then compared to numerical simulation. The poly-
carbonate FDM structures had a dielectric constant of 2.57. By intro-
ducing air packets, the dielectric constant of the structure was reduced
to 1.85 [45]. Note that the structure-dependent dielectric constant is a
critical part of Graded Index (GRIN) lens production that can exhibit
total absorption and lens effects [67,68].

All-dielectric invisibility cloaks operating in Microwave X band
(8.6 GHz-12 GHz) have been fabricated using FDM [69]. ABS plastic
with a dielectric constant of (2.6 +0.2) 4 0.01i was used to build the
disk-shaped cloaking structure, optimized using the COMSOL optimi-
zation solver to minimize the total scattering of the structure.

Lu et al. [60] and Lee et al. [59] designed and fabricated woodpile
structures with an operating frequency of 95 GHz using FDM. In their
experiment, structures were fabricated with a rod diameter of 0.4 mm
and a periodicity of 1.6 mm. For their experiment, a mixture of high
purity alumina powder (99.992 %, d50 0.48 pm, ex Condea Vista,
Tucson, Arizona) was used to produce a high dielectric paste suitable for
FDM extrusion. The final paste had 12wt% [60] and 15wt% [59]
alumina. Lu et al. suggested that, by changing the processing parame-
ters, it is possible to rectify some of the shortcomings of using custom
filaments [60]. They predicted that tensile cracking could be reduced by
decreasing the ceramic concentration to below 60 %. They also
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suggested that the drying and sintering processes are important factors
in the final fabricated structure. The best result was achieved by using a
continuous low heating-rate of 2 °C/min [60]. Fig. 3 shows the structure
by Lu et al. and a comparison between the measured and calculated
transmittance value for the manufactured structure [60] (Figs. 4,15,29,
39).

Advances in extrusion techniques and the introduction of micro FDM
techniques with sub-100 pm resolution have enabled researchers to use
this method for fabricating THz metamaterials. For example, ceramic
lattices with a spatial resolution of <100 pm are possible by using 80 pm
extruders at room temperature [70]. In addition, new filaments using a
mixture of ferrite powder and ABS polymer have demonstrated an in-
crease in the permittivity and permeability by increasing the ferrite
content [71]. The printed blocks of polymer-ferrite composite had an
approximately constant permittivity and permeability in the tested fre-
quency range. By breaking the dependency of material dielectric prop-
erties to the operation frequency, the natural design barriers were thus
broken.

Multi-dielectric structures have also been fabricated using dual
deposition FDM techniques. Isakov et al. [51] demonstrated the possi-
bility of production of a resonant structure by producing a
sub-wavelength packet of all-dielectric structures. In their work, they
utilized a dual extrusion 3D printer to deposit layers of high refractive
index rods (polymer + ceramic particles) beside areas of low refractive
index polymer [51]. These structures demonstrated high absorption
near 15.75 GHz.

Hybrid metamaterials are also possible by using a cost-effective
commercial conductive filament. The conductivity of commercial fila-
ment is sufficiently high for microwave applications around 1 GHz, and
significant enhancement of the dielectric response is possible by
designing 3D unit-cells [5]. Unidirectional microwave antennas and
omnidirectional fan-beam antennas are possible via FDM. The direc-
tionality can be altered by introducing defects into the PC structure, one
example with a resonant frequency of 93 GHz achieving 9.3 dBi direc-
tivity [61].

By replacing the extrusion head with a syringe, it is possible to
extrude higher viscosity liquids, emulsions and pastes with high solid
concentrations. Feedstock production is a challenging process. The
prepared material should be viscous enough to retain its shape after
deposition but it needs to be fluid enough to exit through the nozzle
head. The prepared paste must also have a high solid content to avoid
cracking and shrinking [72]. TiO, PC structures fabricated using this
technique demonstrated effective stop bands near 31 GHz, 38 GHz and
39 GHz [72]. TbFeO3 PC structures for THz switching and refraction
were also fabricated using the slurry deposition techniques. The all
rare-earth PC structure demonstrates the capabilities of this system in
the fabrication of orthoferrite optical elements [73].

FDM is thus a versatile technique with good material availability for
fabrication of millimetre scale photonic crystals, and can deposit more
than one type of material.

2.3. Inkjet printing

Inkjet printing is one of the most versatile AM techniques that can
produce complex structures on flexible substrates by depositing droplets
of inks. The high number of micron-sized nozzles makes this a relatively
fast and accurate technique [74]. The selection of available inks that
require different curing processes makes the realization of
multi-material inkjet-printed 3D structures challenging. For instance,
conductive inks are commonly cured using heat treatment that evapo-
rates the solvent and sinters the metallic nanoparticles together.
Dielectric inks are usually cured using UV radiation and often cannot
withstand the sintering temperature of the conductive inks. This issue is
particularly important for 3D structures when consecutive layers of
materials with intrinsically different prosperities can be printed [74].

The key to the fabrication of PC structures using inkjet printing is the
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Fig. 3. SEM image of a PC fabricated using FDM techniques with a unit cell of 2 mm and a rod diameter of 0.4 mm (left). Comparison of the measured and calculated

bandgap for this PC structure [60].

um

Fig. 4. SEM photograph of a 3D extruded woodpile structure fabricated from a
ceramic slurry. (a) top view of one rod, (b) microstructure and (c) cross-section
of the structure, and (d) a cross-section of one rod [72].

production of jetable and stable ceramic slurries with a high concen-
tration of solids. Reilly et al. [75] studied the effects of different pro-
cessing parameters such as solid concentration in the slurry, sintering
temperature and binder removal rate. By refining the fabrication pro-
cess, alumina densities of ~98 % were obtained. Similar impurities were
found in both powders studied, which suggest that new impurities were
not introduced to the alumina during the fabrication process. Reilly et al.
[75] used a partially filled cavity method to analyse the loss tangent of
the inkjet-printed structure. The Q-factor of 6000 was a major
improvement compared to micromachined or milled samples.

Split Ring Resonators (SRRs) are one of the most common meta-
material structures [50,76], noting that hybrid (metal-composite)
structures have a stronger interaction with the EM radiation compared
to all-dielectric metamaterial structures. Conductive ink printed on a
flexible substrate (polymer or paper) is one of the examples of utilization
of AM in the fabrication of SRR based electromagnetic bandgap struc-
tures for Radio Frequency Identification (RFID) antennas [77]. Using
this technique, Lee et al. managed to increase the gain and range of RFID
antennas and produce practical RFID tags to be used on flexible surfaces
[77]. 1t is possible to fabricate complex structures by depositing the
conductive ink based on the patterns produced by a CAD model.
Therefore, complex designs such as RFID antennas with a series of in-
tegrated capacitors can be fabricated to minimize the antenna size [78].
Using the smaller RFID antennas Kim et al. printed a
metamaterial-inspired, fully- integrated capacitive sensor using silver
ink on the photo-paper [78,79].

Another example of hybrid metamaterial structures fabricated using
inkjet printing is the Jerusalem cross resonator printed onto photo
paper, which acts as a flexible metamaterial absorber surface [80]. Sil-
ver nanoparticles in solution have been used to print metallic structures
and, after sintering the printed structures for 2h at 130°C, the con-
ductivity of the printed parts increased to 1.1 x 107 S/m, which is
comparable to bulk iron. The intrinsic impedance of the printed
Jerusalem-cross resonators was designed to perfectly match the free
space impedance, hence minimising the reflection from the printed
surface [80]. Other examples of the use of inkjet printing for the fabri-
cation of metamaterials absorber surfaces report 93.5 % absorption at
0.102THz (Fig. 5) [81] and 99 % absorption at 9.21 GHz [82]. As
mentioned above, one of the advantages of inkjet printing is the ability
of this technique to fabricate structures on different substrates. As an
example, Kim et al. [82] covered a cylindrical object with a flexible
substrate absorber and achieved higher than 96 % absorption for all
polarisation angles.

Inkjet printing has been used in the fabrication of resonance surfaces
for biological sensors [83,84]. Kim et al. [83] printed Split Ring Cross
Resonators (SRCR) to produce ethanol sensors, as shown in Fig. 6, where
microchannels etched in polydimethylsiloxane (PDMS) were used to
guide the fluids toward the absorber surface of the SRCR. They
demonstrated that the resonant frequency of the SRCR increases by 11.2
% when the ethanol concentration increases from 0 % to 100 %. The
frequency shift for change in ethanol concentration from 20 % to 80 %
was linear [83]. In another work, absorber conductive patches printed
by Ling et al. were tested by placing inside a polymethyl methacrylate
(PMMA) microfluidic channels [84]. The result was >90 % absorption
for both empty and water-filled channels, and the measured resonant
frequency decreased from 4.4 GHz to 3.97 GHz. The minimum ethanol
concentration that can be found using this technique, and the integra-
tion of these sensors into a functional sensor unit, are the challenges that
should be addressed in future research, but the technique appears very
promising.

48um

Fig. 5. Absorber printed at droplet spacing of 25 pm [81].
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Microfluidic
Channel Layer
(Thickness: Tmm)

Conductive Ink
Pattern Layer (SRCR)
(Thickness: 0.22mm)

Bottom Layer
(Thickness: Tmm)

Fig. 6. Metamaterial-based ethanol sensor fabricated using inkjet print-
ing [83].

Terahertz metamaterials are often fabricated using advanced micro/
nonmanufacturing techniques such as Electron Beam Lithography (EBL)
and UV lithography, which require complex deposition and removal
techniques performed in a cleanroom environment. This increases the
overhead costs of metamaterial fabrication. Due to the flexibility and the
ability of Inkjet Printing to use CAD designs for fabrication, this tech-
nique can greatly reduce the costs and increase the fabrication speed of
Terahertz metamaterials. To compare the EM response of structures
fabricated using conventional techniques with inkjet-printed structures,
Walther et al. [85] fabricated identical structures using both conven-
tional lithography/etching technique and inkjet printing and tested both
structures. Broader resonances were observed in the printed structures,
which was due to inhomogeneities introduced by the printing process.

Murata et al. [86] have developed an inkjet system that allowed
them to fabricate metallic wires of only a few microns on an untreated
substrate. The Super-fine InkJet (S1J) printing technology was used by
Takano et al. [87] to fabricate Terahertz metamaterials using silver
paste ink. Structures such as a metal wire-grid and an SRR were printed
on a high-resistivity silicon substrate using SIJ techniques. Subsequent
testing showed good agreement between the Terahertz response of the
fabricated structures and their simulated structure. The microprinting
technique has also been used in the fabrication of THz metamaterials
with resonant frequencies of 0.305THz and 0.137 THz for X and Y
polarized waves [88]. The silver ink used by Kashiwagi et al. [88]
reduced the post-processing steps and enabled them to use ordinary
printers to print SRR structures on paper, but the printed lines had un-
avoidable discontinuities.

The low conductivity of printed inks and the need for different curing
techniques for conductive and dielectric inks make the process of
fabricating hybrid metamaterial structures using Inkjet printing chal-
lenging [74]. The progress made in multi print head inkjet printers that
can deposit different materials and accommodate different curing
methods is a major progress in this area. Despite these challenges, the
high throughput and versatility of available inks make this method a
favourable AM process for fabrication of low-cost, flexible hybrid
structures.

2.4. Vat polymerization

Vat polymerization is a category of AM techniques that uses a vat of
liquid photoresist to construct objects through layer-by-layer solidifi-
cation of the resin. This category includes techniques such as Stereo-
lithography (SLA) and Multi-photon polymerization (MPP).

SLA works based on spatially controlled solidification of photoresist
(photosensitive material) using a light source. The light crosslinks the
monomer and produces insoluble networks [89]. The light source can be
a focused laser beam with a specific wavelength that solidifies the
photoresist point by point or it can be a LED light reflected by a light
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modulator to cure a layer of photoresist. The polymerization process
occurs near the supporting platform. Bottom-up and top-down ap-
proaches are both used in SLA machines. In the top-down approach, the
platform is placed at the top of the polymer vat and stage retracts as
layers are being built. Therefore, the polymerized structure rests inside
the photoresist. In the bottom-up approach, the polymerization occurs
through the transparent non-adhesive window at the bottom of the
polymer vat. Consequently, the polymerized structure suspends from the
support platform outside the resin [90].

MPP is one of the AM techniques that is classified as a vat photo-
polymerization process [46]. The multi-photon absorption phenomena
is a third-order nonlinear effect and the absorption rate decreases
sharply outside the focal volume of the objective lens [91,92]. In this
technique, simultaneous absorption of more than one photon produces
enough energy to initiate the radical generation and photo-
polymerization [93,94]. Fig. 7 illustrates this process. Simultaneous
absorption of two photons by the Photo Initiator (PI) produce radicals
that propagate through the resin and form radicals. Radical monomers
are created in the second stage, and in the third stage heavier molecular
weight radical polymers are produced from the interaction between
radical monomers with other monomers. In the termination process,
radical monomers interact with each other and produce non-radical
polymers. Due to the low probability of more than one photon coinci-
dence in time and place, a high photon density (~1 TW/cm? [95]) is
needed for photopolymerization [96,97]. A high Numerical Aperture
(NA) objective lens is used to focus a very tight spot.

MPP has the highest resolution of all AM techniques, which makes it
a promising technique for fabricating micro/nano structures [98,99].
Material availability, limited fabrication area and low fabrication
throughput currently limit the application of MPP in practical
applications.

2.4.1. Stereolithography (SLA)

SLA has been reported as being a useful technique for the fabrication
of periodic structures [67,100,101]. For example, CAD design allows
complex graded structures to be fabricated with a different polymer to
air ratio, hence producing a graded-index PC structures. Yin et al. pro-
duced a core-shell metamaterial structure by manufacturing graded PC
domes using SLA, with a lossy dielectric core to produce an EM “black
hole” for 12 GHz-15 GHz [67].

By introducing ceramic particles into the photoresist, it is possible to
increase the dielectric constant and produce high dielectric structures. In
woodpile structures, the refractive index gap between air and polymer is
a key factor in the creation of bandgaps [102]. In a number of publi-
cations, Kirihara et al. [100,103-105] managed to fabricate complex
structures with improved dielectric constant by refining the process of
dispersing ceramic particles in the photoresist, dewaxing and sintering
the fabricated structure. 3D PC structures were fabricated using SLA by
dispersing 40 vol% silica and 10 vol% titania in epoxy resin. In their
experiments, they compared the attenuation in the transmission
amplitude in a bulk sample to the PC structure. The silica-epoxy PC
structure exhibited a bandgap in the range of 3.2-10.9 GHz, whereas
using a titania-epoxy resin exhibited a bandgap in the range of
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Fig. 7. Steps in the two-photon polymerization process [98].
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0.7-6.9 GHz. The difference between the band gaps created using
identical structures is due to the different dielectric constants of the
structures [100]. Their experiment proved that, despite using similar rod
size and periodicity, a structure with a lower dielectric constant had a
bandgap at a higher frequency. Therefore, it’s possible to produce a PC
structure that performs well within a specific frequency band, not only
by changing the structure feature sizes, but also by changing the mate-
rial dielectric constant [100].

By increasing SLA resolution and fabricating PCs with micro-
diamond lattice structures, the operation frequency of PCs has been
pushed into the THz region [104]. By introducing defects in the design
file, it is possible to tailor further the structure’s response to a specific
EM frequency. Kirihara [106] managed to produce sharp transmission
peaks inside the photonic bandgap of PC structures by introducing de-
fects. Indeed, a complete SiOy PC structure has been fabricated by
dispersing 50 vol%, SiOs in the photoresist and dewaxing/sintering the
SLA manufactured structures at 600°C /1400°C [107]. During this
process, the PC structure shrank by 24.5 % in X-Y directions and 26 % in
Z direction, but the overall form of the diamond lattice structure was
preserved. Chen et al. [107] studied the structures using an X-ray
diffraction method and reported that the fabricated structures were
made out of pure SiO, ceramic with a mass density of 2.2 g/cm® (99 % of
the theoretical mass density). The lattice constant of the fabricated
structure reduced to 380 pm. Therefore, the aspect ratio between the
dielectric rods and the lattice constant reached 1.31. The full SiO, PC
structure had a dielectric constant of 3.5 and produced a full photonic
bandgap at a frequency close to 470 GHz along with different crystal-
lographic directions [107].

SLA has also been used to produce epoxy moulds for ceramic PCs.
The inverse PC structure is designed using CAD and fabricated using an
SLA 3D printer. Yin et al. used this technique to fabricate PCs composed
of Si05-TiO2 ceramic [101]. In their experiment, a ceramic slurry was
poured into the cast after preparation of the epoxy mould. High packing
density was then achieved inside the mould using ultrasonic vibration.
The diamond PC structure fabricated using the inverse moulding tech-
nique demonstrated up to 30 dB attenuation around 17 GHz [101]. To
produce broader bandgaps in PC structures, Liang et al. [108] used
ceramic slurries with two different ceramic concentrations (55 vol.%
and 60 vol.%). By producing a gradient in the dielectric constant of the
PC structure, the bandgap width increased by 117 % using the higher
ceramic concentration.

A practical carpet-cloak metamaterial structure based on gradient
index phenomena has been fabricated using SLA [109]. The
gradually-changing unit cell increases the complexity of the design and
introduces new challenges in the fabrication of this structure. This
gradual change in the filling ratio produces changes in the refractive
index of the structure while minimizing EM wave scattering.

Combining SLA with other techniques is an additional approach for
the fabrication of composite structures. Rudolph and Grbic [110]
demonstrated a negative refractive index medium built by coating SLA
fabricated cubes with copper and soldering capacitors to produce a
negative refractive index at 1.5 GHz. Also, Wu et al. [111] combined
micro-SLA with sputtering deposition to fabricate 30 pm thin metallic
wires with 120 pm spacing. The plasma frequency of the fabricated
structure was tested using Fourier transform infrared (FTIR) measure-
ments, and a plasma frequency of 0.7 THz was measured for the fabri-
cated structure.

2.4.2. Multi-Photon polymerization (MPP)

The true 3D nature of MPP has allowed the fabrication of free-
standing complex geometries to produce the sub-wavelength symme-
try that mimics crystal lattice structures. Woodpile structures are the
most well-known pattern used in the generation of optical bandgaps
[112]. The design freedom that AM brings to metamaterials can be
understood in structures like spiral photonic crystals, which are not
possible using conventional manufacturing techniques [112,113].
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Chiral PC structures are one of the most promising designs that can
produce effective bandgaps with a low refractive index contrast [114].
The chiral PC structures are fabricated through shifting the rods by
360/n degrees each layer when n is the number of layers in the PC
structure [115]. Using MPP, which is a high-resolution mask-less
manufacturing technique, it is possible to fabricate such chiral PC
structures (see Fig. 8), which have a higher mechanical stability than
laterally-disconnected structures [115]; further, bi-chiral photonic
crystals fabricated using SU-8 photoresist demonstrated the lower
directional dependency compared to uniaxial structures (see Fig. 9)
[114].

Commercial organic photoresist (SCR-500 Japan Resin Company)
has been used in the fabrication of PC structures with pitches between
350 nm-500 nm. In one example, a 40-layer PC structure exhibited an
attenuation of 50 % in the near-IR spectral region [116]. Using
inorganic-organic polymers, it is possible to fabricate PC structures with
higher thermal and mechanical stability. Post-fabrication thermal
treatment of PC structures fabricated using inorganic-organic material
decreases the unwanted defects and improves the surface roughness of
the polymerized structure, in turn decreasing the scattering losses of the
structure [117]. Holographic MPP has been investigated for increasing
the MPP fabrication area [102] and 200 pm x 200 pm x 20 pm samples
which contained 40 layers of in-plane rods have been reported. Serbin
et al. investigated the properties of woodpile structures fabricated using
Ormocer (an inorganic-organic polymer) in the near-IR spectral region
[112]. To be able to benefit from the ability of MPP system to fabricate
structures with at a range of resolutions, Fernandez and Coninck [118]
developed a multiresolution MPP system that uses a new slicing algo-
rithm. The complex slicing and contouring technique used in their work
separated areas that require high resolution from the rest of the struc-
ture. Therefore, by manipulating the processing parameters,
low-resolution areas fabricated much faster than the conventional MPP
and the overall fabrication speed improved [118].

Regardless of improvements made in this field, MPP fabrication
speed and the limited field of view of high NA objective lens restrict the
applications of MPP for the fabrication of mm scale structures. In order
to be able to fabricate millimetre-sized structures, the MPP system
should use a high-speed laser scanning system accompanied by a
piezoelectric stage. 2D Galvonometer mirrors can be used for high-speed
laser scanning which can increase the fabrication speed up to 100 mm/s.
A high NA objective lens limits the field of view of the objective lens and
the laser scanning system can only fabricate inside this field of view. The
piezoelectric stage should be used to align the new fabrication area with
already existing patterns.

The dielectric gap between commercial MPP resins and air is not
wide enough to produce complete bandgaps. It is reported that a

Fig. 8. SEM image of chiral PC structure with a layer thickness of 1.32 pm, a
rod diameter of 300 nm and a lattice constant of 1.2 pm. The fabricated struc-
ture is made of 24 layers with an open window of 60 pm. The thick wall around
the structure decreases sample bending and deformation due to stresses and
shrinkage during the polymerization and development process [115].
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Fig. 9. SEM photographs of a bi-chiral photonic crystal, showing a) top view of different arrangements for photonic crystals, and b) 60 pm by 60 pm right/left

photonic crystal fabricated with a lattice constant of 4 pm using MPP [114].

refractive index difference of 1.9 is required for the generation of a
complete stop-band [112,119]. Therefore, customized resins with a high
dielectric constant must be used to produce effective PC structures
[112]. There are several approaches to resolving the dielectric gap
challenge. One example is the use of AsyS3 chalcogenide glass, where a
thin film is deposited on the substrate using thermal vapour deposition.
Using the high refractive index of AsS3 (2.45-2.53), the MPP fabricated
PC structure exhibited a Photonic Bandgap (PBG) with a 3.5 % gap/mid
gap ratio [119].

Due to the complex nature of MPP resins, the production of new MPP
resins with a high refractive index is time-consuming and expensive
[120]. A less complicated approach toward fabrication of high refractive
index structures using MPP is to dope commercially available resins with
high refractive index particles (such as TiOo, ZrOs, PbS or ZnS) [96,121,
122]. This mixture can be considered as a single material with effective
material properties calculated using effective medium theory [123].
High refractive index and low optical losses in the visible spectrum make
TiO3 a very promising material for fabrication of PCs. Doping the MPP
photoresist with TiO, and manufacturing the woodpile structure has
been demonstrated by Houbertz et al. [124]. In their experiment, they
reported that the high optical absorption of TiO, in their fabrication
wavelength decreased the fabrication speed. Titanium-doped acrylate
monomers and oligomers were also used for fabrication of 3D diamond
structures using MPP. Duan et al. demonstrated the generation of tita-
nium dioxide (TiO3) nanoparticles in the 3D structure and presence of
PBG using TiOz-doped resin [125].

Pure metal oxide PC structures can be realised by thermally treating
the PC structure at 500 °C, which increases the refractive index of the
structure to 2.1 in the visible region [124]. Incorporation of quantum
dots into 3D PC structures was another step in the fabrication of opti-
cally active devices using MPP. By doping the photoresist with the
quantum dots, or by infiltrating the quantum dots using the MPP
fabricated PC structures, it is possible to control the spontaneous emis-
sion of the quantum dots. This is of interest in quantum optics, energy
harvesting and optical communications [126]. Nonlinear Optical (NLO)
silica sol-gel is another material that has attracted much interest due to
its stability and low cost. Farsari et al. [122] demonstrated the fabri-
cation of 3D photonic crystals using a photosensitive sol-gel material
that contains NLO chromophore disperse red 1, where the synthesized
resin demonstrated little shrinkage or distortion during polymerization.

Waveguide structures based on PCs provides the ability to guide the
light around radial paths whose radii are only several times that of the
wavelength of the propagating light; the resulting low losses are
important in optical chips and optical computation [99]. Such structures

are constructed by carefully introducing defects in the PC structure.
Woodpile structures with line defects that represent waveguides with
sharp bends have been fabricated using lithographic techniques
[127-129]. However, lithographic techniques are generally considered
as 2D patterning techniques and they are tedious, expensive and
complicated [99]. It is possible to produce PC structures using colloidal
self-assembly but introducing defects in the desired area is not yet
possible. Note that Lee et al. [99] used a combination of direct laser
writing and self-assembly to generate waveguides inside the colloidal
crystal.

Structures fabricated using MPP can also be used to produce a
negative mould for fabrication of PC with high refractive index materials
[130]. It is possible to generate structures with sufficient refractive
index contrast by backfilling the structure fabricated using MPP with a
high dielectric constant material and removing the MPP structure using
calcination or other methods [131,132]. Inverse silicon woodpile
structures have been fabricated by using two different phase masks to
fabricate large area good quality woodpile structures. These structures
were subsequently coated with a layer of Al,O3 using Chemical Vapour
Deposition (CVD) and layers of Silicon using atomic layer deposition.
After depositing the silicon, Hydrofluoric acid was used to remove the
polymer and Al;O3, The periodicity of the phase masks used during MPP
was 600 nm and the Si inverse woodpile structure with a fill fraction of
18 % demonstrated a complete bandgap [131]. CVD has also been used
for depositing silver on MPP structure and effective bandgap centered at
100 THz has been achieved [133]. MPP-fabricated structures have also
been employed to produce silicon photonic bandgap structures using a
double negative method (double moulding) [11]. In this technique, the
polymerized structure was removed after being backfilled by SiO. The
resultant structure was used as a mould for the actual structure. To
produce the final silicon PC structures, the silica mould was back filled
using silicon and the mould was removed using hydrofluoric acid [11].

MPP-fabricated structures have also been used as a template for
highly-refractive TiO structures. Serbin et al. [95,112] used SU-8 (an
epoxy-based negative photoresist) to fabricate woodpile structures.
After completing the fabrication process the structure was immersed in
80 % titanium-IV-isopropoxide and 20 % ethanol for one hour under
helium. The structure was then exposed to air for 12h to form a solid
TiO; layer. The polymer structure was removed by heating to 600 °C for
4 h. The major drawbacks of this technique are the long post-fabrication
processing and the surface roughness of the coated TiO5 layer. Note that
the use of MPP for mould production or fabrication of inverse woodpile
structure that exhibits PC behaviour increases the challenges of PC
fabrication by dramatically increasing the number of post-fabrication
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steps. This technique also magnifies any distortions in the polymer
structure which leads to nonuniform surfaces [131].

Even though MPP is generally a single material system, a network of
high and low dielectric packets can be fabricated using MPP [134,135].
In their experiments, the substrate was immersed in the first photoresist
and areas associated with the first resin was solidified using the femto-
second laser. After completing the fabrication process of the first ma-
terial, the sample was developed, and then cleaned to avoid
cross-contamination. To introduce the second material, the structure
was placed in the second photoresist and further fabrication was carried
out on the previously-developed MPP structures Using this technique, it
is possible to fabricate 3D structures with a high resolution and with
graded dielectric properties, but the fabrication process is very
time-consuming and error-prone. Multiple stages of sample develop-
ment and realignment decrease the efficiency and accuracy of this
technique.

High dielectric particles encapsulated in low refractive index poly-
mer can behave as a photonic crystal. It is possible to trap and transport
particles and lock them in a polymer matrix using optical tweezers to
assist MPP. A well-defined 3D array of high dielectric particles fixed in a
low refractive index polymer can then be considered as a 3D photonic
crystal [136]. MPP can also be used to fabricate hybrid (metal-dielectric)
metamaterials. MPP fabricated metal-dielectric structures with high
spatial resolution can pave the way for visible metamaterials and pho-
tonic crystals [137]. Considerable efforts have been made to fabricate
metallic structures using MPP [138]. These efforts can be divided into
two major categories: direct deposition and post-functionalization
[132]. There are three main strategies for direct deposition of metallic
microstructures:

1) Direct metallic salt reduction [139,140].

2) Photoreduction of metallic salt in the polymer matrix [137].

3) Simultaneous photopolymerization and photoreduction metallic salt
[138].

Kawata and coworkers demonstrated the fabrication of 3D silver
structures using photoreduction of silver salt [139,140], and Fourkas
and co-workers demonstrated solution phase deposition of Iron and Gold
[141]. Typically, solution-phase deposition has been shown to produce
isolated metallic structures with generally poor conductivity [132]. It is
possible to fabricate composite structures by using a combination of
commercially available MPP photoresist and metal salts. To achieve
high-resolution composite structures, it is essential to use two-photon
absorption dyes which are both expensive and limiting [142].
Chaudhary et al. [142] demonstrated the fabrication of composite
(metal-polymer) structures with a minimum feature size of 390 nm
without using dyes and fabricated metal-polymer gratings. This is shown
in Fig. 10 for different spacing and sizes. Using Lucirin-TPOL photo
initiator (Ethyl(2,4,6-trimethylbenzoyl) phenyl phosphinate) and
introducing 10 wt% gold precursor they managed to increase the
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diffraction efficiency of gratings fabricated by MPP from 10 % to above
60 % [142].

Truly 3D free-standing metallic structures have been fabricated by
covalently bonding photo reducing dyes to nanoparticles in the mixture
of silver salt and sacrificial host polymers [137]. A femtosecond laser has
also been used for fabrication of highly conductive subwavelength
metallic lines [143]. By using the femtosecond laser to write in a gold
precursor doped photoresist, line widths a low as 100 nm are posssible,
with conductivity within an order of magnitude of the bulk metal. Such
structures can be used for fabrication of different optical structures.

It is possible to produce 3D periodic conductive structures from MPP
fabricated structures by using metal coating techniques [144-148]. Such
hybrid techniques have been used for fabrication of periodic woodpile
structures [149], U-shaped resonators [146] and perfect absorbers
[147]. The main advantage of electroless plating is the quality of
deposited metal which has conductivity comparable to the bulk mate-
rial. Using CVD, a thin metallic layer is deposited on the substrate as well
as the polymer structure that limits the functionality of the sample. As is
demonstrated in Fig. 11, an intermediary step can be used to mechani-
cally remove the fabricated microstructure from the coated substrate
and place the coated structure on a new substrate [149].

Post-functionalization is another promising method for selective
metal coating of specific areas of design. Adding metal receptive func-
tional groups to the MPP photoresists enables selective metal coating of
polymer structures, as demonstrated by Kawata et al. [150] who fabri-
cated polymer structures with the non-activated and activated polymers
(amide-containing polymers). Completing the plating process, the
non-activated polymer structures stayed transparent but that regions
containing activated polymer changed colour and accepted the silver
coating.

Yan et al. [151] showed that treating structures with a
radio-frequency plasma helped to reduce the number of post-fabrication
steps and increase the quality of the metallic layer deposited on an MPP
SU-8 structure. The surface treatment helps the SU-8 structure, fabri-
cated on a Si substrate (e.g. as split-ring resonator structures, see Fig. 12)
to be coated preferentially with high conductivity and low surface
roughness.

Another approach in the fabrication of composite metal-polymer
structures using MPP is to combine this technique with Laser-Induced
Transfer (LIT). It is possible to deposit high-quality spherical nano-
particles on specific areas of a design. Kuznetsov et al. demonstrated
deposition of 200 nm-800 nm nanoparticles on MPP fabricated struc-
tures [152]. In their experiment, a gold-coated (10 nm-60nm thick)
glass slide was placed a distance of 10 pm from the coverslip (substrate).
The femtosecond laser then melted the gold and backwards-transferred
the molten metal to the substrate. This approach produced high-quality
spherical gold nanoparticles, which was not previously achievable, and
allowed the particles to change shape [152]. Note that the femtosecond
laser is used for both LIT and polymerization, and therefore the LIT
process cannot be done in the presence of photoresist.

AR

Fig. 10. Diffraction gratings fabricated using 5 wt% gold precursor-loaded polymer. The diffraction pattern of 712 nm red laser was generated by structures with
periodicities of (a) 1.5 pm, (b) 2.5pm and (c) 5pm [142]. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of
this article).
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Fig. 11. a) SEM image of a MPP- fabricated bi-chiral photonic crystal, together with b) the process diagram for fabrication, plating and redisposition of the structure

on a new substrate [149].
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Fig. 12. (a) SRR structure fabricated using SU-8 on a silicon substrate. The structure was treated with RF plasma prior to silver coating so that the high-quality metal
coating was only applied to the SU-8 structures. (b) Transmission spectra for electric field parallel and perpendicular to the SRR gap show an LC resonance dip at
0.64 THz [151].

Fig. 13. Metallic helices fabricated using a combination of stimulated emission depletion assisted MPP and electrochemical metal deposition. (a) to (¢) diagram
illustrates different steps of fabrication; (d) SEM picture of polymer shells; (e) and (f) show arrays of metallic helices fabricated using negative photoresist, and (g)
shows an array of metallic helices fabricated using positive photoresist [154].
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Infrared concentration using a Gradient Index (GRIN) lens is an
attractive solution to increase the photometric performance of sensors
by concentrating the light into a small area. Moughame et al. [153]
utilised MPP to fabricated small GRIN lens (volume 1.5)»3) with air gaps
from A/20 to 1/8 to concentrate mid-infrared light [153]. The GRIN lens
fabricated in this experiment achieved an intensity increase of up to 2.5
times. During this experiment, a homemade tri-acrylate polymer was
used to fabricate the metamaterial structure, but they hypothesised that
by using higher refractive index material like silicon, high-quality GRIN
lenses could be realised [153].

Using MPP in the fabrication of composite structures is a challenging
task. Using direct deposition techniques such as metal-salt reduction
produces high-resolution 3D structures but results in poor metal quality
and disconnected metal particles [132]. Using hybrid techniques in-
crease the fabrication steps but introduces new difficulties.

Metallic wire-grid linear polarizers are one of the most well-
established structures and extending these structures to 3D can solve
some of the limitations of the linear polarizer. Gansel et al. [154] used a
combination of multiphoton polymerization and chemical vapour
deposition to fabricate a 2D array of gold helix structures that blocked
the circularly polarized light with the same handedness as the helices.
Fig. 13(a)-(c) shows the different steps taken in the fabrication of gold
helix arrays. During the experiment, the glass substrate was coated by
25 pm of ITO, which acted as the cathode for metal deposition. The
substrate was then spin-coated with a 10 pm thick layer of a positive
photoresist, and MPP utilized to write the helices. In the development
stage, only sufficiently-exposed areas were removed and air helices were
created. By placing the structure in an electrochemical cell, gold was
deposited in the air helices and the unexposed polymer was removed
using air plasma. Freestanding metallic helices with a lattice constant of
2pm have been fabricated using this technique (Fig. 13(d)-(f).
Although the use of positive photoresist limits the resolution achievable
by MPP, the resolution can be increased using stimulated emission
depletion-assisted MPP. This allows more accurate helices to be fabri-
cated with more than 3 intertwines [155].

2.5. Other techniques

The classification of AM techniques is complicated due to the rapid
expansion of the field. In some cases, an AM technique can be placed
into more than one category. In this section, we present some of the AM
techniques that were used in the fabrication of EM metamaterials. These
techniques are either less well-established or have limited application in
fabrication of the EM metamaterials.

2.5.1. Laser chemical vapour deposition (LCVD)

LCVD uses a focused laser beam to locally heat the substrate and
drive the chemical vapour deposition reaction [156]. LCVD has been
used in the fabrication of rods, springs and micro tweezers [157].
Therefore, it is possible to use LCVD to fabricate high dielectric struc-
tures, and hence to fabricate PC structures [60]. Wanke et al. used a
mixture of oxygen and trimethylamine alane [(CH3)3N - AlHs] to grow
40 pm aluminium oxide rods [158]. These structures showed trans-
mission minima centred around 2 and 4 THz [158].

2.5.2. Aerosol jet printing

High fabrication cost of components with a resonance frequency in
THz region limited the widespread adaptation of devices that operate in
the region from 100 GHz to 10 THz [159]. Aerosol Jet Printing (AJP)
utilizes a low viscosity inks in the range of 1—-25000 cP to fabricate
micron-sized feature sizes [160]. The feature sizes achieved using AJP
addressed the gap between high-resolution techniques like vapour
deposition and low-resolution techniques like screen printing.
Comparing to inkjet printing, AJP can be used with higher viscosity inks
and the features produced using AJP have higher resolution.
Metamaterial-inspired THz filters fabricated using AJP with operation
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frequencies of 230 GHz, 245 GHz and 510 GHz demonstrates the capa-
bility of this system in the fabrication of filters, mixer and absorbers
functioning in THz region. The AJP fabricated structures were compared
to their lithographic counterparts and they achieved comparable per-
formance [159].

2.5.3. Powder bed fusion

Powder bed fusion techniques rely on the utilization of an energy
source to melt and fuse a thin layer of metal powder to fabricate complex
structures layer by layer. Selective Laser Melting (SLM), Selective Laser
Sintering (SLS) and Electron Beam Melting (EBM) are the most notable
techniques in this category. There are 3 major steps in powder bed fusion
techniques. First, a layer of powder is spread on the build platform.
Second, a laser/electron beam fuses the first layer to the build platform.
Third, a new layer of fresh powder is deposited on the retracted plat-
form. Step two and three are repeated until the structures are fabricated
layer by layer. The powder particle size and laser power density control
the melt pool size and the resolution of the system [161].

Additive manufacturing of metallic parts enables researchers to
fabricate complex metal components with high precision and repeat-
ability. SLM has been used for fabrication of microwave sources based
on slow-wave structures [162]. Microwave sources operate based on the
conversion of the electric beam energy into radiation by coupling the AC
beam current into an interaction circuit. By replacing the interaction
circuit with a metamaterial structure, new types of microwave sources
have been realized. French and Shiffler [162] demonstrated that
metallic helix structures fabricated using SLM can be used in the pro-
duction of high power microwave sources While the structured finish
and surface roughness of the SLM parts were lower than parts made with
conventional machining, the design freedom, fast turnaround and low
cost of AM parts enabled them to manufacture and test the behaviour of
these structures for the production of microwave sources. Due to high
interaction between EM waves and metallic structures these structures
exhibit high losses. Therefore, the resultant metallic metamaterials are
not very efficient in the optical region.

2.5.4. Laser rapid prototyping

Laser Rapid Prototyping (LRP) was one of the earliest forms of ad-
ditive manufacturing technologies that were used for fabrication of
photonic crystals with a bandgap in the millimetre range [163]. LRP
uses a photocurable ceramic paste to produce 3D structures with prop-
erties comparable to other ceramic manufacturing techniques (injection
and pressing). In this process, a paste feeder and a sweeper blade apply a
fresh layer of photo-curable ceramic to build complex structures layer by
layer.

2.6. Summary

As demonstrated in Fig. 1, metamaterial research is expanding and
focusing on the utilization of the novel properties of metamaterials. The
expansion in the metamaterial research is partly due to new
manufacturing and characterisation techniques developed in the past
few decades [164]. Fig. 14 summarises some of the most important
works done in this field and demonstrates the feature sizes achieved
using respective fabrication methods. It is clear that increasing the
fabrication resolution (i.e. decreasing the minimum feature size) in-
creases the application frequency of the metamaterial. The relationship
between the metamaterial feature size and the operation frequency
depends on the type of metamaterial. The PC structures operate at the
wavelength comparable to their periodicity and metamaterials operate
in wavelengths greater than the constituting unit cell of the structure.

To summarise this section, Fig. 14 presents a diagram where the
methods discussed are listed with respect to operating frequency and
feature size. It is clear that MPP has the capability to fabricate structures
with submicron feature sizes. The operation frequency of these struc-
tures can be up to 272 THz which is close to the theoretical limit that
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Fig. 14. Graph of different structures fabricated using AM techniques with their feature sizes and their operating frequency. It is clear that the operation wavelength

of the structures is usually smaller than their feature sizes.

metals behave as perfect conductors [165]. Inkjet printing and FDM
have a relatively lower resolution but they can be used for fabrication of
practical, large scale structures.

3. Acoustic metamaterials (AMMSs)
3.1. Introduction

Acoustic metamaterials (AMM) are of interest due to applications in
cloaking, imaging, and the fact that control of sound fields can be
enhanced [166-170]. In noise and vibration control, enhanced sound
absorption can also be achieved [171]. AMMs have been described with
many different structures, all of which are designed to produce effects
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such as negative refraction, negative elastic moduli etc. A wide range of
metamaterials has been proposed for using such effects to control
acoustic wave propagation, where typically a base material is modified
to contain holes, channels, resonators or scattering sites. The resulting
material can have a negative bulk modulus (which in conventional
materials would be expected to have a positive value). This can result in
a negative acoustic refractive index and other exotic properties, many of
which can only be manufactured using AM methods [172].

AMM structures can be considered to fall within three broad
categories:

(i) Phononic crystals - These contain regular arrays of acoustic
scattering and/or resonating sites within the material [173,174].
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Fig. 15. 2D COMSOL simulation of the irreducible Brillouin zone of a periodic polymer structure with circular holes. The unit cell size of 1 mm and the hole
dimension of 0.475mm were chosen in this simulation. a) Plot showing the existence of bandgaps, b) the unit cell and c) irreducible Brillouin zone with

marked directions.

The creation of band gaps is possible in such structures, where a
range of frequencies exist over which the transmission of acoustic
energy across the material is not possible. This has many uses in
acoustic absorption, filtering and isolation. In addition, such
materials can exhibit a negative index behaviour, potentially
allowing acoustic signals to be focused at particular frequencies

at a resolution beyond the usual diffraction limit [173,175,176].

A subset of such structures is the creation of a plate containing

regular-substructures, rather than a three-dimensional crystal.

Resonant structures - Arrays of holes, channels or other

embedded structures create a set of resonances. In channelled

materials, enhanced sub-wavelength imaging resolution by the
coupling of evanescent waves is possible [7,177]. They can also
be used for acoustic filtering and sound control.

(iii) Space coiling - Extended curved or folded acoustic paths within a
material can lead to negative elastic moduli and other interesting
properties [178-180]. These sometimes contain elements that
exhibit Fabry-Perot resonances, a subcategory of resonant struc-
tures to be discussed in section 3.3.

(i)

As in EM metamaterials, common to all AMM structures is the fact
that functional structural components within the metamaterial tend to
be much smaller than the wavelength of the acoustic signal. The ability
of AM techniques to manufacture complicated shapes at small scales is
thus an advantage in many cases. The choice of AM method often de-
pends on the minimum build resolution required to realise the complex
elements within the structure. A range of different methods have been
compared recently in a study that compared three different polymer-
based printing technologies to numerical models and a metal powder-
based print technologies, where it was shown that surface roughness
and accuracy of build had an effect on the acoustic performance [181].

The following sub-sections will consider the role of AM in the
manufacture of different types of acoustic metamaterial. It is convenient
to discuss the most appropriate AM method for each of the three main
types of AMMs separately - each can be made through a variety of AM
techniques. They are here considered as structure types to clarify each
different mode of metamaterial behaviour.

3.2. Phononic crystals

Phononic crystals are materials that originally were conceived as a
regular array of acoustic scattering sites or inclusions. These sites typi-
cally have an acoustic impedance (Z) that differs from the host medium,
so that a significant amount of energy is reflected at each scattering
location. This definition has now been broadened to include many types
of regular structures containing features that rely on combinations of
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scattering and resonances. Several books have been written on their
method of operation, to which the reader is referred [18,182].

One of the primary results obtained with a phononic crystal is the
existence of band gaps — regions within which acoustic propagation is
forbidden due to a combination of multiple scattering and local reso-
nances. Thus, the design criteria are often defined with a view to
creating these band gaps in the frequency range of interest, as these
usually infer other properties related to high-resolution imaging.

The design process involves modelling the interaction of acoustic
signals with the regular scattering structure and requires consideration
of the properties of both the scattering sites and the host medium
(sometimes referred to as the matrix). In addition to band gaps, it is of
interest to construct structures that become dispersive, i.e. where the
wavenumber in particular directions in the crystal is a function of fre-
quency. It is this phenomenon that ultimately leads to the possibilities of
enhanced imaging (greater intensity and subwavelength information),
negative refraction (refraction in the opposite direction to standard
which allows focusing), and other exotic phenomena, as detailed by the
pioneering work of Page and co-workers [173,174,183] and later
reviewed by Lu et al. [184]. It is thus crucial to be able to predict which
structures lead to the required exotic behaviour. This, in turn, leads to
the requirements needed from any AM method in terms of build area and
resolution. Prediction of behaviour can typically take place using either
Finite Element (FE) modelling or multiple scattering theory.

Various types of phononic crystals have been designed and fabri-
cated using non-AM methods, many of which consisted of solid spheres
or rods, with or without coatings, embedded within a polymer or liquid
substrate [185,186], but this limits the size and complexity of structures
that can be investigated and also how they might be applied. The issues
that arise during the design and fabrication of such structures via AM
methods have been described by Lucklum and Vellekoop [187]. There
are various choices for the method of fabrication, depending on the
frequency range of interest. At low frequencies, such as that needed for
vibration control, Fused Deposition Modelling (FDM) can be used. An
example is that of Matlack et al. [188], who created a rectangular
polymer skeleton within which metallic cubes were placed. Their
structure, which was designed for use at frequencies of up to 10 kHz, is
shown in Fig. 16. The cubes act as resonating elements, which act in
addition to the periodicity to create wider band-gaps for vibration
isolation. (Note that the metallic cubes were placed within the structure
manually).

Another approach is to use a face-centred cubic lattice of thin-walled
hollow trusses [189] joined at a series of apexes by connectors, each of
which could be made using AM processes; however, manual assembly is
still required. More simple structures, more amenable to a single AM
technique, would use one solid material only, such as a solid structure
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Fig. 16. (a) Metamaterial structure built by Matlack et al. [188] using FDM, with metal cubes (shown in blue) inserted manually within the polymer grid. (b) The
unit cell used in defining the grid structure. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article).

containing scattering air-filled voids, defined by a simple unit cell which
is then repeated throughout the structure during the build. The aim in
many of these metamaterials is the creation of a wide bandgap and the
greater the acoustic impedance mismatch between the solid and air the
better. Luckily, the acoustic impedance mismatch between a polymer or
similar material and air is sufficiently large that very efficient scattering
within the polymer matrix from the air-filled voids would occur. The
choice of fabrication route depends upon the build resolution required.
D’Alessandro et al. [190] chose Selective Laser Sintering (SLS) of Nylon
to achieve a structure shown in Fig. 17, together with the unit cell to-
pology. The dimensions of this structure made it suitable for use at
frequencies of up to 20 kHz.

AM was also used by Zhang et al. [191] to create a structure whose
properties were graded (i.e. varied smoothly) in the direction of sound
travel. Although the exact AM method and photo-sensitive polymer
were not defined, the frequency range examined was up to 6.3 kHz, so
the cell sizes were the same order of magnitude to those of D’ Alessandro
[190]. It was demonstrated that grading the structure gave advantages
in terms of bandgap quality, of interest to applications in sound and
vibration isolation.

For use at higher frequencies, a higher build resolution is required.
Lucklum and Vellekoop [192,193] showed that for work in the ultra-
sonic range (100 kHz -2 MHz), a good fabrication approach would be
Micro Stereolithography (MSL). This was used to create a regular array
of air-filled voids, effectively with the shape of three intersecting cy-
lindrical channels. Fig. 18(a) shows an optical image of a fabricated
structure, and Fig. 18(b) illustrates the unit cell used in the design. The
build gave reproducible features at the 50 pm level, which was sufficient
for defining structural features that were a small fraction of the
incoming wavelength (at frequencies of up to 2 MHz or so). Simulations
and experiments were in agreement, with a bandgap appearing over a
0.4-1 MHz frequency range, due primarily to scattering from the
regularly-spaced air-filled voids. It should also be noted that Lai and

Fig. 17. (a) Nylon phononic crystal metamaterial manufactured using
SLS [190].
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Zhang [194] have predicted that using inclusions with different radii
could introduce improvements in performance, although this was not
confirmed experimentally. MSL was also used by Laureti et al. [195] to
generate a PnC having regularly-spaced steel spheres embedded within
an acrylic matrix. This was achieved by creating the first layer of acrylic
containing spherical depressions into which spheres were placed
manually; the next acrylic layer was printed on top and the process
repeated. Experiments in a water tank at frequencies of up to 1 MHz
showed the presence of focusing effects, which would also be expected
from such structures. With the band gaps present in the transmission of
these structures, negative refraction may occur, providing enhanced
focussing.

An alternative technique for fabricating complicated regular struc-
tures is robocasting [196], which can be used to create scaffold struc-
tures from a ceramic material. This was the approach used by Kruisova
et al. [197], where various hexagonal and tetragonal structures fabri-
cated from silicon carbides (SiC) were designed, modelled and tested.
The geometries, unit cells and FE modelling meshes are shown in Fig. 19.
Characteristic length-scales (for unit cells) were 0.2—0.7 mm. The au-
thors found that band gaps were created in the 5—10 MHz frequency
range, a region not extensively explored in the metamaterial literature
but of importance in biomedical diagnostic imaging. Note that earlier
work by the same authors had explored regular tetragonal lattices, and
characterised the build process and the resulting band structure [198]. It
was notable that very low damping was observed, this being a useful
attribute in many practical applications.

Another AM method that has been used to investigate phonic crystals
is Electron Beam Melting (EBM). The existence of band gaps in strut-
based (or “lattice”) metamaterials had been predicted [199], and EBM
allows such structures to be investigated experimentally, as detailed by
Wormser et al. [200,201]. One design [200] consisted of Ti-6Al-4 V
curved struts, typically < 0.5 mm in diameter, joined together at nodes
at a typical distance of 5 mm. In both measurements and simulations, a
partial bandgap (i.e. not appearing in all directions) was observed within
a frequency range of 75-110 kHz. The design was further evolved into
one containing cuboid masses at the nodes [201,202], again joined by
either straight or curved struts, with the variable “A” indicating the
amplitude of the deviation from a non-curved strut. An example of the
unit cell structures used for fabrication is shown in Fig. 20, for four
values of “A” (zero meaning a straight strut). Note the main differences
to the design of Matlack et al. [188] shown earlier in Fig. 16 — now the
material is made in one AM process, using a single material. The result
was the creation of multiple band gaps whose width at frequencies of up
to 150 kHz exceeded those of the simulations, for all the four designs
shown in Fig. 20, with the bandgaps decreasing in centre frequency with
increasing “A”. The authors attribute this to the cuboid masses acting as
inertial elements and interacting with the flexible struts.

Another type of strut-based acoustic metamaterial is that created by
the so-called pentamode configuration. Here, the struts are of varying
thickness in the form of a double cone geometry, thicker at their centre
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Fig. 18. (a) Phononic crystal metamaterial structure printed using MSL by Lucklum and Vellekoop [192]. (b) The unit cell used in defining the structure.

Fig. 19. Geometries and FEM meshes used by Kruisova et al. [197] for calcu-
lations of the band structure of their scaffold structures: (a) SS structure; (b) LS
structure; (¢) SH structure; (d) LH structure. Schematic sketches on the left
show the placements of the unit cells in tetragonal (a,b) and hexagonal (c,d)
structures in the x;-x, plane.

and joining together at a point. Selective laser melting (SLM) was used to
create the structure from Ti-6Al-4 V metal powder [203]. This approach
was compared to polymeric structures manufactured using Direct Laser
Writing (DLW) optical lithography, where lower elastic moduli were
observed. Such structures have also been reported by other authors (e.g
[202].) as being suitable for AM manufacture in polymers, although the
build process is complicated due to the fragile nature of the struts. The
property of interest acoustically was the ratio of the static bulk to shear
moduli, which was found to be approximately 10°.

An interesting addition to the research on lattice metamaterials is
where the structure can be deformed using external fields. This has been
demonstrated by Yu et al. [204], where external magnetic fields were
used to alter the geometry of a lattice metamaterial that had been
created using stereolithography-based AM methods.

It is interesting to note that two-dimensional metamaterial plates can
also be used to create acoustic band-gaps for waves travelling along the
plate as Lamb waves, one example being the positioning of a regular
array of masses on one surface [205,206]. In addition, the use of
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A=1.5mm

Fig. 20. The four unit-cells used by Wormser et al. [201] to fabricate a PnC via
EBM having a range of bandgap properties.

resonant rod-like structures can achieve band gaps for surface waves
[207]. AM techniques such as FDM are suitable for the manufacture of
such structures at low frequencies. Also, it has been shown that addi-
tional holes in an FDM-manufactured plate, fitted with regularly-spaced
cylindrical masses, can create a trampoline-like effect, which helps to
create more numerous and wider band-gaps [208].

3.3. Fabry-Perot and space coiling (labyrinthine) metamaterials

Fabry-Perot structures contain arrays of cavities of sub-wavelength
diameter, the resonance within which leads to the special properties
of the resultant metamaterial. Many reports in the literature are for
structures produced using conventional manufacturing methods at a
larger scale for use in the air at low frequencies. However, some authors
have used AM methods. Laureti et al. [195] used FDM to manufacture a
sample containing 100 channels, in front of which was placed an
-shaped aperture of sub-wavelength dimensions (Fig. 21). It was shown
that the “L” shape could be retrieved on the far side of the metamaterial
in the air at 11.48kHz, at a resolution well below the conventional
diffraction limit at the chosen frequency. This work has been further
extended for use in water at higher frequencies, using both metallic
substrates [309] and a new trapped air concept [310] to obtain the
required impedance difference between the channels and the substrate.

An alternative design was developed for its sound absorption prop-
erties [209]. This used concentric cylinders of various lengths (hj, hz
etc.) which were closed at one end and segmented radially, as shown in
Fig. 22. Here, the quarter-wave resonances of individual cylinders were
tuned to the appropriate frequencies to both broaden and tailor the
acoustic absorption response to the design values. In addition, other
authors have used cylindrical Helmholtz resonators of approximately
0.5mm diameter to attenuate sound in the audible range.
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Fig. 21. The Fabry-Perot metamaterial used in the air by Laureti et al. with
h=14.8mm and A =2.96 mm [195].

<. g

Fig. 22. Resonant structure using concentric cylinders of different lengths for
sound absorption in the air [209].

Stereolithography was used to allow such small structures to be fabri-
cated, with the Helmholtz resonators used to create stop bands at spe-
cific frequencies [210].

Space-coiled (labyrinthine) acoustic metamaterials are those where
the cavity containing the acoustic field takes a tortuous path. AM
methods are one of the few ways in which most of these materials can be
manufactured. In general, they consist of extended, often folded paths
through an object, whereby changes in amplitude and phase leads to
exotic acoustic properties at the output [179]. One example is in the
control of sound absorption [211]. Another example is wavefront
shaping and focusing effects, where it has been shown for a metasurface
how the use of a horn geometry can lead to advantages, including
simultaneous phase and amplitude modulation [212]. Note that
Fabry-Perot resonances can occur in the folded transmission channels.
This effect has been used, for example, in the creation of a Fresnel lens,

(2)
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fabricated via AM methods, for use in the air at frequencies of up to
10kHz [21]. In other work, FDM AM was used in the air at 2.3-3.7 kHz
to create changes in phase across a lens to achieve focusing [213]. The
design of the lens and the manufactured FDM object are shown in Fig. 23
(a) and (b) respectively.

Space coiling was also used within a novel approach which used
metamaterial “bricks”, fabricated by 3D-printing [214]. Each brick
could be designed to have a different phase delay, for example, which
could then be used to create phenomena such as beam steering. The
device was also used to demonstrate acoustic levitation.

With the correct design, such metamaterials can exhibit a negative
refractive index, leading to possibilities such as high-resolution imaging.
If local resonances are avoided, space coiling can create doubly-negative
structures using features that are sub-wavelength in dimensions, as
demonstrated by Maurya et al. [215] using FDM fabrication with ABS
polymer at frequencies of up to 4 kHz in the air. Phase gradients were
also created by Xie et al. [216,217] to demonstrate extraordinary beam
steering and negative refraction at similar frequencies, using FDM
fabrication methods. These researchers have also published a method for
the systematic design of space-coiling structures suitable for AM fabri-
cation for operation in the air [218].

AM methods lend themselves to different geometries. For example,
laser-based stereolithography was used to create a helical metamaterial
within which acoustic propagation occurred in the solid, rather than in a
channel within the solid [219]. A similar concept was used by Ding et al.
[220] to create an impedance matching layer with a graded-index. FDM
and similar methods have been used to create labyrinth-type surfaces for
the control of reflected waves [221], and to create an ultrathin meta-
surface [222], both for acoustic signals in the air. More exotic shapes
and processes have been reported. For example, a chiral material (with
properties like negative refraction which are analogous to those seen in
optics) has been designed and printed [223], and a 2D device for
rotating the wavefront of an acoustic signal has also been reported
[224].

3.4. Isotropic three-dimensional metamaterials

The possibilities created by AM techniques for manufacturing 3D
metamaterials are well-illustrated by the ability to print spherical ob-
jects with metamaterial properties. For example, a 3D space-coiling
sphere has been produced by Fu et al. using AM techniques [20] and
is shown in Fig. 24(a). This exhibited both monopolar and dipolar res-
onances due to the space-coiling structure within it. This object blocked
sound wave propagation at frequencies between these two resonances
but also had negative values of effective mass density and effective bulk
modulus around the dipolar and monopolar resonances respectively.
This leads to possibilities in areas such as acoustic cloaking, where
spheres of different sizes could be used to extend the range of fre-
quencies in a particular application.

A different mechanism was used by Xie et al. [225], based on a cubic
structure. Here, the aim was to produce a structure that could be

(b)

Fig. 23. (a) Design of a Fresnel lens using space-coiling techniques, and (b) the lens manufactured using Fused Filament Deposition AM (adapted from [21]).
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Fig. 24. Spherical acoustic metamaterial structures using (a) space coiling (taken from [20]) and (b) a metamaterial containing a cubic structure (taken from [225]).

fabricated using an SLA printer, in which the effective properties such as
refractive index could be controlled across the object. In the example
shown in Fig. 24(b), the object was made in two hemispheres that were
then joined together. The resulting acoustic lens, the operation of which
was based on an earlier work using metal rods to create the meta-
material structure [226], is known as a Luneburg lens, and represents a
type of graded-index acoustic (GRIN) lens.

4. Mechanical metamaterials
4.1. Introduction

Mechanical metamaterials are rationally designed materials with
certain mechanical properties which are defined by their geometry, e.g.
their micro/nano lattice architecture, rather than their composition [34,
36,227]. Mechanical metamaterials can be designed and tuned to
deliver a range of mechanical properties [228]. These include elastic
modulus, strength, Poisson’s ratio, recoverability, energy absorption,
thermal expansion etc. Different types of mechanical metamaterials and
their properties can be found in the excellent review papers on this
subject [34-38,228]. Auxetic [22,23,229-237] and pentamode [238]
metamaterials, ultra-light metallic/ceramic micro-/nano-lattices [239],
carbon nano-tube based structures [240] and different classes of flexible
metamaterials [241] are examples of mechanical metamaterials that
have been studied extensively.

As stated above, auxetic materials exhibit a negative Poisson’s ratio.
Based on their microstructure design, auxetic materials have been
classified into three main groups including re-entrant (e.g. a bow-tie
structure), chiral, and rotating (semi-) rigid structures [242].
Enhanced resistance properties against damage, improved indentation
resistance, better acoustic/vibration properties and high energy ab-
sorption have been reported for auxetic materials [36,242].

Pentamode materials, also called meta-fluids, have a very large value
of bulk modulus compared to their shear modulus causing their volume
not to change under deformation (i.e. having a Poisson’s ratio of 0.5). A
frequently studied design of pentamode microstructures includes a
specific arrangement of conical beams in a diamond-type lattice struc-
ture [202,238,243]. Increasing the density of this lattice design has
minimal effect on the stiffness as opposed to Ashby plot [244] which
suggests a power low relationship between density and elastic modulus.

Introducing random porosity to a solid material disproportionally
depredates the mechanical properties. An example is the stiffness or
elastic modulus (E) of stochastic materials such as aerogel and foam
which according to power-law is poorly scaled with density (p) as E ~ p®
[245]. Micro/nano-structure of ultralight ultrastiff metamaterials [239,
245] are rationally designed to deliver close to linear scaling of stiff-
ness/strength and density. This includes the use of hollow beams in the
microstructure of a stretch-dominated lattice structure [228].

The ability to fabricate high-resolution 3D structures directly from a
CAD file and the capability to individually tailor the unit cells of design
makes AM technologies a viable option for fabrication of mechanical
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metamaterials. Below, the most common additive manufacturing pro-
cesses for the fabrication of most common types of mechanical meta-
materials are reviewed.

4.2. Vat polymerization

Vat polymerization techniques have been the most commonly used
AM techniques for the fabrication of mechanical metamaterials. These
techniques have been extensively used for the fabrication of extremal
metamaterials such as auxetic and pentamode structures [246,247].
Buckmann et al. demonstrated auxetic metamaterial structures with
sub-micron unit cells which were fabricated using MPP [248]. For the
first time a structure with the overall size of 30 pm x 30 pm x 30 pm,
composed of 108 bow-tie elements was fabricated using the MPP system
and a Poisson’s ratio of -0.13 was achieved [248]. Macroscopic and
microscopic polymer auxetic structures fabricated using material jetting
(objet30) and dip-in mode of MPP (Nanoscribe GmbH, Germany)
demonstrated maximum Poisson’s ratio of -0.8 [233]. Micro-structured
polymer pentamode metamaterials with bulk to the shear ratio as large
as 1000 were fabricated using DLW process [243]. Laminate hetero-
structures with enhanced flexibility processed through optical laser
lithography (Nanoscribe GmbH, Photonic Professional GT) were intro-
duced as modified pentamode metamaterials [249].

The unfeelability cloak is the mechanical equivalent of an invisibility
cloak for optical metamaterials [238,243,246]. Using a commercial MPP
system, Buckmann et al. ([246], see Fig. 25) and Kadic et al. [249].
fabricated a pentamode metamaterial that can elastically hide objects.
The unfeelability cloak was built using the dip-in mode of the MPP
setup. Using a refractive indexed matched photoresist, it is possible to
push the objective lens inside the photoresist and fabricate structures
which are taller than the working distance of the objective lens. The
commercial MPP setup uses a Galvo mirror system to fabricate structures
with high speed (5cm s~ 1) [246]. One of the shortcomings of the MPP
system is its limited build volume. To rectify this issue it is possible to
divide a design into a number of areas and fabricate larger structures in
consecutive attempts. The piezoelectric stage in the commercial MPP
system enables the user to stitch each part to the previous parts. Pen-
tamode metamaterial structures with bulk modulus to shear modulus
ratio in the range of >10° was achieved using polymer microstructures
fabricated using the dip-in mode [243].

Mechanical metamaterials with other functionalities different than
extremal material have also been processed through vat polymerization
techniques. Frenzel et al. [223] designed and fabricated mechanical
metamaterials which were able to twist under compression (Fig. 26).
These metamaterials were fabricated using 3D laser micro printing, and
they could deliver twists per axial strain exceeding 2°/%.

Mechanical metamaterials with tunable negative thermal expansion
have been fabricated using multimaterial projection MSL (Fig. 27)
[250]. It is possible to tune the negative thermal expansion in a dual
material unit cell by varying the thermal expansion coefficient differ-
ences and the topology of the unit cell. Zero-thermal expansion
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Fig. 26.

coefficient is also possible to be realized using the same strategy by
offsetting the positive and negative effects within the unit cell [250].

Macroscopic octet-truss lattice structures processed through SLA
have been investigated for recoverability and energy absorption [251].
The energy absorption efficiency of the lattice structures made from
green resin (with mechanical properties similar to ABS) and grey resin
(with mechanical properties similar to PMMA) was nearly 11 % higher
than Duocel® aluminium foam with a recoverability capability of strains
up to 70 % [251].

The self-propagating photopolymer waveguide technique is a vat
polymerization technique that uses a collimated UV light and a polymer
mask to fabricate open cellular structures (see Fig. 28). This technique
has the potential to reach mass-manufacturing of micro-lattice struc-
tures in large scale without affecting the lattice symmetry and diameter.
It is a promising method for fabrication of practical mechanical meta-
materials for real-life applications [239,252].

Currently, no AM process offers fabrication of ceramic or metal
nanolattices at a high resolution [228]. To overcome this limitation,
hybrid fabrication techniques have been used in which a vat polymeri-
zation process is initially employed to fabricate a polymer lattice, fol-
lowed by post-processing techniques to fabricate metal/ceramic lattice
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Mechanical metamaterials with a twist [223].

from polymer lattice. Jacobsen et al. [253] used a self-propagating
photopolymer waveguide technique to fabricate

polymer micro-lattices. Glassy carbon micro-lattice structures were
then fabricated using pyrolysis of the polymeric micro-lattices. Eckel
et al. [254] used pyrolysis process to convert polymer micro-lattices
manufactured by SPPW to ceramic micro-lattices. Glassy carbon nano-
lattices with strength close to the theoretical values and an improved
stiffness to density ratio were manufactured by pyrolysis of polymer
nanolattices 3D-printed through DLW (Fig. 28) [255].

Ultralight metallic micro-lattices consisting of hollow tube strut
members have been fabricated using the Self-Propagating Photopolymer
Waveguide (SPPW) technique to firstly manufacture the base polymer
lattice, followed by electroless nickel plating and subsequent etching
[239,256,257]. In [239] (Figure), the Young’s modulus (E) of the ul-
tralight micro-lattices were observed to be proportional to p? where
relative density p is defined as the ratio of the apparent density p to the
base material density p,. Hollow nickel microlattices of densities p <
0.1% showed nearly full removability for compressive strains of up to
more than 50 %, while micro-lattices of higher densities had fully plastic
behaviour under compression [256]. The same technique was imple-
mented for the fabrication of nickel hollow Triply-Periodic Minimal
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Fig. 29. Glassy carbon nanolattices created by pyrolysis of 3D-printed polymeric micro-lattices [255].

Surface (TPMS) micro-lattices [258]. Ultralight ultra-stiff stretch-do-
minated metallic micro-lattices with a resolution of nearly 5pm were
fabricated using Projection micro-stereolithography technique com-
bined with electroless nickel plating and subsequent thermal decom-
position. Metal-polymer composite micro-lattices were fabricated by
electroless plating of NiB on polymer scaffolds printed through DLW
process [259]. Mechanical properties of the composite micro-lattices
were highly dependent on the layer thickness of NiB. Ultra-strong cop-
per micro-lattices were fabricated by DLW of polymer micro-lattices,
electroplating on the lattice pattern and removal of the polymer
[260]. The copper micro-lattices of cell size 6 pm and density p > 0.5
was observed to be 1.8 times higher than the monotonic bulk copper.
The reason for the enhanced stiffness of the copper micro lattices were
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attributed to the size effects associated with single-crystalline regions in
the lattice beams. Hollow gold octahedral nanolattices [261] were
fabricated by two-photon lithography of a polymer nanolattice which is
then sputtered with columnar grained gold. The polymer scaffold was
then subjected to focused ion beam and was removed by oxygen plasma
etching. The yield strength of the Au nanolattices was increased by a
factor of two by tuning the wall thickness of the nanolattices. This was in
contrast to the classical mechanics of cellular solids which predicts
constant strength and stiffness for all samples investigated in that study,
highlighting the material size effects.

Ceramics benefit from high values of stiffness/strength to mass ratio.
However, their brittleness limits their use as structural materials. Vat
polymerization based techniques have been used to fabricate

D(1)

10pm

Fig. 30. Compression experiments on thin-walled and thick-walled ceramic nanolattices. (A to E) - mechanical data, compression and recovery of a thin-walled
nanolattice. (F to J) - mechanical data, compression and brittle failure of a thick-walled nanolattice. [262].
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recoverable ceramic nanolattices [239,262,263]. Meza et al. [262]
fabricated lightweight, stiff and recoverable hollow-tube nanolattices
from Alumina with the ability to recover their original shape after
compression up to more than 50 % strain (Fig. 30). The method used for
the fabrication of the ceramic nanolattices included 3D printing of a
polymer scaffold using DLW, deposition of a thin alumina film on the
polymer scaffold using Atomic Layer Deposition (ALD), removing the
outermost wall of the coated nanostructure using focused ion beam
milling (FIB), followed by etching of the internal polymer. Similarly,
hollow tube ceramic (alumina) micro-lattices were fabricated using
MSL, ALD and thermal decomposition [250] (Fig. 31). Unit cells scaling
from 10 to 500 pm have been fabricated using this technique. These
ultralight ultra-stiff lattice structures demonstrated the desired rela-
tionship of Young’s modules (E) ~ p regardless of the material used.

Hybrid fabrication techniques based on vat polymerization have
been used for the fabrication of hierarchical hollow tube metamaterials
[264-266]. Hierarchical nanolattices in the polymer, polymer-ceramic
composite and ceramic (alumina) were fabricated implementing DLW,
ALD and polymer etching [264,266]. The tensile yield strength of tita-
nium nitride hollow tube nanolattices (Fig. 32) ranging from 10 nm to
100 pm was observed to be 1-2 orders of magnitude greater than that of
bulk material which is likely due to the material size effects [266]. In a
comparison made between first-order, second-order and third-order
hierarchical nanolattices [264]. It was observed that second-order hi-
erarchical nanolattices constructed from hollow tube ceramic struts
benefitted from a high level of recoverability and close to linear scaling
of strength and stiffness with relative density, while additional levels of
hierarchy beyond a second order did not improve the mechanical
properties (see Fig. 33). Multiscale hierarchical metallic nanolattices
have also been studied [265]. Within the structural hierarchy, a suc-
cessive reduction of feature size from the macroscale to the nanoscale
with an approximate factor of 10 between each hierarchy was imple-
mented (Fig. 34). To fabricate the hierarchical metallic nanolattices, a
large area projection micro-stereolithography process was used in
conjunction with electroless nickel plating and subsequent chemical
etching of the polymer [265].

Jiang and Wang [267] introduced a new class of mechanical meta-
materials made from an elastomer with ultr a-h igh reversible

i

Digital mask

Beam
delivery

Projection lens ——

Polymer part

UV curable resin

Fig. 31. (A) Diagram of the SLA system used for fabrication of the lattice
structure. (B) to (E) Octet-truss micro-lattice structures fabricated using SLA
with different structures. (F) to (I) magnified view of the structures in B to
E [245].
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Fig. 32. Nanolattice design and hierarchy. (a) A 3D design of a single unit cell
of the structure. (b) The 3D design of the full nano lattice structure. (¢) SEM
image of a section of the fabricated structure. The top-left inset shows the dark
field TEM image of the structure which shows the nano-sized grains and the
bottom left inset shows TiN hollow tubes [266].
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stretchability which was four times higher than the existing counterparts
(Fig. 35). Under large-strain tension, linear scaling of moduli to density
was observed while they presented tuneable negative stiffness at
large-strain compression enabling ultrahigh-energy absorption. The
fabrication process of these highly stretchable metamaterials includes
additive manufacturing of a hollow polymer micro-lattice scaffold using
projection micro-stereolithography followed by curing elastomers
within the hollow tubes and then chemically etching the hollow scaffold
leaving the lattice elastomer [267].

4.3. SLM

Selective laser melting (SLM) process has been frequently used for
the fabrication of metallic lattice structures for a variety of applications,
including automotive [268] and biomedical [242]. Metamaterials used
for biomedical applications, so-called meta-biomaterials, were fabri-
cated from biomedical-grade titanium alloy Ti-6Al-4 V ELI [242,269].
Mechanical properties of SLM meta-biomaterials were investigated in
[269] comparing diamond, truncated cuboctahedron and cubic lattice
structures. SLM has also been used for the fabrication of auxetic and
pentamode structures [238,242,270]. Hybrid meta-biomaterials were
fabricated by a combination of negative and positive Poisson’s ratio
structures to avoid premature failure caused by tension [242]. The
TiNi-based auxetic shape memory alloy structures were fabricated using
SLM for potential application as reusable armour [270]. To fabricate
metallic pentamode structures, biocompatible and mechanically strong
Titanium alloy (Ti-6Al-4 V) has been used with SLM technique [238]
(Fig. 36). The mechanical properties of the fabricated structures were a
few orders of magnitude higher than their polymer counterparts. The
Young’s modulus and strength of the pentamode lattices were decoupled
from density, allowing elastic modulus to be independent of perme-
ability which has significant implications in biomedical applications. To
produce the pentamode lattice structures with double cone connection
Hedayati et al. used vector-based energy distribution strategies [238].
Comparison of solid and hollow FCC metamaterials made from stainless
steel showed a superior strength and energy absorption capability for
hollow lattices when compared against solid lattices with the same
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nanolattices [264].

density [271].

4.4. Selective Electron beam melting (SEBM)

SEBM is a powder bed fusion technique based on the utilization of
electron beams to selectively melt the powder bed. This can be used to
produce lattice structures with a layer thickness of 50 pm, and can be
used to fabricate a variety of auxetic lattice structures using Titanium
alloy (Ti-6Al-4 V), for example. Different scan strategies were used in the
fabrication of a number of unit cells and the effect of strut size and the
filling was tested. By increasing the energy used in melting the powder
from 0.4 to 0.8 J mm ! thicker connections were fabricated and the unit-
cells were altered. Warmuth et al. [234] reported that the struts
dimension has a strong effect on the bulk modulus and Poisson’s ratio of
the structure. They also reported that the Poisson’s ratio is relatively
constant as the relative density of structures increases but the elastic
modulus increases with the relative density.

Topology optimization technique based on Solid Isotropic Material
with Penalization (SIMP) was used to design extremal and auxetic
structures with predefined mechanical properties [236,230]. Tradi-
tionally non-manufacturable mathematically optimized structures have
been realised using SEBM [236]. To make sure that the optimized
structure can be fabricated using SEBM, Schwerdtfeger et al. suggested a
hybrid technique based on optimization of structures already fabricated
using SEBM and incorporation of special regularization technique in the
SIMP. The special regularization technique allows changes that enhance
the original design with minimal impact on the ease of fabrication of the
part. Using the hybrid optimization technique and an Arcam A2 SEBM
system, the Poisson’s ratio of -0.58 + 0.04 was experimentally realized
[236].

SEBM has also been used in the study of mechanical properties of
lattice structures in different directions. Samples with a cell size of 4 mm
were fabricated and mechanically tested. Complete understanding of the
behaviour of the auxetic structures helps researchers to be able to tailor
the structures to produce the needed mechanical properties [235].

Elastic metallic structures with mesoscopic elements in the range of

millimetres have been fabricated using volumetric compression of reg-
ular metallic foams which allowed limited control over the resulting
structure [236]. Using AM, a significant improvement in the accuracy
for metal cellular structures can be achieved [231]. Yang et al., pre-
sented an analytical model for the first time to analyse the honeycomb
auxetic structures and fabricated these structures using the SEBM
technique to compare their numerical and experimental results [231].
To evaluate their formulated numerical simulation, Ti-6Al-4 V was used
to fabricate the lattice structures and their relative density was
measured accurately. Based on the simulation and experiment done by
Yang et al. the properties of auxetic honeycomb structures are insensi-
tive to the number of unit cells when this number is greater than or equal
to 3 [231].

Using SEBM in the fabrication of structures produces a stepped ef-
fect. Therefore, the expected high energy absorption and compressive
strength might not be achieved when this phenomenon is present.
Fabrication-induced defects are also another source of catastrophic
failure in parts [272]. SEBM has been used to manufacture collapsible
moulds for fabrication of polyurethane auxetic stents ([232], see
Fig. 37). Due to the high surface roughness of the SEBM mould, small
dents were present on the surface of the auxetic stent sample.

4.5. Material jetting

3D auxetic metamaterial structures with potential application to
energy absorption, vibration control and stretchable electronics have
been designed and fabricated using inkjet printing. The fabrication of
100 mm by 100 mm structures (Fig. 38) with beam ligament thickness of
I1mm [23] has been demonstrated. Auxetic metamaterials with
mechanically-tuneable Poisson’s ratio were fabricated from a
rubber-like material using a multimaterial 3D printer [273]. A macro-
scopic polymer pentamode metamaterial with bulk to shear modulus
ratio as large as 1000 was also printed using “FullCure850 VeroGray” as
the polymer [202].

Various works have reproduced and tested metallic auxetic struc-
tures, but pliable polymers have received little attention. An example is
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Fig. 34. Illustration of fabrication process (b) and breakdown of a structural hierarchy (c-j) of the multiscale metallic metamaterial (a) [265].

polymeric auxetic re-entrant structures. A Poisson’s Ratio of 1.18 has
been achieved using commercial Tango Black material to fabricate the
lattice structures [237]. The fabricated model was compared to its 3D
CAD design and it was concluded that both the damage caused by the
potassium hydroxide cleaning solution used, and swelling caused by
water penetration into the polymer, leads to high-stress points and
fracturing [237].

Mechanical metamaterials have been used in the realization of soft
robots that can extend within pipes with a single actuator. The robot is
designed based on two soft robotic arms that exert radial pressure to the
pipe walls separated by a linear actuator. One of the robotic arms was
designed based on auxetic metamaterials and the other printed with
positive Poisson’s ratio. As the linear actuator press on the arms (see
Fig. 40), the auxetic structure contracts and it’s radial pressure decreases
to allow the robot to move. During the contraction phase, this is reversed
[22].

The combination of topology optimization and 3D printing enables
researchers to tailor the Poisson’s ratio of fabricated structures over
large deformation ranges. For example, Clausen et al. [229] used nu-
merical prediction to design 9 different structures, which were printed
using silicon-based elastomeric ink (PDMS). Poisson’s Ratios of -0.8 to
0.8 were achieved. Although the values of Poisson’s ratio were slightly
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lower than the simulation results, it was thought that this was due to
minor deviations in the unit cell structure, which occurs during
fabrication.

As mentioned in section 2.2, inkjet printing is a versatile technique
and multimaterial structures can be fabricated using this technique.
Multimaterial auxetic structures have distinctly different properties
comparing to single-material auxetic metamaterials. Wang et al. [274]
fabricated dual-material auxetic unit cells using a Polyjet process
(Connex Objet350 machine) to demonstrate that dual-material auxetic
structures don’t have the limitations which are produced by the trade-off
between Poisson’s ratio and Young’s modulus. By using a flexible ma-
terial for joins and a rigid one for walls/beams, it is possible to produce
more stable auxetic structures. The buckling that occurs in the middle of
the walls rapidly decreases the auxeticity, but in the dual material
auxetic structure, the flexible joints allow stable negative Poisson’s ratio
for large deformation.

4.6. Selective laser sintering (SLS)

SLS has been used for the fabrication of macroscopic auxetic mate-
rials. Andreassen et al. [230] utilized topology optimization to design
3D materials with periodic structures to achieve Poisson’s ratio of —0.5
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Fig. 36. Pentamode Ti-6Al-4 V lattice structure made with SLM [238].

and bulk modulus of 0.2 % of the solid base materials bulk modulus
(Fig. 40a). Single material structures presented in this paper were pro-
duced in polyamide using an SLS machine [230]. In other work, SLS was
used to fabricate 3D soft auxetic lattice structures from dual-segment
TPU powders consisting of soft and hard phases [275] (Fig. 40b). The
auxetic cells included 3D body centre cubic (BCC) and simple cubic (SC)
constructed from elastomeric 6-hole or 12-hole spherical shells.
Macroscopic polymer auxetic structures designed by Biickmann et al.
and processed through SLS delivered a Poisson’s ratio of —0.8 [233]
(Fig. 40¢).
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Fig. 37. (a) Two halves of the titanium collapsible mould (b) all the compo-
nents of the mould. The ring, funnel and the internal rod was built of stainless
steel. [232].

4.7. Fused deposition modeling (FDM)

Rhombohedral and hexagonal unit-cells have been fabricated using
soft Polylactide (PLA) material deposited using FDM. A layer thickness
of 0.2mm and printing speed of 40 mm.s ! was used to fabricate the
geometries with beam-like members with a length of 16 mm and a
thickness of 1 mm [276]. The mechanical properties of these structures
were studied under both tension and compression in the large defor-
mation regime (Fig. 41). They observed that the behaviours of meta-
materials are different in axial and transverse direction. The
metamaterial response also varies under tension and compression. These
observations prove that the metamaterial response is widely dependent
on the unit-cell shape, type and size [276]. By introducing different
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Fig. 40. (a) Polyamide structure fabricated using SLS with Poisson’s ratio of -0.5 [230] (b) soft auxetic lattice structures made from duel-segment TPU powders [275]

(c) Macroscopic polymer auxetic structures with Poisson’s ratio of -0.08 [233].

types of cells including shear cells into the design, functional meta-
material mechanisms such as a door latch were fabricated using FDM
[277] (Fig. 42). Polymer FDM printed meta-sandwich structures made of
isomax, octet, cubic and auxetic cells were investigated for failure
mechanism, energy absorption and multi-hit capability [278,279]
(Fig. 43).
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4.8. Approaches for bistable metamaterials

Bistable metamaterials are those where an auxetic material can
transform mechanically between two stable states. This has been
investigated using structures based on ancient geometric patterns [280]
and origami folds [281], where such states arise naturally from their
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Fig. 41. FDM printed metamaterial structures for mechanical testing. (a,b,e,f) used in axial tests and (c,d,g,h) used for transverse directions. (a,c,e,g) was manu-
factured for tension test and (b,df,h) was used in compression testing. Dimensions of samples a-h were 132 x 86.5 x 3, 66 x 86.5 x 10, 142.2 x 82.5 x 3,
56.8 x 82.5 x 10, 228.6 x 132 x 3, 85.7 x 132 x 10, 231 x 143.6 x 3 and 82.5 x 143.6 x 10 mm, respectively [276].
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Fig. 42. A door latch as a metamaterial mechanism [277].

structure. Due to their often complex patterns, such metamaterials lend
themselves to additive manufacturing as opposed to conventional
manufacturing methods. FDM has been the most commonly-used

method for such fabrications. This has been demonstrated by Rafsan-
jani et al. [282], where a nylon-based material under tension exhibited a
snapping behaviour between two states. This is an example of non-linear
behaviour, in contrast to other mechanical materials where the behav-
iour is mostly assumed to be linear. There are many potential applica-
tions for such materials, including vibration isolation and damping. A
material with multiple bistable cells has also been investigated by Che
et al. [283], with a design that allows for adjustable mechanical prop-
erties by using mixed multiple resins to produce the final structure with
the correct mechanical properties.

Recent work has demonstrated that the bistability can be extended to
multiple states [284]. Such materials have also been fabricated via FDM.
Here two structures were built which were then combined so that the
composite structure exhibited the behaviour of interest. The authors
suggest that applications such as biomechanics could benefit from the
resultant properties, as interesting mechanical and shape changes are
possible as a function of applied stress. Structures based on traditional
origami paper-folding techniques have also been explored, where the
stiffness of a unit cell can be changed by bistable switching; however, ifa
stacked sequence of multiple cell designs are used, the overall properties
can be tailored to a specific response. This was demonstrated by Sen-
gupta and Li [285] and fabricated in a thermoplastic elastomer using
SLS. Such structures have many potential uses in morphing structures
and soft robotics by switching between stable states, each of which
having a predictable elastic modulus [286].

Smaller unit cells which also exhibit ‘snapping’ between states have
been fabricated using multi-photon lithography (MPL) [287]. Here, the
aim was to demonstrate the possibility of structures exhibiting
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Fig. 43. (a) Meta-sandwich structures printed through FDM (b) deformation of meta-sandwich structures [278].

tensegrity (tensional integrity), which use bars or struts under
compression within a network of other struts in continuous tension, and
where the compressed members are not in contact with each other. The
resulting structure had interesting dynamic mechanical operation
properties in terms of softening and stiffening deformation mechanisms.
Finally, twisting and rotational bistable matamaterials were recently
fabricated via inkjet in such way that no post-assembly was needed
[288]. To this aim, special joints were placed to construct those devices
in a single AM printing step without affecting the intended properties.

5. Multiple material approaches

Sequential material deposition processing or hybridised multi-
material processing allows for new approaches in design this is
enabled by recent advances to both process and feedstock. Indeed,
strategies making use of multiple materials are being increasingly
considered for the fabrication of metamaterials. Multi-material meta-
materials create a wider range of material design freedoms over and
above those obtained from geometry alone. Multi-material additive
manufacturing is a highly researched topic with innovations across the
seven broad categories of AM and is key to providing both geometrical
complexity and material flexibility over one structure. By way of
example, multi-material AM can be realised by adding multiple print
heads in inkjet or material extrusion processes, by introducing second-
ary material vats in vat photopolymerisation, or by adding multiple
powder streams for DED. These constitute the primary methods for
multiple material approaches. However, here, the three primary routes
to multi-material deposition in AM used to fabricate metamaterial
structures: inkjet, material extrusion, and vat photopolymerisation are
considered. Readers are referred to [289] for further information on
multi-material AM in general, and to work in the metals and ceramics
space in directed energy deposition [290] and powder bed fabrication
[291].

Inkjet printing is used in multi-material metamaterial studies as
commercial multi-material inkjet printers are now readily available.
These processes are complimented by material availability such as UV
curable photopolymer materials with varying properties such as high
tensile strength, flexibility, biocompatibility, and materials with
different colours and opacities. Wang et al. [292] used a Polyjet to create
an auxetic metamaterial made from Vero White Plus® (a stiff material)
with Tango Black Plus® (a flexible material) at the joints of a re-entrant
structure. The parts tended to fail before the theoretical strain limits
attributed to defects during printing due to inclined beams. Build
orientation is known to affect the quality of parts due to the
layer-by-layer fabrication process, investigating different orientations

for this part may help alleviate any defects on the inclines.

Wang et al. also [291] and [292] used a Polyjet® system to embed
stiff structures into a soft polymeric matrix in a similar manner. They
concluded that stiff double helix structures could be used to mimic
elastin-rich biological tissues however this is based on assumptions of
the stress strain curve past the 8% strain mark where measurements
were capped due to the material interfaces breaking down at 9% strain
[293]. The addition of an adhesive material at the interface may help
with this, however adding a third material will increase fabrication
complexity, and may adversely affect the resulting properties. Features
created here are also limited to 0.1 mm due to the printer resolution,
however this limitation could be overcome by using printing technology
with a higher resolution which is available. Sitthi-Amorn et al. [293]
created a home-built inkjet system capable of reaching feature sizes of
40 um or less. Although this figure is dependent on the aspect ratio of
structures and the materials used. Moreover, the printer has sacrificed
fabrication speed for this increase in resolution.

Mirzaali et al. [294] created multi-material metamaterials by fabri-
cating each unit cell as one of two materials; VeroCyan® as the hard
material and Agilus30 Black® for the soft material. Finite element
models were created where soft elements were randomly replaced by
VeroCyan® up to specific fractions and modelled computationally.
Randomly assigning 50 % of the unit cells with VeroCyan showed
approximately 2 orders of magnitude increase in the elastic modulus.
The high mismatch, Eperq/Esop = 1000, between the hard and soft ma-
terials created local stresses which can result in bucking or cracking over
repetitive loading leading to pre-mature failure. However, authors
suggest using intermediate phases with carefully selected mechanical
properties to decrease the severity of the stress concentrations. Indeed,
Saxena et al. [297] computationally studied gradients of four materials
from hardest (E =2300 MPa) in the middle 40 % of the beams to softest
(E =0.5MPa) at the joints (the intermediaries were E =1.4 MPa and
0.8 MPa); the three softer materials made up the remaining 60 % of each
beam. They found the distribution pattern in the amounts of each
intermediary material to not have a significant effect on the Poisson’s
ratio. Stresses were shared across the interfaces between each material
addressing the issues presented in [295].

Hybrid chiral and re-entrant structures to be used as opening
mechanisms were developed in [296]. Using Polyjet® technology, the
bulk of the structures were fabricated from DM9760® and a stiffer
material (VeroWhite®) is used for the connecting ribs in the re-entrant
core cells to reduce the bending of the connections increasing auxetic
performance. An alternative single material design showing similar
mechanical properties was presented in the supplementary material
where the connecting rods were thicker than the rest of the structure.
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This was included as an alternative for where multi-material AM is not
available, as while not specifically mentioned, the cost of commercial
multi-material machines and their materials can be prohibitive.

In [297], composite structures made from various fill fractions of
glassy and elastic polymers were shown to create different failure
mechanisms to enhance energy dissipation. Experimental yield stresses
were slightly lower than simulations attributed to the fidelity of the
printing process, a common theme across 3D printing. The printer res-
olution was quoted to be ~30 pm but inaccuracies can affect the volume
fraction and distribution of each material leading to discrepancies.

Saleh et al. [298] used a duel head inkjet printer to print both passive
(EMD6415® from SunChemical) and conductive (EMD6145® with iron
oxide nanoparticles) inks in the form of “waffle” structures for RF ap-
plications. Printable inks should have a Z number between 1 <Z < 10
where Z is the inverse Ohnesorge number (Oh), and Oh relates the in-
ternal viscosity dissipation to the surface tension energy. Adding the
iron oxide to the EMD6415® increased the ink viscosity. To address this,
a binder solution was formulated from 95wt.% EMD6415, 2wt.%
ethylene glycol dimethacrylate to decrease viscosity, and 3 wt.% of
BYK-UK-3570® surfactant (ALTANA®) to sustain nanoparticle disper-
sion. From this, two conductive inks were developed having 5 wt.% and
10 wt.% copper oxide nanoparticles suspended in 95 wt.% and 90 wt.%
of the binder which resulted in Z numbers of 1.72 and 1.57 respectively.
A third 20 wt.% copper oxide ink was investigated but had viscosity that
was too high to print. In addition, UV penetration is reduced with high
nanoparticle loadings reducing the curing of the polymer, placing an
upper limit on the nanoparticle percentage. This limitation could be
resolved through varying chemical formulation.

While multi-material printing technologies exist, making the most of
the extended range of functionalities can be difficult if relying on intu-
itive design. In this way, topology optimisation is a useful tool in
designing structures with specific desired properties. Vogiatzis et al.
[299] used a reconciled level set method to design multi-material
auxetic structures that were printed via inkjet. By using level set rep-
resentation, this least square minimisation method finds the steady state
solution of the Hamilton-Jacobi equation for the required Poisson’s
ratio, thus finding the optimal material layout of the hard and soft
phases. The work found good agreement between simulations and ex-
periments. However, authors noted the difficulties in removing sup-
porting material from the manufactured structures and said future works
will take AM constraints into account for the topology optimisation
design process. Again this is a practical consideration the AM practi-
tioner must address.

Material extrusion can also be used to create multi-material parts and
there are commercial machines available for this. Two categories of
materials can be extruded which are either melted thermoplastic poly-
mers or paste-like inks that can be metal, ceramic or polymer. Ther-
moplastic filaments can be altered to change their properties like in
Isakov et al.’s work [300]. Resonant structures which had alternating
layers of polypropylene (PP), and a CaTiO3/PP composite were created
using duel filament FDM. Creating new filaments that print without
blocking, filament breakage, and layer merging requires a balance be-
tween stiffness, surface finish, small diameter variations, and adhesion
behaviour. Due to this they found polymer printability was limited to
less than 30vol.% of ceramic [301]. Additionally, results showed
experimental resonances were less pronounced than the simulation due
to imperfections in the printing process creating trapped air/voids in the
structure. This can be addressed by looking into optimum processing
parameters or creating a hybrid system that can add an adhesive be-
tween different materials.

The accuracy of FDM can be considered a limiting factor for meta-
material development as geometrical fidelity is important to the
resulting properties. Momeni et al. [302] investigated sensitivities to
printing deviations in single and multi-material high strength octet-truss
structures using PLA and tough-PLA. Results found that the bi-material
unit cells had less variation in their elastic moduli than the single
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material unit cells showing less sensitivity to deviations during printing.
For the bi-material structures, the stored elastic energy is independent of
the number of materials used but is increasingly sensitive to variations in
the diameter of the exterior elements as the displacement increases.
Therefore, it is important to be mindful of printing parameters when
creating multi-material structures where a balance between accuracy
and printing speed should be found.

Gheisari et al.’s work [303] used a slurry-based extrusion method
coupled with selective laser burnout (SLB) to create a ceramic/metal
mutli-material RF metamaterial. In this work a BisMo0,0g 81 wt.%
ceramic slurry was prepared as a substrate for a 90 wt.% Ag paste
transmission line. Each layer was extruded before being scanned with a
low energy density laser, burning out the organic components leaving
only the ceramic / metal. The SLB process reduces shrinkage lessening
cracking allowing for more complex designs, it also increases dimen-
sional accuracy during fabrication. However, the laser energy density
must be carefully selected so that it is high enough for the solvent and
binder to be fully removed while not being too high so as to cause not to
cause local melting which destroys the geometry. This required looking
into combinations of laser power and scan speed that produce good parts
within a reasonable time. The SLB process also reduces undesirable re-
actions at the interface between the metal and the ceramic which can
negatively affect RF properties. They suggest using an alternative slurry
that does not react with Ag as a solution to this [304].

Vat photopolymerization presents problems in creating multi-
material parts, usually due to cross-contamination of different mate-
rials. Nonetheless, purpose built machines have been used to create
multi-material metamaterials. Wang et al. 2016 [305] used
multi-material projection-MSL to create PEGDA/PEGDA-Copper struc-
tures exhibiting a negative thermal expansion (NTE). The NTE was
varied by changing the copper concentration from 2 vol.% to 10 vol.%.
In their work 10vol.% was deemed the upper concentration limit for
reasonable print times of 6 h for each structure. Printing time increases
with higher concentrations of copper nanoparticles setting a lower limit
on the thermal expansion coefficient, higher concentrations also
decrease the bonding force between the printed layers. Upper limits on
particle inclusions have been seen throughout this section and may be
resolved in part through different chemical formulations, however at
present is a fundamental material limitation.

Chen and Zheng [306] also used projection-MSLA to manufacture
multi-material auxetic metamaterials. This system aimed to address the
issue of cross contamination by integrating a cleaning step when
switching materials. While the robotic cleaning system can switch ma-
terials in 10 s including cleaning and drying time, if multiple materials
are used in one layer this can add a significate time to the resulting print
depending on the size and number of layers required. This may be
considered a necessary trade-off for creating multi-material meta-
materials with resolution down to 5 pm with the current state-of-the-art.

In [307] optical trapping was combined with multiphoton poly-
merisation to create polymer fishnet structures with particles arranged
inside the gaps. The set up can be used to position a wide number of
particles provided their refractive index is higher than that of the
photoresist. Fabrication speed is limited by the trapping force generated
by the OT, so to increase fabrication speeds a diffractive optical element
(DOE) was used to produce 7 traps in a hexagon pattern allowing an
increase in fabrication speeds. Accuracy of the particle deposition is
controlled by the focal spot of the polymerisation laser; by reducing the
spot size less polymer is used to fix the transported particle in place
reducing any movement of the particle during polymer solidification.

A hybrid MMP and LIT system by Kuznetov et al. [308] allows
spherical nanoparticles to be deposited onto specific areas of a design.
The particles change their shape according to the receiver structure
allowing different designs to be realised. One limitation is that a
femtosecond laser is used for both LIT and photopolymerization so the
LIT process cannot be done in the presence of photoresist. Therefore, this
is a sequential process with increased fabrication times, but may be an
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acceptable compromise to be able to realise metal/polymer structures at
the nanoscale.

In summary multi-material AM is a fast-growing area of research. As
this section has demonstrated there are limitations that should be
considered when designing multi-material metamaterials using AM
techniques. There are stark process and material limitations which
represent even greater challenges in some cases as compared to

6. Conclusions and directions for future research

The literature presented here provides evidence of tremendously
active interaction between the metamaterials and additive
manufacturing research communities. In recent years, these areas have
interacted most productively to exploit successive innovations. Through
fundamental understanding of material behaviour, enriched by
advanced modelling and design tools, alongside an ability to realise
physical approximations of mathematically ideal geometries our ability
to exploit metamaterials is accelerating. This review describes the use of
AM methods for the creation of new and exciting metamaterial struc-
tures which otherwise could not have been built. It is to be expected that
research in this area will continue to create new structures with exotic
properties and imposing limitation from this vantage point would be
foolhardy.

In all examples presented here, where computational design and
modelling have been used in the exemplar literature, the manufacturing
methods used fall short of maintaining 100 % fidelity to the theoretical
design intent. Loss of fidelity to design intent can be attributed to in-
consistencies in ‘bulk’ materials properties, or geometrical artefacts
introduced during the manufacturing process. On several occasions
within the literature, superior material/structural properties have been
predicted but performance has been limited due to the lack of precision
achievable by layer-based techniques. Furthermore, the materials
properties associated with AM processes are often inconsistent with
properties resulting from traditional manufacturing processes. As such
there remains significant opportunity for fundamental research in
enhancing process precision and modulating bulk properties. Advances
here will allow the engineer to deliver structures which better represent
the physicist’s specification.

Much of the literature presented relates function of metamaterials to
the resolution of the features which constitute them. This in turn limits
the domains over which useful phenomena can be observed. Hence there
is a clear and present need to not only enhance process technologies for
enhanced resolution but also enhance the scalability of these. This is
perhaps best exemplified by two photon polymerisation. While near
optically relevant (<1um) features can be created, the rate of production
and therefore the scale over which these features can be formed is
limited. As a result there is tremendous opportunity to further enhance
resolution and scale up process technologies.

The pallet of materials for additive manufacturing (in both in/
organic) has expanded rapidly in recent years [48]. However, there re-
mains significant opportunity for new materials innovation which meets
requirements for both i) suitability to process and ii) function. Indeed
material transformations which take place during process (e.g. recrys-
tallization in SLM) are still underexplored and the utility of these to
exotic applications such as metamaterials is yet to be understood.

Opportunities presented by utilization of AM in the fabrication of
metamaterials can be classified in two main categories. The first cate-
gory is the chance to mainstream the use of metamaterial by decreasing
the production cost and enabling the incorporation of metamaterials in
everyday structures, hence increasing the applications of metamaterials.
AM can greatly increase the production capability and decrease the
manufacturing cost for complex geometries needed for metamaterials.
Techniques such as material jetting can be used in the fabrication of
complex structures on flexible substrates, and this can satisfy the dura-
bility requirements for everyday use. Inkjet printing is also scalable and
using a high number of ink cartridges with hundreds of nozzles the
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system throughput can greatly increase. Combining AM techniques with
well-established roll to roll processing technology can potentially move
the metamaterial fabrication from laboratories to the factory floor.

The second avenue that metamaterials can greatly benefit from the
development of AM techniques is in high complexity 3D structures. The
true 3D fabrication capabilities of AM relax some of the design and
fabrication limitations imposed by subtractive manufacturing and 2D
patterning techniques. Consequently, AM enables the researchers to
fabricate and study structures which were not possible to build using
conventional manufacturing. The resolution and repeatability of AM
techniques are increasing and techniques such as MPP can fabricate sub-
micron structures with resolution comparable to lithographic tech-
niques. Micro-SLA and SIJ techniques can fabricate structures in mul-
tiple length scales and their relatively large fabrication area give them
an added advantage in metamaterial fabrication. In contrast to litho-
graphic techniques, AM techniques can function in a normal room
environment and can be used in the fabrication of nested 3D structures
with high resolution and repeatability.

Fabricating metamaterials by the means of AM is still in its early
stages and a number of challenges limit the application of these tech-
niques. Material availability is one of the main issues. Each AM tech-
nique has a unique material requirement which complicates the material
development process. Researchers are continuously trying to develop
new materials. For metamaterial applications, newly developed mate-
rials should also have beneficial properties for their respective appli-
cations. A similar requirement is present in the acoustic metamaterials
and the fabricated structures should have higher acoustic impedance
compared to the environment that they are operating in. Therefore,
there is a need for further research on the production of new or modi-
fication of existing AM materials that meet the requirements for
different metamaterial application.

It is apparent that multi-material AM techniques are essential for
widespread application of AM techniques in the fabrication of different
types of metamaterials. The majority of AM techniques are single ma-
terial technique and to fabricate hybrid structures the AM techniques
should be combined with another procedure. In order to increase the
applications of AM in the fabrication of metamaterials, new multi-
material AM techniques should be developed to be able to fabricate
materials with different mechanical, acoustic and optical properties.

Post-processing of AM parts, such as support removal and develop-
ment, often affect the fabricated structure. Shrinkage, fractures and
rough surface finish are some of the issues that occur during the post-
processing stage of 3D printed parts. Due to the high sensitivity of
metamaterials to structural modification, a small change can greatly
reduce the effectiveness of the metamaterial structure. To tackle this
issue, the deformations produced during each process should be
compensated for in the design stage. Therefore, the design process is
likely to become more complex and dependent on the specific
manufacturing techniques chosen. The challenges facing fabrication of
metamaterials using AM techniques call for the development of inno-
vative AM techniques capable of fabricating structures with multiple
length scales.

In summary the authors have attempted to provide a comprehensive
overview of the state-of-the-art in a hugely important research area. At
the time of writing the research community is producing approximately
10 papers per day relating to metamaterials (see Fig. 1). As a result, this
modest review will become dated rapidly. Yet we would be so bold as to
highlight the principle research challenges and the domains which will
address these below (Table 1).

It is evident that the advent of new metamaterials facilitated by AM
technology will provide opportunities across research areas and impact
greatly upon products of all kinds. However, our mastery of these
technologies is limited. Advances made thus far have largely been ach-
ieved through cooperation across disciplines. In this field of meta-
materials creation the physicist, the chemist, the mathematician, the
engineer, the materials science and the biologist may find plentiful
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Table 1
The primary research challenges for advancing AM technology for the realiza-
tion of metamaterials and the domain from which solutions may be drawn.

Solution Domain

Research Challenge Metamaterial AM Process Materials
Design/Modelling Development Science

To enhance fidelity to X X X
design intent

To increase build rate X

To enhance resolution X X

To improve part X X X
integrity

To increase complexity X X X
of multi-material
systems

To liberate more design X X X
freedom

opportunity for discovery. Hence the authors anticipate that the demise
of this review will be expedited by new collaborations realising ever
more marvellous structures.
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